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ABSTRACT 

Solar photovoltaic power generating system is an alternative as a renewable energy 

source and rapidly growing market since last decade. The performance of a solar 

photovoltaic array PV is dependent upon the temperature and irradiance level and it 

is necessary to study the characteristics of photovoltaic (PV) array. The solar 

photovoltaic modules can be modelled on the electrical equivalent model of solar cell. 

The two-diode model based Solar PV simulator is proposed with partial shading 

capability with bypass and blocking diode effect and the parameters: reverse 

saturation current and resistances are computed using the circuit equations 

associated with the electrical models of solar cell. The mathematical computational 

scheme for modelling is simplified for two diode model with better accuracy. The two 

diode based modelling method proposed for PV simulator in MATLAB-Simulink used 

the computational data of the first diode equation and the computation of second 

diode equation is replaced by the coefficient multiplied with the data of first diode. 

This simulator model accuracy is analysed for the combined effect of irradiance and 

temperature as according to the standard PV module datasheet. Incremental 

conductance MPPT algorithm is utilized through dc-dc converter to track MPP and 

boost the dc voltage for required application.  

 

One of the most efficient and adequate application and utilization of power generated 

through PV is operation in grid connected mode. The grid integration of PV system 

requires a power electronics interface capable of conversion from dc-ac. Voltage 

source inverter(VSI) used as a power electronics interface and dc voltage as an input 

to converter have to be regulated to the required level for the power flow from 

converter side to load/grid side. It may be difficult to achieve good control of dc 

voltage using conventional PI controller having only one-degree-of-freedom (1-DOF) 

due to the trade-off between overshoot (in step response) and disturbance response. 

2-DOF controller is reported and implemented for dc voltage control. The PLL is 

used for the grid frequency synchronization and SRFT, PBT and fryze conductance 

theory has been discussed for reference current generation. LCL filter is 

comprehensively designed with passive damping to minimize the ripple generated 

through VSI.  The controller gains of dc voltage is optimally tuned using proposed 

application of data driven tuning method (FRIT) programmed in MATLAB based 



 
 

upon the particle swarm optimization (PSO) algorithm. The fundamental idea related 

to FRIT method is the extraction of input and output data, reference model setting and 

range of controller gains. Also, the better set point and transient response is reported 

considering performance parameters.  

 

Grid integrated PV system is modelled in MATLAB-Simulink and some part of the 

modelling also developed in Xilinx system generator (XSG) used for DSP and FPGA 

design. The focus is to design a model in XSG to develop an experimental prototype of 

the grid connected system controlled using FPGA through VIVADO interface. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

1.1  General 

The global energy demand is one of the prime concern in developed as well as 

developing country. The rapid increase of the consumption with the evolving 

technological gadgets and instruments keeps the demand on toe. The most of the energy 

and power generation is dominantly depends upon the conventional source of energy. 

In the last decades, there is a lot of focus to reduce the dependency on the conventional 

sources of energy and look for the alternative sources of energy. The concern about the 

alternative source of energy is that it should be clean and green energy source due to 

environmental issues. 

The energy that comes from resources which are continually replenished such 

as sunlight, wind, rain, tides, waves and geothermal heat are termed as renewable 

energy. Approximately 23.7% of global electricity production in the world is from 

renewable energy sources (RES). The sub-divisions of RES percentage are 16.6% 

from hydroelectricity, 3.7% of all energy from wind, 2% of all energy from bio-power, 

1.2% from solar PV and sources as geothermal, CSP, and ocean account for another 

0.4% in Fig. 1.1 (a) and (b) and are growing very rapidly (Estimated Renewable energy 

share of global electricity production, End 2015) [1]. 

 

1.2  Renewable Energy: Solar Energy an Alternative Source  
 

The renewable energy sources are emerging as a key alternative to fill the energy gap 

with the research and advancement in power electronics devices, system and control. 

In the newer aspects of energy, solar energy is one of the prominent source. The 

advantage of solar energy is the possibility of uses in variety of forms and application. 

The solar energy used as solar thermal energy, solar photovoltaic system and various 

applications as stand-alone mode and grid connected mode. In addition, the use of solar 

energy as an alternative RES can significantly reduce the carbon emission, which may 

help to reduce the level of greenhouse gases (defined by Kyoto Protocol) [2]. The 

aspects of energy generation based upon considering the idea to make the individual 

houses, offices and societies self-sufficient in terms of uses. The global evolution of 

installation of annual PV capacity in Fig. 1.2 is showing cumulative growth in 

http://en.wikipedia.org/wiki/Sunlight
http://en.wikipedia.org/wiki/Wind
http://en.wikipedia.org/wiki/Rain
http://en.wikipedia.org/wiki/Tidal_energy
http://en.wikipedia.org/wiki/Wave_power
http://en.wikipedia.org/wiki/Geothermal_energy
http://en.wikipedia.org/wiki/Renewable_resource
http://en.wikipedia.org/wiki/Hydroelectricity
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percentage for Asia and other regions (including developing countries) and it point 

towards the trend of utilization of PV in as one of the main alternative source [3]. 

 

 

(a)                                                                                  (b) 

Fig 1.1  Global electricity generation share in the year 2015 

a) Percentage of renewable and non-renewable sources in electricity generation  

b) Percentage combination of different renewable sources for generating electricity. 

 

 

 

Fig 1.2  Percentage cumulative global evolution of PV capacity from the year 2011-2014. 
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1.3  Motivation: India, Japan and World 

  

 
It is nearly impossible to meet the rise in electricity demands using conventional 

sources of energy, which are non-exhaustive and important to exploit the resources in 

a better way with the fast growing technology keeping the thought of sustainable and 

environmental friendly system. Considering various critical points, solar energy is 

exhaustive and improving year by year with advancement in scientific and 

technological advancement. 

 

Fig 1.3  Overall installed power capacity in India using different sources of power as of December 

2014. 

 

 

Fig 1.4  Breakup of installed renewable power capacity in India as of December 2014. 
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Fig 1.5  Grid-connected PV power system Installation growth in India from year 2007 to till 

December 2014. 

 

 

 

Fig 1.6  Power generation breakup of Japan for pre-Fukushima scenario (year 2010), post Fukushima 

scenario (year 2014) and future target (year 2030) set by government.  

 

India is one of the developing country with rapid increase in demand of power every 

year and suffering from power outage due to shortage of power. The mix of installed 

power capacity in India is having significant contribution of renewable energy in Fig. 

1.3 [4]. Several countries having a lot of potential for generation of solar energy based 

upon their geographical position. India is one of the potential country with good 

average solar isolation level in most part of the country. The solar power is having 
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significant contribution in overall renewable power generation Fig. 1.4 [4] with wind 

power as a major contributor, and it is increasing year by year. There are lot of 

initiatives like as roof-top solar PV, solar based water pumps and solar lights with the 

support subsidies have been started by the Ministry of renewable energy (MNRE), 

Government of India (GoI) under Jawaharlal Nehru national solar mission programme 

(JNNSM) to boost the solar power generation and also various plans for other types of 

renewable energy sources. 

 

 

Fig 1.7  Feed-in-Tariff (FIT) rate for large scale and domestic PV system in Japanese yen (JPY) for 

the year 2012 to 2015  

 

 

Fig 1.8  The effect of FIT scheme in the growth of PV panel shipment for residential and non-

residential installation from year 2009 to 2013. 
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Table 1.1 Cumulative installation capacity of different renewable energy sources till the end of year 2014 

and installed before 2014. 

 

Table 1.2 Installation of PV power considering AC-based and DC-based capacity under different power 

rating for the year 2014. 

 Capacity (AC-based) Capacity (DC-based) 

<10kW 860,58 861,00 

<10kW ̶  <50kW  3049,435 3201,91 

<50kW ̶  <500kW 980,0929 1107,50 

<500kW ̶  <1MW 1078,244 1218,42 

<1MW ̶  <2MW 1935,07 2322,08 

2MW or more 662,099 827,62 

Total 8565,521 9538,54 

 

 

 

Fig 1.9  Cumulative installed PV power capacity under stand-alone (domestic and non-domestic) 

and grid connected mode for the year 2011 to 2014. 
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The power generation mix of the Japan Fig. 1.6 [5] is having LNG, nuclear power 

and coal as a major contributor of power source for the year 2010 (i.e. before 

Fukushima incident). The mix of generation source is changing significantly after the 

natural disaster of Tsunami causing nuclear plant related issues. In the year 2014, LNG 

and coal are the main contributor of power sources and ministry of economy, trade and 

industry (METI) Fig. 1.6 proposes future target of power generation mix.  

The Feed-in-Tariff (FIT) has been introduced in the Japan in July 2012 Fig. 1.7 [6] 

and it was the turn-around for the PV market in Japan Fig. 1.8 [7]. In addition, the 

nuclear disaster in Fukushima, Japan of March 2011 has activated the governmental 

and people to adopt better and safe alternative source of energy, which has given a 

boom in the renewable energy (solar PV) generation. The evolved boom in solar PV 

market can be seen in the survey in which Japan was at the 5th place in 2012, reached 

to 2nd place in 2013 and remained at 2nd in 2014 [3]. Installed PV power capacity Table 

1.1 [6] is showing rapid growth comparing to various renewable source before and after 

year 2014 Table 1.1. Growth in ac and dc PV capacity observed for application under 

different power ratings Table 1.2 [8]. 

 

Fig 1.10  PV Cell conversion efficiency provided by national research energy laboratory (NREL). 
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The cumulative growth of install PV power (in Japan) is most attractive for the 

grid connected mode applications Fig. 1.9 [10] and showing increasing trend from year 

2012 to 2014 In Japan and India, 9.7 GW and 0.7-0.8GW capacity of solar PV added 

in 2014 respectively raising total capacity to 23.3GW fed to the grid for Japan [1]. 

The cost and efficiency of solar panel, cost and efficiency of overall installed solar 

PV system considering other electrical arrangements are the deterrent factors for the 

increase in solar PV power generating system. In this decade, the cost solar PV modules 

have been declined so as the price per watt of overall installed solar PV power 

generating system is reduced [1], [3], [9].    

There are a lot of research going on to improve the efficiency of solar cell 

considering different materials and designing solar cells for specific application. The 

solar cell efficiencies are as low as 0.5-6% to as high as 46% in Fig. 1.10 [10]. There 

are different constraint regarding the use of solar cells like as high efficiency solar cell 

may be economically not viable due to high production cost or may be the life time of 

solar cell is low there the performance deteriorates (not stable) for longer period of 

time. Economically feasible solar cells having 13-21% with average life span of 25 

years are commercially available. 

 

1.4  Photovoltaic (PV) Power Generating System  

 
PV power generating system used in various modes and fundamentally categorized 

as stand-alone and grid-connected system, for residential (rooftop), agriculture, 

commercial and industrial purposes. PV cell used for very small power applications (in 

calculators and watches) and high power applications in module/array configuration.  

The PV system categorization represented in hierarchal chart in Fig. 1.11 based upon 

the working modes and application. The stand-alone PV system is best suitable for 

remote village areas where supplying electricity through electrical grid networks is not 

an economically feasible solution and used for specified application such as solar PV 

pumping in agriculture. The stand-alone system utilized with or without storage and as 

a hybrid system according to the requirement of application. However, the standalone 

system without storage is having very low utilization capability of the generated power 

if not been utilized now and cannot be utilized during night or low light condition. 

There are six basic applications of PV system is mentioned in [3] and considered as 

Pico PV system, off-grid domestic, off-grid non-domestic, hybrid system, grid 

connected centralized and grid connected decentralized system. It has mentioned that 
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pico-system utilized for lightening efficient LEDs using well controlled and designed 

charge controllers for batteries, phone charging, and providing power to small radio 

and other low power appliances.  

  

(a) 

 

 

(b) 

 

Fig 1.11  Hierarchical chart of utilization of PV system in different mode and forms: 

a) General categorization of modes of PV system  

b) Application based categorization considering generalized modes. 
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Off-grid domestic systems mentioned as enabling the remote houses and village 

with electricity where electrical grid connection is not available.  In recent years, these 

systems developed like a mini grid to have better utilization of the energy as a local 

community independent electrical grid. The use of PV system for agriculture (PV fed 

water pumping system), terrestrial system (satellites for communication and others 

purposes) and for refrigeration is defined as off-grid non-domestic PV system 

installation. 

Hybrid system represented in Fig. 1.11 and PV integrated with diesel engine 

generating electrical power as a hybrid system. The hybrid system also utilized with 

wind turbine and cogeneration system. The diesel generator based PV system micro-

grid is expanding and utilized for feeding electricity to telecom network stations 

providing cost effective and reliable system. Especially much useful for small remote 

places in developing countries where information system (internet and mobile) is 

growing rapidly. 

In last decade, most of the installed PV units are grid-connected system in Fig. 

1.12 and 1.13 [3]. The grid-connected system employed as decentralized power 

generating unit i.e. connected to electrical grid via residential grid and centralized 

power generating unit i.e. directly connected to the electrical grid network. The 

increased penetration of PV power to the grid is due to inherent storage property of the 

electrical grid, which evacuates the overall generated power, and economic advantages 

as cost per watt reduced. 

The power electronic interface is required for integration of PV power generating 

system to ac grid by converting the dc output of solar PV into ac i.e. dc-ac converter. 

Current source inverter (CSI) or voltage source inverter (VSI) Fig. 1.14 used as a power 

electronics interface for grid integration PV system [11], [12]. The advantage of CSI is 

reported for the number of modules connected in series is reduced which declines the 

effect of partial shading as number of PV modules in series governs the number of 

peaks in PV output [13], [14]. CSI improves the potency of the maximum power point 

tracking (MPPT) and voltage boost capability improves the efficiency of overall system 

by utilizing single stage conversion [15], [16], [17]. 
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Fig 1.12  Cumulative installed PV power capacity under stand-alone (domestic and non-domestic) and 

grid connected mode for the year 2011 to 2014. 
 

 

 

Fig 1.13  Installed PV power capacity in grid-connected mode: centralized and decentralized in IEA 

PVPS countries. 

 

 

Fig 1.14  Different type of inverters based upon commutation. 
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CSI is not a feasible option for PV power penetration to grid at high-medium power 

medium voltage level due to increased switching device losses as compared to VSI 

under similar operating conditions (grid parameters, rating, switching frequency) [15]. 

Therefore, VSI is preferred for medium and high power medium voltage three-phase 

ac grid system. However, the disadvantages are there like as quality of output voltage 

and switching losses.  

The classifications of grid integrated of PV system are as single stage inverters: 

PV inverter without dc-dc converter (with or without isolation), two stage inverters: PV 

inverter with dc-dc converter (with or without isolation) and multi-stage inverters: 

number of dc-dc converter/dc-ac inverter corresponding to PV configuration Fig. 1.15 

[18] [19], [20]. MPPT, voltage and current control grid interfaced PV inverter system 

without dc-dc converter implemented together in one stage. MPPT control 

implemented separately through dc-dc converter stage and inverter control (outer 

voltage control and inner current control) implemented independently for dual-stage 

grid connected PV inverter system. The configuration of PV module topologies 

discussed in chapter2 considering fundamental classification of PV system integration 

to grid. 

PV system of rating up-to 5kW used for rooftop application and usually integrated 

to single-phase grid system. In this research, a three-phase dual-stage grid connected 

PV system of 10kW rating implemented with isolation transformer operating at grid 

frequency. VSI interfaced grid connected PV system implemented based upon the outer 

voltage control loop responsible for the dc voltage regulation and inner current control 

fed with generated reference current. There are various control algorithms for 

generation of reference quantity implemented for grid interfaced PV system. The 

current control based scheme is implemented more dominantly in comparison to 

voltage control based scheme because of high power factor obtaining capability with 

better transient current suppression under disturbance (percentage ratio of current and 

voltage controlled scheme: 81:19) [21].  

Synchronization and power control strategy is required for the operation of PV 

system integration to grid. The various control strategy is mentioned in the literature 

and researches based on the power control algorithms and synchronization. The 

synchronous reference frame (SRF) theory implemented for control in [22-26]. The 

SRF based control is implementing using phased locked loop (PLL) for frequency 
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synchronization. In [27, 28] the instantaneous power based control for integration of 

PV system to grid. Earlier, the power balance theory (PBT) is applied to implement the 

active power filters in [29, 30]. This theory does not require PLL for grid 

synchronization, and power compensation and synchronization principle is simple and 

achieved through templates. [31] 

 

 

 

 

 

(a) 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

 

(c) 

 
Fig 1.15  Inverter configurations considering PV configuration and control: 

a) Single-stage inverter  

b) Dual-stage inverter 

c) Multi-stage inverter 
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PWM current controlled voltage source converter (VSC) used for the integration 

of solar PV system to AC grid. In addition, the interfacing of DER units with the grid 

requires the power-conditioning unit to achieve the desired standard of power quality. 

IEEE-519-1992 defined the limits for the power quality standards in terms of allowable 

ripple injection into the grid by the converters [32]. Converters used for the conversion 

and control of power are responsible for the generation of current harmonics/ripples on 

the AC side due to switching of converter. L, LC and LCL filter configuration used in 

the system depending up on the different power levels and problems associated with 

the system. The L and LC type filter are bulky and very expensive for medium and high 

power application (10-100 K-watts and M-watts) due to the inclusion of high value 

inductance. The LC filter substituted by the LCL filter. The low pass LCL filter is better 

option for the medium and high power application and can also be used for the low 

power application [31], [33], [34]. 

The design of LCL filter is having one of the important roles in the entire system 

and plays vital role for stability of the system. By taking care of cost problems, the LCL 

filter design is used in a way that using lower value of inductance, which is expensive 

and bulky too, higher value of capacitance which is cheaper [31]. The grid impedance 

is also having impact on the stability of the system and special care required in the 

design of LCL filter. The resonance frequency of LCL filter varies as the grid 

impedance varies i.e. stiffness of the grid [31], [35]. 

Dc-ac voltage source converter can be employed using PWM control switching 

signals. The control methods in power electronics categorized as linear and nonlinear 

control. The linear control is accommodated with co-ordinate transformation and 

modulator which fit the system to use the simple and popular proportional-integral (PI) 

controller, by linearizing the converter up-to an extent [36].  

The non-linear controls evolved with the advancement in the power electronics 

control technology. Hysteresis current controller (HCC) is one of the prime example of 

non-linear controller and employed for power electronics control application. HCC has 

several advantages over linear control like as simple structure, robust and high 

performance dynamic response but have major drawback of variable switching 

frequency and not easy to extend for different converter/inverter topology. In addition, 

the mathematical equation derived using analysis of the electrical circuit and control 

shows complex relation between switching frequency, dc link voltage and hysteresis 
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band [37]. So, the variation of dc link voltage which in turns have variation in reference 

current results in variable switching frequency and high stress on switching devices. 

There are several researches going on to improve the performance of HCC by rectifying 

the drawback [38]. However, the verification of improved control is a key consideration 

for specific application. 

There are several other control approaches developed in the recent decade with the 

development high performing computer technology (fast digital microprocessor unit). 

The control of power electronics system such as fuzzy logic control, model predictive 

control (MPC) and sliding mode control (SMC) evolved and received attention of the 

researcher [39]. However, each control method is dealing with specific disadvantage 

with some advantages over other control methods. Therefore, it can be concluded that 

no control method capable of overcome the drawbacks completely and dealing with 

some pros and cons of it. Therefore, there is still a lot of potential for improvement in 

linear controller to exploit the usefulness and advantage in much more efficient way to 

develop high performing controlled system.  

The VSI interfaced grid connected PV system controlled through enclosed loops. 

The fundamental motive of the control of VSI is to feed the clean and possible in-phase 

sinusoidal current into the grid. The current control loop (inner current control) 

employed to regulate the current. In general, inner current loop implemented using 

proportional-integral (PI) control and generates the ac voltage reference for the inverter. 

The PI controller implemented for dq reference quantity obtained using synchronously 

rotating frame (SRF) because of incapable to track the reference signal accurately under 

stationary frame. abc-dq transformation converts the ac signal into dc quantity by 

changing from stationary frame to rotating frame. PI controller employed on constant 

signal in the dq reference frame can ensure to track the reference adequately with easy 

design and implementation. However, still there is a problem regarding filtering of 

ripples generated due to unbalanced quantities transformed into SRF. Another variety 

of controller is proportional resonant (PR) controller that is capable of regulating 

reference current in stationary frame. PR controller in stationary frame αβ/abc 

equivalent to PI controller in rotating frame dq. However, there are some differences 

in the performance of the system. The simplified way of system control implementation 

is to utilize the error current for generation of PWM signals and a proportional gain 

termed as modulation gain is required to improve the system performance and obtain 
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the trade-off between modulation index and quality of grid current and point of 

common coupling (PCC) voltage.  

The two-level VSI consists of six switching devices to generate the three-phase ac 

voltage output and couple to the grid by proper generation of gate signals. The 

generated voltage reference/current error used to generate the gating signals fed to the 

switching device. Some of the common methods to generate the switching signals are 

sinusoidal pulse width modulation (SPWM), third harmonic injected (THI) PWM, 

space vector PWM and hysteresis current controlled (HCC) PWM.  

In several enclosed loops, the outer voltage control loop used to regulate the dc-

link capacitor voltage. The capacitor dc voltage of VSI in a grid connected PV system 

can be regulated using various types of controllers like proportional plus integral type 

controller (PI/PID), fuzzy logic controller (FLC), Fuzzy-PI. In general, dedicated 

PI/PID controller extensively used as single input-output system for dc voltage control 

and for process control in industrial applications due to ease of implementation.  

It is possible to achieve regulation of the dc voltage of VSI to the desired reference 

voltage but there may be the possibility of not getting good transient response while 

connecting to the grid and under disturbance. PV system is a distributed generating 

system and there is a possibility that it has to deal with the islanding condition and 

disturbances.  

