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ABSTRACT

Electricity is extremely important to any country for its growth and development. Thermal
power plants based on coal and other fossil fuels have been a major source for electrical
energy till date. But with the rise in requirement for electricity it is essential to look at
other renewable sources like Solar, Wind, Geothermal Hydro etc. to meet this growing
demand. In recent years power generation through Solar Photovoltaic (SPV) system has
grown rapidly all over the world. The grid connected PV system has become popular all
over the globe and can cater to the increasing demand of electrical energy in future.

The present work deals with the design, analysis and modeling of a 25 kW grid connected
PV system. The system comprises of PV array, DC-DC boost converter and three-phase
voltage source inverter which is synchronized with the utility grid. The load is connected
at PCC. The characterization study photovoltaic module has been carried out under
various load circumstances with varying environmental conditions. Incremental
Conductance algorithm (IC) is applied for generating peak power from the PV array. VSC
is designed using various control algorithms operating on unity power factor mode. VSC
consists of DC bus capacitor which is supplied through the solar photovoltaic (SPV)
module. PI controller is placed to contain the voltage level of DC bus at a fixed reference

voltage for VSI control.

Conventional control techniques like SRFT, IRPT, PBT and Unit Template are applied
to the system along with Adaptive techniques such as LMS and VSS-LMS. Parallel is
drawn between all these techniques for changing meteorological and load conditions to
assess their behavior, stability, reliability, and speed. An innovative adaptive algorithm is
also presented, and the outcome is compared with the established controlling techniques.
this algorithm is less sensitive to uncorrelated noise. It offers early settlement and faster
and smoother convergence as with respect to LMS and VSS-LMS during non-stationary

conditions.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

The inspiration behind this dissertation is mentioned in this chapter. It provides an
explanation for the requirement of the research done in this work. Energy can be classified

into two categories:

e Renewable sources of energy

e Conventional sources of energy

Conventional energy constitutes those naturally occurring resources which are present in

limited quantity and take millions of years to replenish. They can be majorly classified

as:
1. Coal
2. Natural gas
3. Oil
4. Nuclear etc.
m Coal
m Lignite
6780
231,505 Gas
m Diesel
= Hydro (Renewable)
Nuclear
RES (MNRE)

Fig. 1.1 Overview of India’s power sector (in MW) as on 30.06.2020

Source: http://powermin.nic.in

An overview of India’s energy sector is given in Fig. 1.1. It is visible from Fig. 1.1

that India depends heavily on coal for power generation.
1



Renewable or Non-conventional energy can be classified into:

Wind

Solar
Geothermal
Hydro
Biomass
Tidal etc.
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Fig. 1.2 Distribution of Renewable Energy in MW as on 30.06.2020

Source: MNRE website

4688.16

In Fig. 1.2 sector wise data about the installed capacity of various Renewable Energy

sources is given.
1.2 MOTIVATION

World is in a transient phase and energy is central for its present and future. India has
contributed almost 10% in the increase in global demand for energy since 2000s, with its
own demand for energy almost doubling up in this period. India’s share in global demand
has increased from 4.4% in the beginning of the century to 6% today and is expected to
rise to 11% by 2040 [1]. Nearly 80% of this demand is met through coal-based power
plants. With increase in environmental awareness and knowledge about the harmful
effects of CO2, SO, NOx, PM 2.5 and other greenhouse gases released as a result of

burning of fossil fuels, it is the call of the hour to shift towards more environment friendly,



sustainable and renewable branch of energy generation like solar, hydro, wind,

geothermal etc.

1 10
0 SO, 10 NOx PM 2.5
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mPower ®m(Other Energy Sector mAgnculture m®Industry o Transport = Buildings Source: IEA 2019

Fig 1.3 Air pollutants emissions in 2018 and 2040 (NPS)
Source: IEA (2019), World Energy Balances
Fig 1.3 shows the emissions of SOz, NOx and PM 2.5 from various sectors in 2018 and
in 2040 depending on the new policies scenario (NPS). Power sector is a major
contributor of all three gases in 2018 but is expected to reduce drastically by 2040 due to

the gradual shift towards renewable power generation.

Energy from renewable resources is energy which is obtained through those resources
which can be replenished naturally on a human timescale. Power generated from
renewable energy can be consumed directly or can be integrated to the grid. Table 1.1
gives the data of total renewable energy that has been integrated with the grid in India till

date.

Table 1.1 Total grid connected Renewable Power (in MW) in India

Sector Achievement Cumulative Achievements
(April — June 2020) (on 30.06.2020)
Wind Power 85.80 37829.55
Solar Power — Ground Mounted 192.66 32305.15
Solar Power — Roof Top 301.85 2817.15
Small Hydropower 5.00 4688.16
Biomass Power 5.00 9879.81
Waste to Power 1.20 148.84
Total 591.46 87669.16




1.3 SCOPE OF WORK

Thanks to the geographical location of India, near the equator, it receives good insolation,
making the generation of solar energy possible and economical. Solar energy harnesses
the energy from sun and converts it into electrical energy. It is done mainly in two ways.
Photovoltaic or solar cells are electrical equipment which transform light energy straight
to electricity via photovoltaic effect. These cells are fabricated from single junction
silicon and can produce open circuit voltage of 0.5-0.6V [2]. Several solar cells when
linked in series and/or parallel can attain the voltage and power levels as expected. Second

method uses mirrors to concentrate solar rays and is called concentrated solar power [3].

The power delivered by solar photovoltaic is DC in nature. It can be used directly for DC
appliances or can be transformed into AC through an inverter. A grid connected two stage
SPV system includes a SPV module, DC-DC boost converter, MPPT (maximum power
point tracker) for maintaining the peak power of SPV module, a voltage source converter
(VSC), filter, AC grid and parallel loads. First stage consists of MPPT for controlling the
SPV module such that it operates around its maximum power point. This is aided by a
DC-DC boost converter whose power electronic device (MOSFET/IGBT) is controlled
using a MPPT algorithm which varies the duty cycle (D) of MOSFET/IGBT with the
intention of extracting maximum power from SPV array under the given ats conditions.
There are conventional MPPT algorithms like Incremental Conductance (1C), Perturb and
Observe (P&O0), fractional current, fractional voltage etc., adaptive MPPT based on LMS
filter and intelligent MPPT algorithms using fuzzy logic, neural network (NN) and other
artificial intelligence (Al) based algorithms [7]. The second stage controls the current and
voltage at the point of common coupling (PCC) of grid interconnected SPV system.
Various current controlling algorithms are presented in literature which helps in proper
synchronization of the grid and SPV system. They are classified into conventional like
SRFT [21-25], IRPT [28], Power Balance Theory [29-30], Unit Template etc. adaptive
control based on LMS [32], LMF, Normalized LMS, Sign-sign LMS, VSS-LMS,
VSSMLMS[34], Robust VSS-LMS [35] etc. and intelligent control using fuzzy logic and
artificial intelligence. The voltage source inverter (VSI) is linked at PCC which acts as
current controlled device to inject PV power inside the grid and inject current in the grid

to tackle load reactive power, harmonics mitigation and unbalance.
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Fig. 1.4 Block diagram of grid interfaced PV system
Fig. 1.4 shows the block diagram of different parts of a Grid connected PV system [9].In
this work various inverter current controlling algorithms are meticulously studied and
developed using MATLAB/Simulink and comparison is drawn between them, also a new
algorithm is proposed, and results are obtained for various loads for unbalancing under

varying atmospheric state.
1.4 OUTLINE OF DISSERTATION
The thesis consists of following chapters-

Chapter 1- The chapter gives a brief review on current energy scenario, solar energy and

grid connected PV system.

Chapter 2- It includes the literature review done in relation with the work presented in the
thesis. The literature review is done to understand the generation of solar energy,
designing of PV system, MPPT algorithms in SPV system, designing of grid integrated

two-stage systems, power quality standards and mitigation of power quality problem.

Chapter 3- It explains designing of all the components of grid interfaced PV system which
covers the design specification of a 25 kW PV system, DC-DC Boost converter, DC link

capacitor and LC filter. It also explains the MPPT control algorithm used in this project.

Chapter 4- Different inverter current control techniques studied in literature are explained
and implemented on the designed grid connected PV system. The different techniques
include Synchronous Reference Frame Theory (SRFT), Instantaneous Reactive Power
Theory (IRPT), Power Balance Theory (PBT), Unit Template theory, Least Mean Square
(LMS) and Variable Step Size LMS (VSS-LMS). Results for all these algorithms for



changing loads under balance and unbalance circumstances are obtained with fluctuating
irradiance using MATLAB/Simulink.

Chapter 5- The novel inverter current control algorithm proposed in this work is
elaborated here. Its results are also plotted for parallel loads under balance and unbalance

instants with fluctuating irradiance.

Chapter 6- Conclusion and the reach of the future scope of this work is discussed in this
chapter.



CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

In this chapter, many research papers and work related to PV module connected to micro grid

are reviewed. The review work is done for the areas mentioned below-
i. Renewable energy sources

ii. Solar Photovoltaic system

iii. MPPT techniques and boost converter

iv. Inverter control techniques

2.2 LITERATURE SURVEY

2.2.1 Renewable energy sources

India 2020 [1] report by IEA, Paris gives the state of India’s achievements in the energy
sector. It states that due to major reforms and policies supporting cleaner, greener and cheaper
sources of energy more than 750 million people have gained access to electricity which
include power from offshore and onshore wind power plants, solar power plants, Rooftop
Solar etc. It also predicts the improvement in India’s energy sector in terms or reduction in

release of atmospheric pollutants by 2040 depending on the new policy framework.
2.2.2 Solar PV System

Electricity is one of the most fundamental resource required for survival in today’s world.
With the demand for energy constantly increasing other sources of generating are becoming
more popular, solar energy being one such form. Solar energy obtained from the sun is
transformed into electrical energy for either direct use in DC form to supply loads or by
converting it into AC form. For the conversion of solar to electrical form of energy
Photovoltaic panels are used. PV panels are made up of numerous PV cells. [2]-[4] talks
about the design and simulation of PV array. Mathematical equations revolving around the

dependence of PV cell on its saturation current (lo) are used to design a PV module to give



expected 1-V and P-V plots of a PV array. [2] utilizes a ZVT-interleaved boost converter to
boost the low PV voltage to high dc bus voltage. Theoretical system is cross verified with a
2 kW prototype. In [4] M. E. Elnagi Mahmoud et.al. design a two-diode model of PV module
for fast results. SUNSET PX 1506 panel is studied under different aerial conditions. In [5] a
solar panel like Mitsubishi PV-MLE255HD is developed to operate under varying
atmospheric conditions. [6] provides an alternative to Total Cross Tied configuration called
Tom-Tom configuration of PV under partial shaded conditions to increase the output power
by relocating the shaded panels.

2.2.3 MPPT techniques and boost converter

For a PV system to operate at its peak capacity, under fluctuating atmospheric conditions,
MPPT is used. MPPT maintains the operating point of 1-V/P-V plot such that the output is
maximum. [7] gives a comprehensive analysis of various MPPT control algorithms such as
Hill Climbing, Fractional Open-Circuit VVoltage, Incremental Conductance, Fractional Short-
Circuit Current, Ripple Correlational Control (RCC), Fuzzy Logic Control, NN, etc. In [8]
P&O, IC and FLC are compared.

In [9] implementation of MPPT in a grid interfaced system is given. In [10] and [11] a
comparison is drawn between P&O and IC algorithms. Ascribed to the changing step size in
IC it offers a faster response to the fluctuating environmental conditions. Less perturbation
also leads to less power loss in IC in comparison to P&O control. Lu Xibin et.al in [12]
propose a two stage MPPT algorithm with a computing stage and a regulating stage which

offers a response which is 4.6 times faster than the conventional IC algorithm.

IC does not perform well when solar irradiance is increased. To overcome this a modified IC
control is proposed in [13] which provides better steady state performance when solar

irradiance is increased. [14] uses IC algorithm to maintain power at MPP.

MPPT is implemented with the help of a DC-DC Boost Converter. P. Sahu in [15] gives
physical designing of a DC-DC boost converter. Simulation of a step-up converter for

implementing MPPT in PV system is given by with fast boost and low cost [16].



2.2.4 Inverter control techniques

Power given by PV module is DC. A VSI is employed to covert DC to AC so that it can be
integrated to the grid. A. Dhaneria in [17] designs a hardware prototype of 5 kW PV system
connected to the grid and studies its behaviour under irradiance changing from 200 W/m? to
1000 w/m?, PVsyst software is used in [18] to develop a 200 kW power plant in Dubai.
Abundant inverter control techniques are described in literature [19]. A brief analysis of
integration of grid, wind ad solar is given in [20].

They can be classified into conventional control, adaptive control, and intelligent control. N.
Gupta in [21] simulates a characterisation study of a Grid interconnected PV system with a
battery via SRF control. In [22] A.K. Singh et.al apply SRF in both UPF and ZVR mode of
operation of a 25 kW grid interface PV system using SRF control for load imbalance and
fluctuating solar intensity. A detailed analysis of a grid connected PV system is explained in
[23]. SRF with indirect current control for power factor improvement is used in [24]. A.
Khanna et.al in [25] use SRFT control to maintain a constant DC link voltage for different
type of loads. [26] draws comparison between SRFT and an adaptive control known as
Improved Second Order Generalized Integrator quadrature signal generator (ISOGI-QSG)
where it is observed that ISOGI-QSG has better steady state and dynamic response than
SRFT. [27] uses IRPT control to control a two-stage grid interfaced PV system of 50 kW
rating for varying loads and irradiation. It is observed that IRPT gives a stable operation of
the system developed. Comparison between SRF and IRPT is given in [28] which states that
SRF offers a lower current THD than IRPT and offers less power loss due to better harmonic
compensation. [29] uses PBT control on a 40 kW two stage grid linked PV system for power
factor rectification and reactive power mitigation along with harmonics reduction. In [30]
power balance theory is applied for controlling a current controlled voltage source inverter
which is designed using TMS320C31 DSP.

A basic understanding of adaptive filter theory is obtained from the book “Adaptive Filter
Theory” by S. O. Haykin [31]. Adaptive current control algorithms like LMS offer a better
performance than conventional algorithms because it offers a faster response. LMS uses
adaptive filter in which the future weight value is dependent on the present value as
mentioned in [32] where it is applied to a grid tied PV with D-STATCOM for improved



power quality. R. H. Kwong and E. W. Johnston in [33] propose a VSS LMS algorithm. It
states that the step size in LMS is fixed thus it can offer either high convergence rate or high
accuracy. VSS-LMS has step size which can change to provide both fast convergence and
high accuracy during fluctuation. Numerous variations of VSS-LMS are implemented to
control the VSC of a Grid interfaced PV system like VSSMLMS [34] where square of error
function acts as the cost function, RVSS-LMS [35] with early settlement and less affected by
uncorrelated noise and performance at par with VSS-LMS in non-stationary circumstances.
DNLMS [36] is applied to a grid connected PV system in UPF mode for harmonics free
operations and the results are justified with a laboratory-based hardware model. Hyperbolic
cosine based LMS is used in [37] to control a double stage grid integrated PV system for
swift response and less oscillations. In [38] a VSS algorithm using squared error and error
autocorrelation (VSS-SEAE) is presented. However, in abruptly changing environment,
VSS-SEAE depicts weak performance. A gradient based VSS (GVSS-LMS) was presented
recently in [39] with high convergent speed and low mis adjustment level, but high

computational complexity.

The various inverter current control algorithms present in literature are designed keeping the
speed of the algorithm in mind. It is essential for the grid current to remain as much
undisturbed from external disturbances as possible. W. Loedwassana in [40] proposes an
alteration to the existing VSS-LMS algorithm by changing the cost function from squared
error to squared error autocorrelation function. This is done to get a smoother and faster
performance than VSS-LMS. It also eliminates noise. Though the computational complexity

is increased but performance of the filter is also improved.

The books “Power Electronics Circuit, Design and Implementation” by M. H. Rashid [41]
and “Power Electronics Converters, application and Design” by Ned Mohan [42] helps in
understanding the characteristics, working and designing of the various power electronics

components and circuits involved.

In [43] the IEEE 519 standards are given which are elemental for harmonics control practices.

According to the revised standards of 2014 permissible THD is below 5%.
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2.3 CONCLUSION

Literature review is carried out for the present work “Design, Development and Analysis of
a Grid Integrated PV System” is given in this chapter. Literature review is carried out to
realize the scope of solar energy, PV modelling, MPPT control and designing of two-stage
grid interfaced PV system. It also helped in understanding the problems encountered by the
proposed systems like power quality, reactive power compensation, harmonics, load

unbalancing and changing environmental conditions and ways to overcome them.

11



CHAPTER 3

DESIGN OF GRID INTERFACED PV SYSTEM

3.1 INTRODUCTION

Power generated from renewable energy sources can either be consumed directly for
domestic and industrial purposes or can be sent to the grid after proper integration. Energy
produced from PV depends on the rating of the PV array as well as on the external factors
such as cloud cover, solar intensity, and temperature. This power, after being transformed to
AC through a VSC, is fed to the grid. In this chapter all the parts of this system are designed,

and their values are estimated for optimum operations.

3.2 PHOTOVOLTAIC ARRAY

Photovoltaic system is required to turn energy from solar to electrical. It consists of a PV cell
which is a p-n semiconductor generating dc current when sunlight falls on it. The current
generated is dependent on the sun’s illumination. The smallest cell can generate a voltage of
around 0.5-0.6 volts across its terminals and produce a small amount of power (0.1-3 Watts).
These cells can be grouped together to form modules which are further arranged in series and

parallel combinations to form a photovoltaic array [2].
Equation which mathematically explains the I-V profile of a photovoltaic cell as depicted in
Fig. 3.1is[2]

V
I = I pv,cell - IO,ceII [exp(;q?) _1] (31)

Iy = Io,ceu[eXp(%)_l] (3.2)

Where lpy cenn IS the current due to incoming rays, lq is Schottky diode current ,q is the electron
charge, k is the Boltzmann constant, T (K) is temperature across p-n junction and a is the

diode ideality factor. But equation 3.1 does not depict the 1-V plot of a practical PV setup.

