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ABSTRACT

With the depletion of non-renewable resources and growing public awareness about the
advantages of green energy, alternative renewable sources are evolving as a significant
source of energy since past few years. Furthermore, the electrical grid is on the verge
of a paradigm shift, from centralized power generation, transmission, and huge power
grids towards distributed generation (DG). DG fundamentally uses small-scale
generators like photovoltaic (PV) panels, wind turbine, fuel cells, small and micro
hydropower, diesel generator set, etc., and is limited to small distribution networks to
produce power close to the end users. Renewable energy sources (RES) are essential
components of DG because they are more environment friendly than conventional
power generators and once established maintenance cost is also low. One of the most
popular renewable energy source is solar energy because it is abundant, accessible and
can be easily converted into electricity. The electricity produced from SPV system can
be utilized by the local loads within the microgrid or it can be integrated with

conventional grid.

Microgrid (MG), which is a cluster of distributed generation, renewable sources, and
local loads connected to the utility grid provides solution to manage local generations
and loads as a single grid level entity. It has the potential to maximize overall system
efficiency, power quality, and energy surety for critical loads. A microgrid can operate
either in stand-alone mode or grid connected mode. Due to abundant availability of
solar energy, an SPV based microgrid is widely used around the world. Due to
intermittent nature of solar energy, stand-alone SPV based microgrid needs an energy
storage system also, whereas in grid connected system, the microgrid is connected to
conventional grid which takes care of the solar intermittency by having bi-directional
flow of power. Depending on the technical specifications, grid-connected solar PV-
based microgrid can be single-stage or double-stage. In single stage configuration, PV
array is directly connected to a DC/AC converter whereas in double-stage
configuration, DC/DC converter is coupled in between the solar PV array and PV

inverter and provides the desired fixed DC voltage to the inverter.

The present work aims at modelling, design, development and control of a solar PV
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based microgrid for enhanced performance. Also, the characterization studies of the
developed system have been carried out. Modeling of the system is required in order to
predict its behaviour under both steady and dynamic states. Characterization studies
such as sensitivity and reliability analysis are used to evaluate the performance of the
system. Sensitivity analysis is the performance evaluation technique for evaluating the
change in the system’s performance with respect to the change in its parameters. The
sensitivity functions for solar cell and boost converter with respect to influential
parameters have been developed using first derivative of Taylor’s series. Reliability
analysis for electrical and electronic components of the system have been performed
using pareto analysis and reliability model of the PV based microgrid has been
developed using reliability block diagram for different PV array configurations. The
Fault tree analysis (FTA) model of the system has been developed to find the cause of
failure and to step the events leading to failure serially. Further, Markov’s model has
been used to develop the reliability functions of individual components and hence, the

reliability of complete grid connected PV system has been calculated.

Solar PV system gives maximum power under uniform shading. But many a times PV
panels are non-uniformly irradiated and this condition is known as called partial
shading condition (PSC). PSC occur due to shadow of big trees, nearby buildings and
dense clouds etc. PSC in PV system is an inevasible situation and exhibits multiple
peaks, consisting of a single global maximum power point and many local maximum
power points, in its power-voltage curve. PSC makes tracking of global maximum
power point more difficult and also reduces the efficiency of the system. The
conventional MPPT control algorithms work well under uniform shading condition but
under partial shading scenario, they may not be able to track global peak out of multiple
peaks. Therefore, an efficient controller is required to overcome the raised issue.
Further, various PV array configurations such as series, series-parallel, total cross tied,
bridge linked etc. may be used to improve the system efficiency. In the present work,
novel maximum power point control algorithms viz. an asymmetrical fuzzy logic
control (AFLC) and asymmetrical interval type-2 FLC (AIT-2 FLC) are developed for
stand-alone PV system under partial shading condition. The developed algorithms are

tested for different PV array configurations.
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In stand-alone PV system, the power supplied to the load depends upon the available
solar energy. The output of SPV is intermittent in nature as it depends on the
environmental conditions. This intermittency problem can be addressed by adding an
energy storage system along with PV system. Battery is the most commonly used
energy storage device and is very pivotal in maintaining continuity of power to the load.
But when two or more energy sources are connected, then control of dc link voltage at
common coupling point (CCP) is an area of concern. Therefore, in a SPV system with
BESS a controller is required which can maintain constant DC link voltage irrespective
of system transients. The PI controller is commonly used controller for controlling dc-
link voltage, but it cannot regulate DC-link voltage under dynamic operating conditions
and have overshoots and long settling time in its response. Suitable intelligent
controllers are designed to replace the conventional Pl controller, as they provide a
better transient response. In order to overcome the drawbacks of the conventional Pl
control algorithm, nonlinear autoregressive moving average-L2 (NARMA-L2) control
algorithm is proposed and developed for the stand-alone PV system with BESS. The
proposed control scheme maintains the voltage across DC-link under change in

irradiation and load condition.

In a grid connected SPV based microgrid, the output of boost converter i.e., DC link is
connected to voltage source inverter which is connected to grid at the point of common
coupling (PCC). Voltage source inverter converts the generated DC power from PV
system to AC of required voltage and frequency, as well as maintains the balance of
power between the SPV system, load, and grid. The inverter is regulated by the
interfacing controllers for effective operation and grid synchronization. The interfacing
controllers are used to control the output of PV inverter for its efficient utilization and
for improving power quality at PCC by providing reactive power compensation,
harmonics compensation and load balancing. Conventional control algorithm like
synchronous reference frame theory (SRFT) uses proportional integral (P1) controller
for DC-link voltage regulation. These controllers are not best suited for SPV based
microgrid as the overshoots and long settling time in their response are inevitable. In
order to overcome this, novel smooth Least Mean Square (SLMS), improved zero
attracting LMS (IZALMS) and reweighted Lo norm variable step size continuous mixed

p-norm (RLo-VSSCMPN) based adaptive interfacing control algorithms are proposed
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and developed for the PV based microgrid. The efficacy of the proposed control
algorithms has been tested on hardware prototype developed in the laboratory using
MicroLab box (dSPACE 1202). The developed prototype system acts as distribution
static compensator (DSTATCOM) and consists of inverter that is tied in parallel to the
grid at the point of common coupling. FLUKE power analyzer has been used to measure
the response of the system.

The research work presented in the thesis is expected to provide good exposure to
design, development and control of the solar PV based microgrid.
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CONTROL OF SOLAR PV SYSTEM BASED MICROGRID FOR ENHANCED PERFORMANCE

CHAPTER-I
INTRODUCTION

INTRODUCTION

Electrical energy is the most convenient form of energy and in modern times it is unthinkable to
imagine life without electricity. As the daily needs are increasing, so is the need of electrical
energy. In recent years, the increased concern for environment and the adverse impact due to
burning of conventional fossil fuels has led to the utilization of renewable resources, along with
existing system, to fulfill the energy demand. Renewable energy sources (RES) such as solar,

wind, geothermal, tidal, hydrogen energy etc. can be used for the generation of electrical energy

[11-{6].

In standalone mode, renewable energy is an appropriate, scalable and viable solution for
providing power to un-electrified or power deficient villages and hamlets. Renewable energy
sources are gradually evolving as a sustainable and economical solution to meet the electricity
demand. Figure 1.1 shows the source wise renewable energy installed capacity in India as on
31-07-2021 and estimated renewable energy potential from commercially exploitable sources
viz. Solar power 44 GW, wind — 39.5 GW; small hydro — 4.8 GW; bioenergy—10.6 GW. One of
the most popular renewable energy sources is solar energy because of technological

advancements, abundant availability and satisfactory performance.

Small
Hydro
Power 20.6

Solar Power

Wind power
39

38.8

Bio Power
10.6

Fig.1.1. Pie Chart of renewable energy source wise power (GW) installed capacity in India as on 31-07-2021

Solar energy is converted into electrical energy using Solar photovoltaic (SPV) cell. SPV is a
transducer which can convert photon energy into electrical energy based on principle of

photovoltaic effect. The electricity produced from SPV system can be used by local loads or can

1
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be integrated with conventional grid. Microgrid articulates the idea of integration of RESs to
harness their potential as a solution to meet continuously increasing energy needs. Microgrid can
be operated in autonomous and/or grid-connected mode. The microgrid has many benefits such
as higher reliability, stability, efficiency and reduced transmission losses as the generators are in

close proximity to the load.
1.2 SOLAR PV BASED MICROGRID

SPV based microgrid can be made to operate either as stand-alone microgrid or grid tied

microgrid.
1.2.1. Stand-alone SPV based microgrid

Stand-alone SPV based microgrid is independent of the utility grid and operates autonomously
as a self-sustained unit. In stand-alone PV system, the power supplied to the load depends upon
the available solar energy. The output of SPV is intermittent in nature as it depends on the
environmental conditions [7]-[10]. To maintain the continuity of supply to the load, an energy
storage system along with PV system needs to be added. Battery is most commonly used storage

device and can maintain continuity of power to the load.

Block diagram of stand-alone PV system with BESS is shown in figure 1.2. The system
comprises of PV array, battery energy storage system with charge controller, dc-dc converter,

inverter and load.

+ Inverter
SPV System + Boost Converter ey ' I
L
(W)
*C\* Vev | | |
(A ¥4)
N > Ve
fese\ v\ > —t— (Y b
Ii'-'.::i\ fiaem\ Irv = Can | -T- Three phase
fasns\ [eswa\ | | | loads

BESS System

Fig. 1.2. Block Diagram of stand-alone PV system with BESS
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1.2.2. Grid connected SPV based microgrid

Grid tied or grid-connected SPV based microgrid is a system that facilitates the bidirectional
power flow. It consists of solar PV, dc-dc converter, voltage source inverter, interfacing
inductors, loads. If the load demand is less than the output of SPV, the excess power from SPV
is fed to the grid and when the load demand exceeds than the SPV power generation, the
remaining load power is supplied by the grid. The inverter is one of the most important
components in SPV based microgrid. A PV inverter is used to convert generated dc voltage to
ac voltage. Grid tied SPV based microgrid can also be configured as single stage or two stage.
Both single-stage or two stage configurations can be used to generate single phase or three phase
supply. Three phase grid tied SPV based microgrid can be connected as three phase three wire

or three phase four wire system.

A two-stage grid-tied PV based microgrid has PV array integrated to three phase grid as shown
in figure 1.3.
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Fig. 1.3. Block diagram of two-stage three-phase grid-tied PV based microgrid

The basic unit of PV array is PV cell which is an active transducer that converts energy from

sunlight (photons) into electricity (current). PV cells are connected in series and / or parallel to
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form PV modules which can be further connected in series or parallel to make PV array of desired
output voltage and current. The system consists of two stage conversions: firstly, variable dc
from PV array is converted into fixed dc of required magnitude by boost converter and then grid
connected PV inverter is used to convert this dc voltage into ac voltage of desired magnitude and

frequency for supplying ac load.

A two-stage grid-tied PV based microgrid basically requires two control algorithms: (a)
algorithm for Maximum Power Point Tracking (MPPT), and (b) algorithm for controlling the
grid-interfacing inverter. MPPT is required to track peak power of a solar photovoltaic energy
conversion system. Voltage source inverter converts dc voltage into ac voltage of desired
magnitude and frequency to be utilised by the ac loads. In a grid tied PV system, the output of
VSI can be synchronized with the conventional ac grid using synchronization algorithms and
thus avoiding instabilities and system failures. Voltage source inverter control schemes are
required to improve power quality, reduce harmonics, provide active filtering, control reactive

power flow etc.
1.3 CHARACTERIZATION STUDIES OF SPV BASED MICROGRID

For efficient and reliable performance of grid interfaced SPV based microgrid, sensitivity and

reliability analysis need to be performed at the design stage.
1.3.1. Sensitivity Analysis

Sensitivity analysis is the performance evaluation technique for evaluating the change in the

system’s performance with respect to the change in its parameters.

The majority of investigators utilize only a few of the methods for sensitivity analysis including
partial differentiation, partial correlation, and regression techniques. Partial differentiation gives
the normalized sensitivity of a quantity i.e. the percentage change in the value of the quantity
for one per cent change in the value of the parameter of interest. The normalized sensitivity of a
function, F with respect to parameter, n can be evaluated by equation (1.1):

-6 a

P

SF =

=|3)=I%

If number of parameters change at the same time, the sensitivity of the function is calculated by

Jacobian matrix as shown in equation (1.2):



CONTROL OF SOLAR PV SYSTEM BASED MICROGRID FOR ENHANCED PERFORMANCE

0F1 0F1 0F1
on1 9n2°" onN

J§ = (1.2)

on1 on2 onN
The PV output power is mostly influenced by the changing weather condition, which can be
depicted as non-linearity in P-V curve. Also, the output of a converter depends upon its designed
parameters. Thus, the sensitivity analysis of solar cell parameters needs to be performed with
respect to insolation and temperature. Further the sensitivity of boost converter output voltage

can be determined with respect to inductance value, capacitance value and duty ratio.
1.3.2. Reliability Analysis

According to the Institute of Electrical and Electronic Engineers (IEEE), “Reliability is the
ability of a system or component to perform its required functions under stated conditions for a
specified period of time”. Reliability can be defined as the probability of system’s availability.
Availability can further be defined as a ratio of the expected value [E] of the uptime of a system

to the aggregate of the expected values of up and down time, or

_ E[uptime]
o E[uptime]+E[downtime] (1 -3)

Downtime can also be termed as Mean Time to Repair (MTTR). Reliability can be computed as,
Reliability = et where A is the failure rate and can be calculated as (MTBF) . Reliability

analysis can be performed using reliability block diagram, fault tree analysis, markov model etc.

1.4. MPPT CONTROL ALGORITHM UNDER PARTIAL SHADING CONDITION

Solar PV system gives maximum power under standard test condition or uniform shading but
many times PV panels are non-uniformly irradiated i.e. are partially shaded. The shading on solar
PV array can be caused due to shadow of nearby big building, trees, dense clouds, dust and panel
aging or cracking. PSC in PV system is an inevasible situation and exhibits multiple peaks
consisting of a single global maximum power point and many local maximum power points in
its power-voltage curve. The presence of multiple peaks makes tracking of maximum power
point more difficult and demands an efficient controller to track the global peak of the P-V curve.
Along with implementing MPPT controller, to minimise the adverse effect of partial shading on
PV system, different PV array arrangements like series-parallel (SP), honey comb (HC), total
cross tied (TCT) etc may be used.
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1.5. DC LINK VOLTAGE REGULATION OF STAND-ALONE PV SYSTEM WITH
BATTERY ENERGY STORAGE SYSTEM (BESS)

In stand-alone PV system, the power supplied to the load depends upon the available solar
energy. The output of SPV is intermittent in nature which depends on the environmental
conditions. This intermittency problem can be addressed by using battery energy storage system
(BESS) along with PV system. But when two or more energy sources are connected, then control
of dc link voltage at common coupling point (CCP) is an area of concern. Also, any change in
the PV output or change in load will affect the dc link voltage. Inverter output depends upon dc
link voltage and hence any variation in dc link voltage is undesirable for reliable operation of
microgrid and the transients in dc link voltage needs to be damped out. The conventional
PI controllers cannot do the needful efficiently as they suffer from overshoot/undershoots and
have long settling time. Hence, to regulate DC link voltage of stand-alone PV system with BESS,

an efficient controller is needed.
1.6. PV INVERTER CONTROL ALGORITHM FOR GRID TIED SOLAR PV SYSTEM

The SPV system along with boost converter is connected to voltage source inverter (VSI) which
is connected to grid at the point of common coupling (PCC). PV inverter control algorithm is
used to convert generated DC power into AC of required voltage and frequency for grid
synchronization and also provides load compensation by regulating the DC link voltage using a
voltage controller. The main objective of grid integration of SPV system is to meet the load
demand and surplus/deficit power to be supplied/taken to/from the grid. Presence of non-linear
loads and power electronics-based devices in SPV system deteriorates the power quality at point
of common coupling. In order to mitigate the power quality issues effectively and to comply with
the required IEEE standards, an efficient control for optimal operation of VSI is required. The
interfacing control algorithms are used to control the output of VSI for its efficient utilization
and for improving power quality at PCC by providing reactive power compensation, harmonics

compensation and load balancing.

1.7. MOTIVATION AND RESEARCH OBJECTIVES

In recent time, SPV based microgrid has received widespread acceptance as, it is a green source
with less harmful effect on environment. Further, the price of PV module is reducing day by day

making the energy production more economical. As per the operating conditions, SPV based
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microgrid can be used either in stand-alone or in grid tied manner. All these advantages of PV

based microgrid motivated and led to the following research objectives:
1. Development of reliability and sensitivity model of the PV based microgrid.

2. Development of control algorithms for tracking of Global Maximum Power Point

(GMPP) under partial shading condition.

3. DC link voltage control of stand-alone PV system with battery energy storage system for

improved performance.

4. Design and development of inverter control algorithms for enhanced performance of the

system.
1.8. PROBLEM IDENTIFICATION
For meeting the defined objectives, the following problems are identified:

1. The mathematical model of SPV based microgrid and its components viz. PV cell, dc-dc
converter, PV inverter, DC link capacitor and interfacing inductors need to be developed and the

simulation studies needs to be carried out.

2. To investigate the model's validity for variations in the parameters of interest, sensitivity
analysis needs to be carried out. For this, the sensitivity functions for solar cell and boost
converter with respect to influential parameters for different PV array configurations are required
to be developed. Also, reliability analysis of solar PV based microgrid needs to be performed at

the design stage itself using reliability block diagram, markov’s model, fault tree analysis etc.

3. Different MPPT algorithms are used to track the maximum power of PV array but
conventional MPPT algorithms shows best performance under uniform insolation. Under PSC’s,
the Power vs Voltage (P-V) plot of SPV system consists of multiple local maxima power point
and one global maxima power point. The solar PV system under partial shading scenarios
requires the synthesis of modified controller which is able to discriminate between local and
global peak point. Along with implementing modified MPPT controller, to minimize the adverse
effect of partial shading on PV system, different PV array arrangements like series-parallel (SP),
honey comb (HC), total cross tied (TCT) etc. may be used.

4. In stand-alone PV system, the power supplied to the load depends upon the available solar

energy. The output of SPV is intermittent in nature. This intermittency problem can be addressed
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by adding an energy storage system along with PV system. Battery is most commonly used
storage device and it is very pivotal in maintaining continuity of power to the load. But when
two or more energy sources are connected at generating point, then the dc link voltage control is
the area of concern. Therefore, a controller which can maintain constant dc link voltage during
the system transients (occurs due to abrupt change of load demand or any sudden change in

generation capacity) needs to developed and implemented.

5. The grid tied solar PV system needs power electronics-based devices to integrate SPV based
microgrid to utility grid. Because of extensive usage of these power electronics-based devices
as well as non-linear load, the power quality (PQ) at the point of common coupling is affected
So, PV inverter control algorithms to overcome the power quality issues are required to be

developed.
1.9. ORGANIZATION OF THESIS

Chapter-I presents the introduction, motivation, objectives and problem identification of the

research work carried out. The organization of the thesis is also given in this chapter.

Chapter-II includes the literature review of SPV based microgrid and its associated areas.
Literature review related to sensitivity and reliability assessment of grid interfaced PV based
microgrid for different PV array configurations, control algorithms for MPPT under PSC’s, DC
link voltage regulation of stand-alone PV system with BESS and grid-interfacing PV inverter

have been presented.

Chapter-III discusses the design and modelling of solar PV based microgrid and its
characterization studies viz. sensitivity and reliability studies. Sensitivity functions for solar cell
and boost converter with respect to influential parameters have been developed. Reliability
analysis of solar PV based microgrid by different reliability assessment methods viz. reliability

block diagram, markov reliability model and fault tree analysis has been performed.

Chapter-1V proposes MPPT control algorithms under PSCs for stand-alone PV system. The PSC
causes the power loss of PV array which can be reduced by using intelligent controllers along
with different PV array arrangement schemes viz. series, series-parallel, total cross tied. The
intelligent modified controller identifies the global maximum power point out of many local
maximum power points in PV array characteristics. In this work, novel intelligent MPPT

algorithms viz. asymmetrical FLC and asymmetrical interval type-2 FLC have been developed.
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Chapter-V presents the dc link voltage regulation of stand-alone PV system with battery energy
storage system. The proposed NARMA-L2 control scheme, maintains the voltage across dc-link
under varying input i.e. varying atmospheric condition as well as varying output i.e. varying load
condition. The performance of the proposed control scheme is investigated using MATLAB

Simulink toolbox.

Chapter-VI presents the least mean square (LMS) based adaptive interfacing algorithms viz.
Smooth LMS, improved zero attracting LMS and RLo-VSSCMPN for inverter control in a two-
stage three phase grid-tied PV system. Mitigation of power quality problems is a crucial issue
for the utility side as well as customer end. The proposed algorithms, along with compensating
the load harmonics, reduces voltage fluctuation at PCC and supplies the reactive power demand
of the local load. The algorithm has been tested under steady state and transient conditions for
both input variation as well as load variation under power factor correction (PFC) mode of
operation. The efficacy of the proposed PV inverter control algorithms has been tested using
MATLAB /Simulink toolbox. Further, a hardware prototype, acting as DSTATCOM, has been

developed for evaluating the performance of the developed algorithms.

Chapter-VII summarizes and highlights the main conclusions of the proposed work. The scope

for further work in this area is also enlisted at the end of this chapter.
At the end of the thesis, the list of references and appendices are provided.
1.10. CONCLUDING REMARKS

This chapter delivers a summary of the research work carried out and embedded in this
dissertation. The motivation and the objectives of the research work are presented and the
research problems have been identified. The overview of the research work carried out is

presented chapter wise.
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CHAPTER-II

LITERATURE REVIEW

INTRODUCTION

The chapter-I, defines the objectives, motivation and identification of the research problems. To
gain the right perspective of research problems, a literature review has been carried out in the
related areas of the research work. This chapter presents the brief review on the (i) Solar PV
based microgrid, (ii)) Modelling of solar PV system, (iii) Sensitivity and reliability
characterization studies of solar PV system, (iv) Maximum power point tracking algorithm of
solar PV system under partial shading condition, (v) DC link voltage regulation of stand-alone
PV system with battery energy storage system (vi) PV inverter control algorithm for grid tied to
solar PV system. In the subsequent sections each topic is briefly discussed and reviewed without
trying to be exhaustive. The references cited in this chapter are also representative rather than

exhaustive.
2.2. SOLAR PV BASED MICROGRID

With the demand for energy constantly increasing alternative sources of generation such as wind,
hydro, solar, fuel cell etc. are becoming more popular. Among other sources, solar photovoltaic
(SPV) system has emerged as one of the best solutions as it free, low maintenance cost, reduced
cost etc. Microgrid has a limited electricity consumer network with a local source of supply that
is normally connected to a centralised national grid but can also run independently. It basically
consists of distributed generations, linear/non-linear loads and storage devices that can run in a
regulated, organised manner when connected to the grid or working in isolation. Grid connected
to microgrids not only ensures the continous supply to customers but also increases the reliability
of the system. The DGs generally are close to customer and requires power electronic devices
for interfacing to grid. Synchronisation of solar PV system to the grid introduces many
challenges viz. efficiency, reliability, power quality, etc. Appropriately designed power
electronics and controls ensure that the microgrid meets the challenges of its customers as well

as the utility [2].

The modelling of the complete system, along with control strategies, is therefore essential to
predict the behaviour of the system in a steady state as well as in dynamic state before making

an investment [3-5].
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2.2.1. Modelling and Design of Grid-tied SPV based Microgrid

Grid-tied SPV based microgrid consists of PV array, dc-dc converter, dc-ac converter,
interfacing inductors, linear/non-linear loads and grid. The primary unit of PV generation system
is PV cell. Series/parallel connection of PV cell makes PV modules and further series-parallel
arrangement of PV module makes PV array. Output parameters of a PV array depend upon the
meteorological parameters like solar irradiance and temperature. The non-linear I-V and P-V
characteristics of PV array depends upon the changes of irradiation and temperature. The variable
dc output from PV array is given to dc-dc converter (boost) to make the fixed dc. As most of the
loads are ac, so dc output is converted into ac using inverter. The inverter output can be single

phase or three phase but for connecting PV system to grid, three phase is needed.

2.3. Sensitivity And Reliability Studies of Grid-Tied PV Based Microgrid
Characterization studies viz. sensitivity and reliability studies are important aspects of system
modelling [9-14] as deviation between design and actual operation can have significant effects

on systems performance.
2.3.1. Sensitivity analysis

Sensitivity analysis helps in reducing the parametric uncertainty and improves system accuracy.
It provides a powerful method for validating a system by studying a change in the system
response with a 1 % change in any of its parameters. Many remarkable contributions by
Emilio, QU Li-nan, Xue-Gui Zhu, M. A. Azghandi, Ruifeng [11]-[15] have been made in the
field of sensitivity. C. Rodriguez et al. [16] have presented mathematical modeling of grid
connected PV system for stability studies. By performing eigen value and vector analysis,
dynamic orbits are shown which may help in seeing problem that may arise due to disturbances.
MATLAB/Simulations results show the instances where voltage of PV panel collapses, working

near to the maximum power point.

Diego Oliva et al. [17] have proposed artificial bee colony algorithm to estimate the unknown
parameters of PV cell for sensitivity analysis. Artificial bee colony algorithm was found to be
most effective in identifying parameters of solar cell models when compared with other
algorithms. P. P. Dash et al. [18] performed sensitivity analysis of current source inverter-based
grid tied SPV system. The model parameters for the equivalent circuit of PV cell were derived.
The uncertainties related to PV array, controller and grid are considered. Sensitivity analysis of

system considering different parametric variation was examined by the location of eigenmode.
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Yaosuo Xue et al. [19] conducted sensitivity analysis and voltage stability of grid connected PV
system. The authors studied the impact of disturbing parameters viz. temperature, irradiation,
load change on static and transient behavior of the system. Lei Guo et al. [20] presented cat
swarm optimization algorithm for parameter identification and sensitivity analysis of solar cell
single and double diode model. The presented results show that with proposed algorithm higher
accuracy of estimated parameters, and calculated I-V characteristic of PV system is in good
agreement with experimental -V data. L. Shu et al. [21] presented track sensitivity analysis
method for analyzing the parameters of inverter and filter, which influence the PV system.
Studies showed that parameters of the outer voltage loop control and filter parameter have higher

sensitivity than other inverter control parameters on the active and reactive power.