The transient response is very important consideration during interconnection of 

PV system and disturbance/fault in the system. It is the desirable to have fast and ideal 

response in the system but it deals with the limitation to and nearly impossible to obtain 

the optimal response for the system using conventional PI controller with one degree-

of-freedom (1-DOF). Therefore, it is necessary to improve the transient response of the 

system considering the performance of conventional 1-DOF PI controller.  

The performance of the designed control structure is dependent upon the controller 

gains. The tuning of the controller parameter is depending upon the trade-off between 

response speed, stability under small disturbance and robustness of the controller under 

large signal disturbance and if control loops are non-linear in nature then it requires 

special care to select the control parameter considering various operating constraints. 

[40]. Controller can be tuned using trial and error method and transfer function based 

mathematical model criteria. Modulus optimum, symmetrical optimum and pole 
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placement methods are three criteria defined considering transfer function based 

mathematical model of control loops. Symmetric optimum (symmetric optimum-pole 

placement) approach is suitable for the voltage controller loop considering 

mathematical model transfer function [40]. The designing of mathematical model of 

control loop requires various system parameter [41], [42], [43] and it is not easy 

approach to approximate and compute the various system parameters which can be a 

tedious process. Two problems considered at this stage:  

1) design of a controller based upon the concept of degree of freedom and  

2) tuning of controller parameter. 

The concept of degree of freedom for system control is widely utilized in the motor 

control application by using different controller configuration in the system. The 

number of closed loop transfer functions of a control system can be adapted 

independently is termed DOF [44]. The 2-DOF PI/PID control structure has been 

proposed and utilized under various control schemes for different type of application 

with significant advantage over 1-DOF PI control [45]- [49].  

The 2-DOF based controller can be designed for dc voltage control in grid 

connected PV system [44]- [51]. However, considering 2-DOF system it is also 

required to have the proper controller configuration. The different system configuration 

used in the motor control system based upon the DOF concept. [52] 

The PI/PID control structure designed to obtain the stability and good control with 

better transient responses. The gains of the controller need to be appropriately tuned 

and various tuning methods have been proposed and discussed like as iterative feedback 

tuning (IFT), virtual reference feedback tuning (VRFT) and fictitious reference 

iterative tuning (FRIT) by several researchers in [53]- [57]. These direct design 

approach only requires the input, output data of the controlled system, and received 

significant attention. The IFT tuning requires the multiple experiment data for iterative 

tuning to achieve the desired optimal response while VRFT required only one-time 

experimental data. FRIT is also used only one-time experimental data for the optimal 

controller gain tuning. Therefore, these tuning methods helps to achieve the optimal 

controller gains without any requirement of system/plant model information based 

upon the one-time closed loop experimental data. The basic difference between VRFT 

and FRIT is that in case of the VRFT minimization of function emphasizes on the input 

while FRIT emphasizes on the output. Therefore, the FRIT method may be more 
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advantageous and establishing better understanding in practical sense. FRIT method 

implementation and approach is better for 1-DOF as well as 2-DOF controller in 

comparison to VRFT [56]-[60]. 

 
FRIT method modified, studied and analysed for different application and optimal 

performances in [55]-[62]. It can be implemented as both online and offline system for 

controller tuning. The FRIT method deals with the disadvantage that it may results in 

local minimum for PI/PID controller tuning due to the non-linear and non-convex 

problem consideration. Therefore, the FRIT method required to combine with an 

optimization technique to mitigate the local minimum solution for non-linear and non-

convex optimization problems. 

 

1.5  Objectives 

 The study aims to have an insight of the controller and controller tuning method for 

the control loop of grid-connected PV system. Focus of this dissertation is to 

substantiate the application of 2-DOF controller and data driven optimized tuning 

method by implementing for outer voltage control loop responsible for dc voltage 

regulation with theoretical analysis and simulation results. 

The main objective to employ 2-DOF controller is to obtain better trade-off for the 

response of system control under different operating conditions. Data-driven optimized 

tuning of controller using FRIT does not require plant information. Transfer function 

based mathematical model is required to analyse the stability of the system considering 

optimized gains obtained through data-driven method.  

The 2-DOF controller structure designed and applied for dc voltage control of VSI 

and compared with conventional PI controller with 1-DOF. The performance of the 

controllers compared for the gains obtained using data-driven tuning method and trial 

and error method. 

The important point about the controller is their performance and stability. The 

stability of the controllers is analysed using bode-plot and root locus technique. In 

addition, the performance of the controller investigated and analysed considering step 

response of the control loop. 
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1.6  Organization of Dissertation 

 This dissertation consists of the six chapters. The first chapter focussing on the 

requirement of renewable energy and especially solar energy. Moreover, why and how 

it is important for the society and world and followed by the present scenario of solar 

power generation in India, Japan and world. Later part introducing about the PV power 

system and a detailed literature review and objective of the dissertation considered in 

this chapter.  

  Chapter 2 aims to give an insight about the functioning of solar cell and its 

materials. The characteristics of the solar cell and the effect of partial shading 

demonstrated by modelling solar PV modules. The detailed analysis how the 

configuration of solar PV system is important for grid connected PV system with MPPT 

control. 

   Chapter 3 presents the modelling, control and design of grid connected solar 

PV system. The system design starts with filter and LCL filter discussed considering 

different parameter constraint affecting the design and performance of the filter. The 

control of the system describes about the phase locked loop (PLL), reference current 

generation, dc voltage control, current controller and switching scheme. The 2-DOF 

controller configuration introduced and designed for the voltage controller considering 

desired requirement.  

  Chapter 4 focussing on the data-driven controller tuning method. The data-

driven FRIT method explained based upon the mathematical equations and model of 

the controller. The mathematical equations derived for 1-DOF and 2-DOF controller to 

implement FRIT method. FRIT combined with particle swarm optimization (PSO) 

method. 

  Chapter 5, recently digital signal processors (DSP) and field-programmable-

gate-array (FPGA) are the one of the prime technology in the field of power electronics 

applications for motor drive and renewable energy. In addition, learning new 

technology from the scratch is not an easy task like as programming FPGA and DSP. 

In this chapter, fundamental components necessary to implement the control for 

integration of PV system developed using Xilinx system generator. System generator 

capable of generating hardware description language (HDL) files and can be used for 

FPGA based digitally controlled system.  
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Chapter 6, this chapter summarizes the work demonstrated in the dissertation and 

reaches to the conclusion with future scope of the work. 
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CHAPTER 2 

Solar PV POWER GENERATING SYSTEM 

2.1 General 

The solar cell modeling is one of the important aspects to obtain the better and 

more accurate solar characteristics with reduced computational effort so that to reduce 

computational time. As the mathematical computational effort reduces, the 

computational time will reduce and better accuracy or maintaining original accuracy is 

a key point. The more accurate cell characteristics are important to implement the 

maximum power point (MPP) tracking algorithms efficiently to improve the overall 

efficiency of the system. Also, the solar cell characteristic changed suddenly with the 

change in weather condition so the robust MPP tracking algorithms can be implemented 

based upon the cell characteristics obtained from the solar cell modeling techniques.  

The solar strings/modules connected in series and parallel combination to create 

a solar PV array. The series/parallel combination of PV is crucial because of partial 

shading effect and maximum power point tracking (MPPT). Depending upon the 

natural environmental conditions like as cloud, tree shadow, dust are the reasons of 

partial shading effect. The partial shading leads to the bad performance of the panels 

and it may cause the destructive effects on the panels due to hot spots. The output 

current of the string under the influence of partial shading is decreases significantly; 

therefore, the output power (peak power) is changed. To mitigate the problem of partial 

shading, a by-pass diode is required in parallel to solar cell/module/string [63]. The 

placing of bypass diode planned to have best cost effective system. Reverse flow of 

current from healthy string to other malfunctioned string is another problem associated 

with partial shading effect on string/module. This problem mitigated by putting 

blocking diode in series with each solar string [63]. 

There are several proposed modelling techniques available in literatures based 

upon the single diode based modelling and double diode based modelling. The single 

diode based modelling technique requires less computational effort and easy modelling 

implementation with quite good accuracy, that is why it is most commonly preferred in 

different papers. The double diode model offers better accuracy in comparison to single 

diode model and different ideas were proposed to obtain easy implementation 

technique and maintaining better accuracy [64]- [66]. In these research works of system 
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modelling, there are the techniques mentioned that how to extract electrical parameters 

for the model. However, still it is difficult to maintain the accuracy under low irradiance 

and for different combination of changes with lesser effort. The electric characteristics 

of PV module is analysed under several condition of irradiance and it suggests that the 

characteristics of the PV system becoming more complex for non-uniform 

irradiance/partial shading condition [67]- [71]. The complexity of characteristics 

depends upon the configuration of solar PV modules as the number of modules 

connected in series in a string decides the number of peaks in P-V characteristic under 

partial shading condition [13].  

Incorporation of the partial shading characteristic generation capability in solar 

cell simulator is very important to investigate and analyze the cell characteristics under 

shading conditions. So, to obtain and track the best possible output power from solar 

PV array the characteristics should be obtained under partial shading/non-uniform 

irradiance condition and effects of by-pass diode and blocking diode can be 

investigated and analyzed based upon the PV characteristics. The PV array system 

poses the exponential (non-linear) I-V characteristic and also sudden and complex 

changes in characteristics due to weather or some other reasons. So for the modelling 

purpose the parameters of the system need to be tuned from experimental data sheet of 

practical device to obtain best possible accuracy in the simulator model. The electrical 

circuit model equations based mathematical modelling of PV array system can be 

useful and able to analyze the dynamic and complex characteristic, study of dynamic 

analysis of dc-dc converters based upon PV characteristic, study and analyze different 

array configuration and robust MPP algorithms implementation [72]. 

A typical solar panel converts only 30 to 40 percent of the incident solar 

irradiation into electrical energy. Maximum power point tracking technique used to 

improve the efficiency of the solar panel. According to Maximum Power Transfer 

theorem, the power output of a circuit is maximum when the Thevenin impedance of 

the circuit (source impedance) matches with the load impedance. Hence, our problem 

of tracking the maximum power point reduces to an impedance matching problem. In 

order to extract the maximum amount of energy, the PV system must be capable of 

tracking the solar panel unique maximum power point that varies with irradiance and 

temperature.  
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Tracking the maximum power point (MPP) of a photovoltaic (PV) array is usually an 

essential part of a PV system. As such, many MPP tracking (MPPT) methods have been 

developed and implemented. The methods vary in complexity, sensors required, 

convergence speed, cost, range of effectiveness, implementation hardware, popularity, 

and in other respects. They range from the almost obvious (not necessarily ineffective) 

to the most creative (not necessarily most effective). In fact, so many methods have 

been developed [73] that it has become difficult to determine adequately which method, 

newly proposed or existing, is most appropriate for a given PV system. 

 MPPT achieved by using a power electronics dc-dc converter inserted between 

the PV module and load to achieve optimum matching. It ensures that the PV module 

always operates at its maximum power point by using an intelligent algorithm. MPPT 

optimizes the power output of the solar cell by constantly tracking the varying 

maximum power operating point and adjusts the solar panel operating voltage [73].  In 

this chapter, solar PV system modelled considering different arrangements with partial 

shading capability. The real time data of PV system measured for 3kW PV system 

available in university campus also investigated and analysed. The incremental 

conductance MPPT algorithm utilized for the implementation of the system. 

 

2.2 Solar PV cell materials 

The solar cell can be categorized based upon technology into three groups as: 

crystalline solar cells, thin film solar cells, organic and hybrid solar cells. Crystalline 

silicon, thin film and organic solar cells are termed as first generation, second 

generation and third generation solar cells respectively [74]. In present scenario, more 

than 80% of the entire cell production belongs to crystalline silicon technologies [3] 

PV cell is the smallest part in PV power device that further produced as PV module. 

2.2.1 Crystalline silicon solar cells (First generation) 

 The crystalline silicon (c-Si) solar cells are one of the most popular and efficient 

solar cells. It can be categorized as wafer based crystalline: single crystal (mono-

crystalline) and multi-crystalline (polycrystalline). Single crystal silicon (sc-Si) are one 

of the oldest, much reliable and efficient among the solar cells and manufactured using 

single crystal growth method [3], [75].  The one of the main and distinguished method 

to produce sc-Si is Czochralski (CZ) method [76]. The commercially available sc-Si 

solar PV modules have efficiencies between 16-24% as it is developed using high 
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graded silicon. The multi-crystalline silicon (mc-Si) solar PV cells are fabricated using 

multicrystalline wafers. In general, mc-Si formed by the Bridgman method of 

directional crystallization: cast solidification process in which silicon melt is poured 

into a cast and solidified [3], [76]. It is also one of the popular type of solar cells as it 

is less expensive in production as compared to sc-Si solar cells but less efficient. The 

conversion efficiency of commercially available mc-Si collar cells is around 12-18% 

2.2.2 III-V Multijunction solar cells 

 These type of solar cells produced using GaAs and III-V materials. GaAs and 

III-V material have unique combination of properties that comprised of various 

advantage over other materials of solar cell. The conversion efficiency of commercially 

available mc-Si collar cells is around 12-18%. GaAs material on the Ge substrates 

achieved the conversion efficiency as high as high as 40% breaking the efficiency 

barrier. The drawback of high cost of III-V cells forced to use for special application 

like concentrator PV systems and space applications. 

2.2.3 Inorganic Thin-Film solar cells (Second generation) [75], [76] 

2.2.3.1 Cadmium sulphide cell 

Thin film solar cells fabricated by depositing thin layers of PV semiconductor 

materials. The primary motive behind thin film solar cell was better power-to-weight 

ratio instead of lower cost. The first commercially produced thin-film solar PV cell 

made up of cuprous sulphide/cadmium sulphide (p-Cu2S/n-CdS). This material seems 

to be promising as thin film cell with efficiency greater than 10% achieved but poor 

stability and problems related to making of ohmic contacts to Cu2S became a major 

issue. 

2.2.3.2 Amorphous and microcrystalline thin film silicon cell 

Small amorphous hydrogenated silicon (a-Si:H) PV cells of efficiency 3-4% 

was achieved by Japanese and commercialized for consumer goods like as calculator 

and watches in 1980. Stabilised efficiency of 6-8% achieved for single junction 

amorphous silicon modules but the one of the popularly commercialized device is 

termed as micromorph configuration. Stabilised efficiency of 11.9% by Oerlikon Solar 

in 2003. 
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2.2.3.3 Cadmium telluride cell 

The cadmium telluride solar PV cell developed with the device structure n-

CdS/p-CdTe. The one of the best solar cell efficiency reached to 16.7% and recently it 

has reached to 18.7% for a cell developed by first solar in 2013 and more than 11% 

module efficiency is achieved in general. The bandgap of CdTe is 1.44eV is nearly 

ideal for terrestrial solar spectrum and it may be possible to achieve efficiency above 

20% but the drawback is cadmium is highly toxic (telluride is also toxic if it into the 

body by swallowing or absorbing) and Telluride is one of the rarest material. 

2.2.3.4 Copper indium gallium diselenide (CIGS) solar PV cells 

Thin-film PV solar cell produced using CIGS is also a famous technology and 

the best laboratory cell efficiency is achieved around 21% with 17.8% efficiency of 

sub-module. However, the CIGS technology also unable to cope-up with decreasing 

prices of c-Si technology PV modules. 

2.2.4 Organic and hybrid technology solar cells (Third generation) 

2.2.4.1 Organic PV cells 

The electric field produced at the heterojunction between donor and acceptor 

properties materials in an organic photovoltaic (OPV) cell. Earlier discovered OPV 

cells were having very low efficiencies and to high electrical resistance, bad materials 

control and low internal quantum efficiency were the major factors of it. In 2012-13, 

the best-achieved efficiency was for Heliatek’s tandem OPV cell with 10.7%. The most 

recent best achieved efficiency for OPV cell is 11.5% by Hong Kong UST as reported 

in NREL chart [10].  OPV has drawbacks off bad stability and lifetime (due to fast 

deterioration with time) with the edge of lightweight, bandgap adjustability and low 

cost.  

2.2.4.2 Dye-sensitized solar cells (DSSC) 

DSSC comes under the third generation PV technology. DSSC is produced 

using organic and inorganic materials at much cheaper production cost as compare to 

earlier technology, and consists of porous nanocrystalline TiO2 layer deposited onto a 

transparent conducting oxide (TCO) glass substrate with a monolayer of dye coated on 

it [DSSC modelling paper]. The various interesting prospects to design and make DSSC 

having different colour, shape and transparent at cheaper cost [75].  The efficiency of 
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12.3% achieved in 2011-12 under standard test condition (STC) and the most recent 

DSSC efficiency is 13.6% achieved in 2015 by AIST [10]. 

2.2.4.3 Perovskite solar cells 

Perovskite solar cells are one of the recent trends in solar PV technology that 

have shown a strong prospect in terms of cell efficiency due to rapid increase. 

Perovskite is a hybrid technology of organic/inorganic solar cell based on methyl-

ammonium-lead-halide [76]. The most recent achieved perovskite solar cell efficiency 

is 22.1% by KRICT/UNIST as reported in NREL chart [10]. 

2.3 Solar PV system 

Solar PV system formed by solar configuration of modules in series and 

parallel. The solar cell equations parameters modified with the module and array 

configuration and condition of MPP is analysed based upon the open circuit voltage 

condition. The MPP condition analysis generates the equation for computation of 

resistances without iteration. The PV system configurations Fig 2.1 connected to grid 

through power electronics interface and designated based on use of dc-dc/dc-ac 

converter. 

2.3.1 Solar cell  

Solar cell is the device working as to convert light into electricity and represented as an 

electrical equivalent model. The basic electrical equation written for ideal PV cell 

model modified as according to electrical equivalent model. The equation associated to 

the electrical models i.e. ideal model, series resistance model (single diode), shunt 

resistance model (single diode) and double diode model mentioned in (1) to (4) 

respectively. The solar cell modelled based upon the electrical model equations and 

parameters of the equation required for the modelling.  

𝐼 = 𝐼𝑝ℎ − 𝐼𝑜 (𝑒
𝑉

𝑁𝑉𝑡
⁄ − 1) (1.) 

𝐼 = 𝐼𝑝ℎ − 𝐼𝑜 (𝑒
𝑉+𝐼𝑅𝑠𝑒

𝑁𝑉𝑡
⁄

− 1) 
(2.) 

𝐼 = 𝐼𝑝ℎ − 𝐼𝑜 (𝑒
𝑉+𝐼𝑅𝑠𝑒

𝑁𝑉𝑡
⁄

− 1) −
𝑉 + 𝐼𝑅𝑠𝑒

𝑅𝑠ℎ
 

(3.) 

𝐼 = 𝐼𝑝ℎ − 𝐼𝑜1 (𝑒
𝑉+𝐼𝑅𝑠𝑒

𝑁𝑉𝑡
⁄

− 1) − 𝐼𝑜2 (𝑒
𝑉+𝐼𝑅𝑠𝑒

𝑁𝑉𝑡⁄ − 1) −
𝑉 + 𝐼𝑅𝑠𝑒

𝑅𝑠ℎ
 

(4.) 
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Fig  2.1 Configurations of grid-connected PV systems: (a) Central inverter (b) multiple string inverter 

(c) multiple string dc-dc converter (d) module integrated inverter system 
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The output current equation for the shunt resistance single diode equivalent 

circuit utilized for the modelling. To make the modelling more accurate and obtain 

characteristics, similar to practical solar cell the effect of maximum possible parameters 

to be incorporated in the model. The above-mentioned equations are specially for the 

modelling of single solar cell model. As the number of solar cells connected in series 

to form the solar module, the equation for the solar module changed with the significant 

change in the equation parameters. Due to connection of solar cells in series, the open 

circuit voltage, series, and parallel resistance of solar module will become 

  PV modules connected in series and parallel fashion to develop the model of 

solar PV system and make the system of required/desired power rating. Therefore, it 

changes the fundamental solar cell equation. The series and parallel combination effect 

on solar cell circuit equation incorporated as 

2.3.3 Maximum power point (MPP) 

𝑅𝑠ℎ assumed to be infinite for the condition 𝐼𝑝ℎ = 𝐼𝑆𝐶 and the equation for the 

output voltage and output current from (1) can be written as 

I =  𝐼𝑆𝐶 − 𝐼𝑜 (𝑒
𝑞(𝑉+𝐼𝑅𝑠)

𝑁𝑠𝑎𝑘𝑇 − 1) 
(8.) 

𝑉 =  
𝑁𝑠𝑎𝑘𝑇

𝑒
𝑙𝑛 (

𝐼𝑝ℎ + 𝐼𝑜 − 𝐼

𝐼𝑂
) − 𝑅𝑠𝐼 

(9.) 

    For the condition of open circuit, V = 𝑉𝑂𝐶 and I=0, the equation (8) become 

𝑉𝑜𝑐 =
𝑁𝑠𝑎𝑘𝑇

𝑒
 𝑙𝑛 (

𝐼𝑠𝑐

𝐼𝑜
+ 1) 

(10.) 

By substituting (11) in (9) and rearranged as  

2.3.2 PV array equations 

𝑉𝑂𝐶,𝑚 = 𝑁𝑠𝑉𝑂𝐶,𝑠,  𝑅𝑠,𝑚 = 𝑁𝑠𝑅𝑠,𝑠 (5.) 

𝑅𝑠,𝑎 = 𝑅𝑠,𝑚

𝑁𝑠𝑠

𝑁𝑝𝑝
  , 𝑅𝑠ℎ,𝑎 = 𝑅𝑠ℎ

𝑁𝑠𝑠

𝑁𝑝𝑝
    

(6.) 

I = 𝑁𝑝𝑝 𝐼𝑝ℎ − 𝑁𝑝𝑝𝐼𝑜 (𝑒
𝑞(𝑉+𝐼𝑅𝑠,𝑎)

𝑁𝑠𝑎𝑘𝑇 − 1) −
𝑉 + 𝐼𝑅𝑠,𝑎

𝑅𝑠ℎ,𝑎
    

(7.) 