A practical system consists of numerous cells and thus calls for the inclusion of auxiliary

parameters to equation 3.1 [3].
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Where lg indicates Saturation current,V, = NykT/q is the thermal voltage and Ns number of
cells are in series. Cells in series impacts voltage and in parallel affects the current. Rs is the
net series resistance and Rsh is net parallel resistance.

The characteristics of the PV cell can be plotted from equation 3.3. There are two main
characteristics of PV, one is the 1-V characteristics between the output current and output

voltage and other is P-V characteristics between the power and output voltage.
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Fig. 3.2 1-V and P-V plots of PV module for different irradiance.
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Fig. 3.3 1-V and P-V plots of PV module for different temperature.

Fig. 3.2 and Fig. 3.3 shows the 1-V and P-V plots of a PV cell for three values of irradiance
and two values temperature, respectively.

Table 3.1 PV module specifications

SPECIFICATIONS VALUE
Maximum power of a single panel (W) 260
Cells per module (Ncen) 60
Open-circuit voltage, Voc (V) 38.6
Voltage on maximum power point, Vimp (V) 31.6
Short-circuit current, lsc (A) 8.93
Current on maximum power point Imp (A) 8.21
Temperature coefficient of V. (% °C) -0.35601
Number of panels in series, Ns 16
Number of panels in parallel, N, 6
Maximum power of the P-V array (kW) 24.910
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3.3 SOLAR PV SYSTEM

In a two-stage grid interconnected PV system, first stage includes a solar PV system with a
DC-DC Boost converter for MPPT. MPPT guarantees that the SPV system functions at its
maximum power point during varying meteorological states. MPPT technique employed
here is Incremental conductance (IC) due to its property of adjusting to fast shifting
environmental conditions without much power loss. The first stage is linked to the second
stage with a DC link capacitor. Power generated by SPV system is DC which is transformed
to AC so that it can be fed to the grid. Thus, at the other stage VSC is used which is controlled
by various current controlling algorithms. Fig 3.1 represents a two-stage grid interfaced PV

system [21].

L lsa, lia
O i PCcC
Va LINEAR/
T oy Vi LINEAR
1 I , LOAD
LS Sc Lc
@ Y Y )
N V.
3 PHASE '4 %{ 'J
AC GRID
Lr§ Lr§ Lr§
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D
\ ? 3%
CDC—

e

< First Stage > Second Stage ———*

Fig. 3.4 Two- stage grid interfaced PV system
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3.4 MAXIMUM POWER POINT TRACKING OF PV

Output of PV is maximum (Pm) when PV current is at Imp and voltage is at Vmp.

Pm=Vmp.lmp (3.4)
As the I-V and P-V plots differ with temperature and solar irradiance , it is strenuous to
support the voltage and current at Vmp and Imp to generate maximum power ,Pm which leads
to underutilization of PV capacity. MPPT techniques are thus developed to make sure that
the produced V and | remain near the peak power point despite of fluctuation in temperature
and solar intensity. In MPPT PV is interfaced to the load through a converter. Operating point
of PV is managed by adjusting duty cycle of converter as given in the Fig. 3.5 [5].

DC-DC
SOLAR POWER BOOST LOAD
PANEL CONVERTER
CURRENT VOLTAGE
Y Y

MPPT

Fig. 3.5 Block diagram for MPPT in PV system using boost converter

There are various MPPT methods available for maintaining the point of operation of PV at
mpp, for example P&O, IC, NN, Fuzzy logic control, etc. [7]. In [8] Fuzzy Logic Controller
(FLC) is paralleled with P&O to track Global Maximum Power Point (GMPP) of SPV under
partial shading. FLC offers a faster tracking with less oscillations. In [9] implementation of
MPPT in a grid interfaced system is given. In [10] and [11] a comparison is drawn between
P&O and IC algorithms. Ascribed to the changing step size in IC it offers a faster response
to the fluctuating environmental conditions. Less perturbation also leads to less power loss
in IC in comparison to P&O control. The MPPT technique used in this study is Incremental
Conductance (IC).
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3.4.1 Incremental Conductance Algorithm

Slope of PV array power curve at the MPP is zero, negative on the right and positive on the
left of MPP [11]. The arithmetic equations are

dP/dv=0 at MPP (3.5)
dP/dV>0 left of MPP (3.6)
dP/dV<0 right of MPP (3.7)
Since

j-\?:%:uvg—\'/;lw% 38)

So, equation (3.8) is rewritten as

At MPP,

ar_ r

AV Vv (3.9)
Left of MPP

Ao v

AV Vv (3.10)
Right of MPP

Al b

AV V (3.11)

The MPP is obtained by comparing the instantaneous conductance term (I/V) with

incremental conductance term. Fig 3.6 explains the flowchart of 1C algorithm [8].
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Fig. 3.6 Flowchart of incremental conductance technique
The MPPT in PV system can be implemented through DC-DC converters like Boost
converter, Buck converter or Buck-Boost converter. Boost converter design depends on the

ratings of PV panels, connected load, acceptable limits of ripple in input current and output
voltage.
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It includes an inductor, switch (MOSFET /IGBT), a power diode and capacitor as shown in
Fig.3.7. The power electronics switch and diode are selected depending on the values of
voltage, current and frequency of switching at which they must operate in the circuit. The
value of L is estimated by [12]

PV ARRAY

Ly D

R
MPPT
Fig. 3.7 Circuit diagram of DC-DC boost converter
_ v,,D
2Ai, T, (3.12)
Where Vpy, the PV output voltage is 505V, D is the duty given by
D =1—\i
Vo (3.13)

Where Vin= Vpy = 505V and Vo = 800, so D = 0.35. fs is the switching frequency (10kHz)
and Aiin is considered 20% of the input current i.e. 8.21A. The value of L from equation 3.12

comes out to be 0.5mH.
3.5 DESIGN OF DC LINK CAPACITOR

For proper functioning of VSI, DC-link voltage V. is required to be above two times the
peak voltage on AC side [15].

Ve = (24/2V,,)/+/3m (3.14)

Here, m is the modulation index with value 0.9, V. is ac side line-line voltage = 415 V. Vc
from equation is 754 V and is set at 800 V.
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Dc-link capacitor is designed using principle of conservation of energy, boost converter feeds
energy to the dc-link and VSI extracts this energy and feeds it to the grid. The capacitor sizing
should ensure a stable DC-link voltage with lowest voltage ripple. DC-link capacitor value

is found from equation 3.15 [15]

Cqc = mpp/szdcripple (3.15)

Here Impp IS PV array current =49 A, o is grid frequency = 314rad/sec, Vdcripple IS ripple taken
to be 16 V (2% of Vq4c). Cqc from equation 3.15 comes to be 2.985 mF. It is rounded off to
3000pF.

3.5 AC INDUCTOR

AC inductance L;is given by

L, = V3mV,./12hf,, Ai (3.16)
Where Ai is the ripple current, 5%, fsw 10kHz, Vdc is 800V, m is 0.9 and h (overload factor),
1.2. The value of L is calculated as 4.94mH. L, used is 5SmH.

Table 3.2 Parameter specifications of the proposed system

3-phase AC Source 415V, Rs =0.01 Q, Ls = 1mH
1)415 V, 20kVA,0.8 lagging pf (linear load).
Load ii)3-phase diode rectifier, Ric=50 Q, L =
50mH (nonlinear load).
Interfacing Inductor (L) 5mH
Ref. DC-link Voltage (Vdc) 800 V
DC-link Capacitor (Cqc) 3000pF
Switching Frequency of Boost (fsw) 10 kHz
Inductor (Ly) for Boost Converter 0.5mH

Pwmee = 24.910 kW, Vmper =505 V,

PV Arra
y IMp=8.21 A @STC

3.6 CONCLUSION

A PV system of proper rating is required to get the desired power. All the parameters required

for the development of a grid integrated PV system are calculated in this chapter. Boost
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converter parameters are designed to ensure ripple free operation. Cqis calculated to provide
a fixed ripple free supply to the VSC. The values of various parameters are given in a tabular
form in Table 3.2.
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CHAPTER 4

CONTROL OF GRID CONNECTED PV SYSTEM
4.1 INTRODUCTION

A double stage grid interfaced system has two different controls, one for the boost converter
stage and the other for VSC stage. The boost converter stage has MPPT control for maximum
power, which is implemented using 1C method. The VSC at PCC is shunt connected and is
controlled as a current source to transfer the solar energy from DC-link to the grid and
mitigate harmonics, compensate reactive power, and load imbalance at PCC. Control of VSC
has two important aspects, first is to calculate 3-phase reference currents which VSC should
supply to the grid and second is to create switching pulses for VSC ,so that its output current

tracks the reference current in every phase.

Control algorithms can be classified as conventional control, adaptive control, and intelligent
control techniques. Conventional control refers to the methods and theories developed to
control dynamic systems with the help of differential or difference equation framework. It
includes techniques like Synchronous Reference Frame Theory, Instantaneous Reactive
Power Theory, Power Balance Theory, Unit Template Theory etc. In adaptive control change
in system operating conditions changes the controller parameters. Some examples of adaptive
control algorithm are Least Mean Square (LMS), Sign-Sign LMS, Normalized LMS etc.