H. Andrei et al. [22] discussed that the PV cell parameters are dependent on irradiation and
temperature. LabVIEW and Matlab software are used to compute the measured and theoretical
parameters of the PV cell model. T.F. Elshatter et al. [23] have introduced sensitivity analysis
of the unknown parameters of PV model with respect to suggested fuzzy model parameters. FRM
of the PV modules is affected by environmental parametric change. J. Chureemart et al. [24]
performed sensitivity analysis and its application in improvising power system. The sensitivity
method needs much less computational work of computing optimal power flow for several

different systems, since only one optimal power flow computation is needed.
2.3.2. Reliability Analysis

Reliability is the probability of the system performing satisfactorily over given period of time
under stated conditions. Researchers have suggested several methods to improve the reliability
of a system or component, for reducing cost and failure time, etc. [25]-[30]. Hua Lu [31]
presented power electronic module design reliability. It highlights the need for a probabilistic

approach to the estimation of reliability, including the effects of variations in design.

M. Aten et al.[32], shows the reliability anticipation for different topologies of converter drive
suitable for aerospace applications. While the matrix converter has a higher number of
semiconductor switches, it is subjected to a lower voltage stress, which lowers its failure rate.
Carlos Olalla et al. [33] presented effect of distributed power electronics on the lifetime and
reliability of PV systems. It was shown how module or submodule-level converters can alleviate
variations in cell degradation over time. Shaoyong Yang et al. [34] conducted questionnaire for
the requirements of industrial equipment’s and reliability expectation of converters. It was

concluded from survey that the most fragile components in converters are the power

12



CONTROL OF SOLAR PV SYSTEM BASED MICROGRID FOR ENHANCED PERFORMANCE

semiconductor devices and capacitors. Freddy Chan et al. [35] calculated reliability of the power
stages in three grid tied PV system. The reliability parameters like failure rate etc. was calculated
by MIL-HDBK 217. A comparison has been drawn among different topologies to find the
component with highest failure rate. M. Reni Sagayaraj et al. [36] developed markov model to
evaluate the reliability of series and parallel configuration network. Also, fault tree analysis was
presented to study the sequence of occurrence of events. Freddy Chan et al. [37] had carried out
studies for improvement of reliability for different design of inverter. If a set of design parameters
has been chosen, the reliability can be further enhanced by carefully adjusting the stress factors.
F. Obeidat et al. [38] discussed the reliability of PV(250W) microinverter. The failure rate and
mean time between failure for gate drive, voltage and current sensor, power supply has been
calculated using MIL-HANDBOOK method. Variation in the failure rate of different
configurations of microinverter was observed for over a wide variation of temperature stress

factor and voltage ratio stress factor.

Researchers also evaluated and illustrated through experiments that the improvement of even a
single component of PV system could improve the overall reliability. Elio Chiodo et al. [39]
discussed few reliability structure adopted to include redundancy in industrial systems. It was
shown that FR of redundant reliability system is not constant even though the FR of related
component was fixed. E.E. Kostandyan et al. [40] estimated reliability considering uncertainties
for high power IGBTs in 2.3 MW wind turbine system. Reliability level were calculated by first

order reliability method considering uncertainties.
2.4. MPPT Control Algorithm Under Partial Shading Condition

Maximum Power Point Tracking algorithm is used for extracting maximum available power
from PV module. The voltage at which PV module can produce maximum power is called
maximum power point (or peak power voltage) [41]-[46]. MPPT is a commonly discussed
subject from the evolution of the PV generation system. Several MPPTs were discussed in
various literature [46]-[57] on the basis of simplicity, faster convergence speed, cost etc. Review
of the different MPPT algorithm presented between 1968-2015 was given by T. Eshram et al.
[58] and S. Lyden et al. [59].

M. A. Elgendy et al.[54] presented incremental conductance MPPT for PV array connected to
resistive load. The MPPT was tested at different weather conditions. The MPPT shows faster
response to temperature and irradiation transients. S. Singh et al. [42] presented an intelligent

MPPT control for solar panel. Perturb and observation and fuzzy logic control was compared for

13



CONTROL OF SOLAR PV SYSTEM BASED MICROGRID FOR ENHANCED PERFORMANCE

different conditions. The FLC performance was better with less oscillations. T.K. Soon et al.
[60] introduces fast converging MPPT under varying irradiation and load resistance for PV
system. In the presented work, the relationship between the load line and the I-V curve is used
with trigonometry rule to obtain the fast response. Results. It is found that the proposed algorithm
was 4times faster than I&C MPPT as results are verified through both simulation and hardware.
Chun-Liang Liu et al. [43] proposed asymmetrical fuzzy logic control based MPPT for PV
system. To achieve higher accuracy the asymmetrical membership functions of FLC were
selected. When compared with symmetrical FLC, the proposed algorithm was improved 42.8%
in terms of transient time and 0.06% in terms of tracking accuracy. K. Sundareswaran et al. [61]
developed hybrid MPPT for PV system under non-uniform irradiation. Genetic algorithm and
P&O were combined to ensure the MPP tracking. Both simulation and experimental results
verify the accuracy of the proposed algorithm. P. Mohanty et al. [62] compares the performance
of different MPPT algorithm. MATLAB/Simulink model was developed to test the performance
of MPPT under consideration for variable environmental condition. But under non-uniform
shading conditions, known as partial shading condition, the system performance is affected
considerably and is caused due to shadow of dense clouds, shadow of big trees, nearby tall
tower/building etc. This causes difference in current-voltage and complex power-voltage curve
exhibiting multiple peak with one global peak point having maximum power and many local
peaks resulting in power loss and reduced efficiency [63]-[67]. Although the conventional
techniques were easy to understand and implement but the main drawback of these algorithms
were that they may not be able to trace global peak out of multiple peaks caused due to partial
shading and also show ripple. Advancement in control strategy leads to the better tracking of
GMPP[61], [64], [68]-[72]. Many MPPT techniques based on intelligent, adaptive, genetic
algorithms were introduced in recent research work. J. Shi et al. [73] proposes dual search
algorithm in which firstly a dormant particle swarm optimization searches the global peak point
of the P-V curve and then using INC algorithm maximum power from peak is tracked.
Performance of the proposed algorithm has been validated through both simulation and hardware
results. M. Seyedmahmoudian et al. [74] employed hybrid differential evolution and PSO to
obtain maximum power from PV array during PSC’s. S.E. Boukebbous et al. [75] studied
behaviour of PV panels under uniform and non-uniform irradiation condition. From obtained
MATLAB/Simulink results it can be concluded that during PSC the tracking of peak power can
only be obtained by efficient controller. Along with implementing modified MPPT controller, to
improve the performance of PV system under partial shading, different PV array arrangements

like series-parallel (SP), total cross tied (TCT), honey comb (HC) etc may be used.
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A. A. Elserougi et al. [76] presented the enhanced power from PV array under PSC using
switched PV approach. To evaluate switched PV approach, a numerical comparison among
proposed and other conventional scheme has been established for the same condition. Validity
of the proposed scheme has been established through both simulation and hardware results. O.
Bing6l et al. [77] analysed and compared different PV array configuration under PSC. Total
cross tied PV array configuration shows the best performance among different configurations of
PV array in terms of shading loss, mismatch loss, and fill factor. F. Belhachat et al. [78] used a
6 X 4 PV array size for various shading scenarios. From conducted studies it has been that TCT
PV configuration shows the best performance. Similarly, various other researchers worked in

this area [79]-[81], [48], [51], [70], [72], [82]-[84].

2.5. DC Link Voltage Control of Stand-Alone PV System with Battery Energy Storage
System

For stand-alone PV system, solar power is the only energy source. The intermittency
problem in stand-alone PV system can be addressed by adding any storage system with PV
system. Battery is most commonly used storage device and it is very pivotal in maintaining power
balancing between supply and demand [7], [9], [85]-[88]. The major concern is to maintain the
DC link voltage. Many authors worked in the area to control the voltage across DC bus
[89]-[93].

S. Barcellona et al. in [94] presented control strategies for photovoltaic and battery system.
Control scheme can charge/discharge the battery pack accordingly to the difference between the
power generated by the PV system and the one absorbed by the loads. S. Jha et al. in [95] gives
modified enhanced phase locked loop control scheme for PV-battery stand-alone system. For
continuous supply to load, a diesel generator is used at low solar irradiation and battery condition.
Simulation studies and hardware realization of the proposed control scheme was done to
establish the efficacy of control operation. Author’s in [96] developed hybrid energy source with
common dc link connected to grid. Adaptive Neurofuzzy inference system (ANFIS) was used as
MPP tracker. Battery state of charge was governed using bidirectional controller.
MATLAB/Simulink software is used to model the utility grid linked hybrid system and efficacy
of the control algorithm was tested under various input/output conditions. In [90], authors
presented single stage grid tied to solar and battery system. The proposed system minimises the
losses by removing boost converter and power flow was made flexible by using battery. The
obtained test results were studied on both fixed and variable power mode. In [97] authors gives

real-time implementation of SPV and battery energy storage (BES) to control DC connection
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voltage and mitigate reactive power thereby delivering active power to local loads in grid-
connected service. Fitting Toolbox in MATLAB/Simulink was used to regulate dc voltage.
Variation in input and output was given to verify the efficacy of the controller. A. Karni et al. in
[98] gives the energy balance control algorithm for DC bus regulation of grid-battery PV system.
Using proposed control algorithm, system gives good performance in terms of accuracy, speed,
overshoot as can be seen from simulation results. Battery can also be used with other renewable
energy sources to continuously supply the load demand and lessens the burden of the
conventional grid. This type of system is known as hybrid energy storage system. Many research
articles were presented in this area that was reported in [91], [99]-[101].

In [102] authors gives the findings of a wind/PV/BESS integrated system simulations study to
enhance the smoothing efficiency of wind and PV power generation. An energy smoothing
control scheme fuzzy logic - based and wavelet based is proposed for reducing output power
fluctuations in wind/PV/BESS hybrid power generation systems. A. Mohammadzadeh et al. in
[103] presented a novel design fuzzy control method of power management in a PV-battery
hybrid system is presented. The adaptive interval type-2 fuzzy neural networks estimate the
uncertainties online. In contrast to other well-known control techniques, the applied control
technique results in good performance in the presence of time-varying radiation, temperature

shifts, and output load variance.

2.6. PV Inverter Control Algorithm for Grid-Tied PV Based Microgrid

Grid interfaced PV system is used for feeding PV power into the grid. Grid interfaced PV system
acts as DSTATCOM to work upon power quality issues like load reactive power compensation,
load unbalance compensation, load harmonic compensation [48], [51], [70], [72], [82]-[84],
[104]-[108]. The grid connected PV systems can either be a single stage configuration or a two-
stage configuration. In single stage configuration, PV array is interfaced directly to the dc-link
of VSI [108]-[110]. L.B.G. Campanhol et al. [111] presented dual compensating and
feedforward control loop for single stage three phase grid interfaced PV system. A.A. Hassan et
al. [112] presented modeling and simulation of single phase grid interfaced PV system. The THD
has found to be well within the IEEE standard. Singh et al. [113] have proposed a single stage
configuration with ILST control of VSI, the VSI transfer the extracted PV energy to three-phase
grid and simultaneously helps in enhancing power quality.

In two-stage configuration the PV array is interfaced to dc-link of VSI by a dc-dc converter
[114]. Also, the efficiency of the grid interface inverter depends mainly on the generation of the

reference or the compensation signal [105]. Substantial literature is available on control
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algorithms for double stage three phase grid tied PV system. Some conventional time domain
control algorithms are synchronous reference frame (SRF) theory, power balance theory,
instantaneous reactive power theory, conductance fryze, etc [115]-[119]. The controllers based
on intelligent techniques such as neural network, fuzzy logic and adaptive neural-fuzzy network
have been presented in the literature [105], [118], [120], [121]. Various authors have proposed
in the literature that the parameters of conventional controller such as proportional integral (PI)
vary according to variation in system parameters and require exact mathematical model of the
system. However, intelligent controllers such as fuzzy, adaptive neuro-fuzzy etc. are robust and
exhibit better transient and steady state response than conventional PI controller [122], [123].
N. Gupta et al. [124] presented asymmetrical fuzzy logic controller for solar tied to grid. The
fuzzy membership functions were fine-tuned at center while they may be coarse tuned away from
center, depending on the error to maintain power quality under linear/nonlinear loads.

Adaptive control algorithms such as [125]-[129] are implemented for PV inverter control and
are also used to regulate the output of the system using the basics of the LMS (least mean square)
and the LMF (least mean fourth) techniques. Better performance under steady state condition
can be attained using LMS while LMF has faster convergence rate. Adaptive control techniques
provide a systematic approach for automatic adjustment of controllers in real time in order to
achieve desired performance [116], [125], [127], [130], [131]. This area is developed in terms of
adaptive filtering, control algorithms and analysis. Adaptive control can provide automatic
tuning in closed loop for the developed controller parameters [1], [122], [123], [132]-[134].
Arya et al. [135] have developed leaky least mean square based control algorithm for control of
three phase DSTATCOM, with improved dynamic response and fast convergence. Various other
adaptive filtering techniques based on Wiener filter, fixed step LMS and variable step size LMS
have been presented for numerous applications of noise reduction in signal processing and
harmonic detection in shunt active power filter [136]—[140]. Singh et al. [133] have presented an
implementation of adaptive filter for three phase DSTATCOM for harmonics elimination,
reactive power compensation and load balancing.

M. Mangaraj et al. in [141] presented sparse least mean square for controlling the DSTATCOM.
It is observed that the sparse LMS algorithm has better DC link response, reduced harmonic in
source current, balanced 3-phase voltages etc. S. Pradhan et al. [142] have developed modified
VSS-LMS (variable step size LMS) algorithm for control and synchronisation of 1-phase voltage
source inverter. Its performance has been compared on both simulation and hardware for

different input output conditions. A. Arora et al. [143] have implemented functional link artificial
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neural network (FLANN) for shunt compensation. The developed algorithm performs

satisfactorily under steady state and transient response as well as it has fast convergence.

2.7. IDENTIFIED RESEARCH GAPS

Though a lot of research work has been carried out in the field of solar PV based microgrid, still
some of the issues remain unresolved. Based on the aforementioned extensive literature survey,
following research gaps were identified:

1. There are uncertainties in system which has not been taken care of at design stage.
Further, different PV array arrangements are not considered for sensitivity and reliability
studies.

ii. ~ MPPT control algorithms developed till now can be improved further for tracking global
peak point efficiently under partial shading condition.

iii.  In a standalone PV system, battery is used as alternate energy source for continuous
supply of power to load. DC link voltage control in stand-alone PV system with BESS is
area of concern.

iv. PV inverter control algorithms developed till now have scope for improvements in terms

of convergence rate, dc offset rejection capability, working under unbalanced grid etc.

2.8. CONCLUDING REMARKS

In this chapter, the literature review on solar PV based microgrid and allied zones have been
carried out. Researchers’ contribution in the area of design and modelling of SPV connected to
utility grid with their control algorithms has been presented. A survey of the sensitivity and
reliability analysis of PV system and relevant areas has been brought out. Work in the area of
dc-link voltage control for PV system with battery storage are presented. Review of the work of
various researchers in the area of control PV inverter for SPV tied to grid is presented. Based

on the literature studied, the research gaps in the solar PV based microgrid are identified.
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CHAPTER-III

MODELLING AND DESIGN OF SOLAR PV BASED MICROGRID AND
ITS CHARACTERIZATION STUDIES

INTRODUCTION

Renewable energy source based microgrids are gaining importance due to the exhaustion of
fossil fuels and increase in greenhouse gases. Solar PV based microgrid is one of the most
suitable RES based microgrid, especially in remote areas where electricity from the central grid
is not available and alternative sources of electricity such as diesel are expensive. This chapter
contributes toward the modelling and design of solar PV based microgrid and its characterization
studies. The simulation model of the Solar PV based microgrid is developed in MATLAB
environment using SIMULINK and Sim Power System tool boxes. The characterization studies

are performed to get a clear insight about the performance of the system at the design stage itself.

Characterization studies viz. sensitivity analysis and reliability analysis are carried out to validate
the design of the developed system. Sensitivity analysis is used to study the validity of parametric
variance, while reliability analysis is used to study risk management. Different PV array
configurations have been considered for developing sensitivity and reliability functions. The
sensitivity functions for solar cell and boost converter with respect to influential parameters have
been developed by first derivative of Taylor’s series. Also, reliability analysis for electrical and
electronic components of the system have been performed using pareto analysis and reliability
model of the PV based microgrid has been developed using reliability block diagram for different
PV array configuration. The Fault tree analysis (FTA) model of the system has been established
to find the cause of failure and steps the events serially. Further, Markov’s model has been used
to develop the reliability functions of individual component and hence from it the reliability
model of the complete grid connected PV system has been developed.

A SPV based microgrid can be configured as:

e Stand-alone SPV based microgrid
e Grid connected SPV based microgrid

This chapter is based on the papers - (i) “Sensitivity Analysis of solar PV system for different PV array
configurations” accepted in Springer CCIS proceedings, of 16™ ICInPro 2021. (ii) “Reliability assessment
of Grid interfaced PV based Microgrid for different PV array configurations” accepted in International
Journal of Information Technology (Springer).
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The mathematical modelling and parameter selection of both stand-alone PV system as well as

grid connected systems have been presented in the subsequent sections.

3.2 DESIGN AND MODELLING OF STAND-ALONE SOLAR PV SYSTEM

The stand-alone SPV system as shown in figure 3.1 comprises of main components viz. PV array,
boost converter, MPPT controller for maximum power point tracking, voltage source inverter
and load. The output of SPV system is converted into regulated dc output using de-dc (boost)
converter and further the output of dc-dc (boost) converter is converted into ac voltage using
three phase inverter for utilisation by ac loads.

The mathematical modelling and design of stand-alone PV system is presented below.

SimPower/Simulink software is used for the simulation studies.
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Fig. 3.1. Schematic Diagram of stand-alone PV system

3.2.1. PV Array
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Fig. 3.2. Formation of PV array from PV cell
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The basic unit of PV array is PV cell which is an active transducer that converts energy from
sunlight (photons) into electricity (current). PV cells are connected in series and / or parallel to
form PV modules which can be further connected in series or parallel to make PV array of desired

output voltage and current as shown in figure 3.2.

The ideal single diode model of solar cell comprises of light generated current source with a
single anti-parallel diode. Figure 3.3 presents the ideal and practical equivalent circuit of single

diode model used in the proposed system. Rs and Rsh represent series and shunt resistance of the
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Fig. 3.3 Equivalent circuit of single diode PV cell

The output current for the PV cell 1o (PV cell) can be expressed using Kirchhoff’s law as given
in equation (3.1) [144]:

Io/p(PVCell) = les— Ig— Isy (3.1

where, Ics is the photon current, Iqis the diode current and Ish is the reverse saturation current

qQ(Vo/p +1o/p*Rs Vo/mmtlo/p Rs
Io/p(PVcell) =Ies — 1o * [exp( ( /pAkT/p )) - 1] - % (3.2)

The output current for the PV array /o) is given as shown in equation (3.3):

Voo +1o/p*Rs (s/p))> _ 1] _ Vop+lo/p Rs (s/p) (3.3)

a(
lojp =P-lphe = P-Ip * lexp( SAKT Rsn(s/p)

The photon current (Ics), short circuit current of cell (Isec) and open circuit voltage (Voc) are given

by equations (3.4) to (3.6):
H
les = Ioce 7 (14K (T = Tey)) (3.4)
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ICS
Iscc = <1+}f—5> (3.5)
sh
NsAKT Ies
Voo == n (KJ’ 1) (3.6)

where, q is the elementary charge (1.602*10™" C), Vop is the output voltage of a PV array, A is
the ideal factor of the cell and is dependent on PV technology, Rs is the series resistance (£2) and
Rn is the shunt resistance (Q) of solar cell, k is the Boltzmann constant (1.38%1072 J), T and Trer
is the actual and reference operating temperature, s and p are the number of cells in series and
parallel, H and Hier is the solar insolation and reference solar insolation (1000W/m?), I, is the

diode saturation current.

PV modules are electrically wired together in series or parallel configuration to form PV array
of desired rating. The I-V and P-V characteristics of PV array depends upon the intensity of
insolation and temperature. Figure 3.4 shows the influence of insolation and temperature on
I-V and P-V curve of 1.28 kW PV array having 70.8 V maximum voltage and 18.08 A maximum
current (Appendix B (a)). It can be seen that, with change in temperature, voltage changes

appreciably while change in insolation causes appreciable change in current.
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Fig. 3.4. Current vs Voltage and Power vs Voltage curve of proposed SPV system at a) Variable insolation b)
Variable temperature
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3.2.1.1. PV Array Configuration

The performance of PV array depends upon the way different modules are connected. Various
PV array configuration are series (S), parallel (P) series-parallel (SP), total cross tied (TCT)
bridge linked (BL), honey comb (HC) as shown in figure 3.5. Generally, series-parallel PV array

performance of the system.

configuration is used but other configurations can also be implemented to enhance the
o)
(a) Series (S)

O
O
E E E o ﬁ o
O l O
(c) Series-Parallel (SP) (d) Total-Cross-Tied (TCT)
i | | | O
O
(e) Bridge Linked (BL) (f) Honey Comb (HC)
Fig. 3.5. Schematic diagram of various PV array configuration
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3.2.2. Design of Boost Converter

The output of PV array is not constant but depends upon the atmospheric conditions. A dec-dc
converter is used to regulate the output of PV array. Converters are basically of three types: buck
converter, boost converter and buck-boost converter. In the present work, dc-dc boost converter

is used. The equivalent circuit of boost converter is shown in figure 3.6.

T » ‘
T .
vV /p I C == Vo/p
Gating
Signal

Fig. 3.6. Equivalent circuit of Boost Converter

The main components of boost converter along with IGBT switch are the series inductor and
shunt capacitor. The values of inductance, capacitance and duty ratio can be obtained from

equations (3.7) to (3.9).

Visp*(Vo=Visp)

L = m (37)
_ Visp

a=1- (V—) (3.8)
_ Ta(Vo=Visp)
T (AV Vofsw) (3.9)

Where, Vip is the input voltage of the boost converter, Vo is the output voltage of the boost
converter, o is the duty ratio, Al is the output ripple current and it is considered as 10% of the
input current, fsw is the switching frequency, AV is the peak ripple voltage and it is considered
as 3% of the output voltage. For the proposed system (Appendix B (a)), the value of the inductor
is calculated as 1.ImH and capacitor as S500uF. The reference duty ratio of the converter is
obtained using the MPPT algorithm. Switching frequency of 10 kHz is used to generate gating
signal for the IGBT switch of boost converter.

3.2.3. Maximum Power Point Tracking

Maximum power generated by PV system varies due to ambiguous weather conditions, as can

be seen from figure 3.4. MPPT is used for extracting maximum available power from PV module.

24



CONTROL OF SOLAR PV SYSTEM BASED MICROGRID FOR ENHANCED PERFORMANCE

The voltage at which PV module can produce maximum power is called maximum power point
(or peak power voltage) [145]-[148]. For tracking MPP, several conventional algorithms viz.
perturb and observe (P&O), incremental conductance (INC), fractional short circuit current,
fractional open circuit voltage etc. can be used. In the proposed work, P&O and INC algorithms

are used to track maximum power and are explained below:

3.2.3.1. Perturb and Observe (P&O) Algorithm

( START )

\ /
Measure Power and

Voltage
of PV Array

Yes

P(n)-P(n-1)=0

P(n)-P(n-1)>0

V(n)>V(n-1) Yes
Y Y
Decrease duty Increase duty Decrease duty Increase duty
ratio ratio ratio ratio
\ \ \ \/

RETURN

Fig. 3.7. Flowchart for Perturb and Observe MPPT algorithm

Perturb and observe operates by periodically perturbing (i.e. incrementing or decrementing) the
duty cycle and comparing the PV output power with that of the previous perturbation. It measures
the derivative of power AP and the derivative of voltage AV to determine the movement of the
operating point. If the perturbation leads to an increase (or decrease) in array power, the

subsequent perturbation is made in the same (or opposite) direction as seen from flowchart in
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figure 3.7. Figure 3.8 shows the block diagram of a P&O algorithm for solar PV system.
Table 3.1 shows the operation of P&O algorithm.

1 001
i Switch > X < + > G;‘:;'lz\l/:or D—ut;
r I: Ratio
J Deay
- vl
Fig. 3.8. Block Diagram of the P&O algorithm
Table 3.1. Operation of the P& O Algorithm
S. No. APpy AVpy Vpv(ref.) Duty Ratio
1. >0 >0 + —
2. >0 <0 — +
3. <0 >0 - +
4. <0 <0 + —

3.2.3.2. Incremental Conductance (INC) Algorithm

The INC algorithm detects the MPP by comparing% against —I/V till the incremental

. Al 1 . .
conductance is equal to the source conductance. At the MPP, - "y ho control action is needed

and the algorithm will update the stored parameters at the end of the cycle. In order to detect any
changes in weather conditions, the algorithm detects whether a control action took place when

the array was operating at the previous cycle MPP (4V=0).

AL _ _ L At MPP
AV 74

AL > —Licft of MPP (3.10)
AV 14

AL < — L Right of MPP

yi\’4 14
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START

Measure Voltage and
Current
of PV Array

Increase Vrer Decrease Vrer Decrease Vrer Increase Vrer

v v v v v v

Fig. 3.9. Flowchart for INC MPPT algorithm

av/oP

001 L

1 o X

JF_) PWM

Generator Duty
Ratio

saturation

@ o1/ 0P 3o o

Memory 0 —

Fig. 3.10. Block diagram of the INC algorithm

The flow chart of realizing INC algorithm is given in figure 3.9. The flow chart gives insight
steps to realize INC MPPT algorithm for controlling the switching action of boost converter to
achieve MPP operation. Figure 3.10 shows the block diagram of INC algorithm for the solar PV

system.
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3.2.4. Design of Inverter

The output of dc-dc converter is converted into ac voltage using three phase inverter. A three
phase two level VSI having 6 IGBT switches is used as shown in figure 3.11. Each IGBT switch
shall be capable of blocking complete dc link voltage and the voltage rating of IGBT switches
should be selected accordingly. The current rating of each switch depends on the current that

will flow through the switch. This current is due to the PV array current, and harmonic

+ I 4}
-4 -4
Three
Vae ==Cac phase-AC
- - Load

Fig. 3.11. Equivalent circuit of three-phase voltage source inverter

compensating current.