𝐼

𝐼𝑆𝐶
= 1 − (

𝐼𝑆𝐶

𝐼0
)

−1

(
𝐼𝑆𝐶

𝐼0
± 1)

𝑥

 
(11.) 

Fig1: Electrical Circuit model of Solar cell 
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      The ratio of 𝐼𝑆𝐶   and Io is very high value because of low value of Io therefore (12) 

will become more simplified as  

      where 𝐼𝑆𝐶/𝐼0 =  α, (𝑉 + 𝐼𝑅𝑠) 𝑉𝑂𝐶⁄  = 𝑥 . The incremental conductance at the MPP 

is zero. Therefore, using the incremental conductance for characteristics of solar PV 

curve and written as 

At maximum power point (MPP) condition; 𝑑𝑃 𝑑𝑉 = 0⁄ . Therefore, the above 

equation will be 

2.3.4 Short circuit current 

The solar generated current of the photovoltaic cell is having linear relation with the 

change in solar irradiance and affected by the change in the temperature. The effect of 

temperature and irradiance on current shown as 

2.3.5 Open circuit voltage   

Open circuit voltage of solar cell altered with the change in the temperature. As 

comparison to the effect of temperature and irradiance, the effect of irradiance is 

dominant on the current and the effect of the temperature is dominant on the voltage of 

solar PV cell. The effect of temperature on open circuit voltage given by  

2.3.6 Reverse saturation current 

The reverse saturation current is can be calculated using (8) for single diode 

model of solar PV system. In this equation, the temperature variation considered for 

calculation of current and relation between temperature and reverse saturation current 

computed using the temperature coefficient solar PV cell. 

𝐼

𝐼𝑆𝐶
= 1 − (𝛼)𝑥−1 

(12.) 

 dP

dV
= I + V

dI

dV
 

(13.) 

 dI

dV
(𝑎𝑡 𝑀𝑃𝑃) = −

𝐼𝑀𝑃𝑃

𝑉𝑀𝑃𝑃
 

(14.) 

𝐼𝑝ℎ =  (𝐼𝑝ℎ_𝑁 + 𝑘𝑖∆𝑇)
𝐺

𝐺𝑁
 

(15.) 

𝑉𝑂𝐶 = 𝑉𝑂𝐶_𝑁𝑘𝑣(𝑇 − 𝑇𝑁) (16.) 
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2.3.7 Series and parallel resistances 

The solar cell resistances having conditions and for a cell considered to be 

having losses less than 1% due to its series and 1% due to its parallel resistance then 

the conditions for the resistances is defined as [63] 

The series and parallel resistances extracted by the equations using MPP 

condition of solar PV cell. This is one of the simplest method proposed to find out the 

value of resistance without iteration. The derivative of (13) with respect to voltage (V) 

will also give the incremental conductance equation at MPP  

       (21) derived from the (12) by taking natural log. The value of series resistance 

calculated easily by using above two equations. The value of the parameters at MPP 

conditions under standard test condition (STC) for above equations is used. The STC 

condition for solar PV; Temperature=298K and irradiance = 1000W/m2. The above 

equation will give the value of series resistance only. In the same way as above; 

derivative of (3) is calculated for MPP condition to extract the shunt resistance value. 

Derivative of (3) for MPP condition will be  

 

By using, the value of series resistance calculated with help of (20) and (21), 

the value of shunt resistance easily calculated from (22). The value of series resistance 

𝐼𝑜 =  
(𝐼𝑝ℎ_𝑁 + 𝑘𝑖∆𝑇)

exp[(𝑉𝑜𝑐_𝑁 +  𝑘𝑣∆𝑇)/𝑎𝑉𝑡] − 1
 

(17.) 

𝑅𝑠 <  
0.01𝑉𝑂𝐶

𝐼𝑆𝐶
 

(18.) 

𝑅𝑝 >  
100𝑉𝑂𝐶

𝐼𝑆𝐶
 

(19.) 

−
𝐼𝑀𝑃𝑃

𝑉𝑀𝑃𝑃
= −𝐼𝑆𝐶

1 + 𝑅𝑠 (−
𝐼𝑀𝑃𝑃

𝑉𝑀𝑃𝑃
)

𝑉𝑜𝑐

(𝛼)𝑥−1ln (𝛼) 

(20.) 

ln (𝛼) =
ln (1 −

𝐼

𝐼𝑆𝐶
)

𝑥
 

(21.) 

𝐼𝑀𝑃𝑃

𝑉𝑀𝑃𝑃
= 𝐼𝑆𝐶

1 + 𝑅𝑠 (−
𝐼𝑀𝑃𝑃

𝑉𝑀𝑃𝑃
)

𝑉𝑜𝑐

(𝛼)𝑥−1𝑙𝑛 (𝛼) +  
𝐼 + 𝑅𝑠 (−

𝐼𝑀𝑃𝑃

𝑉𝑀𝑃𝑃
)

𝑅𝑠ℎ
 

 

(22.) 
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calculated by assuming the value of shunt resistance as infinite and once the shunt 

resistance calculated from same equation. This is the proposed simplified method to 

calculate the series and parallel resistance without iteration. 

2.3.8 Double diode equation for modelling 

The Double diode equation modified the implementation of proposed modelling 

method by replacing part of second diode by a coefficient in the equation. The solar 

cell characteristics is obtained using this method and tuning of ideal factor of diode (a) 

and coefficient use for second diode to obtain the best possible accurate result. The 

equation (23) represents the double diode equation considering reverse saturation 

current of the diodes are same. Equation (23) is can be written as in (24) and (24) is 

modified and proposed into (25) and based upon the equation (25)  

 

I =  𝐼𝑝ℎ − 𝐼𝑜 (𝑒
𝑞(𝑉+𝐼𝑅𝑠)

𝑎1𝑘𝑇 − 1) − 𝐼𝑜 (𝑒
𝑞(𝑉+𝐼𝑅𝑠)

𝑎2𝑘𝑇 − 1) −
𝑉 + 𝐼𝑅𝑠

𝑅𝑠ℎ
 

(23.) 

I =  𝐼𝑝ℎ − 𝐼𝑑1 − 𝐼𝑑2 −
𝑉 + 𝐼𝑅𝑠

𝑅𝑠ℎ
 

(24.) 

I =  𝐼𝑝ℎ − 𝐼𝑑1 − 𝛼 ∗ 𝐼𝑑1 −
𝑉 + 𝐼𝑅𝑠

𝑅𝑠ℎ
 

 

(25.) 

2.4 MATLAB/Simulink Model 

The Solar PV system modelled through circuit based approach in 

MATLAB/Simulink. The block diagram of the solar PV cell/module for single diode 

model with resistances in Fig 2.2(a) and 2.2(b) modelled with bypass diode. The 

combination of solar modules in series and parallel arrangements shown in Fig 2.3 and 

this arrangement can be modelled using (7). The modelled system can be modified for 

any type of arrangements as required for application. 

This single solar cell model converted into the module by multiplying number 

of cells connected in series. The arrangement of this single module subsystem in series 

and parallel combination in Fig 2.3 results in the model of solar PV array system with 

the arrangements of blocking diode and bypass diode. The modelled solar PV system 

consists of controlled current source with the capability partial shading effect and other 

parameters. The partial shading curves generated as according to the shading pattern 

set for the PV modules. 



SOLAR PV POWER GENERATING SYSTEM & GRID INTEGRATION 

–Modeling, Controller Design and Optimization 2017 

 

32 | P a g e  
 

 

(a) 

 

 

(b) 

Fig  2.2 Single diode based modelling of solar PV module in Matlab-Simulink 

a) Mathematical equation modelled with electrical equivalent circuit 

b) Bypass diode modelling 
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Fig  2.3 Solar PV system simulator arrangement.  

The circuit equation based mathematical model for solar PV system and 

illustration/test method is established using ramp signal. Fig 2.2(a) and 2.2(b) 

illustrated the basic modelling method and rearrangements of model for the solar PV 

system modelling. In MATLAB/Simulink, it is not possible to plot the multiple X-Y 

characteristic output in same X-Y scope/plot. The Simulink block used to store the data 

in workspace and therefore using MATLAB commands, plotted on same plot. 

2.5 Investigation and Analysis of Real Time Data of Solar PV System 

The solar cell system deals with the constraints in fundamental research of solar 

cell materials like open circuit voltage limitation due to energy band gap constraint and 

efficiency limitations due to materials functioning capability over certain wavelengths 

of light. To develop an effective and efficient system with energy management 

consideration real time practical data is very important. In case of PV system, it will 

become more significant as the PV power generating system is dominantly dependent 

upon the solar irradiance condition. Based upon the real time data of solar irradiance to 

forecast the energy generation of solar PV system and manage the load demands for 

residential roof top panels. As every city weather conditions are different so the real-
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time solar irradiance data obtained for the PV system will be helpful to forecast solar 

power generation in more precise way for Kitakyushu city and it may be helpful to 

obtain better energy management system for residential PV systems. It will be helpful 

to make the PV connected smart grid system more efficient in terms of minimizing 

fluctuations in the system generated due to the PV system because of variable power 

generation. The average solar irradiance data in terms k-W-hr/m2 helps to develop an 

understanding of PV power generation under this weather condition and will be helpful 

to optimize the battery energy storage system solar PV power generation system and 

electric vehicle interconnection for both islanded and grid connected mode conditions. 

2.5.1 Objective 

 

The analysis of real-time solar irradiance data for the year 2014 is considered 

to compute the average solar irradiance Fig 2.4, 2.5 and 2.6 in terms of two units as k-

W/m2 and kW-hr/m2. The real time data collected for 24 hours and data considered for 

the computation of average solar irradiance is from 6 am to 6 pm. The average solar 

irradiance helps to analyse the weather condition and average power generation from 

the Solar PV system installed of 2.88 kW having 16 modules Fig 2.7, installed as 

residential roof top application for every month that will help to forecast the power 

generation of each month for the upcoming years. k-W-hr/m2 (β k-W-hr/m2) analyse 
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Fig 2.4: The average solar irradiance for months of year 2014 in kW-hr/m2
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the system as it can provide 1 kW of power for β hours which will be helpful in terms 

of battery consideration as battery rating is defined kW-hr basis. 

2.5.2 Computation of power generated by solar PV based upon irradiance 

 

Area of one panel of Kyrocera-KD180GX:  1.314*0.990 = 1.30086 m2 

Power generation from one panel: 180 Watts/ 1.30086 m2 

Power generation from one panel: 138.37 Watts /m2 

It means if 1000 kW/ m2 falls on the 1 m2 panel of Kyrocera-KD180GX then 138.37 

Watts of power will be generated. Therefore, the efficiency of the panel is 13.837%. 

So for the month of May when average irradiance of 457 W/m2 fall on the panel the 

power generated by 1 m2 panel = (457*138.37)/1000 = 63.235 Watts/ m2  

So, the power generation from the 2.88 kW solar PV panels installed through 16 panels 

with overall area of panel = 21.21264 m2 

The average power generated for average irradiance of 457 W/m2 from the 2.88 kW 

solar PV system for the month of May = 63.235*21.21264 = 1341.38 Watts = 1.341 

kW 

Solar irradiance and PV module parameters summarized in Table 2.1 and 2.2 

respectively. Calculation of average power generation for single module and for overall 

2.88 kW PV system listed in Table 2.3. 
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Fig  2.6. kW-hr/m2 monthly characteristic for 1kW/m2 and time in hour: a) January, b) February, c) March, 
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average of year. 
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Table 2.1. Average Solar irradiance monthly.            Table 2.2 Parameters of the Kyocera (KD180GX)   

 

 

Table 2.3  Monthly average power generation data calculated for single module and for overall 2.88 

kW PV system in Watts and kW-hr. 

 

Month Irradiance 

W/m2 

Irradiance 

W-hr/m2 

January 175.6262 2107.514 

February 201.1924 2414.309 

March 295.0737 3540.884 

April 356.2438 4274.926 

May 457.0494 5484.593 

June 273.8732 3286.478 

July 329.1813 3950.176 

August 249.1716 2990.059 

September 323.2463 3878.956 

October 286.1965 3434.358 

November 187.6996 2252.395 

December 200 2400 

ISC 8.35 A  

Impp 7.63 A 

VOC 29.5 V 

Vmpp 23.6 V 

Pmpp 180 W 

NS 48 

kV -0.106 V/K 

kI .005 A/K 

Length (l) 1342mm (52.8 

inch) 

Width (b) 990mm (39.0 

inch) 

Depth 

(t) 

36mm 

(1.4 inch) 

Months Avg. 

Irradiance 

(kW/m2) 

Average power 

from each panel 

(Watts) 

Total average 

power (Watts) 

Total Average 

power (kW-hr) 

January 175.6262 24.3014 515.4967923 6.185961508 

February 201.1924 27.83899 590.5385235 7.086462282 

March 295.0737 40.82935 866.0982578 10.39317909 

April 356.2438 49.29345 1045.644307 12.54773168 

May 457.0494 63.24193 1341.528198 16.09833838 

June 273.8732 37.89583 803.8706987 9.646448384 

July 329.1813 45.54882 966.2106464 11.59452776 

August 249.1716 34.47787 731.3667353 8.776400824 

September 323.2463 44.72759 948.790276 11.38548331 

October 286.1965 39.60101 840.0419625 10.08050355 

November 187.6996 25.97199 550.9345514 6.611214617 

December 200 27.674 587.0385994 7.044463192 
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Fig  2.7: Installed solar PV array configuration of 2.88 kW having 16 modules. 

 

2.6 Model Validation 

The solar PV module/array model is validated by comparing the developed 

model and the experimental (provided by the manufacturer or extracted from the 

datasheet) data of PV curves which will further justify the parameter extraction method.  

2.6.1 For single diode equivalent model  

2.6.1.1 PV module 

The experimental data and simulated data are matched considering (𝑉𝑂𝐶 =

0, 𝐼𝑆𝐶  ) , (𝑉𝑀𝑃𝑃 , 𝐼𝑀𝑃𝑃 ) , (𝑉𝑂𝐶 , 𝐼𝑆𝐶 = 0 )  and (𝑉𝑂𝐶 = 0 , 𝑃 = 0 )  (𝑉𝑀𝑃𝑃 , 𝑃𝑀𝑃𝑃) for I-V 

and P-V curve of Kyocera KC200GT PV module at STC as Table 2.4 and 2.5 and Fig. 

2.8(a) have illustrated. I-V and P-V curve both should have to match the experimental 

data showing same 𝑉𝑀𝑃𝑃 corresponding to 𝐼𝑀𝑃𝑃 and 𝑃𝑀𝑃𝑃 to validate the model with 

better accuracy. I-V and P-V curve obtained successfully matching the experimental 

data at STC shown as shown in Fig 2.8(a).  

Validation of the simulated model will be acceptable, if it matched with 

experimental data at different irradiance and temperature level other than STC. The 

mathematical I-V and P-V curve was compared and matched with the experimental 

data provided by manufacturer at normal operating cell temperature (NOCT=470C) and 

800W/m2 as in Table 2.6 and Fig 2.8(b). The mathematical I-V and P- V curves of 

KC200GT PV module is using simulated model at five different irradiance condition 

and three different temperature condition following the experimental electrical 

characteristic curve provided by the manufacturer. The experimental data of I-V curve 

was extracted from the electrical characteristic and plotted with the simulated data of 

I-V at different irradiance and generated temperature in Fig 2.8(c) and 2.8(d) 

respectively. Even though some points not matched properly, most of the points of 

extracted experimental data matched with simulated data curve. The extracted 

experimental data from datasheet provided manufacturer added in appendix [77]. 
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                                                                            (a) 

 

(b) 

 

 
 

(c) 

 



SOLAR PV POWER GENERATING SYSTEM & GRID INTEGRATION 

–Modeling, Controller Design and Optimization 2017 

 

40 | P a g e  
 

     

 

 

 

 

 

 

 

(d) 

Fig  2.8 Solar PV characteristic for KC200GT module 

a)  I-V and P-V curve of PV module at STC. 

b) I-V and P-V curve of PV module at 800W/m2 and NOCT. 

c)  I-V curve of a PV module at different temperature. 

d) I-V curve of a PV module at different irradiance. 

 

2.6.1.2 PV array 

The mathematical I-V and P-V curves matched and plotted for a PV module 

and PV array is simulated using validated PV modules. The PV array consists of three 

series connected modules in a string (Nss=3) and 3 parallel string of modules (Npp=3) 

i.e. 3×3 arrangement is considered. I-V and P-V curves are plotted for different 

irradiance and temperature using PV array simulator model as in Fig 2.9(a) and (b). In 

order to test and analyse the performance of the PV array model the mathematical I-V 

and P-V curve plotted under partial shading condition. The different condition of partial 

shading as in Table 2.7 and 2.8 considered to generate the PV characteristics under non-

uniform condition. I-V and P-V curves under partial shading condition in Table 2.7 was 

plotted as illustrated in Fig 2.10 (a) and 2.10 (b) respectively and in Table 2.8 was 

plotted as illustrated in Fig 2.10 (c) and 2.10 (d) respectively.  

The PV array performance get deteriorated under partial shading condition and 

efficiency of PV module also reduced corresponding to change in irradiance as reported 

in datasheet by manufacturer [77]. The PV array performance improved by using the 

bypass diode connected in parallel to each module and a blocking diode connected in 

series with each string under partial shading. The effect of shading on I-V and P-V 

characteristics illustrated with and without bypass diode. The effect of bypass diode on 

I-V and P-V curve of PV array observed as shown in Fig 2.10(c) and 2.10(d). 
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(a) 

 

(b) 

Fig. 2.9 Solar PV characteristic for array 

a)  P-V curve of PV array at different irradiance. 

b) I-V curve of PV array at different irradiance. 

 

It can be analysed from the Fig 2.10(a) to 2.10(d) that the use of bypass diode improves 

the performance of PV system under non-uniform weather case and provides better 

output power. It also leads to the damage of shaded module due to hot spot effect. After 

that, cumulative effect comes into the picture and shaded module string started acting 

as load. The current started to flow from the healthy string to damaged string. 

Therefore, overall performance of the system will be disturbed and chance of the 

module damage may become very high. The bypass diode prevents the shaded modules 

and bypass the current through diode and the blocking diode prevents the reverse flow 

of current from healthy string to shaded/damaged string. The number of maxima and 
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minima in a PV characteristic is depend upon the number of series connected modules. 

The effect of blocking diode on I-V and P-V curves  observed in Fig 2.10(e) and 2.10(f) 

respectively. In Fig. 2.10(e) and 2.10(f), the dotted red line is I-V and P-V curve with 

blocking diode and continuous blue line is I-V and P-V curve without blocking diode. 

There is a difference in open circuit voltage and peak power for I-V and P-V 

characteristics respectively. 

Table 2.4 Parameters of the            Table 2.5 Parameters of the simulated            Table 2.6 Parameters of 

the   

KC200GT at STC                        model of KC200GT at STC                        KC200GT at 470C, 800 

W/m2  

 

 
                

Table 2.7 Shading pattern for illustrated test                          Table 2.8 Shading pattern for illustrated test 

model with 3×1 arrangement                                                               with 3×3 model arrangement 
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(e) 

 

(f) 

Fig.  2.10 Solar PV characteristic with partial shading capability 

a)  V-I curve for KC200GT by PV simulator (3×1) 

b) P-V curve for KC200GT by PV simulator (3×1) 

c)  V-I curve for KC200GT by PV simulator (3×3) 

d) P-V curve for KC200GT by PV simulator (3×3) 

e)  V-I curve with blocking diode and without blocking 

f) P-V curve with blocking diode and without blocking 

 

To analyse and test the effect of strings connected in parallel, the characteristics 

obtained in Fig. 2.10(a) and 2.10(b) is for single string under partial shading condition 

as in Table 2.7. And, the characteristics obtained in Fig. 2.10(c) and 2.10(d) is for the 

strings connected in parallel under partial shading condition as in Table 2.8. The 

number of peaks (maxima-minima) of P-V curve was remained same in Fig. 2.10(b) 

and 2.10(d). Therefore, the number of modules connected in series governs the number 
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of peaks in P-V curve of PV array. Even though the number of peaks are same but the 

interesting key point is position of global maxima and minima might be changed in Fig. 

2.10(b) and 2.10(d). 

2.6.2 Propose Two-diode Modelling Method  

The proposed two diode based solar PV simulator model and parameters 

computed from the method discussed in this paper is validated under various conditions 

for KD180GX Table9 and the accuracy of the PV simulator is validated based upon the 

error in model results and manufacturer data sheet. This method of modelling only 

requires the tuning between diode ideality factor and the coefficient used for 

computation of second diode. The overall computational procedure is reduced as in 

(25) for mathematical model of solar current. 

2.6.2.1 Different irradiance levels 

The standard irradiance level is 1000 W/m2 and the data provided by the manufacturers 

specified for the standard test condition (STC). Standard test conditions are irradiance= 

1000 W/m2, T= 250C (298K), AM 1.5. I-V and P-V curves for different irradiance level 

is shown in Fig. 2.11(a) and 2.11(b) and the error in reference to maximum power and 

open circuit voltage corresponds to maximum power under different irradiation level 

condition is shown in Fig. 2.11(c) and 2.11(d).  The PV data is also specified for the 

case irradiance= 800 W/m2, T= 490C (322K). The error is defined for the difference in 

simulate value and measured value for Pmp and Voc corresponding to each Pmp. 
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(b) 

  

                                                                                   (c)                                                                                 

 

(d) 

2.6.2.2 Different temperature levels 

The PV system affected by the temperature of panel and changed due to losses and heat 

generated by radiation. I-V characteristics obtained for the change in temperature levels 

Fig. 2.11(e).  

The combined effect of temperature and irradiance is specified in PV data is the case 

irradiance= 800 W/m2, T= 490C (322K) and the error under this condition is shown Fig. 
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2.11(f). The combined effect of irradiance and temperature provides better information 

about the accuracy how simulator is behaving for the change in radiation and 

temperature simultaneously. 

