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ABSTRACT
PRASANTH KUMAR SAHU. Design and control of solar panel companion inverters for
panel level power extraction. (Under the direction of DR. MADHAV MANJREKAR)

Solar Panel Companion Inverters (SPCIs) have been proposed as H-bridge inverters
embedded with a PV module. These inverters employ a unique methodology that converts
the conventional DC voltage output of a solar panel to switched quasi-square wave voltages
with variable pulse width. These SPCIs are connected in series to produce an aggregated
superior quality multilevel waveform that can be directly interfaced with the AC grid. This
alternative approach offers advantages of micro-inverters in realizing panel-level
maximum power point transfer and realization of system-level cost benefits of a central
inverter. In this dissertation, dynamic analysis and closed loop controller design of SPCIs
is presented. Maximum Power Point Tracking (MPPT) for SPCIs is proposed to
demonstrate the panel level maximum power extraction from the solar panels. Simulations
are performed using MATLAB Simulink, to demonstrate efficacy of the MPPT algorithm.
Reactive power support of SPCIs while maintaining MPPT is explored. Panel level
optimization is investigated by performing analysis for synthesizing AC output voltage
across each SPCI. Using the analysis, a modified sort and stack algorithm is presented to
implement Sorted Stair Case Modulation and Sorted Pulse Width Modulation strategies. A
laboratory prototype was constructed to demonstrate the principle of sort and stack
algorithm, closed loop current control and grid tie operation. Also, reactive power support

while maintaining MPPT is experimentally demonstrated.
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FIGURE 6.18: Simulation waveforms when the inverters are operating
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FIGURE 6.25: P-V curves showing the maximum power point operation
of all the PV panels highlighted in red, operating under non - uniform
irradiation. (1000W/m?2, 950W/m?, 900W/m?, 850W/m?, 800W/m?,
750W/m>2-operating scenario 6.), with Maximum Power Point Tracking
(MPPT) algorithm implemented for Sorted Pulse Width Modulation
(SPWM).

FIGURE 6.26: Simulation waveforms when the inverters are operating
under non - uniform irradiation. (1000W/m?, 950W/m?, 900W/m?,
850W/m?, 800W/m?, 750W/m>?-operating scenario 6.), with Maximum
Power Point Tracking (MPPT) algorithm implemented for Sorted Pulse
Width Modulation (SPWM).
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(SSCM). This represents conventional case of real power transfer.

FIGURE 7.7: P-V curve showing the maximum power point operation of
all the PV panels highlighted in red, operating under uniform
irradiation of 1000W/m?, for Sorted Stair Case Modulation (SSCM).
This represents conventional case of real power transfer.

FIGURE 7.8: Waveforms of active power P (1606 W), and reactive power
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Modulation (SSCM). This represents conventional case of real power
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FIGURE 7.17: Waveforms of active power P (1480W), and reactive
power Q (811Var) injected into the grid when the inverters are
operating under non-uniform irradiation of 1000W/m?, 950W/m?,
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FIGURE 7.19: P-V curve showing the maximum power point operation of
all the PV panels highlighted in red, operating under uniform
irradiation of 600W/m? for Sorted Stair Case Modulation (SSCM).

FIGURE 7.20: Waveforms of active power P (744W), and reactive power
Q (-1374 Var) injected into the grid when the inverters are operating
under uniform irradiation of 600W/m? for Sorted Stair Case
Modulation (SSCM).

FIGURE 7.21: Waveforms of grid voltage, Vgrid, inverter output voltage,
Vspci, and, grid current, Igrid when the inverters are operating under
uniform irradiation of 600W/m? for Sorted Pulse Width Modulation
(SPWM).

FIGURE 7.22: P-V curve showing the maximum power point operation of
all the PV panels highlighted in red, operating under uniform
irradiation of 600W/m? for Sorted Pulse Width Modulation (SPWM).

Figure 7.23: Waveforms of active power P (975W), and reactive power Q
(-1363 Var) injected into the grid when the inverters are operating
under uniform irradiation of 600W/m? for Sorted Pulse Width
Modulation (SPWM).

FIGURE 8.1: Schematic showing the phasor representation of voltage and
current phasors of Solar Panel Companion Inverters (SPClIs).
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FIGURE 8.4: Simplified schematic showing the modified sort and stack
algorithm for Sorted Stair Case Modulation (SSCM).

FIGURE 8.5: Simplified schematic showing the modified sort and stack
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FIGURE 8.13: Simulation waveforms when the inverters are operating
under uniform irradiation of 600W/m?, with Maximum Power Point
Tracking (MPPT) algorithm implemented for Sorted Staircase
Modulation (SPWM).

FIGURE 8.14: P-V curve showing the maximum power point operation of

all the PV panels highlighted in red, operating under uniform
irradiation of 1000W/m?, with Maximum Power Point Tracking
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FIGURE 8.17: Simulation waveforms when the inverters are operating
under non - uniform irradiation. (1000W/m?, 900W/m?, 800W/m?,
700W/m?, 600W/m?, 500W/m?.), with Maximum Power Point
Tracking (MPPT) algorithm implemented for Sorted Staircase
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FIGURE 9.1: Simplified circuit schematic of Solar Panel Companion
Inverters (SPCI), with ideal DC voltage sources on the DC terminals
and connected to a 120 V AC rms distribution grid.

FIGURE 9.2: Detailed circuit schematic showing the Solar Panel

Companion Inverters (SPCIs) connected across a resistive load, with an

inductive filter.