3.3. DESIGN AND MODELLING OF GRID TIED SOLAR PV SYSTEM
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Fig. 3.12. Schematic Diagram of SPV system connected to Grid

This section deals with the modelling and design of a grid tied solar PV system. The schematic
diagram of double stage grid tied solar PV system consisting of a PV array of 11.78 kW capacity
integrated to three phase grid at 415 V, 50 Hz is shown in figure 3.12. is given. The system
consists of two stage conversions: firstly, variable dc from PV array is converted into fixed dc
of required magnitude by boost converter and then grid connected PV inverter is used to convert
this dc voltage into ac voltage of desired magnitude and frequency for supplying ac load.

MATLAB SimPower/Simulink software is used for the simulation studies.
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3.3.1. PV array

An inbuilt PV module of MATLAB/Simulink has been used to make PV array of desired rating
and specification. In the present work, Sun modules are used. The specifications of the same are
given in appendix A. The PV array of 11.78 kW is formed with 3 strings having 20 PV modules

connected in series in each string. (Appendix B (b)).
3.3.2. Design of Boost Converter

For the proposed system, the value of the inductor and capacitor is calculated as SmH and
2.2 uF respectively, from the equations (3.7) to (3.9). The reference duty ratio of the converter
is obtained using the MPPT algorithm. Switching frequency of 10 kHz is used to generate gating
signal for the IGBT switch of boost converter.

3.3.3. DC Link Voltage

The value of DC link voltage (Vac ) must be greater than twice the peak value of supply line to
line voltage. For a three-phase system, it can be calculated by equation (3.11) as given below:

_ 242V

Vae = =5 (3.11)

Where, VL is the RMS value of three phase ac side voltage, taken as 415V, m is the modulation
index and is taken as 0.9. The calculated value of DC link voltage is 753 V while the selected
value is 800V.

3.3.4. DC Link Capacitor

The dc-link capacitor value should be large enough to address system dynamics; thus, its size is
determined by the instantaneous energy available to the VSI during transients. The dc-link
voltage should be kept constant despite variation in load and generation. The value of dc link
capacitor can be calculated by equation (3.12):

Cpo=—M (3.12)

2.w.Vqcripple

where Im is PV array current at maximum power, w is grid frequency, Vdcripple is ripple in dc link
voltage (2% of Vac). For the proposed system, the calculated value of Cacis 2.2 pF. The selected

value of capacitor is 3 puF.
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3.3.5. Interfacing Inductors

Interfacing inductors, Ly are used at the ac side of PV inverter, which couple the inverter to the
grid. The inductors are used to minimise the ripple in output current of inverter. The interfacing
inductors are designed using equation (3.13),

V3mVgc

Ly = 12h fopAi

(3.13)

where Ai is the current ripple taken as 10 % of inverter current, f;,, is the switching frequency
taken as 10 kHz in the present work and /% is the overload factor taken as 1.2. The value of

interfacing inductor is calculated to be SmH for the proposed system.
3.3.6. Design of Inverter

A three phase two level VSI having 6 IGBT switches is used as shown in figure 3.11. Each IGBT
switch shall be capable of blocking complete dc link voltage and the voltage rating of IGBT
switches should be selected accordingly. The current rating of each switch depends on the current
that will flow through the switch. This current is due to the PV array current, and harmonic
compensating current. In the proposed design Vdc is equal to 800V therefore with safety factor

of 1.5, voltage rating of IGBT should be 1200 V.

3.4. CHARACTERIZATION STUDIES OF SOLAR PV BASED MICROGRID

For efficient and reliable performance of PV based microgrid, sensitivity and reliability analysis
need to be performed at the design stage. Sensitivity analysis is performed to determine the
change in the behaviour of a system due to change in influential parameter while reliability is

the system’s ability to perform without fail under the stated period of time.
3.4.1. Sensitivity Analysis

Sensitivity analysis is the performance evaluation technique for evaluating the change in the
system’s performance with respect to the change in its parameters. Normalised sensitivity is the
percentage variation in the value of the system for 1% variation in the value of the influential
parameter. The normalized sensitivity of a function, F with respect to parameter ‘n’ can be

evaluated by using equation (3.14):

&F a?p n\ (90F
%=§=@Mﬁ) (3.14)
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If number of parameters change at the same time, the sensitivity is calculated by Jacobian matrix
as given in equation (3.15):
9F1  9F1 9F1

on1 on2’~ OnN

(3.15)

](l):ni = ° ° .
oFa oA oFa
on1 on2 onN
In the present work, the sensitivity analysis of solar cell parameters viz. photon current, short
circuit current and open circuit voltage (Ics, Iscc, Voc) is performed with respect to insolation
and temperature (H, T). Further, sensitivity of boost converter output voltage has been

determined with respect to inductance value, capacitance value and duty ratio.

Sensitivity functions of Ics, Iscc, Voc with respect to H, T are given by equation (3.16) to (3.21):

AI H ISCC

eles T (Iscc*Ki*xH

ST N ICS( Href ) (317)

elscc _ _H 1 Al

S = Iscc <1+RR—S " oH > (3.18)
sh

adlscc _ T 1 Alcs

Sp = Iscc <1+§—S rn > (3.19)

sh

AVOC _ i NS AkTaC alﬁ

Su = Voc * (q (Ies +1p) * oH ) (3.20)

]V T N Ng Ak Ty Y

17 et [_ <; Eg—Voct——— (3 + 5))] (3.21)

Sensitivity Function of Boost Converter output voltage with respect to capacitance value (C),

duty ratio (o) and inductance value (L) are given by equation (3.22) to (3.24):

aVosp _ C AV fsw Vi/p Ia

Sc = Vo,p ((Ia— CAvV fsw)z) (3.22)

aVorp _  « Vi/p

S = e (—(1_002) (3.23)

aVop L ( Alfsw Vi, )

S = 3.24
L Vosp \(Vi/p— LAl foy)? (3.24)
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3.4.2. Numerical results and Analysis

Table 3.2. Sensitivity function and its values of solar cell and boost converter

PV Array Partial Difference
Sensitivity Function
Configuration Differentiation Equation
S 1.000 0.999
glcs
H
P/SP/TCT/BL/HC 1.000 0.999
S 0.097 0.098
glcs
T
P/SP/TCT/BL/HC 0.097 0.098
S 0.998 0.998
glscc
H
Solar Cell P/SP/TCT/BL/HC 0.997 0.997
parameters S 0.096 0.096
’S‘Iscc
T
P/SP/TCT/BL/HC 0.096 0.096
S 0.0040 0.0040
gVoc
H
P/SP/TCT/BL/HC 0.0041 0.0041
S -1.05 -0.99
gVoc
T
P/SP/TCT/BL/HC -1.04 -0.99
S 0.57 0.56
gVO/P
C
P/SP/TCT/BL/HC 0.55 0.55
Boost S 0.965 0.965
converter §Z°/ P
parameters P/SP/TCT/BL/HC 0.964 0.964
S 0.95 0.96
aVosp
Sy
P/SP/TCT/BL/HC 0.94 0.95
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Corresponding normalized sensitivity values calculated using data in appendix C are shown in
table 3.2. The sensitivity values have been calculated for different PV array configuration.
Further, to validate the results of sensitivity analysis, the sensitivity values obtained from
sensitivity functions are compared with the results obtained from difference equations by

changing values of parameters of interest by 1%. The two results conform.

It can be observed from table 3.2 that all the PV array configurations are equally sensitive to the
parameters of interest. The effect of insolation on the Vo is least for all configuration while Ics is
most sensitive with respect to insolation. Also, it can be seen that open circuit voltage is
negatively affected by temperature which is also validated from figure 3.4. The Voc decreases

with increase in temperature and increases with increase in insolation level.

Sensitivity graph for photoncurrent
1
0.8
B
Z 06
g 0.4
w
0.2
0 1
4 3 2 1 o0 1 2 3 4
O Temperature B Irradiation
(@)
Sensitivity graph for output voltage of boost
converter
1 Py
0.8
g
Z 0.6
£ 0.4
#
0.2
0
-4 -3 -2 -1 0 1 2 3 4
[l Capacitance Value @ Inductance Value
O Switching Frequency B Duty Cycle

(b)
Fig. 3.13. Sensitivity graphs for (a) Photoncurrent and (b) Boost converter output voltage

Sensitivity graphs for photoncurrent with respect to temperature and irradiation, and boost
converter output voltage with respect to capacitance value, inductance value, switching

frequency and duty cycle has been obtained from the developed sensitivity functions. Fig. 3.13
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(a) and (b) shows the calculated sensitivity values by changing each design variable from —4%

to +4% in steps of 1%.

3.4.3. Reliability Analysis

According to Institute of Electrical and Electronic Engineers (IEEE), “Reliability is the ability
of a system or component to perform its required functions under stated conditions for a specified
period of time”. Reliability model of the PV based microgrid has been developed using reliability
block diagram considering different PV array configurations. The Fault tree analysis (FTA)
model of the system has been developed. Further, Markov’s model has been developed of
individual components and from it the reliability model of the complete grid connected PV
system has been developed.

3.4.3.1 Component Reliability

Reliability of any system depends upon the probability of its components functioning
satisfactorily over the specified interval of time. As the actual working condition of components
are different than the conditions at which they are tested, to compute the reliability of
components, actual failure rate (Ap) needs to be calculated. Failure rate (A) can be defined as the
anticipated number of times that an item fails in a specified period of time. Actual failure rate
can be calculated by multiplying manufacturer failure rate (Av) values, listed in MIL-HDBK 217,

with its stress factors is given by equation (3.25):

Ap = Ap(ITi=y 1) (3.25)
where, p; is the product of all stress factors of electronics components in the system. The various
stress factors considered are reverse voltage index failure of diode (), device power rating (pa),
capacitance value (pc), temperature (L), component’s quality (Jq), operational environment (L),

capacitor voltage index factor (uv), power factor (pp) and power stress factor (pps).

The mean time between failure (MTBF) can be expressed in relation to failure rate as given by

equation (3.26):
MTBF = A, (3.26)
Then reliability can be computed from equation (3.27),

Reliability, R; = e ! (3.27)
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Table 3.3. and 3.4. tabulates the failure rate, in per million hours and MTBF, in hours, of the

various electronics and electrical components respectively [29,30,112].

Table 3.3. Failure rate and MTBF of Electronics components

Manufac
Actual
ture
. Stress Factors Failure MTBF
Electronic Failure
. Rate
Devices Rate
Ao B | s | oM | e | Mo | Be | B | W e A !
0.11 1 1
P\ 86171051, + 273 298
6.578x
Inductor | 3.24*10° 20 | 1 = 236 0.00152 0
Where, Tj=Junction Temperature
( 0.08 1 1 )
P\ 8617+ 105 T +273 ﬁ]
1.109%
Resistor 0.0037 23 10 | 1 1 =10.58 0.9003 i
Where, T= Temperature
Switch 0.012 10 8 | 1 1925 |— ! 3.63 3.48 287
wiee - P\ TP 273 " 208)) T - 0
y243 exp (— 3091 [— - i]) 3.690%
Diode 0.03 ° 8 | 1 T;+273 298 0271
=0.29 10
= 8.004
coz exp (— 035 [ L__ i]) 8.032%
Capacitor | 7%10* 10 1 | 521 8.617 x 1075 [T + 273 298 0.1245
=13 10
=1533
Table 3.4. Failure rate and MTBF of Electrical components
Component Failure Rate MTBF
PV Module 0.0152 6.578x107
Inverter 21.2 4.7169x10*
Battery Energy Storage System 10.958 9.125x10*
Charge Controller 5.479 1.8251x10°
Load 10 1x10°
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Pareto analysis of the electronic and electrical components is shown in figure 3.14 (a) and (b).
From table 3.3, 3.4 and figure 3.14 (a) and (b), it can be concluded that switch and inverter have
the highest failure rate amongst electronics and electrical components respectively.

Failure rate of the electronic Failure rate of the electrical
components components

PV Module

Capacitor / Inductor /—

T

Diode

Charge
Controller

Switch_—

\ Battery

System
Fig. 3.14. Pareto Analysis of (a) Electronic components and (b) Electrical Components

Failure rate of a system, Asys, can be calculated by the summation of failure rate of all the

individual components (Ainco).

Asys = 2 Ainco (3.28)
The reliability of individual components can be calculated as given by equation (3.29):
Reliability = e~ *incot (3.29)
Reliability of the system with components connected in series is given by equation (3.30):
Roeries =TTt Ry (3.30)

and the reliability of the system with components connected in parallel is given by equation
(3.31):

Rparallel =1- ?:1(1 —R) (3.31)

3.4.3.2. Reliability calculation of different PV array configuration - The reliability of

different PV array configurations has been calculated as below.

Case 1 (Series Rs): For series configuration of PV array, all PV modules are connected in series

as shown in figure 3.15 (a) and the reliability Rs can be calculated by using equation (3.30).
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Case 2 (Parallel Rp): For parallel PV array configuration, all PV modules are connected in
parallel with each other as shown in figure 3.15 (b) and the reliability Ry has been calculated
using equation (3.31).

(a) Rs= 1% Ry; = 0.85 (b) Rp=1 —[I;%,

Fig. 3.15. Reliability calculation of (a) Series PV array configuration and (b) Parallel PV array configuration

Case 3 (Series-Parallel Rsp): The PV string (each column) in array configuration is connected in
series as shown in figure 3.16. So firstly, the reliability of each string of PV array, Rpyst, 18

calculated and finally, the reliability of series-parallel combination, Rsp, of PV array has been

calculated.
0
-
0]
Series Parallel
connected < connected
string l array
O
.
0

Step 1 Step 2, Rgp = 0.99
Fig. 3.16. Reliability calculation of Series-Parallel PV array configuration

Case 4 (Total Cross Tied): In total cross tied PV array configuration as shown in figure in 3.17,

each row is connected in parallel and further, the PV array is reduced to series connection, Rpst.
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Finally, the reliability of TCT configuration, Rrct, of PV array has been calculated. The

reliability of total cross tied PV array configuration is 0.96.

Parallel connected
modules

L « 4 Y — 4 \ 4 O
Series
- connected
- string
—

Step 1 Step 2
RTCT s 096

Fig. 3.17. Reliability calculation of Total Cross Tied PV array configuration

Case 5 (Bridge Linked): The bridge linked PV array configuration is shown in figure 3.18. In
step 1, the reliability of PV modules connected in series is calculated using equation (3.30) and
then in step 2 the reliability of PV modules connected in parallel is calculated using equation
(3.31). Further, using star to delta conversion, star connection is converted into delta. The

reliability of bridge linked PV array configuration is 0.99.

o o o - _ _ o
Parallel connected
) modules
series
connected
modules
series
connected
modules

Step 1 Step 2, Rg;, = 0.99

Fig. 3.18. Reliability calculation of Bridge linked PV array configuration

Case 6 (Honey Comb): The honey comb PV array configuration is shown in figure 3.19. The
reliability of PV modules connected in series is calculated using equation (3.30) and then the

reliability of PV modules connected in parallel is calculated using equation (3.31). Further, using
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star to delta conversion, star connection is converted into delta. The reliability of honey comb

PV array configuration is 0.99.

O
. series
series
connected
connected
modules
modules
L L O

Fig. 3.19. Reliability calculation of Honey comb PV array configuration

Table 3.5. Reliability of different PV array configuration

PV array Configuration | Reliability
Series 0.85
Parallel ~1
TCT 0.96
SP/ BL/HC 0.99

3.4.3.3. Reliability of SPV based microgrid: In this section, the reliability model of SPV based
microgrid has been developed using reliability block diagram, FTA and Markov model.

Reliability Block Diagram

1) Stand-alone SPV based microgrid:

PV array
Boost Capacitor | | Inverter LOild
converter + 1 E=/100) =
(: /:) Rs - —
R1 R2

Fig. 3.20. Reliability block diagram of stand-alone SPV based microgrid
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Figure 3.20 shows the reliability block diagram of stand-alone SPV system. The reliability of the
various components is given in appendix D [30].
Rstand-atone = R1* Ry * R3 * Ry * Rs (3.32)

2) Stand-alone SPV based microgrid with BESS: Figure 3.21 shows the reliability block
diagram of stand-alone SPV system with BESS.

Rstand—aloneBESS = [1 - (1 - R1 * Rz)(l - R6 * R7)]R3 * R4 * RS (3-33)
PV array
Boost Capacitor Inverter Load
converter Y 1 > / > ="
(=) T ( %) %]
R2 R3 R4 Rs
Charge
Al Controller
4 —
Ré6 R7

Fig. 3.21. Reliability block diagram of stand-alone SPV based microgrid with BESS

3) Grid interfaced SPV based microgrid with BESS: Figure 3.22 shows the reliability block
diagram of SPV based microgrid with BESS. The reliability of the complete PV system,

Rrvs, is calculated by series-parallel combination network, so it can be calculated by:

Rpys = [1—{(1— (1= (R * R))(1 = (Rg * R))) * Rs * Ry} {1 — Ry * Ry * Ryo}| x Rs  (3.34)

PV array
Boost Capacitor Inverter Load
converter Y L > / > =
i T =/"0) 3 {E])
R2 R3 R4 Synclﬁonizer RS
8
+
Switch
Charge -z
Battery Controller Gfd
e Ti
= 1 2 %
Re6 R7
Ri10

Fig. 3.22 Reliability block diagram of grid interfaced PV based microgrid with BESS
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3.4.3.4. Numerical results and Analysis

The reliability values for different PV array configurations have been given in table 3.5. It can
be seen that, the reliability of parallel PV array configuration is highest i.e., approximately equal
to 1. This implies, even if any module fails, the PV array still continue to work as all PV modules
in an array are connected in parallel with each other. The reliability of series-parallel, bridge link
and honey comb PV array configuration is 0.99, while series PV array configuration is least

reliable among all.

The reliability values of grid interfaced PV based microgrid with BESS and stand-alone PV
system with different configurations can be calculated using equation (3.32) to (3.34) and are
shown in table 3.6. It can be concluded, that the grid connected PV based microgrid with BESS

is more reliable than stand-alone PV based microgrid.

Table 3.6. Reliability of stand-alone and PV based microgrid with BESS

PV array Configuration |  Rund-atone R stand-aloneBESS Rpys
Series 0.59 0.72 0.88

Parallel 0.71 0.73 0.88

SP/ TCT/BL/HC 0.70 0.73 0.88

20

Stress

4

Reliability 0 0 Time (hours)

Fig. 3.23. 3-D Reliability curve of grid interfaced PV based microgrid with BESS considering stress factor.
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Figure 3.23 shows the 3-D curve of reliability vs time vs stress factor considering the dependence

of the PV system on inverter functioning. The reliability of inverter depends upon the reliability

of its switch, which in turn, depends on various considered stress factors.

3.4.3.5. Fault Tree Analysis (FTA) Model

System Fail

PV module
Failure
(2=0.0152)

Microgrid
Fail Grid Fail
|
AND
Capacitor Inverter
Failure Failure
AND (2=0.125) (2=21.2)
Repairable Repairable
PV System + Battery Energy
Boost Converter System + Charge
failure Controller failure m
I I
1 Battery Charge
Boost Failure c(l):‘nt.ll“oller
2=10.958 aflure
converter ( ) (0=5.479)

Failure

(A=3.871)
AND
1 |
Switch Inductor Diode
Failure Failure Failure
(A=3.48) (3=.00152) (30=0.271)
Repairable Repairable Repairable

<

Fig. 3.24. FTA model of grid interfaced PV based microgrid with BESS

Fault tree analysis is a graphical tool to find the causes of system level failures. It uses Boolean

logic to combine a series of lower-level events and it is basically a top-down approach to identify

the component level failures (basic event) that cause the system level failure (top event) to occur.

Fault tree comprises of event and logic gates. To determine the reliability, FTA finds the cause

of failure or it steps the events serially. The concerned failure event is the top event, and down
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events causing the occurrence of top event have been depicted [33]. Fault tree of the proposed
system has been developed in occurrence of the events in the system and is shown in figure 3.24.
The top event is system failure that can occur due to either failure of microgrid or conventional

grid. The down events are listed with their failure rate which lead to the occurrence of top event.

3.4.3.6. Markov Reliability Model (MRM)
Markovian methods are useful tools for evaluating the reliability of a system that has multiple
states. In the framework of Markovian models, the transitions between various states are

characterized by constant transition rates.

Markov reliability modeling is a widely used technique in the study of reliability analysis of
system. The MRM is stochastic based approach for modelling the system having many states
and transition among states. In Markov model, the transition probability Sy, is the probability of
transition from i (working) to j (failed) [31]. The sequence of events occurring at discrete state
{S = (so, s1, s2....sn)} is said to form Markov chain. The transitioning probability S; of going

from i to j is expressed as given in equation (3.35):
Sij = P{S(k) = jIS(0) = i} (3.35)

The probability of each state can be calculated using the Chapman—Kolmogorov equation [154]

and is given by the following equation:

=5S(k) *Q (3.36)

The transition probabilities Sj of a Markov chain form a n x n square matrix, is called transition

dS(k)

matrix,

i— 4 Q11 Q12  Qin o
ESZE ~ i [ x[Pl=0x S (3.37)
inan  Qnn o

where Q is the transition probability matrix and S is the probability vector. The solution of above

equation gives the probability of the component transitioning states represented as:
S(k) = e % 5(0) (3.38)

Markov model of individual component

1) PV Array: The PV panel operates in any two states viz working (1) or fail (0). Failure of
whole PV array makes the system in failed (0) state. Figure 3.25 (a) shows the two states:
I(working) and 0 (failed). The probability of failure of PV panel is given by:
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4] - [— (227 sy (ﬂPvArmy)] 9] (3.39)

dt LS N
! (Vpy) —(py) !

Initially the PV panel is in working state, the reliability of PV panel to be in working state is

given by,
Ry, (£) =So(t) = —2—+ e~ (¥ array*orv )t (3.40)
Array APVArray +Vpy
.= Working State Battery
o B Batter
. = Fail State ‘ Controller | y
PV Array » Boost Converter ( PV Inverter
v v ./ v
PV Array Boost converter PV Inverter Battery
So Si So Si

Vrv Vv

VBESS
)\.Battery

APVAmay AL +hdio FMGBT + Acap hstt A2+ As3+ hst

(2) (b) (©) (d)

Fig. 3.25. Markov state transition diagram of (a) PV array (b) Boost Converter (c) PV inverter (d) Battery

2)  Boost Converter: The boost converter (BC) is composed of inductor (L), capacitor (cap),
diode (dio) and IGBT. The failure of any of the components makes the converter to be in failed
(0) state. So, the Markov transition diagram for boost converter has two states viz. working (1)

or fail (0). The probability matrix is given by,

a [So] _ _(AL + Agio + Aigr + Acap) (AL + Agio + Aigr + Acap) [So] (3.41)
aclsi (Vge) —(vpc) 51 .

Assuming the boost converter initially is in working state (1), the reliability of the converter is

given by,
— — VB —(AL+2Agio+A16BT+Acap + VBC )E
Rboost ©) So ® AL+Adio+A1GBT+ Acapt VBC e ATeR pe (3.42)
3) PV Inverter: PV inverter (INV) has four IGBT switches (S1, Sz, S3, S4) for converting dc

voltage into ac voltage of desired magnitude and frequency for supplying ac load. So, failure of
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any switch makes the inverter to lie in fail (0) state. The probability matrix for PV inverter is

given below and Markov state transition diagram is shown in figure 3.25 (c).

[ (Ao1 + sz + As3 + Ass)  (Agq + A + Ags + /154)] [so (3.43)

dt 51 (Vi) —(ww)

Assuming the PV inverter initially is in working state (1), the reliability of the inverter is given

by,

VINV —(Ag1+ Ao+ Ag3+Aga+vNp)E
Royi t) =S,.(t) = + e $1TAs2TAS3TAS4TVUINY 3.44
Pvaerter( ) 0( ) A1+ Ay +Ags+Ase ( )

4) Battery Energy Storage System (BESS): The BESS works in either of the two states viz
working (1) or fail (0). The battery failure makes the component to be in non-working stage i.e.

fail (0) state. The probability matrix is given by

-1 A
i So| — Battery Battery] So 4
at [51] (VUess)  —VUgess [ ] 04

Assuming the BESS initially is in working state (1), the reliability is given by,

v —
Rpattery(t) = So(t) = m + e~ (zattery+vpzss)t (3.46)

Markov model of grid interfaced PV based Microgrid with BESS

Figure 3.26 (a) shows the markov state transition diagram grid interfaced PV based Microgrid
with BESS. The system works in five stages: (condition 1(111)) when PV source, BESS and
inverter are healthy; (condition 2(011)) - when PV array and boost converter fails; (condition
3(110)) - when BESS and bidirectional boost converter controller fails; (condition 4(000)) - when
complete system fails. The failure states are given as (Aa = (Apvaray + Aboost),
AB = (ABESS * Achargecontroller) and Ainv = Ainverter) . The probability matrix of grid interfaced PV based
Microgrid with BESS is given by:

SO (AA + /13 + /LHV) /1A /13 Ainv SO

alSi|_ 0 Az 0 Az |51

dat SZ B O O _AA AA SZ (347)
S3 —ﬂinV O /1111!/ S3

Further, the markov state transition diagram of complete system has been developed considering
their repair rate as shown in figure 3.26 (b). The fail states are same as discussed above. The
repair rates which is defined as “the frequency of successful repair operations performed on a

failed component per unit time” are va = (Upvarray + Uboost), UB = (VBESS t+ WUbirdirectionalconv),
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Vinv = Vinverter. 1he probability matrix of grid interfaced PV based Microgrid with BESS

considering repair rate is given by:

So —(44 + 1) A4 Ap 0 So
a Sy Uy —(Ag +vy) 0 Ap S1
— 4
dt S, Up 0 —(A4 +vp) A4 S, (3.48)
53 (Ainv + Uinv) 0 0 _(Ainv + Uinv) 53
So

(b)
Fig. 3.26 Markov state transition diagram of (a) Grid interfaced PV based microgrid with BESS (b) Grid

interfaced PV based microgrid with BESS considering repair rate
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3.5. CONCLUDING REMARKS

In this chapter, modelling and design of stand-alone SPV system and grid integrated SPV based
microgrid have been presented. Further, characterization studies for grid interfaced PV based
microgrid considering different PV array configurations (S, P, SP, TCT, BL, HC) has been
performed. The sensitivity functions for solar cell parameters and boost converter output voltage
with respect to parameters of interest have been developed and their numerical values have been

calculated.