2.6.2.3 Partial shading condition 

To generate the characteristics for illustration, the controlled voltage source with ramp 

signal shown in Fig. 2.3 used to run the simulation model and validate the PV 

characteristics. For the validation of PV array curve under non-uniform condition 3 

modules in series (Nss = 3) and 2 parallel string (Npp =2) i.e. 3×2 arrangement is 

considered. The different condition of shading taken to generate the PV characteristics 

 

(e) 

 

(f) 

 

Fig. 2.11 Solar PV characteristic for KD180GX 

a) I-V characteristic 

b) P-V characteristic 

c)  error for MPP power, 

d) error for Voc relative to MPP, 

e) I-V characteristic for temperature change 

f) error in PMPP and Voc for 1000W/m2 and 250C and 800W/m2 and 490C. 
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for non-uniform condition. The conditions of partial shading mentioned in 

Table 2.10 and 2.11 corresponding results shown in Fig. 2.12 (a), (b), Fig. 2.12(c), and 

(d). The improvements in the characteristics of PV array under partial shading is 

achieved by using the bypass diode connected in parallel to each module and blocking 

diode connected in series with each with each string. The bypass diode effect in Fig. 

2.12(a) and (b) and Fig. 2.12(c) and (d) validated using PV simulator. The 

characteristics obtained in Fig. 2.12(a) and (b) is for the 2 string connected in parallel, 

each having 3 modules in series. The number of peaks for the PV characteristics 

changes as the configuration is changes from 3 series connected modules to 2 modules 

Fig 2.12(c) and (d). Therefore, it is very important for practical designing of PV array 

to decide the number of modules connected in series should be minimum.  
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(c) 

 

(d) 

Fig. 2.12 Solar PV characteristics under partial shading for KD180GX 

a) P-V characteristic for 3×2 array 

b) I-V characteristic for 3×2 array 

c)  I-V characteristic for 2×3 array 

d) P-V characteristic for 2×3 array 

 

 

Table 2.9. Parameters of the Kyocera                                           Table 2.10. Irradiance level for 3×2 

under partial shading                                                                                 array (KD180GX).               
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         Table 2.11. Irradiance level for 2×3 array under partial shading 

 

 

 

 

 

     It inferred from the Fig.2.12 (a) to (d) that use of bypass diode improves the 

performance of PV system much significantly and provides better output power under 

non-uniform weather case. The shaded modules behave as a load and causes heavy drop 

in the resultant output current whenever shading occurs so the performance of output 

power get reduced.  

2.7 Conclusion 

The solar PV characteristics investigated considering partial shading capability of 

simulated model in MATLAB/Simulink. The impact of PV system configuration 

during partial shading is also illustrated and by-pass diode and blocking diode utilized 

to show the improvement in solar characteristic. First, the single diode solar cell 

equivalent model utilized for modelling. Further double diode model utilized to model 

the solar cell to obtain the characteristic at low irradiance level with better accuracy. 

The real time data of rooftop solar PV system and PV panel parameters utilized to 

investigate the installed rooftop system. 
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CHAPTER 3 

GRID PV SYSTEM INTEGRATION: 2-DOF CONTROLLER  

3.1  General 

The solar power production is growing at very fast rate in India and world also. 

The distributed generation in grid-connected mode is mostly desirable with grid 

following power export control to cater the power demand with the increasing rate of 

consumption, [78], [79] and lowers the possibility of energy storage problems. The PV 

system can be coupled to the grid using inverter to convert the dc into ac as power 

generated by PV system is dc in nature [31]. 

 

The integration of solar PV generation to the grid causes some very important 

technical issues and challenges that affect the quality of power. These include voltage 

fluctuations, harmonics, reactive power, low power factor (PF), load management etc. 

and therefore an integration of renewable energy source to the electric grid should fulfil 

standards of power quality and power quality requirements [80], [81]. Solar PV 

generation mainly developed in standalone mode or isolated mode and the main 

drawback of the isolated mode is that it is limited to very low rating of power 

generation. In addition, it requires very large storage capacity; but in recent years the 

focus is also shifting to grid connected solar PV generation to augment the grid 

capacity. 

 

The rapid growth and research in solar industry has led to the development of PV 

systems, which are more reliable and efficient, especially for utility power in distributed 

generation (DG) at medium, and low voltages power systems. Several research projects 

dealing with smart grids increasingly carried out in India and abroad. Implementing 

distributed energy resources (DER) into interconnected grids could be part of the 

solution to meet the rising electricity demand [82]- [83]. 

There are different techniques to control the grid connected photovoltaic (PV) system 

to synchronize the PV system with utility grid. The grid-following power export control 

strategy is often used to control the DER (in this case PV) output power within the 

voltage and frequency limits as determined by the micro-grid or utility grid. The grid-

following approach employed when direct control of voltage and/or frequency is not 

required [82] 
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The grid connected PV systems as DER deals with the evacuation of solar PV 

power generated by the solar system in daytime with proper tracking of maximum 

power point (MPP). The maximum power point tracking algorithms implemented with 

dc-dc converter. [57] 

 

In general, a photovoltaic grid-connected system considered as a two stage grid-

connected inverter. The first stage is a dc-dc converter controlled in such a way that the 

photovoltaic system operates in optimal condition i.e. seeking maximum power point 

tracking (MPPT). The second stage is a dc-ac converter that controlled in a way that 

allows PV to be grid connected. Control is achieved for unity power factor (PF) 

correction, which means that the output current (entering into the grid) must be 

sinusoidal and in phase with the grid voltage. The dc-dc and dc-ac converters operate 

independently making the entire control system easier to implement. Two-level VSI is 

widely used for grid-connected PV systems, regardless of the disadvantages such as 

high switching losses and relative low-quality output voltage waveforms [83]. In grid-

connected mode, it is necessary to control power flow between the PV and the utility. 

This system requires power conditioning unit for smooth operation and control 

algorithm for grid synchronization and power control. The LC filter used for reduction 

of ripples as power conditioner but it is expensive for medium and high power 

application due to the inclusion of high value inductance [34]. The LC filter substituted 

by an LCL filter.  

 

Therefore, the current control strategy of the PWM-VSI system is one of the most 

important aspects of the modern power electronics converters. There are two main 

categories for current controllers: nonlinear controllers based on closed loop current 

type PWM, and linear controllers based on open loop voltage type PWM. Both 

categories of controllers utilize the inner current feedback loop. In the nonlinear 

controller, hysteresis current control (HCC) commonly used for three-phase grid-

connected VSI systems. The HCC compensates the current error and generates PWM 

signals with acceptable dynamic response. While the current controlled independently 

with a control delay, zero voltage vectors cannot be generated, resulting in a large 

current ripple with high total harmonic distortion (THD). The linear current controller 

based space vector PWM is an adequate controller, which compensates the current error 

either by the proportional-integral (PI) regulator or predictive control algorithm while 
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the compensation and PWM generation can be done separately. This controller yields 

an excellent steady-state response, low current ripple, and a high quality sinusoidal 

waveform [84].   

 

In this chapter, the LCL interfaced VSI based grid integrated PV system is 

designed and modelled. The two-degree-of-freedom (2-DOF) controller structure 

utilized for the improved dc voltage regulation [85], [86]. 

 

3.2  PV and Grid System: Defined Requirements for Integration 

PV configuration with dc-dc/dc-ac converters is an important point to take care of 

in the grid coupled PV system Fig 3.1. Inverters used for PV power conversion from 

dc-ac classified considering the PV plant structure Table3.1 [80].  

Table 3.1 Classification of PV inverters considering to PV plant configuration (power rating). 

50-400 W Module Integrated inverter Usually one PV module 

0.4-2 kW Roof-top PV string inverter String of series connected modules 

1.5-6 kW Medium large roof-top inverter  One or two strings  

6-100 kW Three phase topology of inverters 

(Mini central inverters) 

Multistring/array configuration with plant 

sizes of 6, 8, 10, 15 kW 

>100kW Three phase topology inverters 

and modular design (Central 

Inverters) 

Multistring/array configuration with plant 

sizes of 100,150, 250, 500, 1000 kW 

  

The PV power output fed to the grid and ac load through dc-ac inverter in a grid 

connected PV system. The defined standards followed to maintain the power quality of 

the system as according to the standards defined by the agencies (grid connection 

standards by IEC, IEEE). The power quality of the delivered power PV regulated by 

standards and practices related to voltage, DC-injection, flicker, frequency, 

distortion/harmonics and power factor at the point of common coupling (PCC). [12], 

[80], [87]. 

 

The response of the PV inverter to any abnormal grid condition within certain time 

limit is an important factor as in general grid coupled PV system do not control the 

utility grid voltage. So, the inverter must act depending upon the voltage (allowed to 

operate in  
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Table 3.2 Trip time for grid connected PV system. 

  

specific voltage range) level to prevent unwanted islanding condition during abnormal 

grid conditions by detecting it. The response time defined as in Table 3.2. [12], [80], 

[87] 

The allowable injected dc current into the utility grid, should not be >0.5% of rated 

inverter output current for any operating condition and constraints (IEEE 929 and IEC 

61727 standards). 

 

The current harmonic distortion desired to be as low as possible maintaining other 

constraints. The dc-ac converters for the coupling of PV to grid generated harmonics 

and it is limited by the standards (IEEE 929 and IEC 61727 standards). The limits of 

the allowable current distortion inject into the grid in Table3 is defined based on odd 

harmonics order and defined as a percentage of the rated fundamental component of 

current. The even harmonics are limited to 25% of corresponding to limits of odd 

harmonics order. [12], [80], [87]. 

The power factor of the grid-coupled system defined based upon the output of the 

PV inverter. The converter should operate at >0.85(lagging) and >0.9(lagging) power 

factor for the >10% and >50% of the rated output of the converter respectively. Some 

of the major key points related to grid integration of PV summarized in Table 3.4 [12] 

for a 50 Hz and 60 Hz utility grid system. 

 

There are some demands required by the PV system too for a better combination 

of the overall system. MPPT algorithm implemented to track the MPP and extract the 

maximum generated power from the PV system. The output voltage/current of the 

tracked MPP is having ripple and maximum allowable ripple of PV is defined for the 

voltage as [12], [88] 

 

 

Voltage 

(nominal voltage at PCC in RMS) 

Maximum trip time (Time between occurrence of 

abnormality and inverter ceasing) 

V < 50% 0.1s 

50% ≤V< 85% 2.0s 

85% ≤V< 110% Continuous operation 

110% ≤ V< 135% 2.0s 

135% ≤V 0.05s 
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Table 3.3 THD limitation for grid connected PV system. 

 

Table 3.4 IEEE and IEC standards for grid connected PV system. 

 

V̂ is the maximum desired voltage ripples, PMPP and VMPP are the power and voltage at 

MPP, α and β are the coefficient of the second order equation 𝑖𝑃𝑉 =  𝛼 𝑉𝑃𝑉
2 +  𝛽𝑉𝑃𝑉 +

𝛾 (used for curve fitting of the I-V characteristic) and 𝐾𝑃𝑉 utilization ratio i.e. defined 

as ratio of generated power and theoretical maximum power provided by manufacturer. 

Based upon the voltage ripple equation, the ripple voltage of <8.5% is required to 

achieve the KPV ≥ 98% [12], [87]. 

 

3.3  Design and Selection 

The dc link voltage of grid connected PV system controlled by an outer voltage 

control loop that operates on the dc voltage error. The dc voltage controller generates 

references for the grid current in case of direct current controlled grid connected PV 

system. The selection of reference dc link voltage and dc link capacitor is an important 

parameter of VSI for grid interfacing of PV system. The selection of peculiar reference 

dc input voltage (𝑉𝑑𝑐 ) is essential for operation and control of three-phase output 

Odd harmonic order  THD of  odd harmonics order 

THD 5% 

3rd – 9th <4% 

11th – 15th <2% 

17th – 21st <1.5% 

23rd – 33rd <0.6% 

Above 33rd  <0.3% 

 IEC61727 IEEE1547 

Rated power  10kW 30kW 

THD in current 5% 5% 

Power factor for >50% of rated power 0.90 0.90 

Voltage range under normal operating condition 85%-110% 88%-110% 

Frequency 50±1 Hz 59.3 – 60.5 Hz 

DC current injection < 1% Iout < 0.5% Iout 

𝑉̂ =  √
2 (𝐾𝑃𝑉 − 1)𝑃𝑀𝑃𝑃

3𝛼𝑉𝑀𝑃𝑃 +  𝛽
= 2 

√

(𝐾𝑃𝑉 − 1)𝑃𝑀𝑃𝑃

𝑑2𝑝𝑝𝑣

𝑑2𝑣𝑝𝑣
2⁄

  

 

(1.) 

3.3.1 Selection of DC link capacitor voltage 
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voltage of pulse width modulated (PWM) VSI. The dc link voltage limitation and 

selection is important due to switching losses and losses due to filter resistance. The dc 

link capacitor charged upto certain voltage level through the anti-parallel diode of 

switching device when the VSI is been connected to grid and switching devices were 

not controlled by the PWM pulses. The reference dc link voltage rating for VSI selected 

based upon the criteria mentioned in [42] based upon the voltage level obtained by the 

uncontrolled natural charging of dc link capacitor. The reference dc link voltage should 

be selected 10-15% higher of the charged capacitor voltage level. If the line-to-line rms 

grid voltage VLL is 415V then uncontrolled VSI output voltage is 680V. The hysteresis 

current controlled (HCC) VSI based system is considered therefore 15% criteria is 

chosen and reference dc voltage is selected as 𝑉𝑑𝑐 = 800V. 𝑉𝐿𝐿 is obtained through VSI 

in terms of dc link voltage (𝑉𝑑𝑐) and modulation index (m) can be computed as 

 

 

 

 

𝑉𝐿𝐿 =
(√3𝑉𝑑𝑐𝑚)

2√2 
 (𝑆𝑃𝑊𝑀) ;   𝑉𝐿𝐿 =

𝑉𝑑𝑐𝑚

√2 
  (𝑇𝐻𝐼𝑃𝑊𝑀, 𝑆𝑉𝑃𝑊𝑀) 

(2.) 

Fig 3.1  Grid interfaced solar PV system (LCL filter and isolation transformer). 
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where 𝑉𝐿𝐿 is the line to line voltage, and m is modulation index. According to Eq. (2), 

the dc link voltage should be greater than twice of the peak of the phase voltage of the 

system. DC link voltage of system considered under investigation; selected as 800V for 

modulation index of 0.9 and 𝑉𝐿𝐿 is 415V.  

The size of the decoupling capacitor can be determined when knowing that the 

power into the DC-link is constant, and that the power drawn from the DC-link follows 

a sin2(wt) waveform [84], [87] 

where 𝑃𝑑𝑐 is the average DC-link power, ω is the grid frequency), 〈𝑉𝑑𝑐〉 is the average 

DC-link voltage and 𝑣̃𝑑𝑐 is the amplitude of the ripple voltage (5% of the dc link 

voltage). The flow of current cannot be controlled if the dc link voltage is less than the 

peak grid-voltage plus the drop in between grid and inverter (i.e. filter loss and 

semiconductor loss in inverter). 

 

The other method of design of DC link capacitor (𝐶𝑑𝑐) of VSC depends upon the 

instantaneous energy available to the VSC at the time of transient. Based on the 

principle of energy conservation principle, the value of DC capacitor given below as  

where V is the phase voltage, I is the phase current, t is the time by which dc link 

voltage is to be recovered, 𝑉𝑑𝑐   is the reference DC link voltage and Vdc1 is the 

minimum DC link voltage level of DC bus.  Taking, 𝑉𝑑𝑐  = 800 V, 𝑉𝑑𝑐1  = 790 volt, α= 

1.2, t=350 microsecond, the calculated value of 𝐶𝑑𝑐 is obtained to be 1500 μF. 

The power conditioner is required and connected in between dc-ac inverter and 

grid to fulfill three main requirements: minimize the noise at high frequency, protecting 

the inverter under transient situations of the system and conversion of voltage generated 

by VSI in current. The LCL filter became very popular since last decade due to inherent 

advantages over L and LC filter. 

 

 

3.3.2 Design and selection of DC link capacitor 

𝐶𝑑𝑐 =
𝐼𝑑

2 ∗ 𝜔 ∗ 𝑣̃𝑑𝑐
=

𝑃𝑑𝑐

2 ∗ 𝜔 ∗ 〈𝑉𝑑𝑐〉 ∗ 𝑣̃𝑑𝑐
  

(3.) 

1

2
𝐶𝑑𝑐[𝑉𝑑𝑐

2 − 𝑉𝑑𝑐1
2 ] = 3𝑉𝛼𝐼𝑡 

(4.) 

3.3.3 Power conditioner: Grid-connected filter 
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(a) 

 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

(C) 

Fig 3.2  Grid connected inverter with filter circuit 

a)  Circuit with L Filter 

b) Circuit with LC filter 

c)  Circuit with LCL filter 

 

The system circuit consists of L filter in Fig. 3.2a have to deal with the drawback 

of bad system dynamics caused due to large value of inductance. The L filter is capable 
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of converting voltage into current with good performance but unable to minimize the 

high frequency noise. The LC filter in Fig. 3.2b having an inductance in series with the 

inverter and a capacitance in shunt so using capacitance in shunt the value inductance 

is decreased which in turn affects the loss and cost positively. Similar to L filter, LC 

filter is capable of voltage to current conversion with good performance and can 

minimize the high frequency noise up-to certain level (grid impedance considerably 

high in comparison capacitive reactance). But, again the constraint is there that we 

cannot choose very high value of capacitance which will results in other adverse effects 

like high inrush current (capacitor exposed to voltage ripples) and grid inductance is 

significantly dominant.  

 

 The transfer function of the LCL filter Fig. 3.2c is changed according to the control 

parameters (inverter voltage and current; grid current and voltage). The one of the most 

commonly used control parameter combination is inverter voltage and grid current.   

 The single-phase equivalent of LCL filter in Fig. 3.3 represented as transfer function 

block in Fig. The circuit equations written using fundamental laws of electrical circuits 

as: 

𝑖𝑖 = 𝑖𝑔 + 𝑖𝑐 (5.) 

𝑣𝑖 = 𝑣𝑐 + 𝑖𝑖(𝑠𝐿𝑖 + 𝑅𝑖) (6.) 

𝑣𝑐 = 𝑣𝑔 + 𝑖𝑖(𝑠𝐿 + 𝑅) (7.) 

𝑣𝑐 = 𝑖𝑐(
1

𝑠𝐶𝑓
+ 𝑅𝑑) 

(8.) 

The transfer function of LCL filter considering inverter voltage and grid current is  

𝐺𝐿𝐶𝐿 = 
𝑖𝑔

𝑣𝑖
 

(9.) 

𝐺𝐿𝐶𝐿 = 
(𝑠𝑅𝑑𝐶𝑓 + 1)

(𝑠3𝐿𝑔𝐿𝐶𝑓 + 𝑠2𝐶𝑓(𝐿(𝑅𝑑 + 𝑅𝑖) + 𝐿𝑖(𝑅𝑑 + 𝑅)) +

𝑠 (𝐿 + 𝐿𝑖+𝐶𝑓(𝑅𝑑𝑅 + 𝑅𝑑𝑅𝑖 + 𝑅𝑅𝑖)) + (𝑅 + 𝑅𝑖))

 
(10.) 
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 The resonance frequency (fres) should be less than half of the switching 

frequency (fsw) and more than ten times of the fundamental grid frequency (f) 

(to avoid interference). 

 

 The capacitance value should be less than 5% of base capacitance at the rated 

power (due to decrease in power factor). 

 

 The total value of inductance value should be less than 0.1pu (to limit the ac 

voltage drop for low power filters). The maximum value of inductance is very 

much dependent upon the power rating of the system and based upon 

application it can be varied. 

 Considering digital control for the system: the sampling frequency (fs) should 

be adopted as twice of fsw (to avoid aliasing). The ratio of fres and fs (fres/fs) is 

play an important role in LCL filter stability. And, fs should be four times or 

more of fres for grid current based inverter control. 

Fig 3.3  LCL filter represented as block diagram using transfer function 

3.3.3.1 Constraints for designing LCL filter: [31], [33], [34], [35], [42], [85] 

 

10𝑓 < 𝑓𝑟𝑒𝑠 <  (𝑓𝑠𝑤 2⁄ ) (11.) 

𝐶𝑓 ≤  .05𝐶𝑏𝑎𝑠𝑒 (12.) 

(𝐿𝑖 + 𝐿) ≤  0.1𝑍𝑏𝑎𝑠𝑒 (13.) 

  

𝑓𝑠 ≥  4𝑓𝑟𝑒𝑠 ;   𝑓𝑠 ≥  2𝑓𝑠𝑤 (14.) 

ic 

vi vg 1

𝑠𝐿𝑖
+ 𝑅𝑖 

1

𝑠𝐿
+  𝑅 

1

𝑠𝐶𝑓
+ 𝑅𝑑 

+ 
─ + 

─ + ─ 

vc 
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Inverter side inductor (Li) 

Capacitance (Cd) 

Grid side inductor (L) 

 

3.4  Control Design 

The control design can be divided into steps according to control algorithm and ease of 

implementation. The general categorization can be as: 

1) Grid synchronisation  

2) Voltage Controller 

3) Reference current generation  

4) Current control (Switching scheme) 

The control design categorization explained as follows: 

In general, phase locked loop (PLL) is used for grid frequency synchronization 

with phase locking of the signal. The generalized fundamental structure of PLL consists 

of phase detector, loop filter and voltage controlled oscillator (VCO) as shown in Fig. 

3.4a. The accurate detection of phase and frequency utilized for proper generation of 

3.3.3.2 Design equations 

 

𝑖𝑖(ℎ𝑠𝑤)

𝑣𝑖(ℎ𝑠𝑤)
 ≈  

1

𝑤𝑠𝑤𝐿𝑖
 

 

(15.) 