Intelligent control algorithms used fuzzy logic, neural networks etc.
4.2 CONVENTIONAL CONTROL ALGORITHMS

In this chapter various conventional control algorithms studied in this project are explained.

The current control algorithms used in this work are —
e Synchronous Reference Frame Theory
e Instantaneous Reactive Power Theory
e Power Balance Theory

e Unit Template Theory
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4.2.1 Synchronous Reference Frame Theory (SRFT)

Control given for evaluation of reference currents in SRFT is described below [16].
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Fig. 4.1 Schematic layout of the proposed grid interfaced PV system using SRFT

It is based on the shift of the load currents (L) to d-q frame. It is shown in Fig. 4.1 where I,

Vs and V¢ are feedback signals [16]. I, are transformed to dq0,

(4.1)

ird cos® —sin® 0.51711,
iLq] = 2/3 [cos((z) —2n/3) —sin(® — 2r/3) 0.5] [Ib
iLo cos(@ + 2rn/3) —sin(®+ 2rn/3) 0.5111
Phase Locked Loop (PLL) is employed to synchronize them with the PCC voltage. These d-

q currents are sent via an LPF to obtain DC component of iLq¢and ilq is terminated for unity

power factor operation. d-q currents include fundamental and harmonic as

g = lgpe +lgac (4.2)
V. is fixed at a predetermined level through PI controller. This supports real power transfer

from PV and calculation of VSC losses. A current signal is produced by PI controller,

iloss = iloss(k - 1) + kP [VDC (k) - VDC (k - 1)] + kIVDC(k) (4-3)
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Where Vo (k) = Vi (k) — Vp(K) and ky and k; are PI gain. Therefore, the reference d-axis

current is

ié = IdDC + iloss (4-4)

The real power component of reference AC mains currents should be synchronized with PCC
voltages. Reverse Park’s transformation is used as given by
It cosQ® sin® 1 i
I | = |cos (@ = 2T/3) sin (0= 27/3) 1 [i;;

Iicl [cos (@ +2T/3) sin(®+27/3) 1]|lic

(4.5)

In a PWM, the sensed grid currents (lsa, lsb, Isc) and reference (I'sa, I'sb, 1'sc) are equated to

generate the gating pulse for six IGBT switches of VSC.

4.2.2 Instantaneous Reactive Power Theory

In IRPT the value of instantaneous reactive and real power is estimated by using Clarke’s
transform to convert PCC Voltage and I from a-b-c frame to a-p frame as shown in Fig.
4.2 [20].

1

vl R|IY T2 Tz|[Ve

[Uﬁ]z o BBl “9
2 2 Lc
1 1

. 1 - ==
la] _ |2 2 2 ¢
[iﬁ] - \E 0 — 2 _ 3 [l-“’] (4.1
The instantaneous real (pr) and reactive power (q.) drawn by the load are given by
PL = Valq + Vgig = Pipc + Prac (4.8)

qr = Vel — Vgle = Qupc + Qrac (4.9)

PLoc and Qupc are the fundamental real and reactive powers of the load currents.
PLac and Qrac represent the ripple in real and reactive power due to harmonics. LPF extracts
the DC value (PLpc) of the load power and reactive power component is zero for UPF mode

of operation.
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DC link voltage must be regulated, and losses caused in VSC must be supplied to get constant
Vdc.
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Fig. 4.2 Schematic layout of the proposed grid interfaced PV system using IRPT
The PI controller produces a signal corresponding to the real power essential to sustain the

V. at the fixed value and to compensate for losses in the VSC. This is given by
Ppc = Ppc(k = 1) + kp{Voy = Ve } + kiVer (4.10)

where Ve(K) = V*4c(K) — Vac(K)is voltage error between the ref. Ve and the sensed Vi, at
the kth sample.

The amplitude of reference active power to AC mains while maintaining Vg and

compensating VSC losses is given as
P = Ppc — Ppc (4.11)

Corresponding to this P, the reference I”s along o and p axes are evaluated. Only active power
portion is taken into consideration for UPF mode of operation. From IRPT for UPF mode of

operation, the reference I's in a, B are:
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o-axis instantaneous current

i, ==t (4.12)

v§+v§
[-axis instantaneous current

>, = BT (4.13)

l =
sB vj+vg

From Clarke's Transformation matrix, I~ achieved using

" 1 0
sa
_2|= 1/2 _\/§/2

*
Isb -

[%"‘ (4.14)
Ig. -—1/2 '—\/§/2

Isp

wIiN

I"s and Is are compared using a PWM current controller. Current error after amplification is
contrasted with a triangular carrier wave of 10kHz to create gate signals for VSC.

4.2.3 Power Balance Theory

The real power component of Is is dependent on two components (Vqc) and real power of
consumer loads). Its schematic layout is given in Fig. 4.3 The equations for calculating real

power element of Isare given below [23].

Amplitude of the three-phase voltage va, Vb, V¢ is estimated by,

V, = \/E (w2 + v+ vg)] (4.15)
The unit vectors can be derived from,

_Va ) _ Ve
Ug =30 Up =30 Ue =7 (4.16)

The real power component dependent on consumer loads is estimated using,
P = UaiLa + vbiLb + UCiLC (4.17)
It contains AC as well as DC components where the AC component in the form of harmonics

is filtered out using a LPF to achieve only the fundamental part.
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Fig. 4.3 Schematic layout of the proposed grid interfaced PV system using PBT
The load current ipactive IS given by,

2P

Il active = 3_Vt (4-18)

The real power of the grid is also used for regulating the V4. of VSC using a PI controller.
Iloss(n) = Iloss(n—l) + kp(Vder(n) - Vdc(n)) + kincer(n) (4-19)
Where, Vder(n) = Vc;c(n) - Vdc(n)'

The total active power, Iacive is given by,

*

active = lractive + lioss (4.20)
Therefore, reference in phase grid current is calculated by,

Isa = lactive¥ar Isp = lactiveUn, Isc = lactivelc (4.21)
I"s and lsare equated using a PWM current controller. The current gap after amplification is
paralleled with a triangular carrier wave of 10kHz frequency to get gate signals for IGBT’s

of VSC.
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4.2.4 Unit Template Algorithm

The peak of amplitude of PCC voltage V4 is calculated by,

V, = \/E (2 + v+ vcz)] (4.22)
The unit vectors are derived using,

Vg Vp Ve
U, =—, Uy, =2, U, = — 4.23
a Vt ] b Vt ) C Vt ( )

The reference grid current is achieved from the product of these unit templates (Ua, Ub, Uc)

with dc-link PI controller output current Isis given by

* — * — * —
Isa - Isua , Isb - Isub , Isc - Isuc (4-24)
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Fig. 4.4 Schematic layout of the proposed grid interfaced PV system using Unit Template
I"sand | are equated using a PWM current controller. The current gap after amplification is
paralleled with a triangular carrier wave of 10kHz frequency to get gate signals for IGBTs of
VSC.

4.3 ADAPTIVE CONTROL

Adaptive control studied in this work are-
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e Least Mean Square (LMS)
e Variable Step Size- Least Mean Square (VSS-LMYS)

4.3.1 Least Mean Square

The Least Mean Square method was given by Widrow and Hoff is an adaptive technique
using a method based on gradient of steepest decent. It utilizes the gradient vector calculated
from the data available to make successive corrections through iteration to weight vector to
eventually get minimum squared error. It is represented in Fig. 4.5. The observed voltage vsa,
Vsh, VSC are utilized to calculate in-phase or active unit templates with the help of V:as shown

in the given equations [25].

2
V, = \[E (&, + vE +v&) (4.25)
ua=v;—t“,ub=%b,uc=v7$: (4.26)

Real weight component related to each phase is calculated in three blocks. Each block
receives a load current (iL(t)) component as input and the gap between input and output (y(t))

is termed as error signal (e(t)). For phase ‘a’,
ea(t) = iLa(t) - ya(t) (427)
ya(t) = Aa(Dug (1) (4-28)

Where 1,(t) = fot eq(Hug (t)dt is the real weight for phase ‘a’. Likewise, it is calculated

for remaining two phases (Ab and Ac).

Aavg =5 (Aa + Ay +Ac) (4.29)
Ve and V' are analyzed, and sent to the PI controller to get DC loss weight (Acp)

Aep(m+ 1) = Apc(m) + kp[V,(m + 1) = V,(m)] + k;V,(m + 1) (4.30)
Where V,(m+ 1) =V;.(m+ 1) = Vye(m + 1).

Resultant active weight component is obtained from

Ay = Aavg + Aep (4.31)
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sc

I”s is calculated from
Isa = Mug, I, = Ayup, Ise = Apuc (4.32)

I"s is equated with s and the gap is paralleled with a carrier triangular signal of 10kHz using

a PWM controller. The pulses from here are used as gate signal for VSC.
4.3.2 Variable Step Size Least Mean Square

Even though a simple LMS is has low complexity, its fixed step size leads to high mis
adjustment level with high convergent speed and low mis adjustment level with low
convergent speed. To control this issue a variable step size LMS (VSS-LMS) method is used,

as shown in Fig. 4.6, where the cost function is a mean squared error function [26].