Reliability model for the system under study has been developed using reliability block diagram,
fault tree analysis and Markov model. Pareto analysis is performed to identify the component
with highest failure rate. The reliability analysis of the proposed system for various PV array
configurations has been carried out and it has been observed that parallel configuration has
highest reliability and series configuration has lowest reliability. Also, the reliability of various
SPV system viz. stand-alone, stand-alone with BESS and grid connected with BESS has been
calculated. It can be concluded that the grid interfaced PV based microgrid with BESS is more
reliable than stand-alone PV based microgrid for various PV array configurations considered.
The fault tree has been developed for the proposed system. System failure is represented at the
top of an event and subsequent down events which make the happening of top event. The down
events are indicated with its failure rate. Furthermore, Markov reliability model, considering
failure rate and repair rate has been developed for individual component of the system as well as

for the complete system and their reliability model has been developed.
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CHAPTER-IV

MPPT CONTROL ALGORITHMS FOR SOLAR PV SYSTEM UNDER
PARTIAL SHADING CONDITION

INTRODUCTION

In the previous chapter, the modelling and design of solar PV based microgrid has been presented
and characterization studies for different PV array configurations have been carried out. This
chapter presents the development of maximum power point tracking algorithms for SPV system
under partial shading conditions (PSC). Under PSC, P-V curve of SPV exhibits multiple peaks
consisting of a single global maximum power point (GMPP) and many local maximum power
points (LMPP). The presence of multiple peaks makes tracking of maximum power point more
difficult and demands an efficient controller to track the global peak of the P-V curve. In this
chapter, two novel MPPT control algorithms viz. Asymmetrical fuzzy logic control (FLC)
algorithm and Asymmetrical interval type-2 FLC control algorithm are developed to track
maximum power from SPV system under partial shading conditions. The efficacy of the
developed control algorithms has been tested for various PV array configurations under different
shading scenarios. The performance of the proposed control algorithms has been compared with

conventional algorithms.
4.2. MAXIMUM POWER POINT TRACKING CONTROL ALGORITHMS FOR PSC

The PV panel gives optimum output under uniform irradiation, and its output is negatively
affected by partial shading. Partial shading is the condition when PV array is not uniformly
irradiated and can be caused because of shade of nearby buildings/towers, big trees, dense clouds,
dust and aging or cracking. A major consequence of partial shading is that the P-V curve of SPV

exhibits multiple peaks.

This chapter is based on the papers - (i) “Asymmetrical interval type-2 fuzzy logic control based MPPT
tuning for PV system under partial shading condition” ISA Transactions, Vol. 100, 2020, pp. 251-263.
doi: https://doi.org/10.1016/j.isatra.2020.01.009. (ii) Asymmetrical Fuzzy Logic Control based MPPT
algorithm for Stand-alone PV System Under Partially Shaded Conditions” International Journal of
Science & technology, Vol. 27, Iss. 6, pp. 3162-3174, 2020. doi: 10.24200/SCI.2019.51737.2338. (iii)
“Comparison of intelligent and conventional MPPT algorithms for photovoltaic system under partially
shahded conditions” Recent Developments in Control, Automation & Power Engineering (RDCAPE),
pp. 505-510, Noida, India, 2017. (iv) “Adaptive MPPT Algorithm for stand-alone PV System under
Partial Shading Condition” Journal of Emerging Technologies and Innovative Research, September 2018,
Vol 5, Iss. 9, pp.1086-1093.
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Figure 4.1 shows the P-V curves of the PV system under different shading patterns. It is evident
from figure 4.1 that under PSC, the P-V curve has multiple peaks viz. GMPP and LMPP.

Conventional MPPT algorithms track global peak power under uniform irradiation efficiently as
PV array depicts only one peak. Under PSC, conventional MPPT algorithms reaches first peak
of PV array i.e., mostly the local peak and lurch around it instead of tracking the highest peak
[69], [78], [156]-[161]. Therefore, more efficient MPPT controller is required to track global
peak.

. Trr: 1000W/m’

- Irr: 650W/m?>

. Trr:400W/m’

. - Irr:300W/m?
Casel: STC Case 2: Left Case 3: Top Case 4: Patch

Corner Shading Shading Shading

Casel Case2 Case3 Cased |

1 1 1 1 1 1 T
GMPP
1200

GMPP

1000

GMPP

LMPP

Power(W)
=
H

400

LMPP

200

0 Il Il Il Il Il Il Il Il
0 10 20 30 40 50 60 70 80 90

Voltage(V)

Fig. 4.1. Simulated Power vs. Voltage curve under partial shading condition

In the present work, the MPPT control algorithms used to track GMPP under PSC can be
classified as and are explained in subsequent sections
e Adaptive Control Algorithm
* Adaptive Neuro Fuzzy Inference System (ANFIS) Algorithm
e Intelligent Control Algorithms
* Proposed Asymmetrical Fuzzy Logic Control (AFLC) Algorithm
* Proposed Asymmetrical interval type-2 FLC (AIT-2 FLC) Algorithm
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4.2.1. ADAPTIVE CONTROL ALGORITHM

An adaptive control covers a set of techniques which provides a systematic approach for
automatic adjustment of controllers, in order to achieve or to maintain a desired level of control
system performance when the parameters of the system dynamic model are unknown or change
with time. There are many adaptive control algorithms such as model reference adaptive
controllers, model identification adaptive controllers, Adaptive Neuro Fuzzy Inference System
(ANFIS), nonparametric and parametric adaptive controllers etc. In the present chapter, ANFIS

has been used which is explained below.

4.2.1.1. ANFIS Control Algorithm
ANFIS is an adaptive control algorithm which integrates neural networks (learning and parallel

data processing abilities) with fuzzy logic (reasoning abilities) [33].

Training Krror Training data: o FIS output : *
400

Error

0 200 400 600 800 1000 1200 1400 1600 0 2 40 60 80 100
Epochs Index

(a) (b)
Fig. 4.2. (a) Training error v/s Epoch waveform for ANFIS (b) Training Data and FIS output v/s index

waveform.

ANFIS builds a set of fuzzy if-then rules with appropriate membership functions to generate the
given input-output pairs and uses a hybrid optimization technique, which is a combination of
least square type method and backpropagation algorithm, for training. Solar irradiation and
temperature are used to generate the training data set by varying the irradiation level from
0.1kW/m?to 1kW/m? in a fixed step of 0.05kW/m? and temperature from 20°C to 60°C in step of
5°C. The retrieved training data is saved in a workspace of MATLAB Figure 4.2 (a) shows
training error v/s epoch waveform. The training error has been reduced to approximately 4% as
seen from the figure. Figure 4.2 (b) shows the training data and FIS output v/s index waveform.

Figure 4.3 shows the 3-D surface view generated by ANFIS. As shown in figure 4.4, the ANFIS
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structure consists of five layers with two inputs (irradiation and temperature) and one output

(power).

300 -
<
fiffff
i A
: LT
100 - 2277 777

60 1000

SO0

40 400 600
Temperature 20 200 Irradiation

Fig. 4.3. 3-D surface view representation between two inputs (irradiation and temperature) and one output

(Power) generated by ANFIS

The ANFIS model is generally summarised as follows.

Layer 1- The fuzzification process is performed by applying the membership functions to the
input data. Every node in this layer is an adaptive node. The values of parameters of this layer
change according to the error signal and generate the proper value of each membership function.
Layer 2- Rules are created based on the fuzzy logic inference system. All the nodes of this layer
are fixed and each rule is represented by one node. In this layer, the outputs of the first layer have
been multiplied with each other to determine the degree of fulfilment of the rule and forwarded
it to the next layer.

Layer 3- The normalisation process is applied using the weighted average to each node coming
from the rule layer. All the nodes of this layer are fixed.

Layer 4- The consequent of the rule are computed. All the nodes in this layer are adaptive nodes.
Each junction in this layer computes the output for the rule.

Layer 5- The single node in this layer is a fixed node. Defuzzification process converts each
fuzzy result into crisp output, single output value of the system is generated by collecting the

output values of all nodes.

51



CONTROL OF SOLAR PV SYSTEM BASED MICROGRID FOR ENHANCED PERFORMANCE

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5
Input 1
(Irradiation)
Output
(Power)
Input 2
(Temperature)

Input Output
Membership Rules Membership
Function Function

Fig. 4.4. Structure of ANFIS

4.2.2. INTELLIGENT CONTROL ALGORITHM

Intelligent controllers are envisioned emulating human mental faculties such as adaptation and
learning, planning under large uncertainty, coping with large amounts of data etc. in order to
effectively control complex processes; and this is the justification for the use of the term
intelligent in intelligent control, since these mental faculties are considered to be important
attributes of human intelligence. Intelligent control, typically, combines planning with on-line
error compensation; it requires learning of both the system and the environment to be a part of
the control process. It is a class of control techniques that use various artificial intelligence
computing approaches like Bayesian probability, fuzzy logic, machine learning, reinforcement

learning etc. In the present chapter, fuzzy logic control has been used and is explained below.
4.2.2.1. Proposed Asymmetrical FLC (AFLC) Algorithm

Fuzzy logic was proposed by Lotfi A. Zadeh of the University of California at Berkeley in 1965.
Fuzzy logic is a multi-level logic system and is a mathematical tool for analysing the
uncertainties in the data. It exploits the tolerance for imprecision, uncertainty and partial truth to

achieve tractability, robustness and efficient model. It analysis the problem in three steps

e Fuzzification — a process of mapping/ transformation of approximate crisp value into

fuzzy set of values.
e Inferencing — processing of fuzzy set of values using the knowledge-based rule.

e Defuzzification — obtaining back the crisp value
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Fuzzification: It is the process of converting the crisp value of the input into the fuzzy value.
The universe of discourse (UOD) or membership function is a curve that denotes how each point
in the input space is mapped between 0 and 1. The configuration of fuzzy logic membership
functions can be of two types-

(1) Symmetrical, and
(i1) Asymmetrical

In the present studies, asymmetrical membership functions are proposed since the parameters
associated with PV systems such as photon energy and the load are uncertain and random in
nature. In the proposed AFLC (type-1) based intelligent algorithm, the input membership
functions of FLC are further fine-tuned by the heuristic approach using fine tuning and coarse
tuning features that can provide better controlling and stability. The membership functions are
denser at the centre to provide greater sensitivity in the near MPP and become less dense
gradually. Input membership functions are normalized, and suitable tuning gains are used.
Figure 4.5 shows the fuzzy input and output membership functions used in the proposed system
for tracking maximum power under steady-state as well as dynamic condition. The universe of
discourse for input and output variables are divided into seven fuzzy sets: S1 (Small 1), S2 (Small

2), S3 (Small 3), ZO (Zero), B1 (Big 1), B2 (Big 2) and B3 (Big 3).

The asymmetrical FLC has two inputs i.e., error and change in error and one output (duty ratio).
For the developed AFLC based MPPT algorithm, the two inputs are obtained from power and
current of PV array. An error is calculated using equation (4.1). Change in error is derived from

the derivative of error and can be calculated using equation (4.2).

Po/p(n)_Po/p(n_l)
Io/p(n)_lo/p(n_l) (41)

AEr(n) = Er(n) - Er(n - 1) (42)

E, (n) =

where, E: is the error calculated, Popand lop are the power and current output of the proposed PV

system and AE: is the change in error.

T T T T T T T T T T T T T T T T T T
s1 s2 s3 z0 B3 B2 B1 1 Sz 3 0 B3 B Bl

I I I I I I I I I 1 1 1 1 1 1 1 1 1

01 008 -0.06 004 -0.02 0 002 0.04 006 0.08 0.1 -100 -80 -60 40 20 0 0 4 60 8 100

Membership function for input variable "Error" Membership function for input variable "derror"
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0.06 0.04 0.02 0 0.02 0.04 0.06

Membership function for output variable "duty cycle"

Fig. 4.5. Membership functions for input variable ‘Error’, ‘Error Change’ and Output variable ‘Duty Ratio’

for Asymmetrical FLC

Inferencing

The inference method implements the rules to the fuzzy input to determine the fuzzy output as
shown in table 4.1. The fuzzy inference system can be Mamdani or Sugeno, and depends upon
the designer’s requirement. Rules are made based on membership functions of input variables
viz. error and change in error. In the proposed system, the rules have been made using

“If...Then...” logic.

Table 4.1 Fuzzy rule base for computing output variable ‘Duty ratio’

E‘H S3 ZO0| B3| B2]| BI
S1 Z0 7Z0 ZzZ0O0 Sl1 S1

S1 S1

S2 Z0 720 Z0 82 S2 82 S2

S3 S3 83 zZz0 zZO zZO B3 B3

Z0 S3 Zz0O Z0O 720 ZO ZO B3

B3 B3 B3 zZz0 7ZO ZzZO S3 S3

B2 B2 B2 B2 B2 ZO ZO ZO

B1 Bl Bl Bl Bl ZO ZO ZO

In table 4.1, rule base consisting of 49 fuzzy control rules are given. These rules can also be
represented in a 3-D graph known as a surface viewer as shown in figure 4.6. The output
membership function of each rule is given by the minimum operator whereas collective fuzzy

output is provided by maximum operator.
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Fig. 4.6. 3-D surface view representation between two inputs (error and change in error) and output (duty

ratio) generated by AFLC for the proposed PV system
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Fig. 4.7. Block diagram of Asymmetrical FLC based control algorithm for MPPT

Defuzzification

Defuzzification is used to convert the fuzzy inference output into crisp output which can be given
by equation (4.3):

z, = defuzzifier(x) (4.3)

where, x is the aggregate output and defuzzifier is defuzzification operator.

In the present work, Center of Area (CoA) is used for defuzzification and is represented by

equation (4.4):
_ Z?:l u(xi)xi
= Z?:l Uxi (4.4)

where, pxi is the activation degree on rule ‘1°, xi is the center of the Max-Min composition of the

output membership functions and x is the required output i.e. duty cycle.
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4.2.2.2. Proposed Asymmetrical Interval Type-2 FLC (AIT-2 FLC) Algorithm

The interval type-2 fuzzy membership function is 3-D fuzzy set. The blurred type-1 membership
function represents footprint of uncertainty (FOU) and it has two bounded membership functions
1.e. called as lower membership function (LMF) and upper membership function (UMF). The
IT-2 FLC are expansion of type-1 fuzzy control. Figure 4.8 (a) represents the type-1 fuzzy control
and (b) blurring of type-1 membership function. Blurred membership function is 3-D, having
UMF, LMF along with footprint of uncertainty (third dimension of IT-2 FLC). Blurring of
type-1 FLC by moving the points on left and right of the membership function achieves IT-2
FLC. Assuming this is repeated for all x€ X, the interval type-2 3-D membership function of

fuzzy set will be created. FOU provides degree of freedom and it is also capable of handling

uncertainties.
Ha(x)
A UMF
1 Jx
T-1 MF
LMF
FOU (A)
0 o P X

(b)
Fig. 4.8. (a) Type-1 FLC and (b) Blurring of type-1 membership function

The reasoning methodology of interval T-2 FLC has been expressed by “IF-THEN” rules or
commands. The IT-2 FLC, like T-1 FLC, has same logical system except output processing stage
which has type-reducer followed by defuzzification. In the interval type-2 fuzzy set, Takagi-
Sugeno (TS) FLC architecture is used. The antecedent and consequent of rule base are linguistic
term and mathematical function of the input respectively.

The AIT-2 FLC set, represented by A, is defined by a type-2 membership function
ui(x,u), where x € X (X is universe of discourse) and u € J, € [0,1],1.e. given by equation

4.5),
A={((xw,uz(xw) | vx €XJ, c[01]} 4.5)

Set 4 can also be defined expressed in equation (4.6),
5 pa ()
A=JiexJuer, G JxS10] (4.6)
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where | represents union. Set 4 (discrete) can also be defined as,

A= TrexZue B2 o c[01] (4.7)
The asymmetrical IT-2 type FLC has two inputs i.e., error and change in error and one output
(duty ratio). Input variable and output variable fuzzy set consist of five membership functions as
shown in figure 4.9. The membership functions are labelled as; -B: negative big, -S: negative

small, ZO: zero, +S: positive small and +B: positive big as shown in table 4.2.

T
BUL) UL UL SO0 UL BUL) SUL) 2o(UL) SUL) BUL)

05 | 1 05

200 -100 0 100 20 | y 0 05 ]

(a) (b)

Fig. 4.9. Membership functions of (a) Error (E) (b) Change in Error (AE)

Table 4.2 Fuzzy rule base for computing output variable ‘Duty ratio’

-B | -S|Zo | +S | +B

-B Zo | Zo|+S | -S | -B

-S Zo | Zo|Zo | -S| -B

Zo +B | +S| Zo| -S| -B

+S +B | +S | Zo | Zo | Zo

+B +B | +S | -S | Zo | Zo

For output processing, type-2 fuzzy sets are reduced to type-1 fuzzy sets by centroid calculation
in type reducer block. Then, similar to type-1 defuzzification, fuzzy inferred output is converted
to crisp output and which is given by:

z, = defuzzifier(x)

where, x indicates combined output.
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There are number of methods for type reducing and defuzzification viz. Karnik-Mendel (KM)
method, enhanced Karnik Mendel (EKM), enhanced iterative algorithm with stopping condition
(EIASC) etc. In the proposed system, output processing has been done by Karnik-Mendel (KM)
method.

Figure 4.10 shows the block diagram of the asymmetrical interval type -2 FLC. The sensed PV
array voltage and current are given to the fuzzifier. The output from fuzzifier is fed to inference

engine based on the knowledge base which is further defuzzified using output processing block.

Sensed PV array
Current

- T — Crisp

|

|

| | Defuzzifier f———

I Output
|

|

Type-2 FLC
Sensed PVarray o goTToTTTTmommemmemmemmmmmomTomTomTes I- chotTmmmTTRTTS
Voltage Porp | |
Inf | Tvee £
Fuzzifier ,| ‘mierence | 0 reducer |
Fuzzy Engine | Fuzzy : (Type-1) | |
Input OutputI |
Sets A Sets | l |
|
|
|
|

(Duty ratio)

Output Processing

Fuzzy Set

r
| Fuzzy Rules
|
I
I

Fig. 4.10. Block Diagram of Interval type-2 fuzzy logic based MPPT algorithm under PSC

4.3. RESULTS AND DISCUSSIONS

This section presents simulation performance and the analysis of the proposed MPPT control
algorithms under various shading scenarios with different PV array configurations. A 4x4 PV
array of 1.28 kW has been considered for the present studies. The shading scenario considered
for all the PV array configurations is shown in figure 4.11. The different PV configurations

studied are given in figure 4.12. The P-V curves under different shading scenarios is shown in

figure 4.1.

. Trr: 1000W/m’

. Irr: 650W/m’

B 1 q00wim

. Irr:300W/m’
Casel: STC Case 2: Left Case 3: Top Case 4: ‘Patch
Corner Shading Shading Shading

Fig. 4.11. Various shading scenarios under STC and PSC
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‘o] Mo
@8 (b) SP (c) TCT

Fig. 4.12. Schematic diagram of various PV array configurations

The proposed MPPT algorithms have been tested under dynamic change in irradiation level. The
algorithms have been tested with EN 50530 MPPT efficiency standard. Figure 4.13 shows
trapezoidal waveform representing slow and medium change at irradiation level of 400 W/m?/s
and 800 W/m?/s respectively. The irradiation level changes slowly from 1-6 seconds and the

irradiation level change is faster from 7-10 seconds.
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Fig. 4.13. Dynamic change in irradiation level for EN 50530 standard MPPT efficiency test

4.3.1. PERFORMANCE EVALUATION OF ANFIS BASED MPPT CONTROL
ALGORITHM UNDER PSC

4.3.1.1. Under Steady State Condition

Casel(STC): In case 1, the STC (All PV panels are uniformly irradiated at 1000W/m?) has been
considered. Figure 4.14 shows the power output for various PV array arrangements under this
condition. It can be seen that, the TCT arrangement tracks maximum power of 998 W while

series PV arrangement tracks lowest power of 978W.
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Fig. 4.14. Power vs. Time plot for ANFIS MPPT technique with different PV array arrangements under
STC (case 1)

Case 2 (Left corner shading): In case 2, the left shading pattern (left corner irradiated at
650W/m?) has been considered. Figure 4.15 shows the power output for various PV array
arrangements under this condition. It can be seen that, the TCT arrangement tracks maximum

power of 950 W while series PV arrangement tracks lowest power of 938 W.
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Fig. 4.15. Power vs. Time plot for ANFIS MPPT technique with different PV array arrangements under

Left corner shading (case 2)

Case 3 (Top shading): In case 3, the top shading pattern (top PV panels are irradiated at

400W/m?) has been considered. Figure 4.16 shows the power output for various PV array
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arrangements under this condition. It can be seen that, the TCT arrangement tracks maximum

power of 528 W while series PV arrangement tracks lowest power of 514W.
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Fig. 4.16. Power vs. Time plot for ANFIS MPPT technique with different PV array arrangements under
Top shading (case 3)

Case 4 (Patch Shading): In case 4 the patch shading pattern (patch is irradiated at 300W/m?)
has been considered. Figure 4.17 shows the power output for various PV array arrangements
under this condition. It can be seen that, the TCT arrangement tracks maximum power of

725 W while series PV arrangement tracks lowest power of 706 W.
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Fig. 4.17. Power vs. Time plot for ANFIS MPPT technique with different PV array arrangements under
Patch Shading (case 4)

4.3.1.2. Under dynamic change in irradiation level

In this case, the dynamic change in irradiation level, as shown in figure 4.13 has been

considered. Figure 4.18 shows the power output for various PV array arrangements. It can be
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seen that, the TCT arrangement tracks maximum power of 997 W while series PV arrangement
tracks lowest power of 978 W. Also, the settling time with TCT arrangement is lesser while

series arrangement has more settling time.
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Fig. 4.18. Power vs. Time plot for ANFIS MPPT technique with different PV array arrangements under

dynamic change in irradiation level

4.3.2. PERFORMANCE EVALUATION OF ASYMMETRICAL FLC BASED MPPT
CONTROL ALGORITHM UNDER PSC
4.3.2.1. Under Steady State Condition

Casel(STC): In case 1 the STC (All PV panels are uniformly irradiated at 1000W/m?) has been
considered. Figure 4.19 shows the power output for various PV array arrangements under this
condition. It can be seen that, the TCT arrangement tracks maximum power of 1028 W while

series PV arrangement tracks lowest power of 983 W.
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Fig. 4.19. Power vs. Time plot for AFLC MPPT technique with different PV array arrangements under
STC (case 1)
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Case 2 (Left corner shading): In case 2 the left shading pattern (left corner irradiated at

650W/m?) has been considered. Figure 4.20 shows the power output for various PV array

arrangements under this condition. It can be seen that, the TCT arrangement tracks maximum

power of 954 W while series PV arrangement tracks lowest power of 939 W.
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Fig. 4.20. Power vs. Time plot for AFLC MPPT technique with different PV array arrangements under

Left corner shading (case 2)

Case 3 (Top shading): In case 3 the top shading pattern (top PV panels are irradiated at

400W/m?) has been considered. Figure 4.21 shows the power output for various PV array

arrangements under this condition. It can be seen that, the TCT arrangement tracks maximum

power of 533 W while series PV arrangement tracks lowest power of 519 W.
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Fig. 4.21. Power vs. Time plot for AFLC MPPT technique with different PV array arrangements under

Top shading (case 3)
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Case 4 (Patch Shading): In case 4 the patch shading pattern (patch is irradiated at 300W/m?)
has been considered. Figure 4.22 shows the power output for various PV array arrangements
under this condition. It can be seen that, the TCT arrangement tracks maximum power of

725 W while series PV arrangement tracks lowest power of 708 W.
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Fig. 4.22. Power vs. Time plot for AFLC MPPT technique with different PV array arrangements under
Patch Shading (case 4)

4.3.2.2. Under dynamic change in irradiation level

In this case, the dynamic change in irradiation level, as shown in figure 4.13 has been
considered. Figure 4.23 shows the power output for various PV array arrangements. It can be
seen that, the TCT arrangement tracks maximum power of 1028 W while series PV
arrangement tracks lowest power of 983 W. Also, the settling time with TCT arrangement is

lesser while series arrangement has more settling time.
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Fig. 4.23. Power vs. Time plot for Asymmetrical FLC MPPT technique with different PV array

arrangements under dynamic change in irradiation level
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4.3.3. PERFORMANCE EVALUATION OF ASYMMETRICAL INTERVAL TYPE-2
FLC BASED MPPT CONTROL ALGORITHM UNDER PSC

4.3.3.1. Under Steady State Condition

Casel(STC): In case 1 the STC (All PV panels are uniformly irradiated at 1000W/m?) has been
considered. Figure 4.24 shows the power output for various PV array arrangements under this
condition. It can be seen that, the TCT arrangement tracks maximum power of 1028 W while

series PV arrangement tracks lowest power of 1027 W.
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Fig. 4.24. Power vs. Time plot for AIT-2 FLC MPPT technique with different PV array arrangements
under STC (case 1)

Case 2 (Left corner shading): In case 2 the left shading pattern (left corner irradiated at
650W/m?) has been considered. Figure 4.25 shows the power output for various PV array
arrangements under this condition. It can be seen that, the TCT arrangement tracks maximum

power of 978 W while series PV arrangement tracks lowest power of 960 W.
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Fig. 4.25. Power vs. Time plot for AIT-2 FLC MPPT technique with different PV array arrangements under

Left corner shading (case 2)

Case 3 (Top shading): In case 3 the top shading pattern (top PV panels are irradiated at

400W/m?) has been considered. Figure 4.26 shows the power output for various PV array
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arrangements under this condition. It can be seen that, the TCT arrangement tracks maximum

power of 563.5 W while series PV arrangement tracks lowest power of 520 W
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Fig. 4.26. Power vs. Time plot for AIT-2 FLC MPPT technique with different PV array arrangements
under Top shading (case 3)

Case 4 (Patch Shading): In case 4 the patch shading pattern (patch is irradiated at 300W/m?)
has been considered. Figure 4.27 shows the power output for various PV array arrangements
under this condition. It can be seen that, the TCT arrangement tracks maximum power of

845 W while series PV arrangement tracks lowest power of 827 W.
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Fig. 4.27. Power vs. Time plot for AIT-2 FLC MPPT technique with different PV array arrangements
under Patch Shading (case 4)

4.3.3.2. Under dynamic change in irradiation level

In this case, the dynamic change in irradiation level, as shown in figure 4.13 has been
considered. Figure 4.28 shows the power output for various PV array arrangements. It can be
seen that, the TCT arrangement tracks maximum power of 1029 W while series PV
arrangement tracks lowest power of 1027 W. Also, the settling time with TCT arrangement is

lesser while series arrangement has more settling time.
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Fig. 4.28. Power vs. Time plot for Asymmetrical interval type-2 FLC MPPT technique with different PV

array arrangements under dynamic change in irradiation level

Table 4.3 tabulates the power tracked by various MPPT techniques with different PV array
configurations under considered shading patterns. Table 4.4 gives the dynamic response of the

various MPPT techniques.