⇒ 𝐿𝑖 = 
𝑣𝑖(ℎ𝑠𝑤)

𝑤𝑠𝑤 ∗ 𝑖𝑖(ℎ𝑠𝑤)
 

(16.) 

𝐶𝑓  ≤ 0.05𝐶𝑏𝑎𝑠𝑒;  𝐶𝑏𝑎𝑠𝑒 = 
𝑃𝑟𝑎𝑡𝑖𝑛𝑔

2 ∗ 𝑝𝑖 ∗ 𝑓 ∗ 𝑉𝑔𝐿𝐿
2  

(17.) 

𝑖𝑔(ℎ𝑠𝑤)

𝑖𝑖(ℎ𝑠𝑤)
  ≈  

𝑧𝐿𝐶
2

⃓ 𝑤𝑟𝑒𝑠
2 − 𝑤𝑠𝑤

2 ⃓
 

(18.) 

𝑧𝐿𝐶
2 = 

1

𝐿𝐶𝑓
   ;   𝑤𝑟𝑒𝑠 = √

𝐿𝑖 + 𝐿

𝐿𝑖 ∗ 𝐿 ∗ 𝐶𝑓
  ;   𝑤𝑠𝑤 = 𝑎 ∗ 𝑤𝑟𝑒𝑠 (𝑎 ≥ 2)  

(19.) 

3.4.1 Grid synchronisation 
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reference signals responsible for compensation of different quantitates.  The 

synchronous reference frame (SRF) is used to implement PLL by converting three 

phase quantity into two phase rotating frame (abc→dq) and reference quantity (𝑉𝑑
∗) is 

set to zero. Generally, PI controller used as a filter to control the system variable. The 

output of the PI controller is fundamental grid frequency further passed through VCO 

realized by an integrator. The  

 

 

 

 

 

(a) 

 

 

 

 

 

(b) 

 (a) Block diagram  

 (b) Implementation and design of PLL algorithm in power system  

 

output of the integrator is an angle and fed into the transformation block as shown in 

Fig. 3.4b. PLL transfer function can be written as: 

Second order standard transfer function given as: 

Fig 3.4  Phase locked loop (PLL) 

𝑀𝑃𝐿𝐿(𝑠) =  
𝑠𝐾𝑝 + 𝐾𝑖

𝑠2 + 𝑠𝐾𝑝 + 𝐾𝑖
= 

𝑠𝐾𝑝 + 
𝐾𝑝

𝑇𝑖

𝑠2 + 𝑠𝐾𝑝 +
𝐾𝑝

𝑇𝑖

  

(20.) 
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The damping factor (ζ) selected as .707 considering standard case with overshoot less 

than 5% for a step response. Considering settling time (Tset), filtering and tracking 

performance 𝑘𝑝and Ti and can be tuned. 

The voltage controller is used for regulation of DC-link voltage of VSI. The dc 

voltage controller generates the equivalent d-axis quantity fed to the inner control loop 

for generation of reference signal. The generalized dc voltage control loop in Fig. 3.5 

is consists of conventional PI controller, current control block (can be considered as 

response delay of current), dc coefficient (𝐾𝑑𝑐) (to balance the power in between dc 

quantity and d-q co-ordinate) and dc link capacitor. The sampling block is also 

considered for digital control analysis and can put in feedback loop or in forward loop 

only. 

 

 

 

 

 

 

The dc coefficient computed using the relationship between direct components of 

current fed to VSI and dc current. The relationship of input and output power in terms 

of direct component and dc component written as (23) 

So, the dc coefficient (𝐾𝑑𝑐) can be computed as 

𝑀(𝑠) =   
𝑠(2𝑎𝜔𝑛) + 𝜔𝑛

2

𝑠2 + 𝑠(2𝑎𝜔𝑛) + 𝜔𝑛
2
 

(21.) 

𝜔𝑛 = √
𝐾𝑝

𝑇𝑖
 ;   𝜁 =  

𝐾𝑝

2𝜔𝑛
   

(22.) 

3.4.2 Voltage controller 

Fig 3.5  Block diagram of dc voltage controller. 

𝑉𝑑𝑐 ∗ 𝐼𝑑𝑐 = 
3

2
𝑉𝑑 ∗ 𝐼𝑑 

(23.) 

𝐾𝑑𝑐 =
𝐼𝑑𝑐

𝐼𝑑
= 

3

2

𝑉𝑑

𝑉𝑑𝑐
 

(24.) 

Current 

Control 

𝐾𝑑𝑐

𝑠𝐶𝑑𝑐
 PI 

𝐼𝑑𝑑𝑐
∗  𝑉𝑑𝑐 𝑉𝑑𝑐

∗  

𝑉𝑑𝑐 
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The relation of dc link voltage (𝑉𝑑𝑐) and line-to-line grid voltage (𝑉𝐿𝐿) in (23) and (24) 

gives an expression  

Therefore,  

Modulation index (m) is in between zero to one for sinusoidal carrier based PWM 

switching and in between zero to 1.155 for SVPWM and THI-PWM. 

The PI controller based dc link voltage control shown in Fig. 3.5. The reference 

current quantity for the voltage error generated for current controlled VSI and 

considered as an active power component of current. This active power current 

regulates the dc link voltage to reference dc level by feeding losses of VSI.  

 

The conventional PI control structure in Fig. 3.6a consists of controller and 

plant/system transfer function block where, P(s): PI controller (𝑘𝑝 + 𝑘𝑖𝑛𝑡 𝑠⁄ ) and G(s): 

transfer function of the plant/system. The 1-DOF PI controller may not achieve 

satisfactory response considering multi-objective viewpoint of the system control and 

therefore 2-DOF controller have natural advantage over conventional PI controller 

[21]. In this study, the 2-DOF PI control instrumented first time for dc voltage control. 

 

The number of independent closed loops in control structure decides the DOF of 

the system control and considered as two-input and one output system. The 2-DOF 

controller designed and discussed in [16,21] with various configuration stated as feed-

forward type (FF), feedback type (FB), filter type, filter and preceded derivative type 

and component separated type depending upon the application and objective of system 

control. The 2-DOF feedback compensating (2-DOF FB) controller in Fig. 3.6b 

implemented for dc voltage regulation. The 2-DOF PI control configuration used for 

dc voltage control consists of proportional gain (𝑘𝑝) and integral gain (𝑘𝑖𝑛𝑡  ) same as 

conventional PI controller and additional feedback proportional gain (𝑘𝑝𝑓𝑏 ) as a 

feedback compensation. Therefore, it is having two proportional control gain and one 

integral control gain and represented as PI-P (2-DOF PI) controller. The reference input 

signal (r) and controller output signal (y) are the input signal and the modified output 

𝑉𝑑

𝑉𝑑𝑐
=

𝑚

2
 

(25.) 

𝐾𝑑𝑐 = 
3

4
𝑚 

(26.) 
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signal (u) output signal. The closed loop transfer function of conventional PI control 

structure in Fig. 3.6a, from reference input r to controlled output y and from disturbance 

d-y are given respectively as 

 

The transfer function shown in (1) and (2) having only one tunable element as P(s) 

for optimal system performance. As it includes only one tuning element it cannot be 

tuned independently.  The closed loop transfer function of 2-DOF FB control structure 

shown in Fig. 3.6b from reference input r to controlled output y and from disturbance 

d to y given respectively as 

 

Here, the function shown in (3) and (4) having two tuning elements as P(s) and 

H(s). It will help to achieve the optimal performance for the system with feedback 

compensating terms tuning to accommodate the effect of P(s) on other performance 

like disturbance case. 

 r is reference input quantity as 𝑉𝑑𝑐
∗ , y is output quantity as measured dc link voltage 

𝑉𝑑𝑐 and output of the controller u is equivalent quantity as the active power component 

of current for dc link 𝑖𝑑𝑑𝑐 for dc link voltage control. This closed loop system is consists 

of PI controller transfer function P(s,k) and plant transfer function G(s) representing 

the response delay of current controller/regulator, dc coefficient to keep the balance of 

power in dc-ac system and capacitor. 

The controller system analyzed for the step change in r and response of the y and 

termed as reference point (set point) response. The reference dc voltage ‘𝑉𝑑𝑐
∗ ’ is the 

reference input signal ‘r’ and measure dc voltage ‘𝑉𝑑𝑐’ which have to be regulated to 

reference level is considered as output for dc voltage control scheme. 

𝑀(𝑠) =
𝐺(𝑠)𝑃(𝑠)

1 + 𝐺(𝑠)𝑃(𝑠)
 

(27.) 

𝑀(𝑠) =
𝐺(𝑠)

1 + 𝐺(𝑠)𝑃(𝑠)
 

(28.) 

𝑀(𝑠) =
𝐺(𝑠)𝑃(𝑠)𝐻(𝑠)

1 + 𝐺(𝑠)H(s)(𝑃(𝑠) + 1)
 

(29.) 

𝑀(𝑠) =
𝐺(𝑠)

1 + 𝐺(𝑠)(𝑃(𝑠) + H(s))
 

(30.) 
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(a) 

 

 

 
(b) 

 

(a) Conventional PI controller (1-DOF) PI configuration. 

(b) 2-DOF controller configuration. 

 

The 1-DOF and 2-DOF controller response for dc voltage control analyzed for the 

step change in Vdc
*. The control method in the form of equations for dedicated PI 

controller used for dc link control is been shown as (31) and (32). The difference in 

reference voltage and measured voltage for dc link shown in (31) and the output after 

the PI controller shown in (32).  

where 𝑉 𝑑𝑐
∗ (𝐾) and measured voltage 𝑉𝑑𝑐(𝐾)of dc link The output quantity after the PI 

control is current as current control method have been used which is considered in terms 

of losses. So, the active power component of current required to compensate the losses 

and regulate the DC link voltage to the reference level and can be computation as: 

a) The dedicated dc voltage PI controller regulates the dc bus voltage to desired 

reference level & provides the active power component of current for dc link (𝑖𝑑𝑑𝑐) to 

Fig 3.6  Generalized configuration of controllers. 

𝐸 = 𝑉𝑑𝑒(𝑘) = 𝑉 𝑑𝑐
∗ (𝐾) − 𝑉𝑑𝑐(𝐾) (31.) 

G(s)    P(s)  
r   

d   

e   u   y   

  

P(s)  G(s)  

H(s)   

r   e    u    y   

d  
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compensate losses. The value of output current quantity after the PI controller needed 

compensate the losses computed as 

𝑘𝑝  & 𝑘𝑖𝑛𝑡  are proportional and integral gain of the PI controller. 𝑖𝑑,𝑑𝑐(𝐾)  and 

𝑖𝑑,𝑑𝑐(𝐾 − 1) are the loss component of current at kth and k-1th sampling. 

b) The dedicated dc voltage PI controller replaced by PI-P controller for regulation of 

the dc bus voltage to desired reference level by feeding losses of VSC. The equation 

for the value of output current quantity is modified based upon the PI control (32) and 

given by (33) as 

𝑘𝑝 , 𝑘𝑖𝑛𝑡 , 𝑘𝑓𝑏𝑝  are proportional, integral gain and proportional gain of the PI-P 

controller. 

 

The reference current can be generated using different algorithms. There are various 

control algorithms mentioned in literature like instantaneous reactive power theory 

(IRPT), synchronous reference frame theory (SRFT), Fryze conductance theory and 

power balance theory (PBT). In this study, SRFT, PBT and fryze conductance theory 

implemented and each algorithm has its own advantage over other. SRFT algorithm 

requires transformation of control parameters and PLL for synchronisation. The 

compensation of the different components like harmonics, negative sequence is easier 

as compared other algorithms. PBT algorithm does not required PLL for grid frequency 

synchronisation. Unit templates computed using system control parameters and utilized 

for synchronisation and generation of reference currents. The control parameter 

transformation is not required for Fryze conductance algorithm but selective harmonic 

compensation is not an easy task. 

3.4.3.1 Synchronous reference frame theory (SRFT) 

 The synchronous reference frame theory (SRFT) control employed in indirect current 

control mode.  The references for three phase ac grid currents are generated for the 

control of VSI. The fundamental approach of SRF theory is to convert the three phase 

𝑖𝑑,𝑑𝑐(𝐾) = 𝑖𝑑,𝑑𝑐(𝐾 − 1) + 𝑘𝑝(𝑣𝑑𝑒(𝐾) − 𝑣𝑑𝑒(𝐾 − 1)) + 𝑘𝑖𝑛𝑡(𝑣𝑑𝑒(𝐾)) (32.) 

𝑖𝑑,𝑑𝑐(𝐾) = 𝑖𝑑,𝑑𝑐(𝐾 − 1) + 𝑘𝑝(𝑣𝑑𝑒(𝐾) − 𝑣𝑑𝑒(𝐾 − 1)) + 𝑘𝑖𝑛𝑡(𝑣𝑑𝑒(𝐾))

− 𝑘𝑓𝑏𝑝(𝑣𝑑𝑒(𝐾)) 

(33.) 

3.4.3 Reference current generation  
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control parameters synchronously rotating d-q frame using transformation equations. 

The transformation equation used for abc to dq0 conversion is  

 

where cosθ & sinθ are generated through three phase PLL and x can be voltage or 

current. The dq component of current and voltage may consist of average component 

(dc component) and oscillating component (harmonic component).  

 

The selective compensation employed by decomposing the load current using SRF 

algorithm. Selective compensation requires intermediate transformation of quantities 

i.e. αβ components.  

 

The dq component of load current computed using above equation are positive 

components. The negative component of load current computed by rotating the frame in 

opposite direction and mathematically by changing sign of angle. 

The dc component of dq quantities of load current extracted by passing through low pass 

filter (LPF) for positive and negative sequence component both. The positive sequence 

fundamental component calculated using d-q components while transformation into 

three phase reference quantities. 

 

[

xq

xd

x0

] =
2

3
[

cosθ cos(θ − 2π/3) cos(θ + 2π/3)
sinθ sin(θ − 2π/3) sin(θ + 2π/3)
1/2 1/2 1/2

] [

xa

xb

xc

] 

(34.) 

[

𝑥𝑎

𝑥𝑏

𝑥𝑐

] = [

cos θ sinθ 1
cos(θ − 2π/3) sin(θ − 2π/3) 1
cos(θ + 2π/3) sin(θ + 2π/3) 1

] [

𝑥𝑑

𝑥𝑞

𝑥0

] 
(35.) 

[
𝑖𝐿𝛼

𝑖𝐿𝛽
] = √

2

3
[
 
 
 1 −

1

2
−

1

2

0
√3

2
−

√3

2 ]
 
 
 

[
𝑖𝐿𝑎

𝑖𝐿𝑏

𝑖𝐿𝑐

] 

(36.) 

[
𝑖𝐿𝑑

𝑖𝐿𝑞
] = √

2

3
[

cos θ sin θ

− sin θ cos θ
] [

𝑖𝐿𝛼

𝑖𝐿𝛽
] 

(37.) 

[
𝑖𝐿𝑑
−

𝑖𝐿𝑞
− ] = √

2

3
[
cos θ −sin θ

sin θ cos θ
] [

𝑖𝐿𝛼

𝑖𝐿𝛽
] 

(38.) 

[
𝑖𝐿𝑃𝛼

𝑖𝐿𝑃𝛽
] = √

2

3
[
cos θ − sin θ

sin θ cos θ
] [

0
𝑖𝐿𝑑𝑐,𝑞

] 

(39.) 
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The negative sequence components and harmonics undergo phase/frequency shift 

during transformation so it is a key point to be careful. 

 

3.4.3.2 Power balance theory (PBT) 

The fundamental mechanism to implement PBT is generation of in-phase and 

quadrature unit templates shown in Fig. 3.7.  

A. Unit templates generation 

Unit templates generated based upon their phase orientation in reference to the grid 

voltage. The in-phase templates and quadrature phase templates generated by (44) and 

(45) 

where usa, usb, usc are the in-phase templates and 𝑉𝑃𝐶𝐶,𝑡 is amplitude of three phase 

point of common coupling (PCC) voltage and calculated as 

 

 

[
𝑖𝐿𝑄𝛼

𝑖𝐿𝑄𝛽
] = √

2

3
[
cos θ − sin θ

sin θ cos θ
] [

𝑖𝐿𝑑𝑐,𝑑

0
] 

(40.) 

[
𝑖𝐿𝑃𝑎

𝑖𝐿𝑃𝑏

𝑖𝐿𝑃𝑐

] = √
2

3

[
 
 
 
 

1 0

−
1

2

√3

2

−
1

2
−

√3

2 ]
 
 
 
 

[
𝑖𝐿𝑃𝛼

𝑖𝐿𝑃𝛽
] ;    [

𝑖𝐿𝑄𝑎

𝑖𝐿𝑄𝑏

𝑖𝐿𝑄𝑐

] = √
2

3

[
 
 
 
 

1 0

−
1

2

√3

2

−
1

2
−

√3

2 ]
 
 
 
 

[
𝑖𝐿𝑄𝛼

𝑖𝐿𝑄𝛽
] 

(41.) 

[
𝑖𝐿𝛼
−

𝑖𝐿𝛽
− ] = √

2

3
[

cos(θ + 𝜙) sin(θ + 𝜙)

−sin(θ + 𝜙) cos(θ + 𝜙)
] [

𝑖𝐿𝑑𝑐,𝑑
−

𝑖𝐿𝑑𝑐,𝑞
− ] 

(42.) 

[

𝑖𝐿𝑎
−

𝑖𝐿𝑏
−

𝑖𝐿𝑐
−

] = √
2

3

[
 
 
 
 

1 0

−
1

2

√3

2

−
1

2
−

√3

2 ]
 
 
 
 

[
𝑖𝐿𝛼
−

𝑖𝐿𝛽
− ] 

(43.) 

usa =
Vsa

VPCC,t
, usb =

Vsb

VPCC,t
, usc =

Vsc

VPCC,t
 

(44.) 

𝑉𝑃𝐶𝐶,𝑡 = (
2

3
)

1

2

(𝑣  𝑠𝑎
2 + 𝑣  𝑠𝑏

2 + 𝑣  𝑠𝑐
2 )1/2 

(45.) 
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𝑤𝑎, 𝑤𝑏, 𝑤𝑐 are quadrature phase templates. 

 

B. Reference current generation 

The equivalent active and reactive component of current can be compute by using (49)- 

(52) 

Therefore, the reference current generated for ‘d’ component/active power current of 

grid current is given as  

Fig 3.7  Reference current generation using power balance theory (PBT) algorithm 

𝑢𝑐 − 𝑢𝑏

√3
= 𝑤𝑎 (46.) 

𝑢𝑎

√2
+

𝑢𝑏 − 𝑢𝑐

√6
= 𝑤𝑏 (47.) 

𝑢𝑏 − 𝑢𝑐

√6
−

𝑢𝑎

√2
= 𝑤𝑐 (48.) 

iLp = 
2

3
 
pL

Vt
 

(49.) 

qLp = 
2

3
 
qL

Vt
 

(50.) 

pL = vPCC,a ∗ iL,a + vPCC,b ∗ iL,b + vPCC,c ∗ iL,c (51.) 

qL = (vPCC,a − vPCC,b) ∗ iL,a + (vPCC,b − vPCC,c) ∗ iL,b + (vPCC,c − vPCC,a) ∗ iL,c (52.) 
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Active power components of reference grid currents are 

  
The reference current generated in terms of q component current is given as  

Reactive power components of reference grid currents are 

So, the reference current for grid given by (57) 

 

3.4.3.3 Fryze conductance theory 

The control based on calculation of conductance termed as fryze conductance using the 

load current and point of common coupling (PCC) voltage. The reference current using 

fryze conductance minimization method Fig. 3.8 is generated in such a way that the 

grid current should follow the average active reference current. The concept behind the 

minimization is to minimized the r.m.s. value of source current for supplying the same 

amount of average active power which will reduces the over-all line losses and heat 

generation in the system [4], [16]. 

A. Conductance computation  

The fryze conductance based current minimization algorithm is based on the 

computation of conductance using the three-phase load current and three phase PCC 

voltage. The conductance computed by using equation (8). The computation of 

conductance for the average active current obtained by passing it through the low pass 

filter. The control algorithm considers that utility grid must supply active power 

component of current required to regulate the DC bus voltage to the reference level & 

feed VSC losses (Gloss). The dedicated dc voltage PI controller regulates the dc bus 

voltage to desired reference level & provides the active power transfer for 

compensation of VSC losses. 

𝑖𝐿𝑝
∗ = 𝑖𝑝 + 𝑖𝑑,𝑙𝑜𝑠𝑠 (53.) 

I spa
∗ = I Lp

∗ ∗ usa,  I spb
∗ = I Lp

∗ ∗ usb,  I spc
∗ = I Lp

∗ ∗ usc (54.) 

𝑖𝑞
∗ = 𝑖𝑞 − 𝑖𝑞𝑃𝐶𝐶,𝑡 (55.) 

I sqa
∗ = I Lq

∗ ∗ wsa,  I sqb
∗ = I Lq

∗ ∗ wsb,  I sqc
∗ = I Lq

∗ ∗ wsc (56.) 

𝐼 𝑠𝑎
∗ = 𝐼 𝑠𝑝𝑎

∗ + 𝐼 𝑠𝑞𝑎
∗ , 𝐼 𝑠𝑏

∗ = 𝐼 𝑠𝑝𝑏
∗ + 𝐼 𝑠𝑞𝑏

∗ , 𝐼 𝑠𝑐
∗ = 𝐼 𝑠𝑝𝑐

∗ + 𝐼 𝑠𝑞𝑐
∗  (57.) 
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B. Average active reference current generation 

The conductance equivalent to average active current obtained after the low pass filter 

added with the conductance equivalent to the losses at dc link. The parameter 

equivalent to the losses (Gloss) at the dc link obtained through the PI controller used for 

regulation of dc link voltage. The average active reference current generation obtained 

using the following equations  

 

The dc-link voltage control employed as an outer voltage loop and current control block 

is part of it. Therefore, the current regulator/control termed as an inner control loop. The 

generalized current regulator loop in Fig. 3.9a is consists of controller, control delay, 

inverter block and filter. The sampling block can also be considered for digital control 

analysis and can put in feedback loop or in forward loop only. 