The line voltages Vsab, V suc at PCC are used to estimate Vs.

_ 2VsabtVshe _ —VsabtVsbc _ —Vsab—2Vsbc
VUsa = 3 y Ysb — 3 » Use = 3 (4-33)

The terminal voltage V4,
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V= (202 + v+ 1) (4:34)
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Fig. 4.6 Schematic layout of the proposed grid interfaced PV system using VSS-LMS

Unit templates are estimated from,

B = e (4.35)
The DC loss component, Acp is obtained using a PI controller from,

Aep(m+1) = 1,(m) + k,{V,(m + 1) = V,(m)} + k;V.(m + 1) (4.36)
Where Ve (m) is the error at m" instant, given by

V.(m) = Vbcres (m) — Vpc(m) (4.37)
The feedforward SPV coefficient (Apv) is determined as,

= 2Ppy

PY T 3y, (4.38)

In VSS-LMS, evaluation of active component for phase a I, for kth instant is revised by,
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Aa(m + 1) = 2,(m) + Bo(M)ug(m)e, (m) (4.39)

Where A, (M)is the phase ‘a’ estimated active component at m™ instant, pa (M) is used to
calculate step size using,

ﬁa(m +1) = aBq (m) + yeg(m) (440)

Where the convergence time of this algorithm is dependenton O < o< 1 and y > 0. They are
constant parameters for controlling exponential regress and fluctuations in step size

parameters, respectively. ea (m) is the prediction error estimated using,
eq(m) = iLs(m) — ug(m)A,(m) (4.41)

Likewise, components are calculated for phase ‘b & ¢’ can be calculated utilizing (4.39) -
(4.41).

The average active weight is calculated from

Aavg =35 a + Ay + Ac) (4.42)
The resultant is given by

A = Ac + Agug — Apy (4.43)
The active reference grid current isa , isb , isc i calculated as

lsa = MUg , i3y = LUy, ige = AU (4.44)

This reference current is then seen with the Is and the resultant is then sent to a PWM

controller which develops gating pulse for IGBTs of VSC.
4.4 RESULTS AND OBSERVATIONS

The model of a two-stage grid interconnected PV system is developed using
MATLAB/Simulink. MPPT is controlled using IC algorithm. Results are obtained for
different inverter control techniques under varying solar irradiance and unbalancing of linear
and non-linear load. Waveforms are plotted for PV power (Ppy,) voltage (Vpv) and Current
(Ipv), Vde, AC voltage at PCC (Vs), Grid current (Is), Inverter current (linv), Load current (lioad),

Inverter Real and Reactive Power (P and Q), Grid Real and Reactive Power (P4 and Qg) and
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Load Real and Reactive Power (Pioad and Qioag). Plots for all these parameters are analyzed

for different loads under two different circumstances-

I Load Unbalancing- Unbalance is created by disconnecting one of three phases (b)
from 0.3 to 0.4 sec. For linear load, a 20kVVA load with 0.8 lagging pf is used and
for non-linear load a three-phase diode rectifier with Rqc=50 Q and L=50mH is
used.

ii. Varying Irradiance- Solar irradiance is maintained at 1000 W/m? till 0.5 sec after
which it is reduced to 500 W/m? as represented in Fig. 4.7.

Irradiance Temp1 : Ramp-up/down Irradiance

1000

800

600

400 -

200 -

26
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2551

25

245

24 ! ! ! ! ! ! ! ! ! |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (sec)

Fig. 4.7 Graph of changing irradiance and temperature
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Results for conventional control algorithms-

1. SRF Control
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Fig. 4.8 Results for SRFT control under load imbalance and varying solar irradiance for
linear load.
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Fig. 4.9 Real and reactive power characteristics for SRFT control under load imbalance and
varying solar irradiance for linear load.
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FFT window: 3 of 30 cycles of selected signal
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Fig. 4.12 FFT analysis of grid and load current using SRFT control, respectively.

Performance of the system is assesed from 0.2 sec to 0.6 sec. An imbalance is created from

0.3 sec to 0.4 sec by disconnecting phase b, following which there is a reduction in irradiance
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from 0.5 sec and is reduced to 500 W/m? Ppy, Vv and lpy and Vs, liny, licad , Is and Vi are
plotted for a linear load of 20kVVA, 0.8 lagging pf and three phase diode rectifier as non-linear
with Rdc= 50 Q and L=50mH.

At 0.3 sec there is a slight disturbance in power, voltage, and current of PV array due to load
change as seen in Fig. 4.8. Distortion in Is and liny are resolved at 0.4 sec and they remain
sinusoidal. At 0.5 sec lpv and Ppy decrease which requires Pg to increase to supply load.Vdc
is also at 800 V. THD in Is and lj0ag are 2.16% and 30.47%, resepctively.

Table 4.1 Comparison of different parameters for linear and nonlinear loads using SRFT.

LINEAR LOAD NONLINEAR LOAD
PARAMETER
At 1000 W/m? | At500 W/m2 | At 1000 W/m? | At 500 W/m?
Vp (V) 505.6 500.82 504.86 500.09
Ip (A) 49.04 24.27 49.31 24.33
Ppv (KW) 24.91 12.44 24.91 12.44
Ve (V) 800.81 793.81 800.22 793.37
Vs (V) 414.24 415.01 415.29 414.49
Is (A) -13.51 8.1 -29.45 -8.92
linv (A) 52.76 31.15 41.21 20.38
lioad (A) 39.25 39.25 11.46 11.46
P (kW) 24.13 11.92 24.13 11.92
Q (kVar) 12.2 12.2 -0.61 -0.61
Py (KW) -8.68 3.92 -18.42 5.82
Qq (kVar) 0.1 0.1 -0.16 -0.16
P (KW) 16.1 16.1 6.36 6.36
Qi (kVar) 12.1 12.1 -0.77 -0.77
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2. IRPT Control
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Fig. 4.13 Results for IRPT control under load imbalance and varying solar irradiance for
linear load.
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Fig. 4.15 Results for IRPT control under load imbalance and varying solar irradiance for
non-linear load.
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and varying solar irradiance for non-linear load.
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Fig. 4.13 to Fig. 4.16 give the results for IRPT. Vpy is 505 V, lpy is 49 A, Ppy is 24.9 KW, V.
is 800 V. FFT analysis is done in Fig.4.17 and THD of Isis 2.31% and lioad is 30.8%. Reactive
power Q is at zero which is an indicator that there is reactive power compensation in UPF
(unit power factor) mode. Q is almost same at zero due to UPF mode.Reactive power
requirement of the load is met by PV system and grid reactive power Qq remains zero. More
complex than SRFT. THD is more in IRPT as compared to SRFT.

FFT window: 3 of 20 cycles of selected signal
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Fig. 4.17 FFT analysis of grid and load current using IRPT control, respectively.
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Table 4.2 Comparison of different parameters for linear and nonlinear loads using IRPT.

LINEAR LOAD NONLINEAR LOAD
PARAMETER
At 1000 W/m? | At500 W/m? | At 1000 W/m?2 | At 500 W/m?
Vp (V) 503.9 501.47 504.26 499.98
b (A) 48.91 24.02 49.01 24.1
Ppv (KW) 24.91 12.44 24.91 12.44
Ve (V) 799.91 793.25 800.07 793.84
Vs (V) 415.2 415.55 415.56 415.87
Is (A) -13.7 8.06 -29.45 -8.92
linv (A) 52.97 31.21 41.21 20.38
lioad (A) 39.27 39.27 11.45 11.45
P (kW) 24.16 11.99 24.16 11.99
Q (kVar) 12.2 12.2 -0.61 -0.61
Py (KW) -8.04 4.02 -18.45 5.63
Qq (kVar) 0.1 0.1 -0.16 -0.16
P (KW) 16.1 16.1 6.36 6.36
Qi (kVar) 12.1 12.1 -0.77 -0.77
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Power Balance Theory (PBT) Control
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Fig. 4.18 Results for PBT control under load imbalance and varying solar irradiance for

linear load.
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Fig. 4.20 Results for PBT control under load imbalance and varying solar irradiance for
non-linear load.

48



0 \ -

20 R

-3

Pload(kW)

Time (seconds)

20 ‘

Q{kVar)
I
s
=
%
g
%
%é
<
<
<‘>
<
—~
=
—~
Vs
—
=
=
s
<
=
g
=
:
z
%
=
2
%

A0 .

QgikVar)
|
|
|
1
|
|
|

=
I
|

o
=

ra
=

MA/\/VVWWW\/\/\/WVW\/\/VWWVW\/\/\_/\_/\f\/\/\_/\/\/\/‘\AAM/WVM/WUU\ANMWVW\M/WU\AAA/MNWWVWWVWUWVMﬁNM

Qload(kvar)

\ | \ \ \ \
025 03 035 04 045 05 055 06

Time (seconds)

o
.,
ra

Fig. 4.21 Real and reactive power characteristics for PBT control under load imbalance and
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Fig. 4.22 FFT analysis of grid and load current using PBT control, respectively.