Table 4.3 GMPP (W) tracking by various MPPT techniques with different PV array

arrangements
MPPT techniques Series Series-Parallel | Total cross tied
ANFIS 978 983 1027
Case 1 AFLC 993 1025.5 1028
AIT-2 FLC 998 1028 1028
ANFIS 938 935 950
Case 2 AFLC 941 952 954
AIT-2 FLC 950 970 978
ANFIS 514 218 516.5
Case 3 AFLC 515 518.5 531.5
AIT-2 FLC 528 533 563.5
ANFIS 706 719 827
Case 4 AFLC 706 721 841
AIT-2 FLC 725 725 845
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Table 4.4 Dynamic response of various MPPT techniques

MPPT Initial Slow Medium
techni
PV array CCMIAUES T7p wer Settling | Power | Settling | Power | Settling
arrangement (W) Time (W) Time (W) Time
(sec) (sec) (sec)
ANFIS 84 0.67 975 0.33 975 0.33
SERIES AFLC 86 0.64 993 0.33 993 0.33
AIT-2 FLC 86 0.64 998 0.33 998 0.33
ANFIS 85 0.65 983 0.35 983 0.35
SERIES-
PARALLEL AFLC 96 0.65 1025 0.15 1025 0.15
AIT-2 FLC 96 0.64 1028 0.15 1028 0.15
TOTAL ANFIS 85 0.65 1022 0.26 1022 0.26
CROSS AFLC 96 0.64 1024 0.10 1024 0.10
HED o Fie | 96 062 | 1028 0.10 1028 | 0.10

Further, simulation results of the ANFIS, Asymmetrical FLC, Asymmetrical interval type-2
FLC under partial shading condition along with different PV arrangements has been compared

for shading losses, mismatch loss, fill factor and the EN 50530 MPPT efficiency test.

(a) Shading Losses: The power loss due to shading is called shading loss. Shading loss is the
difference in power between the maximum power obtained from an array under STC (Pump,
withoutshading) and the total maximum available power under PSC (Pump, shading) [162]. It can be

represented as:

Pup, shadinglosses = Pump,withoutshading - PMP,shading (4.8)
(b) Mismatch Losses: It can be defined as, the difference of individual maximum power (Pup:)
of PV array and global maximum power (Pcumpp). Table 4.3 shows the individual maximum

powers under different shading scenarios. Mismatch loss (Pmmi) is given by equation (4.9):

Pumi= Pmpi- Pompp (4.9)
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(c) Fill Factor (FF): It can be defined as the ratio of maximum global power (Pcumrp) to the
product of open circuit voltage (Voc) and short circuit current (/scc) (Appendix B (a)) of the PV
system. The value of fill factor can be calculated by equation (4.10).

FF = fomer (4.10)

Voc* Isce

(d) MPPT Efficiency test EN50530: Under dynamic weather condition, the assessment of the
proposed algorithm is done with EN 50530 MPPT efficiency test. MPPT tracking efficiency
of the proposed controller is evaluated using the given by equation (4.11) [163]:

Pmpi
NmppT = £ (4.11)

Pegmpp

Table 4.5, 4.6, 4.7 and 4.8 represents shading loss, fill factor, mismatch loss (%) and efficiency

respectively in various MPPT algorithms with different PV array arrangements.

Table 4.5 Shading loss (W) in various MPPT techniques under study with different PV

array arrangements

MPPT techniques Series Series-Parallel | Total cross tied

ANFIS 302 297 253
Case 1 AFLC 287 254.5 252
AIT-2 FLC 282 252 252

ANFIS 342 345 321.5
Case 2 AFLC 339 328 310
AIT-2 FLC 330 326 305

ANFIS 766 762 763.5

Case 3 AFLC 765 761.5 748.5

AIT-2 FLC 752 747 716.5
ANFIS 574 561 453
Case 4 AFLC 574 559 439
AIT-2 FLC 555 555 435
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Table 4.6 Mismatch losses (%) in various MPPT techniques under study with different

PV array arrangements

MPPT techniques Series Series-Parallel | Total cross tied

ANFIS 22.07 21.6 18.16

Case 1 AFLC 20.8 18.2 18.0
AIT-2 FLC 20.4 18.0 18.0

ANFIS 11.0 11.2 9.06
Case 2 AFLC 10.72 9.67 7.7
AIT-2 FLC 9.86 9.48 7.4

ANFIS 13.1 12.5 12.7

Case 3 AFLC 13.0 12.0 10.2
AIT-2 FLC 10.8 9.9 4.8
ANFIS 17.6 16.1 3.5
Case 4 AFLC 17.6 15.8 1.8
AIT-2 FLC 15.4 15.4 1.4

Table 4.7 Fill Factor in various MPPT techniques under study with different PV array
arrangements

MPPT techniques Series Series-Parallel | Total cross tied

ANFIS 0.558 0.561 0.586

Case 1 AFLC 0.566 0.585 0.586
AIT-2 FLC 0.569 0.586 0.586

ANFIS 0.535 0.533 0.547

Case 2 AFLC 0537 0.543 0.553
AIT-2 FLC 0.542 0.544 0.556

ANFIS 0.301 0.310 0.309

Case 3 AFLC 0.301 0.311 0.319
AIT-2 FLC 0.309 0.319 0.338

ANFIS 0.412 0.426 0.491

Case 4 AFLC 0.412 0.428 0.499
AIT-2 FLC 0.423 0.430 0.501
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Table 4.8 Efficiency (%) of various MPPT techniques under study with different PV
array arrangements

MPPT Series Series-Parallel Total cross tied
techniques
ANFIS 77.90 78.32 81.83
Case 1 AFLC 79.12 81.71 81.91
AIT-2 FLC 79.52 81.91 81.91
ANFIS 88.99 88.70 90.93
Case 2 AFLC 89.21 90.23 92.03
AIT-2 FLC 90.13 90.51 92.50
ANFIS 86.82 87.50 87.24
Case 3 AFLC 86.94 87.58 89.78
AIT-2 FLC 89.18 90.33 95.18
ANFIS 82.38 83.89 96.49
Case 4 AFLC 82.38 84.13 98.13
AIT-2 FLC 84.39 84.59 98.59

It has been observed that the proposed AFLC and AIT-2 FLC algorithms performs better as
compared to ANFIS. The maximum power is tracked by AIT-2 FLC. Also, the proposed
asymmetrical interval type-2 FLC algorithm has minimum shading losses, improved fill factor
and minimum mismatch losses as compared to the other algorithm It can be seen that for all
the MPPT algorithms the performance of TCT PV array arrangement is better than any other
configuration. From table 4.8, it can be seen AIT-2 FLC with TCT PV array arrangement has
highest efficiency.

4.4. CONCLUDING REMARKS

In this chapter novel MPPT techniques viz. asymmetrical FLC and asymmetrical interval type-
2 FLC have been developed for tracking maximum power in a solar PV system under PSC. The
simulation studies for the considered system have been carried out using these developed
algorithms for different PV array configurations. The performance of ANFIS, AFLC,
AIT-2 FLC algorithm has been compared in terms of GMPP tracking, shading losses, fill factor,

mismatch loss (%) and efficiency. The MPPT algorithms have also been tested under dynamic
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condition by performing EN50530 MPPT efficiency test. The simulation results shows that the
proposed asymmetrical interval type -2 based MPPT algorithm tracks highest power for all the
PV array configurations under all the considered shading patterns. Also, it has higher tracking
efficiency with minimum shading loss and mismatch loss. Further, it has been observed that

TCT configuration gives best results under all the conditions for all the algorithms considered.
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CHAPTER-V

DC LINK VOLTAGE CONTROL OF STAND-ALONE SPV SYSTEM
WITH BATTERY ENERGY STORAGE SYSTEM

INTRODUCTION

Stand-alone SPV system is self-reliant energy system. It is preferred in those areas where there
is little access to utility grid. But the output of SPV system is not constant, due to which it
become difficult to maintain continuous power to load in this system. This problem can be
addressed by adding an energy storage system along with PV system. Battery is most
commonly used storage device and it is very pivotal in maintaining continuity of power to the
load. But when two or more energy sources are connected, then control of dc link voltage at
common coupling point (CCP) is an area of concern as the inverter output depends upon dc
link voltage and hence any variation in dc-link voltage is undesirable for reliable operation of
the system. In this chapter, a novel nonlinear autoregressive moving average-L2 (NARMA-
L2) control algorithm is proposed and developed for the dc link voltage regulation of stand-
alone PV system with battery energy storage system (BESS) and is compared with
conventional PI controller. The proposed DC link voltage control algorithm is tested using

MATLAB-Simulink and Sim-Power System toolbox.

5.2. DESIGN AND MODELLING OF STAND-ALONE PV SYSTEM WITH BESS

Schematic diagram for dc-link voltage control of stand-alone PV system with BESS is shown
in figure 5.1. Stand-alone PV system with BESS comprises of PV array, battery, bidirectional
dc-dc converter, boost converter, inverter and load. BESS has been connected in parallel to PV
system for uninterrupted power supply to load. BESS consists of battery connected to
bidirectional dc-dc converter. Modelling of PV array, boost converter and inverter are already

explained in chapter 3. In the subsequent section the modeling of BESS has been explained.

5.2.1. Modelling of Battery: Battery is most commonly used storage system. When SPV
generates power more than the load requirement, the surplus power may be used to charge the
battery and when power generated by SPV system is less than load demand, battery can supply
power to the load.

This chapter is based on the papers - (i) “DC Link Voltage Control of Stand-Alone PV Tied with Battery
Energy Storage System” 20th International Conference on Intelligent Systems Design and Applications
(ISDA 2020) held December 12-15, 2020, pp. 1-11, 2021.https://doi.org/10.1007/978-3-030-71187-
0_86.
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Fig. 5.1. Schematic Diagram for DC link voltage control of stand-alone PV system with BESS

Controller

The equivalent circuit diagram of battery, consisting of voltage-controlled source connected in

series with resistance, is shown in figure 5.2.

Rb i
AYAAY >0+
A

ECOH
Vhbat
v
oO—
Fig. 5.2. Equivalent circuit diagram of battery
From figure 5.2 it can be seen that;
Vpat = Econ — Rp. 1 (5.1)

where, Vbat is actual battery voltage, Econ is the controlled battery voltage, i is battery current,

Ry is battery internal resistance. The controlled voltage of battery Econ is given by:

Econ = Eoono — K =22 it — K202t i* 4 Exp(t) [For Discharging] (5.2)
Qpat—it Qpat—it
— _ Qbat o Qbat e .
Econ = Econo Opa il it K—it—o.l.Qbat .i* + Exp(t) [For charging] (5.3)

where, E_,,o 1 constant open circuit voltage, K is polarization voltage, Q,,; 1s the battery
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capacity, it = [idt is the battery actual charge, i" is the reference current of battery,
Exp(t) is the exponential zone voltage.
In the system considered, an inbuilt Lithium-ion battery of MATLAB/Simulink has been used.

The specifications of the battery are as:

e Rated nominal voltage is 300V
e Rated capacity is 6.5Ah and
e [Initial state of charge of 79.80%.

Discharge characteristics of Battery

The capacity of battery is related to its discharge current. In figure 5.3, the discharge
characteristics of battery used in the present work has been shown for different discharge
current ratings. From the discharge characteristics it can be seen that with increase in the current
drawn, the battery discharge rate is also increased. If the demand is 28.3 A, then the battery
will supply it for approximately 10 minutes where as if the demand is 1.4 A, then the battery

will supply it for approximately 250 minutes.
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Fig. 5.3. Discharge characteristics of the battery

5.2.2. Bidirectional dc-dc converter
Bidirectional dc-dc converter is used for bidirectional power flow from or to the battery. In
figure 5.4, the bidirectional dc-dc converter is shown which is connected in parallel with solar

PV system. The converter has two IGBT switches Si, Sz, diodes Di, D2, inductor (L) and
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capacitor (Cdc). The output of converter is connected to the CCP through Cac. The converter

works in two modes i.e., boost and buck.

S]_I D1

Cdc
+ L — Va

Batter
y Vbat SZ—I( DZ

Fig. 5.4. Bidirectional converter in buck-boost mode

The bidirectional operation of the above circuit in two modes is as explained below:

Mode 1 (Boost Mode): In this mode switch Sz and diode D1 enters into conduction depending
on the duty cycle whereas the switch S1 and diode D2 are off all the time. This mode can further
be divided into two intervals depending on the conduction of the switch Sz and diode Di.

o [Interval 1: (S;-OFF, Di-OFF, S>-ON, D>-OFF) In this mode S2 is on and hence can be
considered to be short circuited, therefore battery charges the inductor and the inductor
current goes on increasing till the gate pulse is removed from the Sz. Also, since the
diode D1 is reversed biased in this mode and the switch Si is off, no current flows
through the switch Si.

o [Interval 2: (S§i-OFF, Di-ON,; S>-OFF, D2-OFF) In this mode Sz and S1 both are off and
hence can be considered to be opened circuited. Now since the current owing through
the inductor cannot change instantaneously, the polarity of the voltage across it reverses
and hence it starts acting in series with the input voltage (Vvat). Hence, the diode D; is
forward biased and the inductor current charges the output capacitor Cdc to a higher
voltage. Therefore, the output voltage boosts up.

Mode 2 (Buck Mode): In this mode switch Si and diode D2 enters into conduction depending
on the duty cycle whereas the switch Sz and diode D are off all the time. This mode can further

be divided into two intervals depending on the conduction on the switch Sz and diode D:.
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o Interval 1: (Si-ON, Di- OFF, S>- OFF, D:>- OFF) In this mode Si is on and hence can
be considered to be short circuited. The higher voltage battery will charge the inductor
and the output capacitor will get charged by it.

o [Interval 2: (Si- OFF, Di- OFF; S>- OFF, D2-ON) In this mode Sz and Si both are off.
Since the inductor current cannot change instantaneously, it gets discharged through
the freewheeling diode D2. The output voltage is decreased as compared to the input

voltage.

5.3. CONTROL ALGORITHMS FOR DC LINK VOLTAGE CONTROL OF STAND-
ALONE PV SYSTEM WITH BESS
Due to intermittent nature of solar energy, PV power cannot always meet the load demand and
requires an energy storage device. When more than one energy source is connected, the voltage
at common coupling point may fluctuate. This requires regulation and control of dc-link
voltage at CCP under both variable irradiation as well as variable load condition. There are
several control algorithms such as PI, ANFIS, FLC, model predictive controller, adaptive based
etc. available in literature for dc link voltage control of stand-alone PV system with BESS.
The control algorithms used in the present work are as follows:

e Conventional PI controller

e Proposed NARMA-L2 controller

5.3.1. Proportional Integral-based conventional control algorithm

Both power output from solar PV and load demand are dynamic in nature. For continuous
supply of power to load and to address the intermittency, battery energy storage system is
connected in parallel with SPV system. This causes the voltage at dc-link to vary. In present
work, PI controller is used for control of dc-link voltage of stand-alone PV system with BESS.
A PI controller is a control loop feedback mechanism and is mainly used in industrial control
systems.

The PI controller involves calculation of two different parameters, Proportional (P) and the
Integral (I) values. The proportional component depends only on the difference between the
set point and the process variable. This difference is referred to as the error term. The integral
component sums the error term over time. The result is that even a small error term will cause
the integral component to increase slowly. The integral response will continually increase over

time unless the error is zero, so the effect is to drive the steady-State error to zero.
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The overall control action is governed by mathematical formula given below:

u(t) = Kp(t) + K; [, e(t)dt (5.4)
where, K, and Ki are all non-negative, denote the coefficients for the proportional, integral
terms respectively.

In figure 5.5, the block diagram for controlling dc link voltage using PI controller is shown.
The INC MPPT technique is used to track the maximum power available from PV array and
using dc-dc converter voltage output of SPV is maintained at fixed value. Now, the maintained
dc link voltage has been compared with reference dc voltage and the generated error is given
to proportional-integral (PI) controller to generate battery current (Ivat). The battery current and
reference battery current are compared and the resultant signal is given to hysteresis band for
gating battery switches Si1 or S2. The switching ON/OFF of Sz takes places by comparing the
SoC (State of charge) with fixed value. If SoC is greater than the fixed value (0.8) then the

triggering of Sz switch comes into action.

Hysteresis Current
Vde > — Ibat Controller Switching

% Error KP+&_> - Pulses
>

PV ‘ .

—» e » + s —> » Si
Algorithm f +

Irv » Vde PI Controller Ibat®

X S

SOC =P <

Fig. 5.5. Block diagram for controlling dc link voltage of stand-alone PV system with BESS using PI

controller

5.3.2. Nonlinear Autoregressive Moving Average control algorithm (NARMA)

The non-linear autoregressive moving average model is the most discernible form of non-linear
discrete time system. In a NARMA model the past, present input and output values are used to
determine future output values. The equation for the approximate model is shown in equation
(5.5)

Yoeray = F Yooy Yie-1) - Yoe-n+1) Uty Uk—-1)s - Utke—n+1) ] (5.5
where Y4, , Uk are the input and output of the system respectively, d is the relative degree
and f'/.] is a nonlinear approximation of input and output of the system. For the identification
stage, a global approximation can be used to evaluate f /./. For control purposes, using
backpropagation ANN, for finding a control signal , Uy is noted to be quite slow because of

the involving dynamic gradient methods. Therefore, an efficient method is proposed by
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Narendra and Mukhopadhyay by introducing approximation models to overcome
computational difficulties. Two NARMA models viz. NARMA L1 and NARMA L2 have been
discussed in literature [89]. It was found that the NARMA-L2 involving two sub-
approximation functions is more efficient and adequate in the identification and adaptation of

control contexts [91] and hence has been proposed in this work for dc-link voltage regulation.

5.3.3. Nonlinear Autoregressive Moving Average-L2 control algorithm (NARMA-L2)
The primary goal of this control is to linearize the nonlinear dynamics. The NARMA-L2
controller formed by two neural networks: The 1% network is NARMA model, which is the
standard model, used to represent general discrete-time nonlinear systems in the system
identification to identify the system to be controlled and the second network is used for the
control design. The NARMA-L2 model is shown using equation (5.6):

Yoeray = f Yoo Yie-1 - Yok-ns1), Uy Utke=1)s - Uk=nsny | +

9 Yoo, Yoe=1ys o= Yaemns1) Uiy Ue=1)s -+ - U1y | * Uty (5.6)

The two sub-functions, f'and g, are used in the identification phase as well as to compute the

control signal as follows:

Uiie = Y+ d) =Y 0¥ (k=1)r+Y (=n+1) U 1) U k= 1)U le=n+1)] (5.7)
(k LY ()Y (=1 (e=n+ 1)U (1)U (e=1)r-+U (ke—mt 1)) '

Vde _
Y(K)
—> + + In Hysteresis Switching
Vde * + > — Puls;s
- 1
+ @ L 5+ 1T
- Tbat* Nor X B s
SOC _|->
<
AAA
R M e

Fig. 5.6. Block diagram for controlling dc link voltage of stand-alone PV system with BESS using
NARMA-L2 controller

Here, NARMA-L2 is used for controlling dc-link voltage of stand-alone PV system with BESS.

It maintains the dc link voltage under input/output variation condition. Figure 5.6 shows the
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block diagram for controlling dc link voltage of stand-alone PV system with BESS using
NARMA-L2 controller.

5.4. RESULTS AND DISCUSSIONS

Simulation results and analysis for dc-link voltage regulation of stand-alone PV system with
BESS (Appendix B (c¢)) using above mentioned control algorithms have been shown in this
section. The efficacy of the novel control algorithm is tested under variable irradiation at input

side and load variation at output side has been considered.
5.4.1. Proportional Integral control algorithm
5.4.1.1. Linear Load

In this section, the performance of conventional PI controller with linear load is presented. The
system is considered to be working under standard test condition (STC) i.e., solar irradiation

1000W/m? and temperature 25°C at a load of 2.5 kW.

Performance under variable irradiation condition

1000 T T T T

)

1

500 - —

0 1 1 1 1
5 T T T T

[ ™]
T
1

=

[
n

_.
=

N

/ : N e (Wi
Poar®kW) P W) Py (kw) T (Wim

10 1 1 1 1 1 1 1 1 1

TO.8 - =

SoC

79,7 1 1 1 1 1 1 1 1 1

400 T T T T T T T T T
200
0= N
- =200 .
400 | 1 | Il | 1 | Il 1

700 T T T T T T T T T

Pl’.‘l’.‘lv]

650

v dclv]

ﬁl]l] 1 1 1 1 1 1 1 1 1
0.25 0.26 0.27 0.28 0.29 0.3 0.31 0.32 0.33 0.34 0.35
Time (seconds)

Fig. 5.7. Performance under variable irradiation condition with PI controller
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Figure 5.7 shows, the waveforms of solar irradiation (W/m?), power of PV array (kW), load
requirement (kW), power of battery (kW), state of charge (SoC) of the battery, point of
common coupling voltage (Vecc), de-link voltage (Vdc) under variable irradiation condition.
The SPV system generates =~ 4.7 kW power and the load demand is 2.5 kW. Load demand is
fulfilled by solar PV system alone and surplus power (2.2 kW) from PV system is used to
charge the battery. At t=0.3 second, irradiation is changed from 1000W/m? to 100W/m?. With
the decrease in the irradiation level, the power generated from the PV decreases from 4.7 kW
to 0.14 kW. Now, the deficit power (2.36 kW) is taken from battery to meet the load demand.
The state of charge of battery is decreasing. The voltage across dc link is maintained at 650V

and common coupling point voltage is found to be balanced and sinusoidal.

Performance under variable load condition
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Fig. 5.8. Performance under variable load conditions with PI controller

Figure 5.8 shows the waveforms of solar irradiation (W/m?), power of PV array (kW), load
requirement (kW), power of battery (kW), state of charge (SoC) of the battery, point of
common coupling voltage (Vrcc), de-link voltage (Vac) under variable load condition. The SPV

system generates ~ 4.7 kW power and the load demand is 2.5 kW. Load demand is fulfilled by
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solar PV system alone and surplus power (2.2 kW) from PV system is used to charge the
battery. At t=0.3 second, load demand is increased from 2.5 kW to 10 kW. Now, the deficit
power (5.3 kW) is taken from battery to meet the load demand. The state of charge of battery
is decreasing. The voltage across dc link is maintained at 650V and common coupling point

voltage is found to be balanced and sinusoidal.

5.4.1.2. Non-Linear Load

In this section, the performance of conventional PI controller with non-linear load is presented.
The system is considered to be working under standard test condition (STC) i.e., solar
irradiation 1000W/m? and temperature 25°C at a non-linear load (3-¢ bridge rectifier R=80-
ohm, L=80 mH).

Performance under variable irradiation condition
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Fig. 5.9. Performance under variable irradiation condition with PI controller

Figure 5.9 shows, the waveforms of solar irradiation (W/m?), power of PV array (kW), load
requirement (kW), power of battery (kW), state of charge (SoC) of the battery, point of

common coupling voltage (Vrecc), de-link voltage (Vdc) under variable irradiation condition.
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The SPV system generates = 4.7 kW power and the load demand is 3 kW. Load demand is
fulfilled by solar PV system alone and surplus power (1.7 kW) from PV system is used to
charge the battery. At t=0.3 second, irradiation is changed from 1000W/m? to 100W/m?. With
the decrease in the irradiation level, the power generated from the PV decreases from 4.7 kW
to 0.14 kW. Now, the deficit power (2.86 kW) is taken from battery to meet the load demand.
The state of charge of battery is decreasing. The voltage across dc link is maintained at 650V

and common coupling point voltage is found to be balanced and sinusoidal.

Performance under variable load condition
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Fig. 5.10. Performance under variable load condition with PI controller

Figure 5.10 shows the waveforms of solar irradiation (W/m?), power of PV array (kW), load
requirement (kW), power of battery (kW), state of charge (SoC) of the battery, point of
common coupling voltage (Vrcc), de-link voltage (Vdc) under variable load condition. The SPV
system generates ~ 4.7 kW power and the load demand is 3 kW. Load demand is fulfilled by
solar PV system alone and surplus power (1.7 kW) from PV system is used to charge the
battery. At t=0.3 second, load demand is increased from 3 kW to 10 kW. Now, the deficit power
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(5.3 kW) is taken from battery to meet the load demand. The state of charge of battery is

decreasing. The voltage across dc link is maintained at 650V and common coupling point

voltage is found to be balanced and sinusoidal.
5.4.2. Proposed NARMA-L2 Controller

5.4.2.1. Linear Load

In this section, the performance proposed NARMA-L2 controller with linear load is presented.