 

Fig 3.8  Reference current generation using Fryze conductance theory. 

𝐺𝑒 = 
𝑣𝑝𝑐𝑐,𝑎𝑖𝐿𝑎 + 𝑣𝑝𝑐𝑐,𝑏𝑖𝐿𝑏 + 𝑣𝑝𝑐𝑐,𝑐𝑖𝐿𝑐

𝑣𝑝𝑐𝑐,𝑎
2 + 𝑣𝑝𝑐𝑐,𝑏

2 + 𝑣𝑝𝑐𝑐,𝑐
2

 
(58.) 

𝑖𝐿𝑝𝑎 = (𝐺̅𝑒 + 𝐺𝑙𝑜𝑠𝑠) 𝑣𝑝𝑐𝑐,𝑎 (59.) 

𝑖𝐿𝑝𝑏 = (𝐺̅𝑒 + 𝐺𝑙𝑜𝑠𝑠) 𝑣𝑝𝑐𝑐,𝑏 (60.) 

𝑖𝐿𝑝𝑐 = (𝐺̅𝑒 + 𝐺𝑙𝑜𝑠𝑠) 𝑣𝑝𝑐𝑐,𝑐 (61.) 

3.4.4 Current Control (Switching scheme) 
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The current regulator loop simplified by merging the blocks and considered as delay of 

the system. The overall delay considered for the system is 1.5Ts [reference 2-DOF 

controller]. The current regulator loop simplified as in Fig. 3.9b 

 

 

 

 

 

(a) 

 

 

 

 

 

 

(b) 

 

(a) Generalized controller blocks diagram. 

(b) Simplified block diagram of controller. 

 

 

The control of VSI based active rectifiers and power generating system 

interfacing with grid is an important issue. The implementation and extension of 

conventional control like as SPWM is simple for inverters. HCC is a non-linear control 

and robust with good tracking but it possesses variable switching frequency and 

extension to different inverter topologies is difficult. These controllers are having 

distinctive advantages and disadvantages Table 3.5 and Table 3.6 [36]. 

 

The SPWM has advantages as having fixed switching frequency and well 

established control in industry for commercial purposes. However, it is difficult to 

obtain best trade-off between modulation index, THD for point of common coupling 

(PCC) voltage and grid current. The proportional gain/proportional-integral gain used 

to improve the system performance under SPWM current control. Still, a constraint in 

Fig 3.9  Block diagram of current controller. 

𝐺𝑂𝐿𝑇𝐹 = 𝐺𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟 ∗  𝐺𝑐𝑜𝑛𝑡𝑟𝑜𝑙 ∗  𝐺𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 ∗  𝐺𝑓𝑖𝑙𝑡𝑒𝑟 (62.) 

Control 

Delay 
Controller 

Vd
* Id Id

* 

Id 

Inverter Filter 

Controller 
Vd

* Id Id
* 

Id 

1.5Ts Filter 
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between modulation index and proportional gain affects the source current and PCC 

voltage. 

 

HCC: variable and constant frequency (non-linear controllers) and PI/PR 

current control (linear controllers) are the most commonly used current regulators. 

Pulse width modulation (PWM) is generally used for switching of VSIs. The most 

common method of PWM modulation is carrier based PWM (CB-PWM) and space 

vector PWM (SV-PWM). Hysteresis controlled PWM scheme is also one of the 

commonly used switching scheme. Sinusoidal PWM, third harmonic injected PWM 

(THI-PWM) and HCC-PWM are employed for the study. 

 

Table 3.5 Advantages and disadvantages of non-linear controllers. 

 

Table 3.6 Advantages and disadvantages of linear controllers. 

 

 

3.5  Results and Discussion 

The grid connected PV system performance is analyzed for dc link voltage 

control. The dc link voltage is controlled using PI and PI-P controller. The transient 

response of proposed novel configuration of PI-P controller is compared and analyzed 

in respect of PI controller transient response for dc link voltage control. The proposed 

controller have advantage over PI controller in terms of increased degree of freedom 

ADVANTAGES DISADVANTAGES 

Non-linear controller and robustness is good Variable switching frequency 

Fast dynamics (no need of modulator) Resonance problems. 

Easy and simple design High sampling rate for digital implementation 

Well established method Quite difficult to extend for different topologies of 

converter. 

ADVANTAGES DISADVANTAGES 

Fixed Switching Frequency Slower dynamics due to modulator 

Bandwidth is known through design Requires co-ordinate transformation 

Easier to extend to different topologies Robustness is an issue for non-linear system 

Well established method Quite difficult to adopt under constraints (special 

requirements). 

3.5.1 DC voltage control 
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for controller tuning which also widen the tuning range for controller gains. With 

increased degree of freedom and wider range of gains there may be better possibility to 

obtain the transient response for dc link voltage near idle one. This can be considered 

in two cases: first is response while connecting to grid and other one is response when 

there is perturbation/disturbance in reference dc voltage. The proposed novel controller 

configuration minimizes the error by using another proportional gain which is added to 

the output of conventional PI control scheme with negative polarity. 

 

3.5.1.1 Coupling to Grid System 

The transient response of dc link voltage control for conventional PI and PI-P 

(2-DOF PI) controller is been compared as shown in Fig. 3.10a while PV system is 

coupled to the utility grid. The 2-DOF PI controller response as shown in Fig. 3.10a is 

showing more smooth response possessing no overshoot. The conventional PI response 

is dealt with the overshoot during interconnection to the grid. So, 2-DOF PI controller 

is performing better and showing highly improved transient response which is quite 

similar to idle one. The PI-P controller response shown in Fig. 3.10a is for the gains 

Kp1= 0.12, Kint=1.5, Kpfb=0.03.  

 

The response of the dc voltage regulation can also be examined for the settling 

time of the response. The keen examination of the dc voltage control response shown 

in Fig. 3.10a is showing slightly better settling time for 2-DOF PI. It also  shows quick 

response after reaching to certain voltage limit governed by voltage rating of grid. 

 

3.5.1.2 Disturbance in Reference dc Voltage 

The response of controllers is shown in Fig. 3.10b for the condition of 

disturbance in reference dc voltage. The reference dc voltage is perturbed from 800 volt 

to 840 volt at t=0.25 sec. The PI-P controller gains for the response shown in Fig. 3.10b 

are Kp1= 0.18, Kint=1, Kpfb=0.028. The PI-P controller response is been analyzed for the 

step disturbance in the system. There is a change in reference voltage level by applying 

step disturbance at t=0.25. PI-P controller response can be compared to PI controller 

response for step change in reference of dc link voltage as shown in Fig. 3.10b. 

Improved fast response is achieved using PI-P controller in comparison to conventional 

PI controller under disturbance condition also.  

The disturbance responses are shown in Fig. 3.10b and can be observed the difference 

in responses clearly. The PI-P controller showing quite improved fast response with no 
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overshoot and less settling time. This response is nearly similar to ideal response of the 

system for dc link voltage control. 

 

 

(a) 

 

 

 

(b) 

 

The response of 2-DOF controller for two different controller gains obtained using trial 

and error method compared and analyzed as illustrated in Fig. 3.10c. The technique 

behind the trial and error based tuning of 2-DOF PI controller is to keep the 
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(c) 

 

 

(a) DC voltage controller response while PV is connected to grid. 

(b) DC voltage control response under disturbance in reference dc voltage and grid integration. 

(c) Comparison of DC voltage controller response for two different controller gains. 

 

 

addition of proportional gains Kp1 and Kp2 closer to the proportional gain Kp of 

conventional PI controller. As in this case, the addition of Kp and Kpfb is 0.208, which 

is closer to 1-DOF PI gain Kp=0.3 in comparison to addition of earlier proportional 

gains addition 0.15. The performance of 2-DOF controller validated for voltage 

regulation in Fig.3.10b. The 2-DOF controller showing better response for new 

controller gains Kp= 0.18, Kint=1, Kpfb=0.028 as compared to previous gains Kp= 0.12, 

Kint=1.5, Kpfb=0.03 for both the cases of coupling to grid system and disturbance. 

 

 

 

Fig 3.10  Response of DC voltage controller 
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The grid connected solar PV system is analyzed for considering linear and non-linear 

loads using fryze conductance current minimization algorithm in MATLAB-Simulink. 

The results are demonstrated using following terms: grid current (Is), grid voltage (Vs), 

point of common coupling (PCC) voltage (VPCC), load current (Iload), inverter current 

(Iinv), dc link voltage (Vdc). The results for the linear load system is shown in Fig. 3.11a  

 

(a) 

 

 

3.5.2 Reference current generation using fryze method 
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from t=0.3sec. to t=0.6 sec. The system performance and capability is also 

demonstrated using the non-linear load connected to grid connected PV system in 

balanced and unbalanced condition. The results for the non-linear load system is 

demonstrated in Fig. 3.11b and c from t=0.3 sec. to t= 0.9 sec. At t=0.35 sec. system is 

operating for non-linear load in balanced condition. It is switched to the unbalanced 

condition by disconnecting phase ‘b’ of the load. The dc link voltage (Vdc) is 

maintained to the reference level for the unbalanced condition. The source current (Is) 

is maintained in balanced condition Fig. 3.11b as the unbalanced component of current 

is supplied by the inverter (Iinv) current Fig. 3.11c. So, the PV power converted from 

dc-ac using voltage source inverter (VSI) delivered as compensating power in the grid 

connected system under unbalanced condition. For non-linear load operation, even in 

balanced case harmonics are generated by the load. The inverter current supplied the 

harmonics content of load current and the source current is maintained as like in the 

linear load condition. 
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(c) 

 

(a) System performance under linear load condition. 

(b) System performance (Vs, Is, VPCC) under non-linear load and load unbalancing. 

(c) System performance (Iload, Iinv, Vdc) under non-linear load condition and load unbalancing. 
 

The unbalancing in the inverter current can be seen after t=0.35 sec. which 

makes the source current balanced by supplying unbalanced component. At t=0.55 the 

phase ‘c’ of the non-linear load is also disconnected for the load unbalancing condition 

and at t=0.75 the system brought back to the balanced condition. The dc link voltage 

of the system is maintained to the reference level during unbalanced condition as shown 

in Fig. 3.11c.  

The harmonic spectrum of the source current under linear load condition, load current 

and source current for non-linear load condition is shown in Fig. 3.12 a, b and c 

respectively. The source current THD for linear load condition is well within the limits. 

THD of the load current and source current for non-linear condition is shown in Fig. 

3.12b and 3.12c clearly shows that the grid connected PV system is capable of 

improving power quality of the system by eliminating harmonics as the source current 

THD is maintained as according to the IEEE-519-1992 standards under non-linear load 

Fig 3.11  Performance of the grid connected PV system for fryze conductance theory 
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also. The fryze current minimization algorithm extracts the reference component of 

current from the distorted current and the average active power of the loads can be 

supplied from the grid side with minimum r.m.s. value of current.  

 

 

(a) 

 

(b) 

 

(c) 

(a) Harmonic spectrum for Is under linear load condition.  

(b) Harmonic spectrum for Iload under non-linear condition  

(c) Harmonic spectrum for Is under non-linear load condition. 

 

AC line voltage: 172V, 50Hz; DC bus voltage: 400V; DC bus Capacitance: 1500μF; 

Grid impedances i.e. Rs = 0.05 Ω and Ls = 0.5mH; LC filter L = 4.2 mH, C= 8 μF; 3-

phase diode rectifier, R load varies from 18-60Ω and L = 100mH; Kp = 0.001, Kint = 

0.05; HCC is adopted. 
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Fig 3.12  Harmonic spectrum of the system 
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The in phase and quadrature phase templates generated in the simulation for the phase 

‘a’, ‘b’ and ‘c’ is shown in Fig. 3.13 a,b, and c respectively. 

 

(a) 

 

(b) 

 

(c) 

 

(a) phase ‘a’  

(b) phase ‘b’  

(c) phase ‘c’ 

 

3.6  Conclusion 

The design and selection requirement for the integration of PV system to grid discussed 

and explained. The novel controller configuration proposed in this chapter based upon 

degree of freedom concept is implemented as 2-DOF PI (PI-P) for dc voltage regulation 

of grid connected PV and response of controllers were compared under grid coupling 

of PV system and disturbance in reference dc voltage. The controller performance 

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

-1

-0.5

0

0.5

1

Time (sec.)

 

 u
a

w
a

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

-1

-0.5

0

0.5

1

Time (sec.)

 

 
u

b

w
b

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

-1

-0.5

0

0.5

1

Time (sec.)

 

 u
c

w
c

3.5.3 Reference current generatio using PBT 

Fig 3.13  In-phase and quadrature templates 
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observed and investigated based upon the overshoot, settling time and response of grid 

current in respect to dc voltage regulation. The different algorithms for the generation 

of reference current implemented. 
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CHAPTER 4 

DATA DRIVEN OPTIMIZED TUNING OF CONTROLLER 

4.1  General 

The grid connected PV system is to be controlled based upon the different control 

algorithms mentioned in introduction chapter1 and chapter3. The overall control of the 

system implemented with the dedicated PI controller for the regulation of dc-link 

voltage to the reference voltage. The tuning of PI controller requires generating the 

equivalent quantity for dc link voltage regulation. In fundamental approach, the PI 

controller gains are tuned using trial and error method or using optimization criteria 

(modulus and symmetrical optimum) to obtain the appropriate response desired for the 

dc link voltage control. The methods are having limitation (due to assumed 

approximations) and it may not search the best possible controller gain that can provide 

the best response for dc voltage control. Fictitious reference iterative tuning (FRIT) is 

a data driven method used to find optimized gains of the PI controller. The FRIT 

method implemented based upon the data obtained using trial and error method based 

PI controller gains [56].  

The performance of the controller is dependent upon their gains so the parameter tuning 

is one of the significant consideration for better performance. Conventionally, 

controller design method required dynamic model and system/plant information with 

system stability using bode plot or other methods. FRIT is data-driven parameter tuning 

method so it only requires one shot input and output data. Using this input and output 

data it can optimize the controller gain parameter without any mathematical model of 

system. The input and output data is required to generate reference signal and closed 

loop response obtained using the optimized controller parameter should follow a 

presumed reference model output. Therefore, initial data and reference model 

assumption is primarily essential part of this method.  

The DOF based control with optimal tuning methods of controller gains widely applied 

and implemented specially in motor control application and process industry. 

Sometimes, numerical examples considered to show the effectiveness of DOF 

controllers and tuning method. This is the first time that the optimal tuning method and 

DOF based controller introduced for grid connected PV system in Fig. 4.1a application 

to regulate the dc link voltage through optimal tuning in Fig. 4.1b of conventional PI 

controller and proposed 2-DOF structure.  
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Fig. 4.1 Grid integrated solar photovoltaic system 

a) system circuit diagram considered for the study and control analysis. 

b) block diagram of voltage control loop implemented for the regulation of dc voltage.  

 

4.2  Fictitious Reference Iterative Tuning (FRIT) 

 The performance of the controller is dependent upon gains so the parameter tuning is 

one of the significant consideration for better performance. FRIT is data-driven 

parameter tuning method so it only requires one shot input and output data. Using this 

input and output data it is possible to optimize the controller parameter without any 

mathematical model of the system. 

 4.2.1  Reference signal generation 

The reference signal is generated by using the input and output data for initial parameter 

𝑘0of controller. The 𝑘0 was obtained using trial and error method and represented as 

[𝑘𝑝0 𝑘𝑖𝑛𝑡0]𝑇 . The one shot data as: intermediate output 𝑢0  as input data and 

controlled output 𝑦0 as output data. 

CONTROLLER 

 

FILTER 

FRIT 

𝑉𝑑𝑐
∗  

𝑉𝑑𝑐 

𝐼𝑑,𝑑𝑐 𝐸 
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The reference signal generated using the input and output data by using  𝑘0  of the 

controller. The one shot data obtained in the form as: intermediated output 𝑢0 as input 

data and controlled output 𝑦0 as output data using 𝑘0 as controller gains. The reference 

signal generation for 1-DOF controller and 2-DOF controller computed as: 

 4.2.1.1  Conventional PI (1-DOF) controller 

The fictitious reference signal can be generated based upon the system configuration 

shown in Fig. 4.2a. The mathematical evaluation of reference signal for conventional 

PI controller is as follows 

𝑒0 is the error in between r and 𝑦0  for the initial response and data obtained using 𝑘0. 

So, the performing one-shot experiment using 𝑃(𝑠, 𝑘0) in Fig. 4.2a is used to obtain 

initial input-output data set (𝑢0 , 𝑦0). The reference signal computed using initial data 

set (𝑢0 , 𝑦0) in (3). 

 4.2.1.2  2-DOF controller (PI-P) 

The fictitious reference signal computation modified as the additional feedback 

compensator Fig. 4.2b is included. The reference signal for 2-DOF FB PI controller 

configuration computed by using transfer function from r →y  

⇒  𝑟̃(𝑘, 𝑘𝑓𝑏) − 𝑦0 = (𝑢0 + 𝑦0𝐻(𝑠, 𝑘𝑓𝑏)𝑃(𝑠, 𝑘)−1) (5.) 

⇒ 𝑟̃(𝑘, 𝑘𝑓𝑏) = (𝑢0 + 𝑦0𝐻(𝑠, 𝑘𝑓𝑏)) 𝑃(𝑠, 𝑘)−1 + 𝑦0 (6.) 

 

 

 

 

 

 

 

(a) 

 

 

 

𝑢0 =  [
𝑘𝑝0

𝑘𝑖𝑛𝑡0
𝑠⁄

] [(𝑟 − 𝑦0)] = [𝑘𝑝0
𝑘𝑖𝑛𝑡0

𝑠⁄ ]
𝑇

 [(𝑟 − 𝑦0)]  
(1.) 

𝑟̃(𝑘) = 𝑃(𝑠, 𝑘0)−1𝑢0 + 𝑦0 (2.) 

⇒  𝑟̃(𝑘) = 𝑒0 + 𝑦0 (3.) 

(𝑟̃(𝑘, 𝑘𝑓𝑏) − 𝑦0)𝑃(𝑠, 𝑘) − 𝑦0𝐻(𝑠, 𝑘𝑓𝑏) = 𝑢0  (4.) 

r e u y 
P (s,k) G(s) 
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(b) 

 

Fig. 4.2 Outer voltage control loop 

a) Consists of conventional PI controller transfer function block and plant transfer function. 

b) Consists of 2-DOF feedback (FB) type controller transfer function block and plant transfer function. 

 

Where,  

k = [𝑘𝑝   𝑘𝑖𝑛𝑡]𝑇 (7.) 

P (s, k) =  𝑘𝑝 +
𝑘𝑖𝑛𝑡

𝑠
 

(8.) 

H (s, 𝑘𝑓𝑏) =  𝐶𝑓𝑏(𝑠, 𝑘) = 𝑘𝑝𝑓𝑏 (9.) 

𝑘𝑓𝑏  : Feedback controller gain, 𝑘𝑝𝑓𝑏  : proportional gain of feedback controller and 

initial controller gain for FB is 𝑘𝑓𝑏0. The reference generated by performing one-time 

experiment using 𝑃(𝑠, 𝑘0) and H (s, 𝑘𝑓𝑏0) with the initial parameter 𝑘𝑝0, 𝑘𝑖𝑛𝑡0  and 

𝑘𝑝𝑓𝑏0 illustrated in Fig. 4.3. 

4.2.2 Optimization function and reference model 

The generation of fictitious reference signal used to make the optimization function in 

terms of performance index function. The controller parameters/gains k-kfb tuned and 

optimized to minimize the performance index function. The performance index 

optimization function is represented as mathematical equation and defined based upon 

the reference model response. As the FRIT method does not require any mathematical 

or dynamical model of the system so a reference model have to be assumed as transfer 

function with or without dead time consideration. The generalized transfer function for 

reference model setting shown as  

M(s) =
1

(𝑇𝑠 + 1)𝑛
𝑒−𝜏𝑠 

(10.) 

r e u y 
P (s,k) G(s) 

H(s, 𝑘𝑓𝑏) 
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The system configuration with reference model M(s) shown Fig. 4.3. The controlled 

output y0 generated using initial parameters compared with the output generated using 

fictitious reference signal and reference model to obtain the optimized controller 

parameters so that closed loop response of the system should follow the presumed 

reference model output. The optimization function based on the initial data set defined 

as 

 

 

 

 

 

Fig. 4.3 Reference model based configuration for performance index function. 

 

In FRIT method, fictitious reference signal generated by (2) and (5) utilized to generate 

objective function for optimization and the performance index function defined 

considering the system configuration. The performance index considering fictitious 

reference signal defined as the following  

𝑒̃(k) = 𝑦0 −  𝑦̃ (13.) 

⇒ 𝑒̃(k, 𝑘𝑓𝑏) = 𝑦0 −  𝑀(𝑠) 𝑟̃(𝑘, 𝑘𝑓𝑏) (14.) 

𝐼(k, 𝑘𝑓𝑏) = ∑ (𝑒̃(k, 𝑘𝑓𝑏 , s))
2

 
(15.) 

⇒ 𝐼(k, 𝑘𝑓𝑏) = ∑( 𝑦0 −  𝑀(𝑠) 𝑟̃(𝑘, 𝑘𝑓𝑏)) 
(16.) 

Therefore, the objective function for optimization of gain parameters is to minimize the 

performance index error function (16) and represented in terms of controller gains as 

 

 

 

 

𝑒̃(k, 𝑘𝑓𝑏) = 𝑦0 −  𝑀(𝑠)𝑟̃ (11.) 

𝐼(k, 𝑘𝑓𝑏) = ∑(𝑒̃)2 
(12.) 

(𝑘, 𝑘𝑓𝑏)𝑜𝑝𝑡. = arg min 𝐼(k, 𝑘𝑓𝑏) (17.) 