18 to Fig. 4.21 give results for PBT. The PV power generated at MPP is 24.910 kW,

voltage is 505 V and current is 49 A, but the power extracted by the system is 24.21kW which
is more than both SRFT and IRPT. V. is fixed at 800 V with the help of a PI controller.

When

the irradiance is 1000 W/m2 the rid absorbs 8.1 kW of power and when it is reduced

to 500 w/m2 the grid starts supplying 4 kW power as the power extracted from PV is reduced
to half for linear load. THD is 2.78% for Is and 30.55% for load.
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Table 4.3 Comparison of different parameters for linear and nonlinear loads using PBT.

LINEAR LOAD NONLINEAR LOAD
PARAMETER
At 1000 W/m? | At 500 W/m2 | At 1000 W/m? | At 500 W/m?
Vp (V) 505.2 502.21 505.26 501.98
b (A) 49.11 24.32 49.21 24.33
Ppv (KW) 24.91 12.44 24.91 12.44
Ve (V) 800.96 794.45 800.47 793.99
Vs (V) 416.02 415.87 415.68 415.29
Is (A) -13.95 8.01 -29.45 -8.92
linv (A) 53.21 31.25 41.21 20.38
lioad (A) 39.26 39.26 11.45 11.45
P (KW) 24.21 12.05 24.21 12.05
Q (kVar) 12.2 12.2 -0.65 -0.65
Py (KW) -8.11 4.05 -17.85 5.69
Qy (KVar) -0.1 -0.1 -0.11 -0.11
P (KW) 16.1 16.1 6.36 6.36
Qi (kVar) 12.1 12.1 -0.76 -0.76
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4. Unit Template Control
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Fig. 4.23 Results for unit template control under load imbalance and varying solar
irradiance for linear load.
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Fig. 4.24 Real and reactive power characteristics for unit template control under load

imbalance and varying solar irradiance for linear load.
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Fig. 4.23 to Fig. 4.27 are the results for the system using unit template. Vqc is also at 800 V
and more stable during imbalance as compared to other algorithms. THD in Is and loaq are
2.35% and 30.27%, resepctively. Computational complexity less than PBT. Performance is
similar to PBT.
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Fig. 4.27 FFT analysis of grid and load current using unit template control, respectively
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Table 4.4 Comparison of different parameters for linear and nonlinear loads using unit

template.
LINEAR LOAD NONLINEAR LOAD
PARAMETER
At 1000 W/m? [ At 500 W/m? | At 1000 W/m? [ At 500 W/m?
Vp (V) 505.12 501.89 505.23 500.91
I (A) 49 24.52 49.01 24.23
Ppv (KW) 24.91 12.44 24.91 12.44
Ve (V) 800.91 794.45 800.67 793.14
Vs (V) 416.2 416.15 416.16 415.98
Is (A) -13 8.26 -29.26 -9.35
linv (A) 53.27 31.41 41.71 20.8
lioad (A) 39.27 39.27 11.45 11.45
P (kW) 24.17 11.99 24.17 11.99
Q (kvar) 12.2 12.2 -0.61 -0.61
Py (KW) -8.07 4.02 -18.71 5.63
Qq (kVar) -0.1 -0.1 -0.16 -0.16
P (kW) 16.1 16.1 6.36 6.36
Qi (kVvar) 12.1 12.1 -0.77 -0.77

Among the various conventional inverter current control algorithms implemented it is

observed that due to less calculations SRFT has less delay thus, offering faster convergence

rate of inverter current. THD in grid current in SRFT is less as compared to IRPT indicating

that it reduces more harmonics. SRFT is also faster than PBT and Unit Template due to less

computational complexity. SRFT offers least THD among all conventional algorithms.
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Results for adaptive control algorithm

1. LMS
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Fig. 4.28 Results for LMS control under load imbalance and varying solar irradiance for

linear load.
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Fig. 4.31 Real and reactive power characteristics for LMS control under load imbalance
and varying solar irradiance for non-linear load.
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FFT window: 3 of 15 cycles of selected signal
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Fig. 4.32 FFT analysis of grid and load current using LMS control, respectively.

Distortion in Is during imbalance are less than those observed in SRFT in Fig 4.8. At 0.5 sec
as the supply from PV reduces the Pq steps up to deliver the needful when the load is more
than 25 KW. The grid current settles faster than other conventional algorithms after 0.4 s.
Current converges faster than conventional algorithms.

FFT analysis is done in Fig. 4.22 and THD of Isis 1.91% and lioaq is 30.2%.
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Table 4.4 Comparison of different parameters for linear and nonlinear loads using LMS.

LINEAR LOAD

NONLINEAR LOAD

PARAMETER
At 1000 W/m? | At500 W/m? | At 1000 W/m?2 | At 500 W/m?
Vp (V) 505.62 501.69 505.33 500.51
b (A) 49.21 24.58 49.19 24.35
Ppv (KW) 24.91 12.44 24.91 12.44
Ve (V) 800.11 794.59 800.17 793.29
Vs (V) 415.91 416.02 415.96 415.28
Is (A) -13.03 8.22 -29.26 -9.35
linv (A) 53.3 31.45 41.71 20.8
lioad (A) 39.27 39.27 11.45 11.45
P (KW) 24.29 12.2 24.29 12.2
Q (kVar) 12.2 12.2 -0.67 -0.67
Py (KW) -8.19 3.9 -17.93 5.64
Qy (KVar) 0.1 -0.1 -0.06 -0.06
P (KW) 16.1 16.1 6.36 6.36
Qi (kVar) 12.1 12.1 -0.73 -0.73
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2. VSS-LMS Control
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Fig. 4.33 Results for VSS-LMS control under load imbalance and varying solar irradiance
for linear load.
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Fig. 4.35 Results for VSS-LMS control under load imbalance and varying solar irradiance
for non-linear load.
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Waveforms for PV Power (Py), Current (lpy), Voltage (Vpv), Ve, Vs, Is, linv, lioad, Real and
Reactive Power of Grid (Pg and Qg) , VSC (P and Q) and Load (Pioad and Qioad) are plotted

for load imbalance and changing irradiance for linear and non-linear load.

Rated PV power is 25 kW, but the power generated at MPP is 24.910 kW, voltage is 505 V
and current is 49 A. V. is fixed at 800 V with the help of a Pl controller. For a linear three
phase load of 20 kVA, 0.8 lagging pf, it is noted that the PV provides 16 kW and remaining
is delivered to the Grid at 1000 W/m?. Reactive power Q is at zero which is an indicator that
there is reactive power compensation in UPF (unit power factor) mode. Despite of

fluctuations during load unbalancing Q returns to zero.

From 0.3 sec to 0.4 sec load unbalancing is created by disconnecting one phases (b). It is
noted that the after minimal change in PV Current, Voltage and Power waveforms, they are
quickly returned to normalcy. The Grid Current is almost sinusoidal all loads. Oscillations
are seen in Real and Reactive Power curves which are removed as soon as load becomes

balanced.

Solar irradiance is lowered from 1000 W/m? to 500 W/m? on 0.5 sec. Change in solar intensity
affects the PV Current such that fall in irradiance leads to fall in PV Current along with PV
Power. This can be observed in the PV Characteristics plot, where the PV Current and Power
are reduced to half and Voltage remains almost undisturbed. Due to this reduction in PV
system output inverter current is also reduced. Make up for the power loss Grid Current

increases which causes a rise in the power provided by the Grid.
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Table 4.6 Comparison of different parameters for linear and nonlinear loads using VSS-

LMS.
LINEAR LOAD NONLINEAR LOAD
PARAMETER
At 1000 W/m® | At500 W/m* | At 1000 W/m? | At 500 W/m?
Vp (V) 506.71 501.12 505.89 501.23
Ip (A) 49.3 24.19 49.28 24.2
Ppv (KW) 24.91 12.44 24.91 12.44
Ve (V) 801.61 794.82 800.98 794
Vs (V) 415.89 416.1 416.01 415.29
Is (A) -14.16 7.65 -30.2 -9.26
linv (A) 53.41 31.6 41.65 20.71
lioad (A) 39.25 39.25 11.45 11.45
P (kW) 24.38 12.32 24.38 12.32
Q (kVar) 12.2 12.2 -0.61 -0.61
Pg (KW) -8.28 3.78 -18 3.78
Qq (kVar) -0.1 -0.1 -0.14 -0.14
P (kW) 16.1 16.1 6.36 6.36
Qi (kVvar) 12.1 12.1 -0.75 -0.75

Adaptive control techniques are better than conventional as they offer faster tracking in
changing environmental conditions. They also offer faster convergence and low THD. The
step size in LMS is constant, so it can either have high convergent speed or low mis

adjustment error, but not both. VSS-LMS offers both but has high computational complexity.
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FFT analysis is done to calculate the THD of grid and load current for all the given control

techniques.
4.5 CONCLUSION

All the algorithms offer satisfactory performance under unbalancing and varying
environmental conditions for both all loads. Performance of grid connected SPV system
controlled by SRFT, IRPT, PBT, Unit Template, LMS and VVSS-LMS control techniques are
found to be adequate for load balancing, harmonics mitigation and reactive power
compensation in UPF mode. Adaptive control is found to be better as it offers faster response
under changing conditions. The PCC Voltage, Inverter and load current THD for all
techniques are below 5% as per the requirement of IEEE 519 standards.