The system is considered to be working under standard test condition (STC) i.e., solar

irradiation 1000W/m? and temperature 25°C at a load of 2.5 kW

Performance under variable irradiation condition
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Fig. 5.11. Performance under variable irradiation condition with PI controller

0.33 0.34 0.35

Figure 5.11 shows, the waveforms of solar irradiation (W/m?), power of PV array (kW), load

requirement (kW), power of battery (kW), state of charge (SoC) of the battery, point of
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common coupling voltage (Vecc), dc-link voltage (Vdc) under variable irradiation condition.
The SPV system generates = 4.7 kW power and the load demand is 2.5 kW. Load demand is
fulfilled by solar PV system alone and surplus power (2.2 kW) from PV system is used to
charge the battery. At t=0.3 second, irradiation is changed from 1000W/m? to 100W/m?. With
the decrease in the irradiation level, the power generated from the PV decreases from 4.7 kW
to 0.14 kW. Now, the deficit power (2.36 kW) is taken from battery to meet the load demand.
The state of charge of battery is decreasing. The voltage across dc link is maintained at 650V

and common coupling point voltage is found to be balanced and sinusoidal.

Performance under variable load condition

T 1500 T T T T T T T T T

o 2

PBAleWj Pl.—(Mlew] I‘N_.[k“"] Irr (W/m
; [N ; =
L L
L 11 1

= 1000

<|]|] | | | | | | | | |

5000 F ' ' ' ' =

S

10 ! ! ! ! ! ! ! ! !
79.85 T T T T T T T T

SoC
2
%
>
1

79.75 1 1 1 1 1 1 1 1 1

400 T T T T
200 -

\‘rl"l'.'l'.'l‘v]

=200 | ]
=400

700 T T T T T T T T T
650

VaeV)

600 I I I I I I I I I
0.25 0.26 0.27 0.28 0.29 0.3 0.31 0.32 0.33 0.34 0.35

Time (seconds)

Fig. 5.12. Performance under variable load conditions with PI controller

Figure 5.12 shows the waveforms of solar irradiation (W/m?), power of PV array (kW), load
requirement (kW), power of battery (kW), state of charge (SoC) of the battery, point of
common coupling voltage (Vecc), de-link voltage (Vdc) under variable load condition. The SPV
system generates ~ 4.7 kW power and the load demand is 2.5 kW. Load demand is fulfilled by
solar PV system alone and surplus power (2.2 kW) from PV system is used to charge the
battery. At t=0.3 second, load demand is increased from 2.5 kW to 10 kW. Now, the deficit
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power (5.3 kW) is taken from battery to meet the load demand. The state of charge of battery
is decreasing. The voltage across dc link is maintained at 650V and common coupling point

voltage is found to be balanced and sinusoidal.
5.4.2.2. Non-Linear Load

In this section, the performance of conventional PI controller with non-linear load is presented.
The system is considered to be working under standard test condition (STC) i.e., solar
irradiation 1000W/m? and temperature 25°C at a non-linear load (3-¢ bridge rectifier R=80-
ohm, L=80 mH).

Performance under variable irradiation condition

1000

S500 -

(]
5

Poar®W) Progp®W) Do (kW) g (wimd)

L L

400 T T T T
= 200
] 0
[
= =200
-400
700

3 o T T

VW)

650

600 1 I I I I I I I I
0.25 0.26 0.27 0.28 0.29 0.3 0.31 0.32 0.33 0.34 0.35

Time (seconds)
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Figure 5.13 shows, the waveforms of solar irradiation (W/m?), power of PV array (kW), load
requirement (kW), power of battery (kW), state of charge (SoC) of the battery, point of
common coupling voltage (Vecc), dc-link voltage (Vdc) under variable irradiation condition.
The SPV system generates = 4.7 kW power and the load demand is 3 kW. Load demand is
fulfilled by solar PV system alone and surplus power (1.7 kW) from PV system is used to
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charge the battery. At t=0.3 second, irradiation is changed from 1000W/m? to 100W/m?. With
the decrease in the irradiation level, the power generated from the PV decreases from 4.7 kW
to 0.14 kW. Now, the deficit power (2.86 kW) is taken from battery to meet the load demand.
The state of charge of battery is decreasing. The voltage across dc link is maintained at 650V

and common coupling point voltage is found to be balanced and sinusoidal.
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Fig. 5.14. Performance under variable load condition with PI controller

Figure 5.14 shows the waveforms of solar irradiation (W/m?), power of PV array (kW), load
requirement (kW), power of battery (kW), state of charge (SoC) of the battery, point of
common coupling voltage (Vecc), de-link voltage (Vdc) under variable load condition. The SPV
system generates ~ 4.7 kW power and the load demand is 3 kW. Load demand is fulfilled by
solar PV system alone and surplus power (1.7 kW) from PV system is used to charge the
battery. At t=0.3 second, load demand is increased from 3 kW to 10 kW. Now, the deficit power
(5.3 kW) is taken from battery to meet the load demand. The state of charge of battery is
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decreasing. The voltage across dc link is maintained at 650V and common coupling point

voltage is found to be balanced and sinusoidal.

5.4.3. COMPARISON OF NARMA-L2 CONTROL ALGORITHM WITH P-1
CONTROLLER

In this section, the proposed control algorithm NARMA-L2 has been compared with
conventional PI control scheme in terms of dc link voltage. Figure 5.15 (a) shows the
comparison of NARMA-L2 and PI controller with irradiation variation. At time t= 0.3 seconds,
irradiation is changed from 1000W/m? to 100W/m?. It can be observed that during initial period
and irradiation variation, the NARMA-L2 gives better control of dc-link voltage in terms of

undershoot, overshoot and settling time.
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Fig. 5.15. DC bus voltage (Vac) comparison of NARMA-L2 with PI control algorithm
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Figure 5.15 (b) shows the comparison of NARMA-L2 and PI controller with load variation. At

time t = 0.3 seconds, load demand is increased from 2.5 kW to 10 kW. It can be observed that

during initial period and load variation, the NARMA-L2 gives better control of dc-link voltage

in terms of undershoot, overshoot and settling time.

Table 5.1.(a) Comparison of dc-link voltage of NARMA-L2 control algorithm with PI

controller with irradiation variation

Initial Condition Irradiation Variation
Algorithm Undershoot | Overshoot | Settling | Undershoot | Overshoot | Settling
voltage of | voltage of Time voltage of | voltage of Time
dc-link (V) | dec-link (V) (sec) dc-link (V) | dc-link (V) (sec)
NARMA-L2 - 760 0.14 610 - 0.11
PI 550 850 0.18 625 652 0.19

Table 5.1.(b) Comparison of dc-link voltage of NARMA-L2 control algorithm with PI

controller with load variation

Initial Condition Load Increment
Algorithm Undershoot | Overshoot | Settling | Undershoot | Overshoot | Settling
voltage of | voltage of Time voltage of | voltage of Time
dc-link (V) | dc-link (V) (sec) dc-link (V) | dc-link (V) (sec)
NARMA-L2 - 760 0.14 625 - 0.12
PI 550 850 0.18 627 655 0.18

Table 5.1 shows the comparison of voltage across dc bus of NARMA-L2 control algorithm

with PI controller. Table 5.1 (a) and (b) gives the results in tabular form. It can be seen that,

the NARMA-L2 gives better control of dc-link voltage in terms of undershoot, overshoot and

settling time.
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5.5. CONCLUDING REMARKS

In this chapter, control algorithms for the regulation of dc-link voltage in the stand-alone PV
system with battery energy storage system is presented. Novel NARMA-L2 algorithm has been
developed to control dc-link voltage. The developed control algorithm was tested in
MATLAB/Simulink 2018a. The voltage across dc-link have been maintained under variable
irradiation and load condition. Also, the continuous power to the load have been supplied either
by solar PV system or by battery energy storage system. The simulation results show the
efficacy of the proposed control algorithm under steady state and transient conditions. The
point of common coupling voltage has been found to be balanced and sinusoidal. To establish
the superiority of the developed algorithm, the results of NARMA-L2 algorithm are compared
with conventional PI controller. Under transient conditions, the developed NARMA-L2 gives

better control of dc-link voltage in terms of undershoot, overshoot and settling time.
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CHAPTER-VI

PV INVERTER CONTROL ALGORITHM FOR GRID-TIED PV BASED
MICROGRID

INTRODUCTION

The output of solar PV based microgrid depends largely on atmospheric conditions and hence
is intermittent. To take care of this intermittency and to supply good quality power at load end,
PV based microgrid is connected to utility grid through PV inverter. In this chapter, PV inverter
interfacing control algorithms for two stage three-phase grid interfaced PV system have been
presented. The voltage source inverter is connected at point of common coupling via
interfacing inductors (L) for compensating current ripples. The interfacing control algorithms
are used to control the PV inverter for its efficient utilization and provides reactive power
compensation, harmonics compensation and load balancing. In the present work, Novel
Smooth Least Mean Square (SLMS), improved zero attracting LMS (IZALMS) and reweighted
Lo norm variable step size continuous mixed p-norm (RLo-VSSCMPN) based adaptive control
algorithms are proposed and developed for the SPV based microgrid. The performance of the
proposed interfacing control algorithms is analysed and compared with conventional control
algorithms using MATLAB-Simulink and Sim-Power System toolbox by carrying out
simulation studies. The proposed algorithms are also tested in real time on the prototype

hardware setup developed in the laboratory using dSPACE1202.

6.2. SYSTEM DESCRIPTION

Figure 6.1 shows the schematic diagram of two stage three phase grid interfaced SPV system
consisting of 11.78 kW SPV array, dc-dc converter (boost), dc-link capacitor, PV inverter,
interfacing inductors, grid and load. MPPT (P&O) is used to extract maximum power from PV
array under varying environmental scenarios. PV inverter control algorithms are used for
generation of reference currents which in turn are used to generate the gate pulses for the
inverter. The PV inverter control scheme basically comprises of (i) voltage control (i1) network

synchronization control and (iii) generation of gating pulses.

This chapter is based on the paper - (i) “Smooth LMS-based adaptive control of SPV system tied to grid for
enhanced power quality,” IET Power Elec., Vol. 13, Iss.. 15, pp. 3456-3466, 2020. doi: 10.1049/iet-pel.2020.0134.
(i) “Grid integration of Renewable Energy systems: Power electronics topologies for grid integration, Advanced
control techniques of grid connected PV inverters” accepted in Renewable Energy Systems: Modelling,
Optimization, and Applications (RESMOA 2021) (iii) “Design and Implementation of Improved Zero Attracting
LMS adaptive filter for power quality refinement of PV system interfaced to grid” R2 submitted in AJSE

(Springer)
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In voltage control block, the voltage across the dc-link capacitor is controlled. Here, reference
and sensed dc-link voltage are processed, to generate loss component (lioss). Fundamental
component obtained from network synchronization block together with loss component are
used to calculate the reference current signals. Reference current signals and sensed grid
current are used to generate the gating pulse signals for switching of PV inverter [46], [162]—

[166]. Hysteresis Current Control (HCC) technique is used for gating pulse generation.
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Fig. 6.1. Schematic Diagram of Grid interfaced SPV system

6.3. PV INVERTER CONTROL ALGORITHMS
There are several control algorithms available that generate reference currents for the voltage

source inverter (VSI). The control algorithms used in the present work are as follows:

» Conventional Control Algorithms
e Synchronous reference frame theory
e Unit Template
» Adaptive Control Algorithms
e LMS
e Proposed adaptive control algorithms
=  Smooth LMS
» Improved zero attracting LMS

= Reweighted Lo norm variable step size continuous mixed p-norm
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6.3.1. Synchronous Reference Frame Theory-based Conventional Control Algorithm
Block diagram of SRFT based control algorithm is shown in figure 6.2. The sensed dc link
voltage, three phase load currents and PCC voltage are given to voltage control and network
synchronization block respectively for the generation of reference grid currents.

Three phases ‘a-b-c’ can be transformed into ‘a-f’ coordinates by Clark's transformation as
given by equation (6.1). Phase-locked loop (PLL) is used for synchronization of inverter with

the grid.

il= il s

Using Park’s transformation, these currents can be transformed from ‘a-f’ to ‘d-g’ frame as

~1/2

ila
Al (6.1)
—Vv3/ 2] [zz]

given by equation (6.2)
ial _ [ cos(wt) sin(wt)] [la 6.0
il ~ 3 |—sin(wt) cos(wt)] | (6.2)
q w B
Where, w is the angular frequency of the synchronous rotating frame
| = 7 Voitage Conrat 7
Ve | - PI
(Sensed bc controller |
link Voltage) + |
| (Reference DC iloss
| Vit link Voltage) :
e e e e | —
| Neworksymchronizaion | G == S ;
eIWorK syncharonizaiion . —_— S1
Control “ L f NOT, S2 E
. ' . '
. | be iy — + -|_ iy i : . 1ga '
s [}
(Sensed Load l,la | : “ ] . Igh f 83
Currents) ' d i . ' ioh | St 4
e N X . 5 |
] Ton ™ ]
| f f : =56 f NOT S6 o
wt ' g '
|} ige '
| T |i. Gating Pulse Generation Control :
Vo |
(Sensed PCCy, »| Three phase
Voltages) PLL
VL‘_) |

Fig. 6.2. Block diagram of control scheme for SRF theory based conventional control algorithm

The loss component of PV inverter given by iloss, is the output of the proportional integral (PI)
controller in the voltage control loop which is by equation (6.3).

iloss(i + 1) = iloss(i) + Kp{ve(i) — Ve (l)} + Kive(i) (6-3)
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where, Ky is proportional gain, Kiis integral gain, v, (i) is voltage error signal at i" instant.
The reference active component of supply current (i3) is the summation of output of DC bus
PI controller (iwss) and fundamental DC current component of load current (is) which is given

by equation (6.4).

ta = (la + lioss) (6.4)

Inverse Clark's and Park's transformation are then used to obtain three-phase reference source

current using equation (6.5) and equation (6.6). Reverse Park's transformation is given by

equation (6.5):
3= 5 ooty concon) (6] 5

Reverse Park's transformation is given equation (6.6) :

- e

In hysteresis current controller (HCC) the reference currents are compared with actual current

within a hysteresis band and switching pulses are generated accordingly.

6.3.2. Unit Template-based Conventional Control Algorithm
In unit template based conventional control algorithm, the three phase PCC voltage and dc-link
voltage are sensed to generate reference currents for the generation of gating signals for VSI.

Figure 6.3 shows the schematic diagram of unit template based conventional control algorithm.

The peak value of per phase PCC voltage (V%) is given by equation (6.7):

The in-phase unit template (U,,, Uyp, Ugyc) can be calculated by equation (6.8) [167]
Vo 14 Ve
Uga = v, yUap = vf'Uac = v (6.8)

The reference grid currents are obtained by multiplying the obtained unit template with output

of dc-link PI controller fioss as given by equation (6.9).
iga = l1ossUaas i;b = l10ssUab igc = l10ssUqc (6.9)

lgas Lgps Lgc are instantaneous values of reference grid currents. In HCC, the reference currents
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are compared with actual current within a hysteresis band and switching pulses are generated

accordingly.
|_ " Voluge Conol _i
A - PI -
(SensedDC controller l
link Voltage) I + I
I (Reference DC I
I s link Voltage) I
L
r__________'l:' """""""""""""
Network Synchronization ) ' . H;SI
| Control v""” | ¢ Ig Flpz $
| N ! iga
o s ok
(Sensed PCC 5 Estimation > Estimaton [P Etimation |y + '8 F ]ﬁ}—}gj
voltage) " ® of Vi of Unit = of Reference|V ! igh
V. Template | current E 85
joc*
r E i -'E NoT} > S
E ige
i

Fig. 6.3. Block diagram of control scheme for Unit template based conventional control algorithm

6.3.3. Least Mean Square (LMS) based Adaptive Control Algorithm

Fig. 6.4 shows the LMS based adaptive control algorithm of the SPV generating system used
to estimate the fundamental part of the weight component.

The load current (i, i, iic), unit templates (U,,, Uyp. Uye) obtained from sensed grid voltages
(Va4 Vs, Ve), the de-link voltage (V) and voltage magnitude (V) are used to produce reference
current. Using LMS control algorithm, active and reactive weight components are computed.
Then reference grid current is generated with respect to active and reactive components. The
reference grid currents produced from the algorithm are compared with the sensed grid currents
and the error generated is used by the controller to produce the suitable gating signals for the

voltage source inverter.

Weight extraction by LMS control algorithm

The LMS weight extraction is given by equation (6.10) [168]:

w(i@+1) = w(@) +o(@) *xe(d) (6.10)
e(i) = d@) —xT(@) w() (6.11)
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where g is step size, e(i) is estimated error signal, x7 (i) is input vector, d (i) is desired response
and w(i) weight value.
The active weights w,,, Wqp, Wy at (i+1) instant for phase ‘a’, ‘b’ and ‘¢’ respectively can be

computed as given in equation (6.12):
Waa(i + 1) = Waa(i) + Qaa(i) * eaa(i)
Wab(i + 1) = Wab(i) + Oap (l) * €ap (l) (6.12)

Wac(i +1) = Wac(i) + 0ac(i) * eqc ()

Wraw . . . . Waa
Waa(l+1) = Wua(l) + Qua(l) *eaa(l)

faa* = Weaw * Uaa laa™

PI Regulator

173 \

-~

la

i~

L 1YY 0T

aa

Wab(i+1) = Waa(i) + Qab(i) *eab(i)

L iab* = Wraw * Uab E LPF
ab
Wraw Wae >+
- Wac(i‘l']) = Wac(i) + Qac(i) *eac(i) _) +
U ; _—
U:L, fac® = Waw * Ulc fuc |
— —1 Reference Gating
Vo W > + p| current Pulses
|_>_> Wea(i+1) = Wra(i) + gra(i) *raf)) [ | + p| generation i:
ira*=Wtrw* Um Irg*] — |
[&. > — e
Wirw Wb >+
- Win(i+1) = Wrn(i) + 0rb(i) *€rb(i) > +
irb* = Wiw * Unp . T
Un lrb

=

o

Wre(i+1) = Wre(i) + 0re(i) *€re(i) Wre
irc* =Waw * Use

+
+H» 13 >
+

VYV VY

irc

IS

V.| Computation of PCC

V| Voltage amplitude and |—p D PI Regulator
V. unit vector

LPF
I/t *
tigloege

Fig. 6.4. Block Diagram of LMS based adaptive control algorithm

Similarly, the reactive weights w,.,, w,}, w,.. at (i+1) instant for phase ‘a’, ‘b’ and ‘c’
respectively can be computed as given in equation (6.13):

Wra(i +1) = Wra(i) + 0ra (i) * e (1)
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Wrp (L + 1) = wyp (D) + 075 (D) * € (D) (6.13)
Wil +1) = wre (D) + 07 (D) * e (1)

The average of fundamental active and reactive weight components can be computed as given
in equation (6.14):

W,y = WaatWabtWac) (6.14)

3
(Wra+Wrp+wyc)

W =
tr 3

(6.15)
Reference grid current generation with respect to active power components

The in-phase unit template (U,,, Uy, Uye) can be calculated as given in equation (6.16):

Va 14 Ve
Uaazz,Ub:f U, === (6.16)

e’ Ve
The sensed dc-link (V) and reference dc link voltage ( V) voltages are compared in order to
generate error and given to proportional integral (PI) controller. The output is dc loss weight
(wg4c) which is given by equation (6.17) :
Wac (i + 1) = wae (D) + Kpa{vae(( + 1) = v4. (D)} + Kigvge (0 + 1) (6.17)
where Kp4, K;q are proportional and integral gain of DC bus PI. v4. (i + 1) is generated error

of the reference and sensed dc bus voltage at (i+1)™ time.

The total active weight (w;,,,) of the reference current is given by equation (6.18):

Weaw = Wra T Wqc (6.18)
The active in-phase reference current components can be evaluated as shown in equation
(6.19):

L e e
lga = Wtaana' lab - Wtaanb' lac = Wtaanc (6~19)

Generation of reference grid current with respect to reactive power components
The reactive unit templates (Ura, Urb, Urc) components can be obtained as shown in equation
(6.20):

U,, = \/Egaa + (Ualza\;gac)’ U,, = _\/§;Jaa + (Ualzz:/gac) (6.20)

_ Uaa Uac
Upg = ——2 +

N

The sensed average magnitude of supply voltage is compared with set reference magnitude and
the generated error is given to the PI controller. The output of the controller is ac loss weight
(wg) and is given as shown in equation (6.21):

Wae (0 +1) = Wac (D) + Kpa{vee (0 + 1) = v (D} + Kigvre (0 + 1) (6.21)
where K4, K;, are proportional and integral gain of ac voltage controller. v, (i + 1) is the

error of the sensed and reference ac bus voltage at (i+1)" time.
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The total reactive weight, wy,.,,, of the reference current is given by equation (6.22):
Wirw = Wr — Wer (6.22)

The reactive reference current components can be evaluated as given by equation (6.23):

~.

* ko ko __
ra — Wterra: I'T‘b - WtT'WUTb’ lTC - WtTWUTC (6'23)

Generation of gating signal for three-phase Voltage source inverter
The summation of reference active and reactive(isg, inp, iac), (irq Lrp, irc) TeSpectively are

. %

used to generate reference grid current (igq, igp, igc) Which is given by equation (6.24):
iga = lga + lra) i;b =lgp + i:bllgc = lgc + irc (6.24)
The sensed grid current is compared with reference grid current. Hysteresis current control

scheme is used for the generation of gating signal for six switches of voltage source inverter.

Waa(i+1) = Waa(i) - l[/I*Gaa(i+1)

faa™ = Wraw * Uaa laa®

il

Wab (i+1) = Was(i)-y1*Gas(i+1)

LY Y

I iab™ = Wraw * Uab ﬁ LPF
ab
a
Wraw Wae 1t
Wae (i+1) = Wac(i)-l//l*Gac(i+I) » +
Lic e . iac] b ok
m_) fac® = Wiaw * Uac lga
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M_) Wra > + p| current = %) - Pulses
— Wra(i+1) = Wra(i)-W1*Gra(i+1) eneration | . igh
o— AL " s
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wal | 217
- Wi(i+1) = Wrs(i)-w1*Gro(i+1) - N
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(W >—> 1, ENE7R =N \ dq gy
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Fig. 6.5. Block Diagram of Smooth LMS Control Algorithm

LPF
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The basic schematic diagram of the proposed Smooth LMS control algorithm is shown on
figure 6.5. The basic LMS algorithm has been widely implemented due to its simplicity but its
performance is often unsatisfactory due to slower convergence speed. So, smooth LMS has
been attempted to preserve its simplicity and to enhance its performance by adding a smoothing

gradient.

Weight extraction by Smooth LMS
The Smooth LMS [170] weight extraction equation is given by equations (6.25) to (6.27):

w(i+1) = w(i) — GG + 1) (6.25)
where G(i + 1) = (1 — ¥,)G(0) — Yye()x(i) (6.26)
e(i) = d@) —xT() w() (6.27)

where 1, and 1, are decaying sequence, e(i) is estimated error signal, x7 (i) is input vector and
w (i) weight value, G (i) is smoothing gradient.

The active weights w4, Wy, Wy at (i+1) instant for phase ‘a’, ‘6" and ‘c’ respectively can be
computed as given by equation (6.28):

Waa (i +1) = W (D) = ¥1Gaa(i + 1)

Wap(L + 1) = wap (i) = h1Gap (L + 1) (6.28)
Wae (i + 1) = Woe (D) — P16 + 1)

Similarly, the reactive weights w;,.,, w,,, W, for phase ‘a’, ‘b’ and ‘c’ respectively can be
computed as given by equation (6.29):

Wra(i +1) = wpa(D) — P16 (0 + 1)

wrp (i + 1) = wyp (D) = P1Grp (P + 1) (6.29)
Wre(i +1) = wpe (D) = 916G (i + 1)

The average of fundamental active and reactive weight components can be computed as given
by equation (6.30) and (6.31):

Wy = w (6.30)

— Wratwrp+wrc) (6.31)

w.
tr 3

Using hysteresis current control scheme, the gating signal for six switches of voltage source

inverter are generated as already explained in previous section.

6.3.5. Proposed Improved Zero Attracting LMS (IZALMS) based Adaptive Control
Algorithm
Block Diagram of proposed improved zero attracting control algorithm is shown in figure 6.6.

The basic LMS and L; —norm regularization is collectively used to generate zero attractor in
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iteration to remove harmonic content of load current [173]. Also, the step size varies in

accordance with the change in environment as well as load conditions.

Weight extraction by IZALMS algorithm

The zero attracting LMS weight extraction calculation at 7+/’ instant is given by equation

(6.32):
w(i+1)= w() + o0, e(x(i) — ngn(w(i)) (6.32)
where s gn(w(i)) is component wise sign function given by equation (6.33):
w(i) . .
; —, ifw()#0
sgn(w(@®)) = { Iw@l fw® (6.33)
0, if wi) #0
and g, is variable-step size [174] and is given by equation (6.34):
0y = 60+ (1—68)e(d) (6.34)
where, e(i) = d(i) — xT () w(i) (6.35)
PI Regulat
: e
= 1ZALMS algorithm for weight Wad >+ 13 e P+ Wiaw
extraction of phase ‘a’ active and —p! + _Hr -
reactive components Wra
IZALMS algorithm for weight Wap v
lip extraction of phase ‘b’ active and W Uaa —p;
-_W reactive components - Uab=P| Reference
Uasce | current
Ura = generation
=
- IZALMS algorithm for weight Wag Urc 9 7y
extraction of phase ‘c’ active and
reactive components Wre
>| +
> + 13 LPF w
+ A wr
V. —»1 Computation of PCC
Ve 3| Voltage amplitude and LPF PI Regulator
V. —> unit vector

T

Fig. 6.6. Block Diagram of improved zero attracting control algorithm

where Q is the zero-attractor controller which decide the strength of attraction, & values lies

between (0,1), e(i) is estimated error signal, x7 (i) is input vector and w(i) is the weight value.
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The active weights w,,, Wqp, Wy at (i+1) instant for phase ‘a’, ‘b’ and ‘¢’ respectively can be
computed as given by equation (6.36):

Waa(i + 1) = Waa (D) + 0y e(Dx()) — Qsgn(w(®)

Wap (i + 1) = wap (D) + 0, e(Dx(i) — Qsgn(w(i)) (6.36)
Wae (i + 1) = wyc (i) + 0, e(Dx(D) — Qsgn(w(®)

Similarly, the reactive weights w,.,, w,-, W, for phase ‘a’, ‘b’ and ‘c’ respectively can be
computed as given by equation (6.29):

Wra(i +1) = wra (D) + 0y e(Dx (D) — Qsgn(w(®)

Wrp (i +1) = wr (D) + @ e(Dx(D) — Qsgn(w(D) (6.37)
Wre(i +1) = e (D) + 0u e(Dx () — Qsgn(w(®)

The average of fundamental active and reactive weight components can be computed as given
by equation (6.38) and (6.39):

Wy = w (6.38)

— Wratwrptwre) (6.39)

w.
tr 3

The gating signal for six switches of voltage source inverter are generated using hysteresis

current control scheme.