𝑟̃ 𝑦̃ 𝑒̃ 

𝑦 

M(s) 
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4.2.3 PSO based FRIT 

The optimization algorithm is essential to implement FRIT method to avoid local 

minimum solution. The PSO based FRIT (PSO-FRIT) proposed for the computation of 

optimized controller parameters of 2-DOF PI used for dc voltage control. Therefore, an 

objective function is required as an optimization problem to achieve optimized 

controller gains.  The optimization method based upon the behaviour of particle to 

imitate the potential solution of neighbouring particle and related to the neighbourhood 

best/local best, and its own achieved solution related to the person best solution.  

4.2.3.1 Generalized PSO 

      PSO method search the possible potential solutions as a swarm of particles that 

move in virtual space. It is a stochastic approach and swarm population based search 

method considering the behaviour of bird flocks. The position and velocity vector is 

associated with each particle and updated at each iteration. Therefore, the position of a 

particle is dependent upon the personal best (𝑝𝑏𝑒𝑠𝑡) and neighborhood best which leads 

to the global best (𝑔𝑏𝑒𝑠𝑡). Therefore, the particle velocity modified as follows 

The velocity of particle updated considering following three terms 

1) Acceleration coefficient/cognitive component (c1), which is related to the 

personal best solution (𝑝𝑏𝑒𝑠𝑡) of each particle. 

2) Acceleration coefficient/social component (c2), which relates with the best 

position of particle in whole solution and termed as global best solution (𝑔𝑏𝑒𝑠𝑡). 

3) An inertia weight (φ), which controls the velocity of particle. 

The value of 𝑤1 and 𝑤2 should be decided in between 0 and 1. The position of each 

particle modified based upon the changes in velocity of each particle. The position 

update shown as  

4.2.3.2 PSO-FRIT 

The general PSO method can be modified for the FRIT method implementation. The 

position of particle is defining as the controller gain parameter and update of the 

velocity will represent the perturbation in controller gains. So, the position update of 

each particle in eq. modified for controller parameter as follows 

𝜌𝑖
𝛼+1 = 𝜑𝜌𝑖

𝛼 + 𝑐1𝑤1(𝑝𝑏𝑒𝑠𝑡𝑖 − 𝑥𝑖
𝛼) + 𝑐2𝑤2(𝑔

𝑏𝑒𝑠𝑡
− 𝑥𝑖

𝛼) (18.) 

𝑥𝑖
𝛼+1 = 𝑥𝑖

𝛼 + 𝜌𝑖
𝛼+1 (19.) 
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The controller gain parameter update in (20) is adjusted for 2-DOF PI controller gains 

(𝑘𝑝0, 𝑘𝑖𝑛𝑡0   𝑘𝑝𝑓𝑏0) as 

𝑘𝑝,𝑖
𝛼+1 = 𝑘𝑝,𝑖

𝛼 + 𝜌𝑝,𝑖
𝛼+1 (21.) 

𝑘𝑖𝑛𝑡,𝑖
𝛼+1 = 𝑘𝑖𝑛𝑡,𝑖

𝛼 + 𝜌𝑖𝑛𝑡,𝑖
𝛼+1 (22.) 

𝑘𝑝𝑓𝑏,𝑖
𝛼+1 = 𝑘𝑝𝑓𝑏,𝑖

𝛼 + 𝜌𝑝𝑓𝑏,𝑖
𝛼+1  (23.) 

The PSO application for FRIT method iillustrated in the following steps: 

Step 1: The number of particles (N) based solution vector of controller parameter is 

defined as follow 

k =  [𝑘1 𝑘2 𝑘3 … . . 𝑘𝑗] (24.) 

j =  1, 2, 3, … . . , N (25.) 

The solution vector of controller parameter in (24) is applicable to the all the three gains 

(𝑘𝑝0, 𝑘𝑖𝑛𝑡0   𝑘𝑝𝑓𝑏0) of 2-DOF PI controller. The position of each particle with random 

controller gains is initialized considering range constraint for gains based upon the 

earlier experience of trial and error method. 

𝑘𝑖(0) = [𝑘𝑝,𝑖(0), 𝑘𝑖𝑛𝑡,𝑖(0)]       for 1-DOF PI controller (26.) 

𝑘𝑖(0) = [𝑘𝑝,𝑖(0), 𝑘𝑖𝑛𝑡,𝑖(0), 𝑘𝑝𝑓𝑏,𝑖(0)]        for 2-DOF PI controller (27.) 

𝑘𝑖𝑚𝑎𝑥 > 𝑘𝑖 > 𝑘𝑖𝑚𝑖𝑛 (28.) 

      The velocity of the particle initialized and range constraint applied too for proper 

convergence. 

𝜌𝑖(0) = [𝜌𝑝,𝑖(0), 𝜌𝑖𝑛𝑡,𝑖(0), 𝜌𝑝𝑓𝑏,𝑖(0)] (29.) 

𝜌𝑖𝑚𝑎𝑥 > 𝜌𝑖 > 𝜌𝑖𝑚𝑖𝑛 (30.) 

The 𝑝𝑏𝑒𝑠𝑡 and 𝑔𝑏𝑒𝑠𝑡 of the particle i and swarm population initialized. 

   Step 2: The one-time data (input 𝑢0 , output 𝑦0 ) is collected using initial 

parameters 𝑘0 obtained by trial and error method. The fictitious reference signal 

generated and updated for each particle. Therefore, the performance index relates to the 

reference signal and error signal for each particle. The updated equation for reference, 

error and performance are 

𝑟̃(𝑘𝑖) = 𝑃(𝑠, 𝑘𝑖)−1𝑢0 + 𝑦0 (31.) 

𝑒̃(𝑘𝑖) = 𝑦0(𝑛) − 𝑀(𝑠)𝑟̃(𝑘𝑖)      for 1-DOF PI controller (32.) 

𝑘𝑖
𝛼+1 = 𝑘𝑖

𝛼 + 𝜌𝑖
𝛼+1 (20.) 
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𝐼(𝑘𝑖, ) = ∑(𝑒(𝑘𝑖))
2
 

(33.) 

𝑟̃(𝑘𝑖, 𝑘𝑓𝑏𝑖) = (𝑢0 + 𝑦0𝐻(𝑠, 𝑘𝑓𝑏𝑖)𝑃(𝑠, 𝑘𝑖)
−1) + 𝑦0 (34.) 

𝑒̃(𝑘𝑖, 𝑘𝑓𝑏𝑖) = 𝑦0 −  𝑀(𝑠)𝑟̃(𝑘𝑖, 𝑘𝑓𝑏𝑖)      for 2-DOF PI controller (35.) 

𝐼(𝑘𝑖 , 𝑘𝑓𝑏𝑖) = ∑ (𝑒(𝑘𝑖, 𝑘𝑓𝑏𝑖))
2

 
(36.) 

Reference, error and performance index equation for 1-DOF PI and 2-DOF PI 

controller shown from eq. to eq. and from eq. to eq. respectively. So, the objective 

function of PSO-FRIT method for 2-DOF PI in (36) represented as  

        Objective function of (37) evaluated based upon 𝑝𝑏𝑒𝑠𝑡of each particle and personal 

best position is updated for iteration. 

if    

then 

and   

 

 Step 3: The global best position updated based upon the personal best of each 

particle.  

if    

then 

and   

Step 4: The velocity and position of particle has been updated as  

𝜌𝛼
𝛼+1 = 𝜑𝜌𝑖

𝛼 + 𝑐1𝑤1(𝑝𝑏𝑒𝑠𝑡𝑖 − 𝑘𝑖
𝛼) + 𝑐2𝑤2(𝑔𝑏𝑒𝑠𝑡𝑖 − 𝑘𝑖

𝛼) (44.) 

(𝑘𝑖, 𝑘𝑓𝑏𝑖)𝑜𝑝𝑡. = arg min 𝐼(𝑘𝑖 , 𝑘𝑓𝑏𝑖) (37.) 

 𝑝𝑏𝑒𝑠𝑡 𝑖  < 𝑙𝑏𝑒𝑠𝑡 𝑖 (38.) 

𝑙𝑏𝑒𝑠𝑡 𝑖  =  𝑝𝑏𝑒𝑠𝑡 𝑖 (39.) 

𝑘𝑙𝑜𝑐𝑎𝑙 𝑏𝑒𝑠𝑡  = 𝑘𝑖 (40.) 

 𝑝𝑏𝑒𝑠𝑡 𝑖  < 𝑔𝑏𝑒𝑠𝑡 𝑖 (41.) 

𝑔𝑏𝑒𝑠𝑡 𝑖  =  𝑝𝑏𝑒𝑠𝑡 𝑖 (42.) 

𝑘𝑔𝑙𝑜𝑏𝑎𝑙 𝑏𝑒𝑠𝑡  = 𝑘𝑖 (43.) 
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𝑘𝑖
𝛼+1 = 𝑘𝑖

𝛼 + 𝜌𝑖
𝛼+1 (45.) 

 The iteration repeated until the good fitness value not achieved considering the 

constraint of number of iterations as  

  

  4.3 Results and Discussion 

The grid connected PV system designed and modelled in the MATLAB-Simulink 

environment and the input(𝑢𝑘 )  and output (𝑦𝑘) data collected for the FRIT method.  

Input data (𝑢𝑘 , 𝑦𝑘 ) obtained using the proportional and integral gains obtained using 

trial and error method. PSO-FRIT program developed in MATLAB-mfile and data is 

called for the program from excel/note file. The response of traditional PI controller 

(optimized and non-optimized) have been investigated and compared with 2-DOF PI 

controller (optimized and non-optimized). The transient response of the system during 

interconnection of solar system to grid and for the disturbance in dc voltage reference 

have been illustrated, analyzed and discussed considering simulation results for 1-DOF 

and 2-DOF PI control. The simulation results of the system collected for dc voltage 

response and exported in the form of data. Further, the results plotted using MS-excel. 

The results analyzed and discussed considering following cases: 

 

4.3.1 Conventional PI controller (1-DOF structure) 

4.3.1.1 Optimized and non-optimized response during grid integration 

The controller gains obtained using trial and error method initially. The response for 

the trial and error gains improved using an optimized tuning method and it may improve 

the system response. The transient response of the dc voltage control Fig. 4.4a 

compared for the optimized controller gains obtained using FRIT-PSO and trial and 

error method gains. In the Fig. 4.4a, at t=0.7 the optimized response settled as for non-

optimized response settled at t=0.11 sec. and the peak overshoot is also reduced from 

𝑉𝑑𝑐  (overshoot) = 882.79 to 865.94. The optimized and non-optimized controller gains 

for traditional PI controller shown in Table 4.1. FRIT-PSO method applied considering 

the assumed reference model for the plant/system. The controller gains are optimized 

using FRIT-PSO method for two different cases of reference model settings. In Fig., 

4.4a controller gains optimized using FRIT for reference model considered as second 

order system. FRIT based optimized gains are showing better transient response in 

α = 𝛼𝑚𝑎𝑥 (46.) 
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terms of settling time, rise time and peak overshoot. The FRIT method have tried to use 

with reference model of higher order. Controller gains optimized using FRIT for 

reference model considered as third order system Fig. 4.4b. The optimized proportional 

and integral gains were different but the transient response for both the cases is quite 

similar and showing better transient response in comparison to gains achieved by trial 

and error method. 

 

 

(a) 

 

 

(b) 

 

Fig. 4.4 DC voltage response of conventional PI controller  

a) optimized response obtained for second order reference model. 

b) optimized response obtained for third order reference model. 

 

4.3.1.2 Optimized and non-optimized response for linear load  

The grid interfaced PV system with linear load is considered to compare the 

performance of controller response. The response of dc link voltage control is 

illustrated in Fig. 4.5a for the trial and error gain (initial gain) and optimized gain 
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obtained using FRIT-PSO. At t=0sec. the PV system is interfaced to the grid therefore 

the dc link voltage of the VSI has to be regulated to reference dc voltage. The dc voltage 

controller is showing fast response with reduced overshoot for optimized gains in 

comparison to the response for initial gains. The source current response is dependent  

 

(a) 

 

 

(b) 

 

 
 

(c) 

 

Fig. 4.5 Optimized and non-optimized response under change in linear load. 

a) DC voltage response under linear load condition. 

b) source/grid current under linear load condition for initial controller gains. 

c) source/grid current under linear load condition for optimized controller gains. 
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upon the dc link voltage control for grid interfaced PV source. So, the source current is 

illustrated in Fig. 4.5b and c for initial controller gain and optimized gain respectively. 

As the optimized gain response is fast and possessing less overshoot for dc voltage 

control, correspondingly the source current under optimized dc voltage control reached 

to steady state earlier as compared to the response under initial gain. In accordance with 

the fast dc voltage controller response the source current also settled down swiftly. At 

t=0.25sec. the linear load has been increased by 100% and at t=0.45sec. it is switched 

to the initial load condition. The response of dc voltage control for optimized gains is 

possessing low overshoot and fast dynamics under disturbance caused due to load 

changes. 

4.3.1.3 Optimized and non-optimized response for non-linear load  

Generally, the real time system is having variety of loads categorized as linear and non-

linear load. In this case, the grid interfaced PV system with non-linear load considered 

to compare the performance of controller response. The response of dc link voltage 

control illustrated in Fig. 4.6a for the trial and error gain (initial gain) and optimized 

gain obtained using FRIT-PSO. The dc voltage controller response is different under 

non-linear load as compared to the earlier case of linear load only. At t=0sec. the PV 

system is interfaced to the grid, the dc voltage controller is showing fast response with 

reduced overshoot for optimized gains in comparison to the response for initial gains. 

The source current response is dependent upon the dc link voltage control for grid 

interfaced PV source. So, the source current is illustrated in Fig. 4.6b and c for initial 

controller gain and optimized gain respectively. As the optimized gain response is fast 

and possessing less overshoot for dc voltage control, correspondingly the source current 

under optimized dc voltage control reached to steady state earlier as compared to the 

response under initial gain. In accordance with the fast dc voltage controller response 

the source current also settled down swiftly. At t=0.25sec. non-linear load has been 

changed and can be observed by increase in the source current. At t=0.45sec. it is 

switched to the initial load condition and it can be observed as the source current 

decreased. The response of dc voltage control for optimized gains is possessing low 

overshoot-undershoot and fast dynamics under disturbance caused due to load changes. 

Therefore, the source current response also representing fast dynamics and settle down 

to steady state quickly. 

 



SOLAR PV POWER GENERATING SYSTEM & GRID INTEGRATION  

–Modeling, Controller Design and Optimization 2017 

 

96 | P a g e  
 

 

(a) 

 

 

(b) 

 

 

(c) 

 

Fig. 4.6 Optimized and non-optimized response under change in non-linear load. 

a) DC voltage response under non-linear load condition. 

b) source/grid current under non-linear load condition for initial controller gains. 

c) source/grid current under non-linear load condition for optimized controller gains. 
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(a) 

 
 

 
(b) 

 
 

 
(c) 

 

 
(d) 

 

Fig. 4.7 Non-optimized response under varying ir-radiance. 

a) DC voltage response for initial controller gains. 

b) Reference current for initial controller gains. 

c) source/grid current transient for initial controller gains while PV interfaced to grid. 

d) source/grid current transient for initial controller gains. 
 

 

4.3.1.4 Optimized and non-optimized response for varying ir-radiance  

The PV power source has to go through the varying irradiance condition for a real 

time implemented system due to abrupt change in weather condition. So, it is necessary 

to check the robustness of the controller response for optimized gains. Also, the input 

and output data extracted and acquired using initial controller gains has been considered 
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with load change disturbance or some other disturbance condition only. Therefore, the 

system is tested and illustrated under changed ir-radiance condition. In this case, the 

controller response of grid interfaced PV system performance for initial gains 

illustrated in Fig. 4.7a. The dc reference current and reference current equivalent to 

overall active power compensation (active reference current) of the system for initial 

gain of the controller is illustrated in Fig. 4.7b. At t=0sec. the PV system is interfaced 

to the grid and the source current is illustrated in Fig. 4.7c during grid interfacing for 

initial gains. At t=0.3sec. ir-radiance is change from 1000W/m2 to 0W/m2 and at 

t=0.45sec switched to initial condition. The source current under the changed ir-

radiance condition illustrated in Fig. 4.7d.  

The dc voltage response illustrated for optimized controller gains in Fig. 4.8a 

subsequently dc reference current and reference current equivalent to overall active 

power compensation (active reference current) of the system for optimized gain of the 

controller illustrated in Fig 4.8b. The source current during grid interfacing of PV 

source and disturbance due to change in ir-radiance shown in Fig. 4.8c and 4.8d 

respectively. The optimized gain response is showing fast dynamic response and 

possessing less overshoot for dc voltage control under varying ir-radiance condition 

also. So, the source current reached to steady state and showing better dynamic and 

transient response for optimized dc voltage control as compared to the response under 

initial gain. The response of dc voltage control for optimized gains is possessing less 

overshoot and fast dynamics under disturbance caused due to change in ir-radiance and 

regulate the dc voltage to reference level swiftly. Consequently, the source current 

response also representing fast dynamics and settle down to steady state quickly. So, 

the better dynamic response of the controller under disturbance and transient will leads 

to better response for reference current generation. 

 

 
 

(a) 
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(b) 

 

 
(c) 

 

 
(d) 

 
 

Fig. 4.8 Optimized response under varying ir-radiance. 

a) DC voltage response  

b) Reference current  

c) source/grid current transient while PV interfaced to grid. 

d) source/grid current transient under varying ir-radiance. 
 

4.3.2 2-DOF controller (PI-P) 

4.3.2.1 Optimized and non-optimized response during grid integration 

For the case of 2-DOF control also the gains were obtained using trial and error method 

and then optimized gains have been computed using PSO-FRIT method. The optimized 

and non-optimized controller gains response illustrated in Fig. 4.9a. The non-optimized 

PI-P controller response improved in terms of overshoot but the response was still slow 

as for non-optimized traditional PI control. The optimized PI-P controller response 

shows highly improved transient response with no overshoot and fast response and 

settling time. The optimized response of PI-P controller settled at t=0.6 sec. and non-

optimized response settled at t=0.1 sec. The controller gains for optimized and non-

optimized conventional PI controller given in Table 4.1. 
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4.3.2.2 Comparison with conventional PI 

The response of the non-optimized traditional PI and 2-DOF controller illustrated in 

Fig. 4.9b. The traditional PI controller showing overshoot in the response and the 

response is slow. The objective to design and implement 2- DOF PI controller is to 

minimize/reduce the overshoot in the response maintaining similar or better response 

time. The response illustrated in the Fig. 4.9b showing significantly improved transient 

response in terms minimized overshoot and maintaining good response as for the 

traditional PI controller. The additional proportional controller in 2-DOF control 

designed as feedback compensator. This feedback proportional controller helps to 

minimize the error of the dc voltage response and minimize the overshoot in the system 

response of dc voltage control. The responses of optimized traditional PI and PI-P 

control for dc voltage control analyzed and shown in Fig. 4.9c. The fast response 

obtained using optimized gains for both the controllers (PI and PI-P). However, the 

response of optimized 1-DOF PI is having overshoot and settled at t=0.7 sec. The 

optimized 2-DOF controller response is not having any overshoot and the response is 

even little fast as settled at t=0.6 sec. 

 

 

(a) 

 

 

(b) 

Optimized 2-DOF PI 

Non-optimized 2-DOF PI 

Non-optimized 1-DOF PI 

Non-optimized 2-DOF PI 
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(c) 

 

Fig. 4.9 Optimized and non-optimized response under change in linear load. 

a) DC voltage response under linear load condition. 

b) source/grid current under linear load condition for initial controller gains. 

c) source/grid current under linear load condition for optimized controller gains. 

 

4.3.3 Disturbance in reference dc voltage 

The transient response of the controllers is analyzed under the disturbance in reference 

dc voltage. The reference dc voltage is changed from 800V to 840V through unit step 

signal.  The response of non-optimized 1-DOF PI and 2-DOF PI-P is illustrated under 

the condition of disturbance in reference dc voltage as shown in Fig. 4.10. The response 

of 2-DOF controller is better in comparison to 1-DOF controller under disturbance too. 

The 2-DOF controller transient response is having no overshoot under disturbance 

occurred at t=0.25 sec and it is more likely similar to ideal response. The response of 

optimized 2-DOF controller illustrated under the condition of disturbance in reference 

dc voltage as shown in Fig. 4.10. The response of optimized 2-DOF controller is better 

in comparison to non-optimized controller under disturbance too. The optimized 2-

DOF PI-P transient response is having no overshoot under disturbance occurred at 

t=0.25 sec as well as showing fast response in comparison to non-optimized 2-DOF 

and 1-DOF controller. The controller gains for optimized and non-optimized 2-DOF 

controller configuration given in Table 4.2. 

 
4.3.4 Source current  

In respect of showing transient response for regulation of dc voltage, the source current 

performance analyzed during transient. The source current in Fig. 4.11a and b for the 

1-DOF PI and PI-P controller (non-optimized) respectively during interconnection of 

PV system to grid. The source current reaches to steady state at t=0.115 for the 

conventional 1-DOF PI control and at t= 0.08 for non-optimized PI-P control. So, the 

source current transient response is also improved as the dc voltage regulation response 

Optimized 2-DOF PI 

Optimized 1-DOF PI 
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is improved and reaches to steady state smoothly without overshoot under PI-P control. 

The source current for optimized 2-DOF control illustrated in Fig. 4.11c and it is 

showing very smooth and fast response in comparison to non-optimized 1-DOF and 2-

DOF PI. The parameters of the considered grid connected PV system summarized in 

Table 4.3. 

 
Table 4.1 Conventional 1-DOF PI controller gains.        Table 4.2 2-DOF controller gains.  

 

 

 

Fig.4.10 Transient response of dc voltage regulation for grid coupling to PV system and disturbance in 

reference dc voltage. 