Table 4.7 Voltage and current THD of various control techniques.

Control Technique Grid Current THD (%) Load Current THD (%)
SRFT 2.16 30.47
IRPT 231 30.8
PBT 2.78 30.55
Unit Template 2.21 30.27
LMS 2.06 30.55
VSS-LMS 1.91 30.27
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CHAPTER S

VSS-LMS WITH SQUARED ERROR AUTOCORRELATION

5.1 INTRODUCTION

Least Mean Square is an adaptive control using a method based on gradient of steepest
decent. It uses the gradient vector evaluates from the data available to make successive
corrections through iteration to weight vector to eventually get minimum squared error.
Though LMS offers high computational simplicity and good tracking performance, many
variations of it have been proposed in literature and implemented. Sign-sign LMS reported
in has a smaller number of multiplications, lower mean square error, higher convergence rate
and faster dynamic response as compared to LMS. Other variations of LMS include
continuous time LMS (CTLMS), tapped delay continuous time LMS (TDCTLMS) etc.

The step size in LMS is inherently constant which requires the system to balance between
convergent speed and low mis adjustment properties. When the value of the chosen parameter
is large, convergent speed is high, but the mis adjustment level also increases. Similarly, if
the value of parameter is small the mis adjustment level is low, but so is the convergent speed.
To overcome this problem a variable step size LMS algorithm which is proposed in [33]
which provides fast settlement as well as small mis adjustment level. Numerous VSS-LMS
methods have been given based on error observation criterion. A modified VSS-LMS
algorithm was proposed in [34] which used error autocorrelation criterion. A robust VSS-
LMS (RVSS-LMS) illustrated in [35] but it has high computational complexity. In [38] a
VSS algorithm using squared error and error autocorrelation (VSS-SEAE) is shown.
However, in abruptly changing environment, VSS-SEAE depicts weak performance. A
gradient based VSS (GVSS-LMS) was presented recently in [39] with high convergent speed

and low mis adjustment level, but high computational complexity.

The variation of VSS presented in this work is based on squared error autocorrelation (VSS-
SEA) criterion [40]. In this algorithm the step size is smoothly adjusted such that in transient
state it has a large value for fast convergent speed and in steady state it has a small value to
maintain low mis adjustment levels. It proposes smoother convergence of step size under

both transient and steady state. Using squared error autocorrelation-based cost function also
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reduces uncorrelated noise. Also, it has computational complexity of the same level as that
of MVSSLMS algorithm in [34].

5.2 PROPOSED ALGORITHM
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Fig. 5.1 Schematic layout of the proposed grid interfaced PV system using VSS-SEA

Vs is evaluated from Vsan, Vshe Sensed at PCC,

Computation of
Unit Template

Vg = szab;'vsbc, b = _vsab;'vsbc' o = _vsab;ZVSbC (51)
Vtis given by
2 2
Ve = (202 + v+ 1) 2)
Unit template is estimated using,
_ Vsa _ Vsp _ Usc
Upg = v’ Upp v, »Upc v, (5.3)
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_ “Upptupc _ V3upg , upp—upc _ _‘/§uPa Upp—Upc 4
UQa = NG 'u’Qb = 2 + 3 JuQC = 2 + 3 (5 )

The DC loss element, Acp obtains Vpcrer from the MPPT and the Vpc sensed across the Cqc.

Vbcret and Vpc 0n being equated and the gap produced is passes via a Pl controller.
Aep(m+1) =1,(m) + k,{V,(m + 1) = V,(m)} + k;V.(m + 1) (5.5)
Where Ve(m) is error at m™ instant, given by

Ve(m) = Vperer(m) — Vpc(m) (5.6)
AC loss component, A IS given by,

Adegm +1) = Ag(m) + kpy{Vee (m + 1) = Ve (M)} + kiVie (m + 1) (5.7)
Where Vi (m) = Viyer(m) — Ve (m).

To ensure the stability of this adaptive control algorithm A,y is defined by

2Pyy
Apy = =22 (5.8)

3V

In VSS-SEA, evaluation of active component for phase ‘a’ I for m™ instant is changed

utilizing,
Apa (m+1) = Apa (m) + Hpa (Mm)u, (m)espa(m) (5.9)

Where Apa (M) estimated active component at m™ instant, ppa (M) is used to calculate step size

using,
Hpa (m+1)= a“—pa(m) + Y Ppa (M) (5.10)

Where the convergence time of this algorithm is dependenton 0 < o< 1 and y > 0. They are
constant parameters for controlling exponential regress and fluctuations in step size

parameters, respectively. Ppa (K) is the squared error autocorrelation function,
Ba(m+1) = BBa(m —1) + (B — D[e(m)e(m — D] (5.11)

B is a constant value which denotes an exponential weighting function responsible for

smoothing the function. Its value lies between 0 and 1.
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espa (M) is the prediction error estimated using,
€spa (m) = iLa (m) — Upa (m)/lpa(m) (5.12)

Similarly, weight vector, p and squared error autocorrelation for phase ‘b and c’ are
calculated (5.9) -(5.12).

The reactive power component, i and squared error autocorrelation for all three phases can
be calculated in the same manner using equation (5.9) -(5.12).

The average is calculated from

1
Apavg = E(Apa + Ay + Ape) (5.13)
The resultant weight vector is calculated by,
Aip = Aep + Apavg — Apy (5.14)
The reactive weights for all phases are obtained using,
Arg = Aeq — Agavg (5.15)
Where Agang = 5 (Aga + Agn + Agc)

The real reference grid current ispa , ispb , ispc and reactive refence grid current isga , isqo , isqc

are calculated as
i;pa = Aapupa , i;pb = Abpupb , i;pc = Acpupc (5.16)
i;qa = Aaquqa ’ i;qb = Abquqb ’ i;qc = Acquqc (5.17)

The resultant refence grid current is given by,

Igq = i;pa + i;qa (5-18)
sb = lspb T Isqa (5.19)
Is, = i;pc + i;qc (5.20)

I"s is then seen with Isand the resultant gap is then given to a PWM controller which generates

gating pulse for VSC.
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5.3 RESULTS AND OBSERVATIONS
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Fig. 5.2 Comparison between weights(A) of LMS, VSS-LMS and VSS-SEA

Fig. 5.2 shows an analogy between weights of LMS, VSS-LMS and VSS-SEA control. It is
observed that during imbalance VSS-SEA offers a faster response as compared to both LMS
and VSS-LMS. When solar irradiance reduces at 0.5 sec it is observed that weight (1) of
VSS-LMS using SEA settles almost immediately offering a faster and better response of the

system during change.

A smoother change in weight leads to a faster response during transient state and a more
accurate one during steady state. This can be observed from the current waveforms which
remain almost sinusoidal even during unbalancing. The proposed algorithm is also said to

reduce uncorrelated noise from the system, this can be observed from the value of THD.
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Fig. 5.3 Results for VSS-SEA control under load imbalance and varying solar irradiance for
linear load.
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non-linear load.
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FFT window: 3 of 20 cycles of selected signal
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Fig. 5.13 FFT analysis of grid current and load current using VSS-SEA control,
respectively.
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Waveforms for PV Power (Py), Current (lpy), Voltage (Vpv), Ve, Vs, Is, linv, lioad, Real and
Reactive Power of Grid (Pg and Qg) , VSC (P and Q) and Load (Pioad and Qioad) are plotted
for load imbalance and changing irradiance for linear and non-linear load.

Rated PV power is 25 kW, but the power generated at MPP is 24.910 kW, voltage is 505 V
and current is 49 A. Vg is fixed at 800 V with the help of a PI controller. For a linear three
phase load of 20 kVA, 0.8 lagging pf it is noted that the PV provides 16 kW and remaining
is delivered to the Grid. Reactive power Q is at zero which is an indicator that there is reactive
power compensation in UPF (unit power factor) mode. Despite of fluctuations during load

unbalancing Q returns to zero. Reactive power requirement of the load is fulfilled by PV.

During the unbalancing from 0.3 sec to 0.4 sec the current waveforms remain almost
sinusoidal and are resorted to original stable state as soon as unbalancing is removed.
Similarly, as soon as irradiance is reduced to 500 W/m?2 PV current reduces, due to which
inverter current also reduced simultaneously and grid current is increased to provide the
required power when load is more than PV rating. Reactive power remains constant at zero
which indicates reactive power compensation in UPF mode. Dc link voltage is constant at
800 V.

The THD of AC current and load current are 1.76% and 30.8 %, respectively indicating better

mitigation of harmonics and reactive power compensation in UPF mode of operation.