6.3.6. Proposed Reweighted Lo VSS-CMPN control algorithm

Block diagram of proposed reweighted Lo VSS-CMPN control algorithm is shown in figure
6.7. Fixed step size in continuous mixed p-norm (CMPN) is made variable which changes in
accordance to change in input/output parameters. In the present work, optimal novel
reweighted Lo norm is combined with CMPN (RLo-VSSCMPN). Here, reweighting component
is added which gives fast convergence speed and makes system adaptable to complicated

circuits.

Weight extraction by RLy-VSSCMPN algorithm
The equations given below are involved in RLo-VSSCMPN control algorithm [172].
The cost function Crro(1) with reweighted Lo norm function of the algorithm is given as shown

in equation (6.40) [29]:
Crio () = [, @) E{e@NPdp +y IF O w®llo (6.40)

reweightedLynorm

where, Ai(p) is a probability density-like weighting function with constraint the flz Ai(p)dp =
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1, |l.llo is Lo norm, y is regularization parameter which makes convergence faster and
smoothens transitions.

The error function of phase ‘a’ load is given by equation (6.41):

e(i) = ila(i) - Waa(i)Uaa(i) (641)
f@) = e+|wza(t)|

where U.a is unit template, € > 0 and waa(i) weight value.

Vil Computation of CCP

wme ||  RLo-VSSCMPN digorithm for Vi—| Voltage L;mp littude aed
i. weight extraction of phase ‘a’ Waa Ve e vector
U. active components * * +
SIS
Wirw ) RLy-VSSCMPN algorithm Wb + Wia
in =P forweight extraction of phase ~p————|+ || 153 }»| LPF
Ua ) ‘b’ active components +
Va’c *
Wi | > RL,-VSSCMPN algorithm == v
Lic —> for weight extraction of
Use > phase ‘c’ active components Vdc_>®_> PI Controller |

§2 NOT «%{——

S/ H f ; iga* Reference
8ga

S4 NOT current

s e F « :
igh & generation

Pk

o

e 54—@4—

Pr
Vpp* ﬁ PV-FF
o4 Duty Cycle [€—] INC MPPT *

A 1+ 4 Vi

Vie Ver Iev

Fig. 6.7. Block Diagram of Reweighted Lo VSS-CMPN control algorithm

The weight (Waa) of fundamental load current component is given by equations [173] (6.42) to

(6.44):

Waa(i+1) = Wag(D) + 0 52222 (6.42)
Waali+1) = Wea (D + 0 [ 2() 50  dp — 0 v £,{ () wd) (6.43)
Waq (i + 1) = Waq (D) + 0 Xisgn(e(D))x() — 0 v £,{f () w(d} (6.44)
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where @ is the step size, sgn is signum function, fz is threshold parameter, 1; is variable step

size that depends on e(i).

_ @le®I=Din(le@D-le@]+1 (6.45)

A n2(le(i))

Similarly, the fundamental component of weight for other two phases are given by equations
(6.46) to (6.47) [174}:

Wap (i + 1) = wap (D + 0 Xisgn(e)x@ — oy fo{f (D) w(®} (6.46)
Wac(i + 1) = wec (@ + @ hisgn(e)x(D) — e v fr{f (D w(D)} (6.47)

The average of fundamental active weight components can be computed as given by equation
(6.48):

— (Waa+Wap+twgc) (6 48)

w.
ta 3

Hysteresis current control scheme has been used for generating the gating signal for six

switches of voltage source inverter.

6.4. RESULTS AND DISCUSSIONS (MATLAB/Simulink)
In this section, simulation results of the proposed smooth LMS, IZALMS and RLo-VSSCMPN

based adaptive control algorithms for two-stage three-phase grid interfaced SPV system of

11.78 kW (Appendix B (b)) are shown.

6.4.1. Smooth LMS Control Algorithm

6.4.1.1. System performance with linear load under load variation and irradiation

variation

Figure 6.8 shows the simulation results of the system for load variation and irradiation
variation. A linear load of 14.14 kVA, 0.71 lagging p.f. is connected at the PCC. In
figure 6.8 (a), waveforms of solar irradiation (Irr), output power of SPV system (Ppv), three
phase waveforms of grid voltage (Vyg), load current (IL), source i.e., inverter current (Is), grid

current (Ig) and dc-link voltage (Vdc) are shown.

Figure 6.8 (b) depicts active, reactive power of load, source and grid in power factor correction
mode. The SPV system generates 11.78 kW power and active power demand of the load is
10 kW. The surplus power (1.78 kW) is given to grid. The system works in UPF mode. The
reactive power requirement of the load (10 kVAR) is fulfilled by inverter alone. At t=0.3sec,
an extra load of 10 kW UPF is added to the existing load. The new active power demand of
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the load (20 kW) is fulfilled by both inverter (11.78 kW) and grid (8.22 kW) as shown in figure
6.8 (a). At t = 0.5 sec, the irradiation is changed from 1000 W/m? to 500 W/m?. With the
decrease in the irradiation level, the active power generated from the PV decreases from
11.78 kW to 5.2 kW. The deficit power (14.2 kW) is taken from the grid. Even, with change in
irradiation reactive power generated by the PV inverter remains the same. The grid currents
remain balanced and sinusoidal irrespective of change in load and irradiation. The Vdc is

maintained at 800V.

~_ 1000 T T T T T 0 ';“‘ T =
= i Solar irradiation changed at t=0.5 sec from;
= : 1000 W/m’ to. 500 W/ni’. : '
| T L L 1 L i o i
— i
= 12000 F -
~Z. =mnooo 3
=
B 4000 i i -

A

Load increased at t=0.3 sec |

E =
=
= ROV,

-50 & I I I

L SPV generation decreased at (=0.5 sec

A NHNHNNAH%%09%95%99999509000000000 080000000088

—40 & .

i Grid current is balanced and sinusoidal

| | 1 | |
w00 ——_  DCbusvoltage is maintained at 800V ; .
=
= 800 P
-
200 | | | | | 1 |
0.25 0.3 0.35 0.4 0.45 0.s 0.55 0.6
Time (seconds)
(@
20 Inn_(/! increased att=0.3 see, ; ,

Q (kVAR)
L

iSPV generation decreased at 1=0.5 sec

s T T T T_®W) -]
10 .
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= . 7
Surplus power generated Grid is partially fulfilling the Grid is supplying deficit load
- is fed to grid load demand demanld as SPV gleneration is
P (KW) reduced.
10 [ L) :
o ﬁ Q_(KVAR)
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
Time (seconds)
(b)

Fig. 6.8. System performance with linear load under load variation and irradiation variation (a)
waveform of solar irradiation (Iir), output power of SPV system (Ppv), Three phase waveform of grid
voltage (Vy), load current (IL), source current (Is) and grid current (Ig), and voltage at DC bus (Vac) (b)

Active and reactive power of load, source and grid.
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6.4.1.2. System performance with non-linear load

In this section, the performance of Smooth LMS control algorithm with non-linear load

(Three-phase bridge rectifier with RL load, R=20ohm, L=10mH) is shown.

(a) Load variation and irradiation variation
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Fig.6.9. System performance with non-linear load under load/irradiation variation) (a) Three phase
waveform of grid voltage (Vg), load current (IL), source current (Is) and grid current (Ig) and voltage at DC

bus (Vac) (b) Active power of load, source and grid

Figure 6.9 shows the simulation results of the given system for load variation and irradiation
variation. A three-phase diode bridge rectifier with RL load (20€2, 100mH) is connected at the
PCC. The SPV system generates 11.78 kW power and active power demand of the load is
15.7 kW. In order to meet the load demand, deficit power i.e., 3.92 kW is taken from grid.
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At t=0.3sec, an extra load of 5 kW UPF is added to the existing load. The load demand
(20.5 kW) is fulfilled by both inverter (11.78 kW) and grid (8.72 kW) as shown in figure 6.9.
Att=0.5 sec, the irradiation is changed from 1000W/m?to 500W/m?. With the decrease in the
irradiation level, the active power generated from the PV decreases from 11.78kW to 5.2 kW.
Hence, deficit power (15.3 kW) is demanded from the grid. The grid currents remain balanced
and sinusoidal irrespective of change in load and irradiation. The system works in unity power
factor mode. The V4 is maintained at 800V. Figure 6.9 (b) depicts active power of load, source

and grid.

(b) Unbalanced non-linear load condition

Figure 6.10 shows the simulation results of the system for unbalanced non-linear load.
Phase ‘b’ of non-linear load is removed from time t=0.3 sec to t=0.5 sec and reconnecting it at
t=0.5 sec. Even when the load is unbalanced, the grid current was found to be balanced and

sinusoidal. The V¢ is maintained at 800V.

I‘(.-\)

1(A)

0
=

: DC bus voltage is maintained at 800V

900
—~
-
“, 800 N sy
.=
= 700 | 1 | | 1 1 i
02 025 03 035 04 045 05 055 0.6

Time (seconds)

Fig. 6.10. System performance with unbalanced non-linear load

(c) Unbalanced grid condition

Figure 6.11 shows the simulation results of the system for unbalanced grid voltage condition.

From t= 0.4 to t= 0.6sec, grid unbalancing is created by increasing the voltage of phase ‘b’ to
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370 V and reducing the voltage of phase ‘c’ to 315 V. The grid current under grid unbalanced

condition is found to be balanced and sinusoidal. The V4. is maintained at 800V.

i Grid voltage unbalance at t=0.4-0.6 sec |
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Fig. 6.11. System performance with non-linear load under unbalanced grid

(d) Grid voltage sag and voltage swell condition
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Fig. 6.12. System performance with non-linear load under grid voltage swell and sag

Figure 6.12 shows the simulation results of the system under grid voltage sag and swell
condition. Voltage sag from t= 0.3 to 0.5sec and voltage swell from t= 0.5 to 0.6 sec is given

in grid voltage. Voltage sag of 270 V at t= 0.3 to 0.5sec, decreases the current across the load.
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Alike, the voltage swell of 378 V at t= 0.5 sec, increases current across the load. Under this
dynamic condition, the grid current was found to be balanced and sinusoidal. The Ve is
maintained at 800V.

6.4.2. Improved Zero Attracting LMS Control Algorithm

6.4.2.1. System performance with linear load under load variation and irradiation

variation
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Fig. 6.13. System performance with linear load under load variation and irradiation variation (a)
waveform of solar irradiation (I:r), output power of SPV system (Ppv), Three phase waveform of grid
voltage (V¢), load current (IL), source current (Is) and grid current (Ig), and voltage at DC bus (Vac) (b)

Active and reactive power of load, source and grid.
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Figure 6.13 shows the simulation results of the system for load variation and irradiation
variation. A linear load of 14.14 kVA, 0.71 lagging p.f. is connected at the PCC. In
figure 6.13 (a), waveforms of solar irradiation (Iir), output power of SPV system (Ppv), three
phase waveforms of grid voltage (Vyg), load current (IL), source i.e., inverter current (Is), grid
current (Ig) and dc-link voltage (Vdc) are shown. In figure 6.13 (b) depicts active, reactive power
of load, source and grid in power factor correction mode. The SPV system generates 11.78 kW
power and active power demand of the load is 10 kW. The surplus power (1.78 kW) is given
to grid. The system works in UPF mode. The reactive power requirement of the load (10 kVAR)
is fulfilled by inverter alone. At t=0.3sec, an extra load of 10 kW UPF is added to the existing
load. The new active power demand of the load (20 kW) is fulfilled by both inverter
(11.78 kW) and grid (8.22 kW) as shown in figure 6.8 (a). At t = 0.5 sec, the irradiation is
changed from 1000 W/m? to 500 W/m?. With the decrease in the irradiation level, the active
power generated from the PV decreases from 11.78 kW to 5.2 kW. Hence, deficit power
(14.2 kW) is taken from the grid. Even, with change in irradiation reactive power generated by
the PV inverter remains the same. The grid currents remain balanced and sinusoidal

irrespective of change in load and irradiation. The V. is maintained at 800V.

Figure 6.13 (b) depicts active, reactive power of grid, load and source in power factor correction

mode.

6.4.2.2. System performance with non-linear load

In this section, the performance of proposed IZALMS control algorithm with non-linear load

(Three phase bridge rectifier with RL load, R=20ohm, L=10mH) is shown.
(a) Load variation and irradiation variation

Figure 6.14 shows the simulation results of the system for load variation and irradiation
variation SPV system generates 11.78 kW power and active power demand of the load is
15.7 kW. In order to meet the load demand, deficit power i.e., 3.92 kW is taken from grid. At
t=0.3sec, an extra load of 5 kW UPF is added to the existing load. The load demand (20.5 kW)
is fulfilled by both inverter (11.78 kW) and grid (8.72 kW) as shown in figure 6.9. At
t = 0.5 sec, the irradiation is changed from 1000W/m?to 500W/m?. With the decrease in the
irradiation level, the active power generated from the PV decreases from 11.78kW to 5.2 kW.
Hence, deficit power (15.3 kW) is demanded from the grid. The grid currents remain balanced
and sinusoidal irrespective of change in load and irradiation. The Vdc is maintained at 800V.

Figure 6.14 (b) depicts active power of load, source and grid.
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Fig. 6.14. System performance with non-linear load under load/irradiation variation) (a) Three phase
waveform of grid voltage (V;), load current (IL), source current (Is) and grid current (Ig), and voltage at DC

bus (b) Active power of load, source and grid.

(b) Unbalanced non-linear load condition

Figure 6.15 shows the simulation results of the system for unbalanced non-linear load. Phase
‘b’ of non-linear load is removed from time t=0.3 sec to t=0.5 sec and reconnecting it at
t=0.5 sec. Even when the load is unbalanced, the grid current was found to be balanced and

sinusoidal. The V¢ is maintained at 800V.
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Fig. 6.15. System performance with unbalanced non-linear load

(c) Unbalanced grid condition

Figure 6.16 shows the simulation results of the system for unbalanced grid condition. From
t= 0.4 to t= 0.6sec, grid unbalancing is created by increasing the voltage of phase ‘b’ to 370 V
and reducing the voltage of phase ‘c’ to 315 V. The grid current under grid unbalanced

condition is found to be balanced and sinusoidal. The V4. is maintained at 800V.

i Grid voltage unbalance at t=0.4-0.6 sec :
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Fig. 6.16. System performance with non-linear load under unbalanced grid

(d) Grid voltage sag and voltage swell condition

Figure 6.17 shows the simulation results of the system for grid voltage sag and swell. Voltage
sag from t= 0.3 to 0.5sec and swell from t= 0.5 to 0.6sec is given in grid voltage. Voltage sag

of 270 V at t= 0.3 to 0.5sec, decreases the current across the load. Alike, the voltage swell of
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378 V at t= 0.5 sec, increases current across the load. Under this dynamic condition, the grid

current was found to be balanced and sinusoidal. The V¢ is maintained at 800V.
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Fig. 6.17. System performance with non-linear load under grid voltage swell and sag

6.4.3. RLo-VSSCMPN Control Algorithm

6.4.3.1. System performance with linear load under load variation and irradiation

variation

Figure 6.18 shows the simulation results of the system for load variation and irradiation
variation. A linear load of 14.14 kVA, 0.71 lagging p.f. is connected at the PCC. In
figure 6.18 (a), waveforms of solar irradiation (Iir), output power of SPV system (Ppv), three
phase waveforms of grid voltage (Vyg), load current (IL), source i.e., inverter current (Is), grid
current (Ig) and dc-link voltage (Vdc) are shown. In figure 6.18 (b) depicts active, reactive power
of load, source and grid in power factor correction mode. The SPV system generates 11.78 kW
power and active power demand of the load is 10 kW. The surplus power (1.78 kW) is given
to grid. The system works in UPF mode. The reactive power requirement of the load (10 kVAR)
is fulfilled by inverter alone. At t=0.3sec, an extra load of 10 kW UPF is added to the existing
load. The new active power demand of the load (20 kW) is fulfilled by both inverter
(11.78 kW) and grid (8.22 kW) as shown in figure 6.8 (a). At t = 0.5 sec, the irradiation is
changed from 1000 W/m? to 500 W/m?. With the decrease in the irradiation level, the active
power generated from the PV decreases from 11.78 kW to 5.2 kW. Hence, deficit power
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(14.2 kW) is taken from the grid. Even, with change in irradiation reactive power generated by

the PV inverter remains the same. The grid currents remain balanced and sinusoidal

irrespective of change in load and irradiation. The V4. is maintained at 800V.
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Fig. 6.18. System performance with linear load under load variation and irradiation variation (a) waveform

of solar irradiation (Irr), output power of SPV system (Ppv), Three phase waveform of grid voltage (V),

load (IL), source (Is) and grid current (I3), and voltage at DC bus (Vac) (b) Active and reactive power of grid,

load and source

6.4.3.2. System performance with non-linear load

In this section, the performance of proposed RLo-VSSCMPN control algorithm with non-linear
load (Three phase bridge rectifier with RL load, R=20ohm, L=10mH) is shown.
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(a) Load variation and irradiation variation
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Fig.6.19. System performance with non-linear load under load/irradiation variation) (a) Three phase

waveform of grid voltage (V;), load current (IL), source current (Is) and grid current (Ig), and voltage at DC

bus (b) Active power of load, source and grid

Figure 6.19 shows the simulation results of the system for load variation and irradiation
variation. SPV system generates 11.78 kW power and active power demand of the load is
15.7 kW. In order to meet the load demand, deficit power i.e., 3.92 kW is taken from grid.
At t=0.3sec, an extra load of 5 kW UPF is added to the existing load. The load demand
(20.5 kW) is fulfilled by both inverter (11.78 kW) and grid (8.72 kW) as shown in figure 6.9.
Att=0.5 sec, the irradiation is changed from 1000W/m? to 500W/m?. With the decrease in the
irradiation level, the active power generated from the PV decreases from 11.78kW to 5.2 kW.
Hence, deficit power (15.3 kW) is demanded from the grid. The grid currents remain balanced

and sinusoidal irrespective of change in load and irradiation. The Ve is maintained at 800V.

Figure 6.19 (b) depicts active power of load, source and grid.
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(b) Unbalanced non-linear load condition

Figure 6.20 shows the simulation results of the system for unbalanced non-linear load. Phase
‘b’ of non-linear load is removed from time t=0.3 sec to t=0.5 sec and reconnecting it at
t=0.5 sec. Even when the load is unbalanced, the grid current was found to be balanced and

sinusoidal. The Vqc is maintained at 800V.
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Fig. 6.20. System performance with unbalanced non-linear load

(c) Unbalanced grid condition
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Fig. 6.21. System performance with non-linear load under unbalanced grid

Figure 6.21 shows the simulation results of the system for unbalanced grid condition. From t=

0.4 to t= 0.6sec, grid unbalancing is created by increasing the voltage of phase ‘b’ to 370 V and
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reducing the voltage of phase ‘c’ to 315 V. The grid current under grid unbalanced condition

is found to be balanced and sinusoidal. The V4. is maintained at 800V.

(d) Grid voltage sag and swell voltage condition
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Fig. 6.22. System performance with non-linear load under grid voltage swell and sag

Figure 6.22 shows the simulation results of the system for grid voltage sag and swell. Voltage
sag from t= 0.3 to 0.5 sec and swell from t= 0.5 to 0.6 sec is given in grid voltage. Voltage sag
of 270 V at t= 0.3 to 0.5sec, decreases the current across the load. Alike, the voltage swell of
378 V at t= 0.5 sec, increases current across the load. Under this dynamic condition, the grid

current was found to be balanced and sinusoidal. The V¢ is maintained at 800V.

6.4.4. Comparison of Proposed Control Algorithms with Other Control Algorithms

6.4.4.1. Total Harmonics Distortion (THD)

In this section, the proposed control algorithms viz. Smooth LMS, IZALMS and
RLo-VSSCMPN have been compared with other control schemes viz. SRFT, unit template and
LMS in terms of total harmonic distortion of grid current as shown in figure 6.23 for the non-
linear load considered. The obtained THD of proposed control algorithms and all other control
schemes are presented below in table no. 6.1. The load THD is 29.53% while the grid current
THD in all the algorithms is well within the IEEE standards. The proposed RLo-VSSCMPN
algorithm shows the least THD.
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Fig. 6.23. Comparison of proposed control schemes with other control algorithms in terms of THD
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Table No. 6.1. THD of proposed control algorithms and all other control algorithms

Control SRFT Unit LMS Smooth [ZALMS RLo-
Algorithm Template LMS VSSCMPN
THD (%) 3.43 3.05 2.94 2.84 2.47 2.32

6.4.4.2. Weight convergence and dc-offset rejection capability

In this section, the proposed control algorithms viz. Smooth LMS, IZALMS and

RLo-VSSCMPN have been compared with LMS based adaptive control algorithm in terms of

weight convergence and dc-offset rejection capability. An offset of 2.5A is given in load

current as shown in figure 6.24 (a). From the obtained results as shown in figure 6.24 (b), it

can be seen that RLo-VSSCMPN control scheme has less steady state oscillation along with

fast convergence speed when dc-offset is given in comparison to LMS, Smooth LMS and

IZALMS.

It can also be seen that proposed RLo-VSSCMPN control algorithm completely rejects the dc-

offset from load current when compared to LMS, Smooth LMS and IZALMS.
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Fig. 6.24. Comparison of proposed RLo-VSSCMPN control scheme with LMS, Smooth LMS and IZALMS
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6.5. HARDWARE IMPLEMENTATION AND PARAMETER SELECTION

The proposed smooth LMS, [IZALMS and RLo-VSSCMPN based adaptive control algorithms
are tested on the hardware prototype acting as DSTATCOM as shown in figure 6.25. Prototype
hardware system consists of VSI that is tied in parallel to the grid at the point of common
coupling. The numbering given in figure 6.25 indicates (1) Three phase 415V, 50Hz A.C.
supply acting as grid after stepping down to 110 V (2) Interfacing Inductors (3) Load (non-
linear) (4) Three-phase Resistive load (5) Three-phase Inductive load (6) Power Analyzer (7)
Three-phase voltage source inverter (8) DC supply (9) DSO (10) dSPACE 1202
(MicroLab box) (11) Control desktop (12) Three phase auto transformer used to step down
supply voltage to 110 V (13) Sensor circuit.

Fig. 6.25. Hardware setup

The parameters selection is explained below.

6.5.1 Choice of DC-link voltage (Vac)

In order to achieve proper operation of the VSI, the minimum dc-link voltage of Vac should be
greater than twice the peak phase voltage on the ac side of the VSI and can be calculated as
given by equation (6.49) [124].

_ z*ﬁ*VLL
Vdc - V3

where, VLL is line to line voltage = 110 V. The calculated value of the Vdc is 180 V, selected
value of Vac 1s =200 V.

(6.49)
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6.5.2 Sizing of DC-Link capacitor (Cqc)
The dc-link capacitor shown in figure 6.1 is designed to ensure a stable dc-link voltage with
minimum voltage ripple. The value of dc-link capacitor value can be calculated using equation

(6.50) [126]:
_ 6.kIpn.Vpnht
(Vc%cl_vc%cz)

Where, Vph is phase voltage = 63.5 V, Iph is phase current of inverter = 4A, k is constant = 0.1,

Cae (6.50)

h is overload factor = 1.2, t is time by which dc voltage recovers to its standard voltage
=0.015 sec, Ve is reference voltage = 200V, Vdc2 is minimum dc-link voltage = 195 V. The

calculated value of dc-link capacitor Cdc = 1.38 mF.

6.5.3 Interfacing Inductors (Ly)
Interfacing inductor is designed to minimise the ripple in ac side output current of VSI. The

basic equation governing dynamics between VSI and PCC is given by equation (6.51) [127]:
dic

LfE

=V =V (6.51)
Where, V' is the value of the PWM voltage at the inverter-pole point (mid-point of inverter
leg) and V5 is the instantaneous PCC voltage of the corresponding phase. The ripple in current
through interfacing inductor will be maximum when V5 is at its peak equal to Vsm. Therefore,
to account for a 10% voltage drop across the interfacing inductors, it can be considered that

Vr= 1.1 Vsm.. Therefore, substituting this value in equation (6.51), equation (6.52) can be

obtained.

Ly— =11 Vg — Vo = 0.1 Vg (6.52)
where Vsm is peak value of phase voltage = 63.5 V, dicis the ripple in inductor current = 0.2 A,
dt is the switching time interval = 0.1ms. The calculated value of Ly = 3.175 mH. A higher

value of inductor L~ 5 mH is selected.

The hardware prototype specifications are given in appendix E.

6.6. RESULTS AND DISCUSSIONS (EXPERIMENTAL REALIZATION)

6.6.1. Smooth LMS Control Algorithm

6.6.1.1. System performance with linear load under load variation

Performance of smooth LMS control algorithm for VSI control under linear load (0.29 kVA,
0.85 lagging p.f.) is shown in figure 6.26 (a) and (b). Waveforms of phase ‘a’ of grid voltage

(Vy), grid current (Ig), load current (IL) and source i.e. inverter current (Is) before and after
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compensation are shown in the figure 6.26 (a). It can be seen that; grid current is maintained
sinusoidal and is in phase with voltage after compensation. At the instant marked in
figure 6.26 (b), additional load of 0.32kV A UPF has been added to the existing system. It can
be seen from the results that; magnitude of grid current increases to meet the increased load

demand but the system p.f. is maintained near to unity.
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— 25007 5008/ 5004/ 4 2003/ 16.36s 50003/ Stop
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Fig. 6.26. System performance with (a) Steady linear load (b) variable linear load condition

Figure 6.27 (a) depicts the corresponding demand of load and it can be seen that before
compensation grid supplies both real and reactive load demand. After compensation, as seen
from figure 6.27 (b), now inverter supplies the reactive power demand of the load. Hence,
approximately zero reactive power is taken from grid which improves the grid power factor
from 0.85 to 0.98. Figure 6.27(c) shows that, reactive demand of load is fulfilled by inverter

alone and increased active load demand is supplied by grid only.
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Fig. 6.27. Grid Power (a) Before Compensation and (b)After Compensation (c) increased load

6.6.1.2. System performance with non-linear load
(a) Non-Linear Load variation

Performance of smooth LMS control algorithm for VSI control under non-linear load
(3-¢ bridge rectifier, R=50Q, L=20mH) is shown in figure 6.28. Waveforms of phase ‘a’ of

grid voltage (Vyg), grid current (Ig), load current (IL) and source i.e. inverter current (Is) before
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and after compensation are shown. Grid current is observed to be sinusoidal and in phase with

voltage under non-linear load also.