 

 

1-DOF PI 

Trial and error 

Kp1  = 0.3, Kint = 8 

1-DOF PI 

Optimized  

Kp1 = 0.78, Kint = 28.2 

(second order reference 

model) 

1-DOF PI 

Optimized 

Kp1 = 1.02, Kint = 25.65 

(third order reference 

model) 

2-DOF PI 

Trial and error 

Kp1  = 0.24, Kint = 12.5, 

Kpfb = 0.04 

 

2-DOF PI 

Optimized 

Kp1  = 0.49, Kint = 28, 

Kpfb = 0.09 

 

 

 

Non-optimized 1-DOF PI 

Non-optimized 2-DOF PI 

Optimized 2-DOF PI 

Non-optimized 1-DOF PI 

Non-optimized 2-DOF PI 

Optimized 2-DOF PI 
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(a) 

 

 

(b) 

 

 

(c) 

 

 

Fig. 4.11 Grid current response for 

a) 1-DOF PI controller in respect to dc voltage regulation. 

b) 2-DOF PI controller in respect to non-optimized dc voltage regulation. 

c) 2-DOF PI controller in respect to optimized dc voltage regulation. 
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Table 4.3 Parameters of electrical utility grid system.         

 

4.3.5 Varying Ir-radiance  

The performance of the PV system usually affected due to the change in ir-radiance 

level. Therefore, the performance of the control investigated under the disturbance 

caused due to change in ir-radiance. Fig. 4.12 shows the dc voltage response for 

optimized and non-optimized control of 1-DOF and 2-DOF controller under the 

disturbance due to change in ir-radiance. One of the most critical case of change in ir-

radiance considered to test the performance of the controller. The ir-radiance is changed 

from 1000 W/m2 to 0W/m2 at t = 0.25 s. and dc voltage get disturbed. The controller 

tries  

 

 

 

Fig. 4.12 Dc voltage controller response under disturbance due to ir-radiance. 

 

Description Parameter 

Line Impedance (Zg) Rg = 0.05Ω, Lg =1mH 

Line to line grid voltage (VLL) VLL= 415V 

LCL Filter Li = 1.4mH, Lg = 1.4 mH, Cf = 5 µF, Rd = 20Ω 

DC link voltage (Vdc) Vdc = 800V 

DC bus capacitance ( Cdc) 1500  µF 

Base Impedance ( Zb) Zb = 17.22, Cb = 12 µF 

 
Frequency (ωf) 2*π*50 rad 

Switching frequency (fs) 10kHz 
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to regulate the dc voltage to its reference level quickly. Optimized 2-DOF PI control is 

showing best performance with better dynamic response and having low undershoot 

under this condition. 

4.4 Conclusion  

The proposed and implemented 2-DOF PI-P controller for dc voltage control of grid 

connected PV system is investigated and the performance of proposed controller found 

satisfactory as compared to conventional control. The controller gain parameters are 

optimally tuned using data-driven tuning method. Data driven FRIT method 

programmed based upon PSO algorithm to overcome the drawback of tuning method. 

The optimized PI-P controller showing fast and smooth response in comparison to non-

optimized PI-P and traditional PI control during grid coupling of PV system. As well 

as, the proposed optimally tuned controller is also effective under step change in 

reference dc voltage (step response) and disturbance due to varied irradiance of PV 

system. The grid current investigated during integration of PV system and better 

response achieved corresponding to significantly improved dc voltage regulation. The 

system performance validated considering load conditions. 
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CHAPTER 5 

XILINX SYSTEM GENERATOR (XSG/Sys-Gen) MODELLING 

FOR FPGA BASED SYSTEM IMPLEMENTATION 

5.1 GENERAL 

The grid connected PV system is gaining high popularity due to effective and efficient 

utilization of PV generated power: rooftop PV application to medium and high power 

grid integration. The fundamental question regarding PV power generation is the low 

efficiency of PV panels so it is important to design and implement better electrical 

controls using power electronics devices to utilize the generated power efficiently and 

have improved power quality. The hardware implementation of electrical system 

requires to design and model the system on real-time simulation platform with 

condition similar to experimental system. There are various platforms like as Opal-RT, 

digital signal processing and control engineering (dSPACE) are available and familiar 

platform popularly utilized for hardware in loop (HIL) simulations. However, these 

platforms are not general purpose and having limited functionality to implement the 

system of power electronics converter applications. The Xilinx corporation has evolved 

field-programmable gate array (FPGA) consists of thousands of logic gate blocks 

utilized to implement circuit design in various combination. The real-time application 

of FPGA based control has been little complex as it requires knowledge and training of 

hardware description language (HDL) for example: VHDL, Verilog. In addition, the 

specialisation of trained and skilled researchers might be different and may require 

learning and be trained for newer applications. The level of complexity of the system 

control is different therefore to develop the system control using HDL may leads to a 

complex process.  

The Xilinx system generator HIL used through MATLAB-Simulink and it is an easy 

platform to utilize the functionality of both the platforms. This platform helps to design, 

test and develop new hardware prototype rapidly without the knowledge of hardware 

description language (HDL). It also fulfils the requirement of low cost digital platform 

to implement HIL simulation for FPGA control. VHDL code can be generated 

automatically using system generator, MATLAB-Simulink combined platform, and 

generated code directly utilized for the real system through FPGA. It enables to develop 

a rapid prototype of power electronics application and control circuits using sys-gen to 

utilize FPGA for real time experimental system.  
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Fig. 5.1 Schematic block diagram of the HDL co-simulation and HIL circuit.  

In this chapter, the fundamental components of grid connected PV system control 

modelled in combined platform of MATLAB-Simulink-XSG to perform real time 

simulation and generate HDL file and utilizing it through VIVADO for system control 

using Xilinx FPGA (Dgilent Zybo) board as shown in Fig. 5.1. 

5.2 MODEL DESIGN 

FPGA is a digital control platform therefore modelling of the system requires design of 

various blocks and components used in digital control system. 

 5.2.1 PI controller 

PI controller designed based upon the Euler /trapezoidal method for the digital control 

application. 

 Euler’s forward method 

x(k) = 𝑥(𝑘 − 1) + 𝑇𝑠𝑢(𝑘 − 1) 

𝑥(𝑧)

𝑢(𝑧)
=

𝑇𝑠
𝑧 − 1

 

 

MATLAB-Simulink 

+ 

Xilinx System 

Generator (XSG) 

VHDL CODE 

GENERATION 

VIVADO 
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 Euler’s backward method 

x(k) = 𝑥(𝑘 − 1) + 𝑇𝑠𝑢(𝑘) 

𝑥(𝑧)

𝑢(𝑧)
=

𝑇𝑠𝑧

𝑧 − 1
 

 Trapezoidal (Tustin) method 

x(k) = 𝑥(𝑘 − 1) +
𝑇𝑠
2
[𝑢(𝑘) + 𝑢(𝑘 − 1)] 

𝑥(𝑧)

𝑢(𝑧)
=
𝑇𝑠
2

𝑧 + 1

𝑧 − 1
 

Euler’s backward method commonly used for discretising continuous-time PID 

controller function therefore, it is chosen to model PI controller for digital control 

platform. 

 

(a) 

 

(b) 

Fig. 5.2 PI controller modelling in XSG 

a) Euler’s forward method  

b) Euler’s backward method. 

 

5.2.2 Co-ordinate Transformation 

Co-ordinate transformation required by the system for implementing PLL and 

generation of reference current for SRF theory based control. The transformation 

equations already discussed in chapter3. The modeling in MATLAB-Simulink using 

Power System Toolbox (SimPowerSystem) have transformation blocks so just a basic 

understanding is enough for the purpose. The one of the key importance of 
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transformation come into the picture for selective compensation and especially for 

negative sequence compensation using SRFT. XSG is a general-purpose platform for 

modeling so abc→αβ→dq Fig. 5.3a and dq→αβ→abc Fig. 5.3b transformation 

modeled based upon mathematical equations. 

 

5.2.3 PLL  

PLL algorithm is discussed and represented using block diagram in chapter3. The 

purpose of PLL is to synchronize (frequency and phase) the output signal with input 

signal so it can be termed algorithm that generates a signal by tracking input one. PLL 

block is available in MATLAB-Simulink Power System Toolbox so the in-depth 

understanding of PLL working principle not required. The modeling of PLL is required 

for real time simulation in XSG and FPGA-based control.  

As discussed in chapter3, measured grid voltage signal passed through co-ordinate 

transformation block to perform abc→αβ→dq conversion. Keeping the reference 

voltage (𝑉𝑑
∗) zero and fed to PI controller. The output of the PLL loop is an angle (θ) 

Fig. 5.4b. The output θ passed through the divider generator block of XSG to avoid θ 

becoming too large by keeping its value in between 0→2π. The co-ordinate 

transformation requires the sine and cosine signals generated using output θ of PLL. In 

XSG modelling, CORDIC sin-cos block of XSG is utilized to generate sine-cosine 

signals. The key point for the modelling in XSG is sine-cosine signal generation 

bounded by value of θ (from - π→+ π). Therefore, the value of θ adjusted according to 

the modelling requirement of the system, first by converting it in between 0→2π and 

then - π→+ π Fig. 5.4c. The sinusoidal signal generated using the output angle of the 

PLL is tracking the phase and frequency of the input signal Fig. 5.4d. 

 

 5.3 SYSTEM CONTROL MODELLING 

System control is subdivided into three parts as: Voltage control loop and SPWM 

(switching signals). 

5.3.1 DC voltage regulation 

DC voltage regulator loop model consists of PI controller and error fed to the controller. 

The output of controller passed through saturation block and low pass filter (LPF). 

Therefore, the output of voltage control loop generated active reference current 
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component responsible for regulation of dc link voltage by compensating VSI losses. 

PI controller modeled based upon the Euler’s backward method as mentioned in this 

chapter earlier. Saturation block modeled using the M-Code block of XSG simulation 

block-set and low pass discrete filter (FIR filter) designed using FDA-Tool block of 

XSG and then modeled using Xilinx block-set Fig. 5.5.  

 

 

(a) 

 

 

(b) 

Fig. 5.3 Co-ordinate transformation model in XSG  

a) abc→αβ→dq transformation 

b) dq→αβ→abc transformation 
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(a) 

 

(b) 

 

(c) 

 

5.3.2 Generation of PWM signal 

Carrier based PWM is one of the commonly used switching technique. SPWM method 

modeled in XSG. The carrier wave signal and modulating signal generated for open 

loop switching of test circuit. Only carrier wave generation requires in case of closed 

loop control. 
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(d) 

Fig. 5.4 Phase locked loop (PLL) 

a) modeled in XSG using Xilinx blockset. 

b) generated angle output of PLL.  

c) output generated after divider generator block and shifting by pi angle. 

b) generated PLL output to match phase and frequency of input signal. 

 

 

 

Fig. 5.5 DC voltage control loop model (with saturation block and low pass filter) in XSG.  

5.3.2.1 Carrier signal generation (Triangular wave) 

There are different ways to generate triangular single and the general modeling 

platform of XSG have various set of block that utilized in a particular way to design 
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new modeling method for generating waves. The triangular wave generation method in 

[98] is explained and modeled using five blocks: Up-counter, bit slice extractor, 

Inverter, Up-down counter and reinterpret blocks and 2kHz triangular wave has been 

generated.  

There is a key point regarding generation of signal in XSG for simulation and FPGA 

implementation. The clock frequency of the FPGA board govern the time period of the 

signal for simulation model to achieve the desired frequency for the real-time prototype 

system.  The triangular signal generation of 10kHz Fig. 5.6a and 1kHz Fig. 5.6b is taken 

as an example here as it has been utilized for experimental and simulation system of 

grid-connected PV system and cascaded H-bridge multilevel inverter respectively in 

the laboratory.  

 

(a) 

 

(b) 

1. Counter block performing up-count operation in free running mode is reset 

using synchronous reset port. The rest of the counter performed by using bool 

output of relational operator and reset the counter after 10000 counts. The 
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waveform obtained from the up counter is like a ramp signal varying from 0 to 

10000 and reset to 0 after reaching to 10000. The count limit of the counter 

chosen considering desired triangular wave period and clock frequency of the 

FPGA. In this case, the desired triangular wave frequency is 10kHz and clock 

frequency of the FPGA board is 100MHz. Therefore, the generation of 10kHz 

triangular wave for real-time HIL system with clock frequency 100MHz is 

required to generate the signal with time period of 10000 during simulation in 

MATLAB-Simulink and XSG integrated platform. So, the initial ramp signal 

generated using counter using reset after 10000 counts Fig. 5.6c.  

 

(c) 

2. The output ramp signal of the reset up counter passed through the relational 

operator and compared with a constant block of value 5000. The comparator at 

this stage set the output as one or zero by comparing the input ramp signal. 

Therefore, the output of this stage is a binary signal Fig. 5.6d with the period of 

10000.  

 

(d) 

3. The binary of the earlier stage again passed through a counter performing up-

down count operation. The value of binary signal decides the up and down 

counting sequence. If the output value of binary signal is one, then counter 

perform up count operation. The operation is performed using the same count 

operation therefore up count sequence goes till 5000. When, the binary value 

changes from 1 to 0, the counter start to perform down count operation. Again, 

by the time binary output changed to one the counter value reaches to 0 and 
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starting the up count when binary output become 1. The output of this stage is 

a triangular wave Fig. 5.6e with value from 0 to 5000 and time period of 10000.  

 

(e) 

4. The multiplier block used after the up-down counter stage to generate the 

triangular signal output of desired value. In general, the triangular signal with 

maximum value one used for SPWM switching. The generated signal is 

unipolar and desired triangular wave output obtained for unipolar and bipolar 

switching by level shifting of the signal Fig. 5.6f.  

 

(f) 

Fig. 5.6 Generation of triangular wave in XSG using Xilinx blocksets. 

a) model for the generation of triangular wave of 10kHz. 

b) model for the generation of triangular wave of 1kHz. 

c) output of the reset counter generating ramp-like signal.  

d) output generated after the relational operator block, binary signal. 

e) output generated after the up-counter. triangular signal. 

f) shifted output of triangular signal with magnitude in between -1 to 1. 

 

5.3.2.2 Sine wave generation (Open loop control test circuit) 

Method 1 [89] 

1. Counter block performing up count function in limited count mode and 

counting from 0 to 332. The calculation of count limit is explained in referenced 

article. 

2. ROM block is listed in Xilinx XSG blocket library having address port as an 

input Fig. 5.7a and used in distributed memory option with output data type 

chosen as fixed-point, arithmetic type-signed option.    
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(a) 

(b) 

Method 2 

The fundamental idea behind this method is to generate a signal similar to ramp with 

magnitude varying from - π→+ π. Therefore, sine and cosine signal can be generated 

using CORDIC SINCOS block in XSG Fig. 5.7b. The key point is generating the signal 

in simulation with some time period which will provide desired time period regarding 

the clock frequency of FPGA during real time control as mentioned for triangular signal 

generation.  

1) A sinusoidal signal with time period of 2*106 is required to be generated in XSG 

simulation considering the key point for generation of signal to generate a 

sinusoidal wave of 50 Hz in real time for FPGA having clock frequency of 

100MHz. The method considered for triangular signal generation cannot be 

directly implemented, as the count required for generation of sinusoidal signal 

is very high hence, the number of bit required for the counting also become 

more. Therefore, the idea is similar as of generation of triangular wave and 

count divided in two parts. 
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(c) 

2) The count subdivided as 2000 for one counter Fig. 5.7c and 1000 for another 

counter for ease of implementation. The counters are working in series so 

overall time period for the generated signal is multiplication of the counts i.e. 

2000*1000=2*106 Fig. 5.7d. The desired time period of sinusoidal signal for 

simulation in XSG matched successfully.  

 

(d) 

3) Counter block1 utilizing in up count mode reset by the output of the 

comparator1 with inputs: constant input of 2000 and output of the counter 

block1. The counter operates in closed loop.  

4) The output of the relational comparator1 enables the counter block2. The 

counter block2 also works in the up-count mode reset by the output of relational 

comparator2 with inputs: constant input of 1000 and output of the counter 

block2. The output of the counter block2 resembles the ramp signal with 

magnitude varying from 0 to 1000 with time period of 2*106 and reset to zero 

after each time period. After that, the signal multiplied with the value of .006348 

and shifted to achieve the desired ramp signal output Fig. 5.7e with magnitude 

varying from - π→+ π. The ramp signal of magnitude - π→+ π with time period 

of 2*106 is further utilized as an input for CORDIC SINCOS block of Xilinx 

XSG block-set to generate sine-cosine waves Fig. 5.7f. 
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(e) 

 

 

(f) 

Fig. 5.7 Generation of sinusoidal wave in XSG using Xilinx blocksets. 

a) model for the generation of sinusoidal wave using method1. 

b) model for the generation of sinusoidal wave using method2. 

c) ramp type signal output of the relational comparator with input from reset counter. 

d) ramp type signal (desired time period) output of counter with reset and enable input. 

e) desired ramp signal output of the angle varied from –pi to +pi. 

f) generation of sine and cosine wave.  

 

5.3.2.3 PWM Signals 

The sinusoidal PWM (SPWM) signals can be generated using triangular wave (carrier 

signal) and comparing it with reference sinusoidal wave. The open loop system control 

used to test the circuit implementation at the initial stage due to ease of implementation 

and less complexity. The real time prototype experimental system will be further 

controlled in closed loop control that requires sensors to measure the control 

parameters. The output of the sensors is the analog signal which needs to be converted 

into digital signal to input it into FPGA.  

The reference signal and measured signal are required in closed loop control operation. 

The error in between reference and measured signal is a sinusoidal modulating wave 

compared with the triangular wave and SPWM switching signals generated. The three 

phase SPWM model in Fig 5.8a and used to test the model in open loop condition also. 
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(a) 

 

(b) 

 

 

(c) 

 

 

(d) 

 

 

(e) 

 

 
(f) 
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(g) 

 

 

(h) 

 

 

(i) 

 

Fig. 5.8 Generation of PWM signals. 

a) model for the generation of SPWM signals for an open loop system. 

b) model for the generation of SPWM for a closed loop system. 

c) three phase sinusoidal modulating wave with magnitude 0.8 and frequency 50 Hz for real time. 

d) bipolar triangular wave with magnitude in between -1 to 1 and frequency 10kHz for real time. 

e) PWM signal for phase ‘a’ upper half of leg; f) PWM signal for phase ‘a’ lower half of leg. 

g) PWM signal for phase ‘b’ upper half of leg; h) PWM signal for phase ‘b’ lower half of leg. 

i) PWM signal for phase ‘c’ upper half of leg; j) PWM signal for phase ‘c’ lower half of leg. 

 

The modulating signal (sinusoid) in Fig. 5.8b and carrier signal (triangular) in Fig. 5.8c 

of the computed frquency is utilized to general PWM signal in Fig. 5.8d to i for three 

phase system to obtain the real time system with frequency 50Hz. 

 

5.4 STEP-BY-STEP IMPLEMENTATION 

The overall system can be designed and modelled by following the step-by-step 

approach. XSG used through SIMULINK platform of MATLAB, having its own 

general building blocks available in Xilinx block-set. The first step is to design and 

develop model of a system which will further designed and modelled using MATLAB 

and XSG blocks. There are some specific blocks also which enables to write the 

program or use HDL coder blocks in MATLAB/Simulink platform and utilized in XSG 

interface. The automatic code in HDL generated through system interface of XSG and 

MATLAB-Simulink utilizing modelled system 
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Fig. 5.9 Step by step process for code generation and writing the code in FPGA via VIVADO. 

.  
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The automatic generated code in HDL is further utilized using VIVADO design suite 

software Fig. 5.9. The HIL system will be established after completing step by step 

process in VIVADO.   

5.4 CONCLUSION 

The fundamental components required for control design like as PI controller, PLL and 

signal generation (triangular and sinusoidal) generated in XSG. The key point regarding 

design of the system is the fundamental frequency of the real time system so that to 

adjust the system model frequency in XSG according to FPGA clock frequency. The 

open loop SPWM signal generation successfully generated. 

 



SOLAR PV POWER GENERATING SYSTEM & GRID INTEGRATION 

–Modeling, Controller Design and Optimization 
2017 

 

123 | P a g e  
 

CHAPTER-6 

CONCLUSION  

6.1 CONCLUSION 

The grid integration of PV system is dominant trend for utilizing generated power. 

The PV power system become significant as an alternative source from kW application 

to power plants of MW. The PV characteristics play the vital role in tracking of 

maximum power generated from the system.  The understanding of PV characteristic 

considering partial shading condition and PV system configuration developed using 

simulated model. In addition, the real time data obtained through the 2.88kW rooftop 

installed system investigated. During the partial shading, PV characteristic mainly 

affected by number of modules connected in series. The integration of PV system to 

grid concerned with the synchronization of the system, dc voltage control and 

generation of reference currents utilized for current control switching signals. The main 

problem considered out of this this for study is dc voltage control. The 2-DOF feedback 

type controller implemented and utilized for the dc voltage control and the better 

response obtained during transients (grid integration, set point response and disturbance 

response). The tuning of the controller is having one of the vital role in the system. 

Fictitious Reference Iterative Tuning (FRIT), which is one of the date driven method, 

utilized for optimal tuning of the controller gains of conventional controller and 

proposed 2-DOF controller. Particle swarm optimization (PSO) incorporated to avoid 

drawback of FRIT method. The grid connected PV system modeled in 

MATLAB/Simulink. The Xilinx system generator (XSG) platform used with 

MATLAB/Simulink to model the system for more practical and real time environment. 

The design of fundamental components required for the development, control of the 

system modelled in XSG, and desired results obtained.  

FPGA based digitally controlled closed loop system is under consideration as a 

future research plan by using analog to digital (AD) and digital to analog (DA) 

converters. Implementation of various control strategies and switching schemes using 

FPGA is an important aspect for high frequency control as future aspects considering 

wide-band gap switching devices. 
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