Table 5.1 THD of AC voltage and inverter current for various control techniques

Control Technique Current (%)
LMS 2.06
VSS-LMS 1.91
VSS-SEA 1.76
SRFT 2.16

Table 5.1 tabulates the THD of PCC voltage and inverter current of LMS, VSS-LMS, VSS-
SEA and SRFT control.
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Table 5.2 Comparison of different parameters of linear and nonlinear load using VSS-SEA

LINEAR NONLINEAR
PARAMETER
At 1000 W/m? | At 500 W/m?2 | At 1000 W/m? | At 500 W/m?
Vp (V) 505.6 501.2 505.4 500.9
b (A) 49.4 24.56 49.32 24.51
Ppv (KW) 24.91 12.44 24.91 12.44
Ve (V) 800.37 794.81 800.54 793.98
Vs (V) 415.49 415.21 415.33 415.17
Is (A) -13.8 7.8 -30.21 -8.85
linv (A) 53.05 31.45 41.67 20.31
lioad (A) 39.25 39.25 11.46 11.46
P (KW) 24.78 12.18 24.78 12.18
Q (kVar) 12.2 12.2 -0.68 -0.68
Py (KW) -8.68 3.92 -18.42 5.82
Qy (KVar) 0.1 -0.1 -0.07 -0.07
P (KW) 16.1 16.1 6.36 6.36
Qi (kVar) 12.1 12.1 -0.75 -0.75

Compared to the above analyzed convention control VSS-SEA shows better performance in
terms of settling after disturbance and fluctuating irradiance. linv converges before the
established conventional control. Its behavior when equated with adaptive control like LMS

and VSS-LMS faster and smoother settling is noticed during change.
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Table 5.3 Computational complexity of VSS-LMS and VSS-SEA

Control _ _ Number Number of
) Step-size Update Equation of o
Technique . Multiplications
Additions
VSS-LMS p(im+ 1) = af(m) + ye?(m) 1 3

pu(m + 1) = au(m) + yP(m)

VSS-SEA P(m+1) = BP(m — 1) + 2 6
(8 -1) [e(m)e(m - 1)]?

5.4 CONCLUSION

The proposed algorithm is an improvement to the established LMS based control as it offers
changing step size which provide fast convergence rate during transient response by
increasing the step size and low mis adjustment error during steady state by reducing the step
size, unlike LMS which can offer only one of these characteristics at a given time. It is also
an improvement on VSS-LMS control as it offers a smoother change in weights or cost
function during changing environmental conditions and unbalancing. A smoother control
leads to elimination of uncorrelated noise and helps in harmonics mitigation. Computational
complexity offered by VSS-SEA is high as compared to VSS-LMS as it can be seen in Table

5.3, but this does not affect the initial rate of convergence of current.

It can be deduced that the suggested VSS-SEA algorithm offers satisfactory performance
when used to control a double stage Grid connected PV System. Despite of its computational
complexity, it offers harmonics mitigation, reactive power compensation and load balancing

under fluctuating environmental conditions and unbalancing for all loads
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CHAPTER 6

CONCLUSION AND FUTURE SCOPE OF THE WORK

6.1 CONCLUSION

The main target of this work is to gain insight on working of a PV system, MPPT and
integration of PV with grid. Electrical equivalent version of a PV cell is studied to acquire
output characteristics of a PV array. Designing of boost converter is done for implementation
of MPPT. Various MPPT techniques are studied, and IC control is utilized. The two-stage
grid interconnected PV system is developed and analyzed using MATLAB/Simulink.
Various conventional and adaptive inverter current control techniques are applied to the
proposed system and compared. Conventional techniques studied include-

e SRFT
e IRPT
e PBT

e Unit Template
Adaptive techniques include-

e LMS
e VSS-LMS

All these techniques are implemented, and results are obtained for various loads under load
unbalancing and solar irradiance variation. The system is operated in UPF mode for power

factor corrections. THD of AC voltage and Current for all the algorithms are under 5%.

It is observed that even though conventional algorithms provide satisfactory performance,
but adaptive algorithms settle fast after unbalance depicting the fast convergence rate of
adaptive algorithms. Even after reduction in irradiance conventional algorithms take more
time to reach the required value of grid current to feed the load in case of linear load as

compared to adaptive algorithms.

Adaptive algorithm like LMS is faster than conventional algorithms like SRFT, IRPT, PBT

and Unit template but it can either provide a fast response in a dynamically changing state of
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low error in steady state, but not both due to its fixed step size. To overcome this flaw a
variable step size based LMS is proposed in literature which can provide both fast

convergence and low mis adjustment error.

Furthermore, a variation of VSS-LMS is proposed in the work. The proposed algorithm is
called VSS-SEA which replaces the squared error cost function of VSS-LMS with squared
error autocorrelation function. This improves the performance by offering a faster response
during load unbalance as compared to LMS and VSS-LMS. Also, during change in solar
irradiance, it settles faster and more smoothly in comparison with LMS and VSS-LMS.

Whilst the computational complexity is increased, the system execution is also improved.

Table 6.1 Comparison of different parameters of all the algorithms for linear load.

PARAMETER | SRFT | IRPT | PBT UNT'T' LMS \Lllf/ISS \sléi
Ve (V) 505.6 | 503.9 | 505.2 | 505.12 | 505.62 | 506.71 | 505.6
Ir (A) 49.04 | 48.91 | 49.11 49 49.21 | 493 49.4
Ppv (KW) 2491 | 2491 | 2491 | 2491 | 2491 | 2491 | 24.91
Ve (V) 800.81 | 799.91 | 800.96 | 800.91 | 800.11 | 801.61 | 800.37
Vs (V) 41424 | 4152 | 416.02 | 416.2 | 415.91 | 415.89 | 415.49
Is (A) -1351 | -13.7 | -13.95 -13 -13.03 | -14.16 | -13.8
linv (A) 52.76 | 52.97 | 53.21 | 5327 | 53.3 | 5341 | 53.05
lioad (A) 39.25 | 39.27 | 39.26 | 39.27 | 39.27 | 39.25 | 39.25
P (KW) 2413 | 24.16 | 2421 | 2417 | 2429 | 24.38 | 24.78
Q (kVar) 12.2 12.2 12.2 12.2 12.2 12.2 12.2
Py (KW) -8.03 | -804 | -811 | -807 | -819 | -828 | -8.68
Qq (kVar) -0.1 0.1 0.1 0.1 0.1 0.1 0.1
P (KW) 16.1 16.1 16.1 16.1 16.1 16.1 16.1
Qi (kVar) 12.1 12.1 12.1 12.1 12.1 12.1 12.1
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Table 6.1 and Table 6.2 show the comparison of different parameters of all the algorithms
for linear and nonlinear loads, respectively. As observed from the table VSS-SEA extracts
24.78 kW power from the PV system which is rated to supply 24.91 kW power. This is the
highest as compared to all other algorithms. Due to this it is also able to supply 8.68 kW
power to the grid after fulfilling the linear load requirement. V4. for VSS-SEA is also
maintained at 800V.

Table 6.2 Comparison of different parameters of all the algorithms for nonlinear load.

PARAMETER | SRFT | IRPT | PBT UNT'T' LMS \I_/I?/ISS \S/ESA
Vp (V) 504.86 | 504.26 | 505.26 | 505.23 | 505.33 | 505.89 | 505.4

Ib (A) 49.31 | 49.01 | 49.21 | 49.01 | 49.19 | 49.28 | 49.32
Pov (KW) 2491 | 2491 | 2491 | 2491 | 2491 | 2491 | 2491
Ve (V) 800.22 | 800.07 | 800.47 | 800.67 | 800.17 | 800.98 | 800.54
Vs (V) 415.29 | 41556 | 415.68 | 416.16 | 415.96 | 416.01 | 415.33
Is (A) -29.45 | -29.45 | -29.45 | -29.26 | -29.26 | -30.2 | -30.21

linv (A) 41.21 | 4121 | 41.21 | 4171 | 4171 | 4165 | 41.67
lioad (A) 1146 | 11.45 | 1145 | 11.45 | 11.45 | 1145 | 11.46

P (KW) 2413 | 2416 | 2421 | 2417 | 2429 | 2438 | 24.78
Q (kVar) -061 | -061 | -065 | -0.61 | -0.67 -0.61 -0.68
Py (KW) -18.42 | -18.45 | -17.85 | -18.71 | -17.93 -18 -18.42
Qq (kVar) -0.16 | -0.16 | -0.11 | -0.16 | -0.06 -0.14 -0.07
Pload (KW) 6.36 6.36 6.36 6.36 6.36 6.36 6.36
Quoad (KVar) | -0.77 | 077 | -0.76 | -0.77 | -0.73 -0.75 -0.75
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6.2 FUTURE SCOPE OF THE WORK

Future work is to study, understand and implement the following-

Study and apply other adaptive and intelligent control algorithms for MPPT and VSI
control.

Integrating battery storage in grid integrated PV- Power from PV is dependent on
weather and cloud movement, due to this PV can only produce power during sunshine
hours. A battery along with PV can help supply power during non-sunshine hours and
store excess during the day.

Study and implement hybrid renewable energy system — Hybrid renewable energy
systems integrate PV with other renewable energies like wind, biogas with grid.
Hardware implementation of the proposed algorithm- The proposed technique can be

implemented via PV simulator and other laboratory-based instruments.
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