1250w/ 2 B.00A/ 5 D.00A/ 20/ 10.05s 20.008/ Stop

Ve
LAVEAN S VAV A VIAVEAVANEN
Ig -
o S Y
'«———— Before > fte
I Compensation Compensation
el S N T T
e
Is

Fig. 6.28. System performance with non-linear load

In figure 6.29, robustness of the proposed controller has been examined under varying non-
linear load. At the instant marked, three-phase bridge rectifier non-linear load has been changed
from (R=50Q, L=20mH) to (R=30Q, L=20mH). The grid current is still sinusoidal.
Furthermore, it can be seen that grid current magnitude is increased to meet the increased load

demand.
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Fig. 6.29. System performance with variable non-linear load condition

(b) Grid unbalancing

Performance of smooth LMS control algorithm for VSI control with non-linear load under
unbalanced grid voltage condition is shown. Unbalancing of 21% in phase ‘a’ is given in grid
voltage and corresponding grid and load current are shown in figure 6.30. With the proposed

algorithm, it can be seen that under even unbalanced grid condition, grid current is sinusoidal.
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Vga:150V/div, Veb:150V/diy

Ig:5A(div

IL:3X/div

Fig. 6.30. System performance with unbalanced grid voltage condition

(¢) Grid voltage sag and swell

Performance of smooth LMS control algorithm for VSI control with non-linear load under grid
voltage sag of 15% and grid voltage swell of 15% in the system is given as shown in figure
6.31. Voltage sag at instant indicated, decreases the voltage across the load current and
similarly, voltage swell at instant indicated, increases the voltage across the load current. The

grid current is still observed to be sinusoidal in both the condition.
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Fig. 6.31. System performance with voltage sag and swell in grid voltage

6.6.2. Improved Zero Attracting LMS Control Algorithm

6.6.2.1. System performance with linear load under load variation

Performance of IZALMS control algorithm for VSI control under linear load
(0.34 kVA, 0.93 lagging p.f.) is shown in figure 6.32 (a) and (b). Waveforms of phase ‘a’ of
grid voltage (Vyg), grid current (Ig), load current (IL) and source i.e. inverter current (Is) before
and after compensation are shown in the figure 6.32 (a). It can be seen from the results that;

grid current is found to be sinusoidal is in phase with voltage after compensation. At the instant
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marked in figure 6.32 (b), additional load of 0.30 kVA UPF has been added to the existing
system. It can be seen from the results that; magnitude of grid current increases to meet the

increased load demand.
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Fig. 6.32. System performance with (a) Steady linear load (b) variable linear load condition

=

Figure 6.33 (a) depicts the corresponding demand of load and it can be seen that before
compensation grid supplies both real and reactive load demand. After compensation as seen
from figure 6.33 (b) that now inverter supplies the reactive power demand of the load. Hence,
approximately zero reactive power is taken from grid which improves the grid power factor

0.93 to 0.98.
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Fig. 6.33. Grid Power (a) Before Compensation and (b)After Compensation (c) increased load

6.6.2.2. System performance with non-linear load

Performance of IZALMS control algorithm for VSI control under non-linear load
(3-¢ bridge rectifier, R=50Q, L=20mH) is shown in figure 6.34. Waveforms of phase ‘a’ of
grid voltage (Vyg), grid current (Ig), load current (IL) and source i.e. inverter current (Is) before
and after compensation are shown. Grid current are observed to be sinusoidal under non-linear

load also.
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Fig. 6.34. System performance with non-linear load

(a) Non-Linear Load variation

In figure 6.35, robustness of the proposed controller has been examined under varying
non-linear load. At the instant marked, a three-phase bridge rectifier non-linear load has been
changed from (R=50Q, L=20mH) to (R=30€, L=20mH). The grid current is still sinusoidal.
Furthermore, it can be seen that grid current magnitude is increased to meet the increased load

demand.
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Fig. 6.35. System performance with variable non-linear load condition

(b) Grid unbalancing
Performance of IZALMS control algorithm for VSI control with non-linear load under
unbalanced grid voltage condition is shown. Unbalancing of 21% in phase ‘a’ is given in grid

voltage and its corresponding grid and load current are shown in figure 6.36. With the proposed

algorithm, it can be seen that under unbalanced grid condition, grid current is sinusoidal.
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Fig. 6.36. System performance with unbalanced grid voltage condition
(¢) Grid voltage sag and swell

Performance of IZALMS control algorithm for VSI control with non-linear load under grid
voltage sag of 15% and grid voltage swell of 15% in the system is given as shown in figure
6.37. Voltage sag at instant indicated, decreases the voltage across the load current and
similarly, voltage swell at instant indicated, increases the voltage across the load current. The

grid current is still observed to be sinusoidal in both the condition.
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Fig. 6.37. System performance with voltage sag and swell in grid voltage

6.6.3. RLo-VSSCMPN Control Algorithm

6.6.3.1. System performance with linear load under load variation

Performance of RLo-VSSCMPN control algorithm for VSI control under linear load
(0.34 kVA, 0.93 lagging p.f.) is shown in figure 6.38 (a) and (b). Waveforms of phase ‘a’ of
grid voltage (Vyg), grid current (Ig), load current (IL) and source i.e. inverter current (Is) before
and after compensation are shown in the figure 6.38 (a). It can be seen from the results that;

grid current is found to be sinusoidal is in phase with voltage after compensation. At the instant

marked in figure 6.38 (b), additional load of 0.30 kVA UPF has been added to the existing
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system. It can be seen from the results that; magnitude of grid current increases to meet the

increased load demand.
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Fig. 6.38. System performance with linear load
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Fig. 6.39 (a) System performance with varying linear load and Grid Power (b) Before Compensation and

(c) After Compensation (d) increased load
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Figure 6.39 (b) depicts the corresponding demand of load and it can be seen that before
compensation grid supplies both real and reactive load demand. After compensation, as seen
from figure 6.39 (c), now inverter supplies the reactive power demand of the load. Hence,
approximately zero reactive power is taken from grid which improves the grid power factor
from 0.93 to 0.98. Figure 6.39 (d) shows that, reactive demand of load is fulfilled by inverter

alone and increased active load demand is supplied by grid only.

6.6.3.2. System performance with non-linear load
(a) Non-Linear Load variation

Performance of RLo-VSSCMPN control algorithm for VSI control under non-linear load
(3-¢ bridge rectifier, R=50Q, L=20mH) is shown in figure 6.40. Waveforms of phase ‘a’ of
grid voltage (Vyg), grid current (Ig), load current (IL) and source i.e. inverter current (Is) before
and after compensation are shown. Grid current are observed to be sinusoidal under non-linear

load also.
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Fig. 6.40. System performance with non-linear load

In figure 6.41, robustness of the proposed controller has been examined under varying non-
linear load. At the instant marked, a three-phase bridge rectifier non-linear load has been
changed from (R=50Q, L=20mH) to (R=30€Q, L=20mH). The grid current is still sinusoidal.
Furthermore, it can be seen that grid current magnitude is increased to meet the increased load

demand.
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Fig. 6.41 System performance with varying non- linear load
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(b) Grid unbalancing

Performance of RLo-VSSCMPN control algorithm for VSI control with non-linear load under
unbalanced grid voltage condition is shown. Unbalancing of 21% in phase ‘a’ is given in grid
voltage and its corresponding grid and load current are shown in figure 6.42. With the proposed

algorithm, it can be seen that under unbalanced grid condition, grid current is sinusoidal.
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Fig. 6.42. System performance with unbalanced grid voltages

(¢) Grid voltage sag and swell

Performance of RLo-VSSCMPN control algorithm for VSI control with non-linear load under
grid voltage sag of 15% and grid voltage swell of 15% in the system is given as shown in figure
6.43. Voltage sag at instant indicated, decreases the voltage across the load current and
similarly, voltage swell at instant indicated, increases the voltage across the load current. The

grid current is still observed to be sinusoidal in both the condition.
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Fig. 6.43 System performance with grid voltage sag and voltage swell

6.6.4. Comparison of Proposed Control Algorithms with Other Control Algorithms
6.6.4.1. Total Harmonics Distortion (THD)

In this section, the proposed control algorithms viz. Smooth LMS, IZALMS and
RLo-VSSCMPN has been compared in terms of total harmonic distortion as shown in
figure 6.44 for the non-linear load considered. The load THD is 27.7 % while the grid current
THD in all the algorithms is well within the IEEE standards. The THD of proposed
RLo-VSSCMPN algorithm shows the least THD of 3.3%.

Harmonics i
Pua @ 0:00:07 P E<E
e R N -l =i e e e e D i e
Before Compensation
L | | L R L L L T T T P T PR T P e T . SO BOURI - - e e e

e R R Ty R R T Ry R TR TR T o
THDDC 1 3 5 i 9 m 13 15 17

D‘B."IE"I] 18: 'Is 40 |2I]U SIJHZSB WE EHSI]IGI] 08712710 18:19:31 120U S50Hz 38 WYE  EHS50160
A B C EUEHTS STOP
BRARUE RN ALL | INETEE ] START
(b)
i Harmonics
Harmonics ATHD  3.3%FINK 1.2
Puni & 0:00:02 oo = Pura & 2:02:11 P E=<E
‘i....mn ...................................... S 4}""“” ................................................
Aftel’ Compensatlon After compensatlon
4 sl 4. ... sosll
N L T R e TR R TR ol ... ... B8 go8 pom Pom yo o gem g ge = e pe= a=mymcgme yim pes
THODC 1 3 5 7 a 1 13 15 17 THDDC 1 3 5 7 9 1 13 15 17
08712710 18:19:31 120U 50Hz38 WYE  EHS0160 08712710 22:02:31 120U S50Hz 30 WVE EHS0160
A B C EUEHTS  STOP A B C EVENTS  STOP
URARUE SH ALL || METER ] START SAREE RN AL | HETER 1 START
(© (d)

Fig. 6.44. THD analysis under non-linear load: (a) Load Current (b) Grid Current (Smooth LMS) (c¢) Grid
Current (IZALMS) (d) Grid Current (RLo-VSSCMPN)

130



CONTROL OF SOLAR PV SYSTEM BASED MICROGRID FOR ENHANCED PERFORMANCE

6.6.4.2. Weight convergence

In this section, the proposed control algorithms viz. Smooth LMS, [ZALMS and
RLo-VSSCMPN have been compared with LMS based adaptive control algorithm in terms of
weight convergence. Waveforms of grid voltage, grid current, load current and weight
component are shown in figure 6.45. Here load of phase ‘a’ has been disconnected and
reconnected at the marked instants as shown in figure 6.45. It can be seen that under initial
transient condition, during load disconnection, the proposed RLo-VSSCMPN has faster settling
time and less perturbations as compared to LMS, Smooth LMS and IZALMS.
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Fig. 6.45. Smooth LMS, IZALMS and RLo-VSSCMPN comparison with LMS control algorithm in terms
of weight convergence

6.7. CONCLUDING REMARKS

In this chapter, the interfacing control algorithms viz. Smooth LMS, [IZALMS and
RLo-VSSCMPN for two-stage, three-phase grid interfaced SPV system are proposed and
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implemented. The simulation studies for the considered system have been carried out using
these developed algorithms and wide range of simulation results under different operating
conditions have been shown to prove the feasibility of the control approaches. The performance
of the proposed algorithms has been found satisfactory under all test conditions. It has been
observed that developed control algorithm maintains power balance, has reduced THD,
compensates reactive power, has dc-offset rejection capability. Further, the performance of
developed control algorithms is evaluated on hardware prototype. The THD of grid currents is
observed to be less than 5% (within IEEE-519 standard) even with nonlinear loads.
A comparative study in terms of THD and weight convergence has also been presented to

validate the superiority of the proposed algorithms.
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CHAPTER-VII
CONCLUSIONS AND SCOPE FOR FURTHER WORK

INTRODUCTION

The continuously increasing energy demand and environmental concerns can be satiated by
renewable energy sources. As per the present development, solar photovoltaic generating
system is one of the most important green sources of energy. Battery energy storage system is
an integral part of PV based standalone microgrid. During the night, or during a period of low
solar irradiance, such as a cloudy or rainy day, when the output of PV system is low, batteries
are used to supply power to the loads. SPV based generating system necessitate power
electronics components. Further, solid state device-based loads have made our life easier but
they also draw harmonics from the utility grid and raise power quality issues like poor power

factor, unbalancing etc.

The main objective of this research is to model, design and control of SPV based system in
stand alone and grid connected mode for improved performance. The characterization studies

viz. sensitivity and reliability analysis are carried out to validate the design of the system.

In stand-alone PV system, the solar PV array is connected to load via dc-dc converter (boost).
MPPT algorithm control the switching of the dc-dc converter to track the maximum power that
can be obtained from the PV array under uniform and partial shading scenarios. Intelligent
MPPT control algorithms are used to track the maximum power under PSC. These algorithms
were able to track global peak out of many local peaks. Using intelligent control algorithm, the

performance of the system is also improved.

Battery energy storage systems are used as another energy source in stand-alone PV system to
compensate the changes in PV output due to change in environmental conditions. But, when
two different power sources are coupled at the generation point, the dc link control at CCP
becomes an issue. So, control algorithms were developed in order to maintain voltage across
dc link under variable input and output condition. PV system supplies power to the load and is
also used to charge the battery after the load demand is met. Discharge characteristics of
battery has been shown for the different discharge current ratings. The proposed control

algorithm has been analysed on MATLAB/Simulink toolbox for considered conditions.

The effective working and utilization of PV inverter depends on its control algorithm. Novel

LMS based adaptive interfacing control algorithms are proposed for PV inverter. These control
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algorithms provide multi-functionalities to the interfacing inverter such as feeding active and
reactive demand of the load, dc offset rejection, harmonics curtailment etc. The performance
of proposed algorithms for solar PV based microgrid have been analyzed for linear as well
nonlinear loads for both input and output side variations using MATLAB Simulink toolbox

and hardware prototype.
7.2. MAIN CONCLUSIONS
The following are the significant findings of the presented research work:

¢ In the present work, design and modelling of stand-alone PV system and double stage three
phase for grid interfaced solar PV based microgrid along with its characterization studies
viz. sensitivity and reliability analysis have been carried out. The sensitivity functions of the
PV cell and boost converter for different PV array configurations (S, P, SP, TCT, BL, HC)
have been developed. The results of the sensitivity analysis demonstrate that the PV cell
output is more sensitive to the intensity of irradiation, whereas the converter output is more
sensitive to the inductor value and switching frequency. Reliability of SPV based microgrid
and its various components has been calculated using pareto analysis, reliability block
diagram, fault tree analysis and markov’s model. Pareto analysis was used to determine the
component with the highest failure rate. Reliability block diagram computes the reliability
of stand-alone PV system and grid interfaced solar PV based microgrid with BESS for
different PV array configurations. The fault tree has been developed for the proposed
system. System failure is represented at the top of an event and subsequent down events
which make the happening of top event have been shown. The down events are indicated
with their failure rate. Furthermore, markov model for individual component as well as for
the complete SPV based microgrid has been developed. It has been observed that grid
interfaced SPV based microgrid with BESS is more reliable than stand-alone SPV based
microgrid for SP/BL/HC PV array configuration.

e Insolar PV system, the SPV output varies due to varying environmental conditions and due
to partial shading of PV arrays, which reduces the efficiency of system. In order to extract
the maximum power and to minimize the losses caused due to partial shading, maximum
power point techniques viz. Novel intelligent based AFLC and asymmetrical interval type
2 FLC are proposed. Also, different PV array configurations viz. series, series-parallel, total
cross tied are used to increase the efficiency and reduce the losses of the system.

MATLAB/Simulation results show the efficacy of the proposed algorithms for various PV

134



CONTROL OF SOLAR PV SYSTEM BASED MICROGRID FOR ENHANCED PERFORMANCE

configurations studied under steady-state as well as dynamic conditions. Further, a
comparative study of the proposed algorithms with conventional ANFIS based control
algorithm is carried out in terms of tracked GMPP, shading losses, fill factor and mismatch

losses.

For rural areas that are not connected to the power grid, standalone operation of a PV system
is the best alternative. But due to diurnal cycle of the earth and weather condition, solar
energy in not constant and sometimes it may lead to the insufficient PV generation to meet
the power demand of the varying local load. For reliable operation of solar PV system,
battery energy storage system needs to be connected in parallel with PV system as a backup
source. Further, power variations in the system are caused by changes in load demand and
generation, resulting in dc-link voltage variations. This variation of dc link voltage at
common coupling point is seen in ac voltage and is detrimental for system performance.
Hence, it is essential to control the dc-link voltage irrespective of variations occurred. To
work upon this, novel nonlinear autoregressive-moving average-L2 has been proposed to
control the dc-link voltage in stand-alone PV system with BESS. MATLAB/Simulink
results show the efficacy of the proposed algorithm under input/output variation conditions.
The proposed control algorithm has been compared with conventional PI controller in terms

of dc link voltage.

Power converter i.e., inverter control is essential in bidirectional power flow in a grid-
connected microgrid. In addition to supplying energy to the load at the appropriate voltage
and frequency, the inverter should have additional functionality such as active filtering and
load balancing which maintains power quality and voltage profile of the grid. Novel PV
inverter algorithms, Smooth LMS, IZALMS, reweighted Lo norm with variable step size
CMPN based adaptive control algorithms are proposed for inverter control in a grid-tied
solar PV based microgrid. MATLAB/Simulation results show the efficacy of the proposed
algorithms under steady-state as well as transient input/output operating conditions viz. load
and grid unbalancing, grid voltage sag and swell condition etc. For nonlinear loads, the THD
of grid currents is less than 5% (as specified by IEEE-519). Further, a comparative study of
the proposed algorithms with conventional SRF theory and unit template-based control
algorithm is carried out confirming the improved performance of proposed algorithms. The
proposed control algorithms were also tested on hardware setup acting as DSTATCOM
developed in laboratory. The THD of grid current is again observed to be within 5% with

proposed control algorithms on hardware prototype.
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7.3. SUGGESTIONS FOR FURTHER WORK

There are several important aspects which need to be investigated further, but could not be

covered in this research work.

e The present work focuses on the design and control of solar PV based microgrid under
healthy grid condition. The performance of the proposed system can be evaluated

considering the fault conditions also.

e MPPT control algorithms in the present work are simulated for solar PV system with
different PV array configurations. The performance of the implemented algorithms for
varying environmental situations may be verified experimentally with different PV array

configurations.

e The present work on stand-alone PV system with BESS can be extended to grid tied solar
PV system with BESS and proposed control algorithms in the present work can be tested

on real time systems.

e Due to laboratory limitation, the PV inverter control algorithms were tested on
DSTATCOM. The proposed control algorithms in the present work may be tested on grid

tied real time system to verify efficacy of the implemented algorithms.
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APPENDIX-A

Manufacturer datasheet of PV module

SW-02-5005US 07-2012

Sunmodule””

SW 230 mono / Version 2.0

PERFORMANCE UNDER STANDARD TEST CONDITIONS (STC)*

PERFORMANCE AT 800 W/m?, NOCT, AM 1.5

SW 230 SW 230
Maximum power P 230Wp Maximum power Py 166.9 Wp
Open circuit voltage v, 374V Open circuit voltage o 339V
Maximum power point voltage Ve 300V Maximum power point voltage L 272V
Short circuit current e 816 A Short circuit current L. 6.58 A
Maximum power peint current . T68A Maximum power point current I 614 A
*STC: 1000W/m?2, 25°C, AM 1.5 Minor reduction in efficiency under partial load conditions at 25°C: at 200W/m?2, 95%
(+/-3%) of the STC efficiency (1000 W/m?) is achieved
THERMAL CHARACTERISTICS COMPONENT MATERIALS
NOCT 46 °C Cells per module 60
TCI, 0.004 %/K Celltype Mono crystalline
TC -0.30%/K Cell dimensions 6.14.in x 614 in (156 mm x 156 mm)
TCP,,. -0.45 %/K Front tempered glass (EN 12150)
Operating temperature -40°C to 85°C Frame Clear anodized aluminum
Weight 46.71bs (21.2 kg)
-V curves for Plus SW at
SYSTEM INTEGRATION PARAMETERS
Maximum system voltage SC I 1000 vV
Max. system voltage USA NEC 600V
—— 1000 W/m'
300 Wik Maximum reverse current 16A
) Wi Number of bypass diodes 3
—00 Wt
300 Wit UL Design Loads” Two rail system UGN
64 psf upward
— 1B Wi
" 3 2 170 psf downward
UL Design Loads Three rail system 64 psf upward
@
- = 2 113 psf downward
IEC Design Loads’ Two rail system St
*Please refer to the Sunmodule installation instructions for the details associated with
these load cases.
i ADDITIONAL DATA
T - X4 A
ol B 2]
7 Power tolerance? -0Wp /+5Wp
J-Box P65
Connector MC4
Module efficiency 1372%
Fire rating (UL 790) Class C
41.34 (1050
06(15.3)
65.94 (1675)
| VERSION 2.0 FRAME
-+ o + Compatible with “Top-Down"
4 mounting methods
= + o Grounding Locations:
/ 4 corners of the frame
/l p.5(12.65]
CL ][]
- -
39.41 (1001 122 (31)

1)Sunmodules dedicated for the United States and Canada are tested to UL 1703 Standard and listed by a third party laboratory. The laboratory may vary by product and region. Check with

your SolarWarld representative to confirm which laboratory has a listing for the product
2) Measuring tolerance traceable to TUV Rheinland: +/- 2% (TUV Power Controlled)
3) All units provided are imperial. Sl units provided in parentheses

Solarworld AG reserves the right to make specification changes without notice.
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APPENDIX-B

(a) Parameters for simulation of Stand-alone PV system

PV module
SW-80

Boost Converter

Parameters

Power

Array Short circuit current
Array Open circuit voltage
Array current at MPP
Array voltage at MPP
Duty Ratio

Inductor

Capacitor

Switching frequency

(b) Parameters for simulation of grid-tied SPV system

PV Sunmodule
SW-213

Boost Converter

Inverter

Grid

Parameters

Power

Array Short circuit current
Array Open circuit voltage
Array current at MPP
Array voltage at MPP
Duty Ratio

Inductor

Capacitor

Switching frequency
Switching frequency

DC link voltage

DC link capacitor
Interfacing Inductance
Line-to-line voltage, Line-to-neutral
voltage

Grid frequency

154

Attributes
1.28 kW
22 A

86.8 V
18.08 A
70.8 V
0.5-0.7
1.1 mH
500 pF

10 kHz

Attributes
11.78 kW
23.52 A
726 V
22.05 A
580V
0.5- 0.6

S mH

2.2 uF

10 kHz

10 kHz
800V

3 uF
5SmH
415V,220V

50 Hz



CONTROL OF SOLAR PV SYSTEM BASED MICROGRID FOR ENHANCED PERFORMANCE

Load

PI Gains

Line-to-line voltage, Line-to-neutral 415V,220V

voltage

Grid Resistance (Rs) Inductance (Ls)

Linear Load

Non-Linear Load

DC PI gain Kpq, Kid
AC PI gain Kpa, Kia

0.11Q, 0.35 mH

14.14 kVA, 0.71 lagging
p.f

Three phase bridge rectifier
with RL Load, R= 20 Q,
L=100mH

0.5,0.1

0.11,0.11

(c) Parameters for simulation of Stand-alone PV system with BESS

PV module

Boost Converter

Parameters

Power

Array Short circuit current
Array Open circuit voltage
Array current at MPP
Array voltage at MPP
Duty Ratio

Inductor

Capacitor

Switching frequency

DC link voltage

155

Attributes
4.7 kW
8.01 A
812V
7.1 A
661V
0.5-0.6
1.1 mH
2uF

10 kHz
650 V
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APPENDIX-C

(a) Data for sensitivity analysis of solar cell

Components

PV Module power

Rated Voltage, Current
Open-Circuit Voltage

Series Cells, Diode Ideality Factor
Reference insolation, Temperature
Series and Parallel Resistance
Energy Gap

Reference insolation,

Temperature

Value

65 W
18V,3.6 A
217V

72

0.96

0.56 Q, 70Q
0.70
1000W/m?
298 K

(b) Data for sensitivity analysis of boost converter

Components
Inductor
Capacitor
Duty Ratio

Switching Frequency

Value
3.07-9.89 mH
1.25-2.73 pF
0.5-0.7

20 kHz
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APPENDIX-D
Data for reliability analysis
Components Reliability Value
PV Module 0.99
Boost converter 0.96
Battery 0.90
Battery Charger 0.95
Capacitor 0.99
Inverter 0.83
Switch 0.97
Synchronizer 0.91
Grid 0.99
Load 0.90
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APPENDIX-E

Parameters of developed hardware prototype

Parameters

Three phase AC Grid frequency

mains Line-to-line voltage

Inverter DC link voltage
Interfacing Inductance
Line-to-line voltage

Load Linear Load

Non-Linear Load

Grid Resistance (Rs) Inductance (Ls)
PI Gains DC PI gain Kpd, Kid
AC PI gain Kpa, Kia

158

Attributes

50 Hz

110V

200 V

5 mH

110V
0.29 kVA, 0.85 lagging
p.f
Three  phase  bridge
rectifier with RL load,
R=50Q, L=20mH
0.11Q, 0.35 mH
0.5,0.01
0.11,0.11
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