FIGURE 9.3: Hardware prototype showing piccolo microcontroller and
Solar Panel Companion Inverter (SPCI) constructed using IGBT
modules and isolation circuit.

FIGURE 9.4: Working Hardware prototype showing Solar Panel
Companion Inverters (SPCI) when connected across a load.

FIGURE 9.5: Experimental waveforms showing output voltages, Vinvl,
Vinv2, and Vinv3 measured across first three inverters.
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FIGURE 9.6: Experimental waveforms showing output voltages, Vinv4,
Vinv3, and Vinv6 measured across last three inverters.

FIGURE 9.7: Experimental waveforms showing the output voltage Vspci,

measured across the output of all the SPCIs, and the output current,
Ispci flowing through the load.

FIGURE 9.8: Experimental waveforms showing active power injection
into the grid when DC power supplies are connected at the DC
terminals of Solar Panel Companion Inverters and interfaced to the AC
grid. Vgrid is the grid voltage, Vpsci is the output voltage of Solar
Panel Companion Inverter, Igrid is the grid current injected into the
grid.

FIGURE 9.9: PV panels utilized for demonstrating maximum power
extraction and grid tie operation.

FIGURE 9.10: Hardware prototype showing piccolo microcontroller and
Solar Panel Companion Inverter (SPCI) constructed using IGBT
modules and isolation circuit.

FIGURE 9.11: Hardware prototype showing piccolo microcontroller and
Solar Panel Companion Inverter (SPCI) constructed using IGBT
modules and isolation circuit.

FIGURE 9.12: Experimental waveforms captured during mid-day, when
available power is maximum, demonstrate active power injection into
the grid from Solar Panel Companion Inverters (SPClIs).

FIGURE 9.13: Power curve obtained by varying the resistance of a
variable resistor connected across the terminals of a PV panel. The
highlighted ‘star’ shows the maximum power point operation of SPCI.

FIGURE 9.14: Experimental waveforms captured in the afternoon, when

available power is less than that of mid-day, and MPPT is implemented

to demonstrate active power injection into the grid from Solar Panel
Companion Inverters (SPCls).

FIGURE 9.15: Experimental waveforms captured in the afternoon, when

available power is less than that of mid-day, and MPPT is implemented

to demonstrate reactive power injection into the grid from Solar Panel
Companion Inverters (SPClIs), while maintaining the maximum power
operation.
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CHAPTER 1 : INTRODUCTION

1.1. Introduction
This chapter presents a brief introduction and organization of the dissertation.
Importance of renewable power generation is presented in Section 1.2. Motivation for the
research is presented in Section 1.3. Section 1.4 presents the organization of the
dissertation.
1.2. Renewable Power
There has been an increasing demand of energy with the increase in standard of living.
Figure 1.1 shows the History of energy consumption in the United States by source of
energy generation [1]. Figure 1.2 shows the contribution to the electric power generation
by various sources in the recent past [2] with fossil fuels being the major source. The
domination of fossil fuels in electric power generation has been one of the primary reasons
for the global warming. Also, excessive usage of fossil fuels as the energy source will
ultimately lead to extinction of fossil fuels in the years to come. In order to avoid the
declination of fossil fuel reserves and combat the global warming hazards, it is important
to rely on renewable power like solar power generation using Photo-Voltaic (PV) cells.
1.3. Motivation
The work discussed in this dissertation is an extension of thesis work reported in [3].
According to the U.S. Department of Energy (DOE) a PV system installed at 1$/W,

equivalent to 5 cents/kWh, would make solar energy competitive with the wholesale rate
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of electricity without additional subsidies. Preliminary DOE analysis of required
component costs to reach $1/W installed PV system implies the following breakdown: 50
cents/W for the module, 40 cents/W for the balance of system and installation, and 10
cents/W for power electronics [4]. A typical commercially available solar panel [5] rated
for ~30 V DC/8 A DC when operating at its maximum power point, thus establishes a
target cost for power electronics at $25-$30 per panel. Towards optimizing capital costs of
power electronics on a per watt basis, central photovoltaic inverters have been designed for
bulk applications [6]. Strings of solar panels are connected in series to build up DC voltage
and then connected in parallel to scale up to required power level before feeding into a
single inverter. An alternative approach is to employ a micro-inverter for every solar panel
[7]. Such small inverters convert DC electricity produced by a single solar panel and
synthesize required ac voltage. Recently, string inverters have been proposed for residential
and small commercial systems [8]. They are smaller than central inverters and process
power from only one string of solar panels. However, they are larger than micro-inverters
and do not interface with each panel on an individual basis. Historically, it has been
observed that employment of central inverters for solar power conversion limits energy
yields, whereas employment of micro-inverters has not been commercially attractive for
larger volumes. A unique methodology has been discussed in [3]. This methodology
converts the conventional DC voltage output of a photovoltaic solar panel to switched
quasi-square wave voltage with variable pulse width, which when aggregated realizes a
superior quality multilevel waveform that can be directly interfaced with the power grid.
This alternative approach, termed Solar Panel Companion Inverter (SPCI), offers

advantages of micro-inverters in realizing panel-level Maximum Power Point Transfer
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(MPPT) and enhanced controllability. Furthermore, bill of materials for each quasi-square
wave H-bridge inverter is fractional as compared to micro-inverter, thus enabling
realization of system-level cost benefits of a central inverter approach. However, the
barrier for this approach is in synthesis and sequencing of individual quasi-square wave
outputs in real time based on a) grid synchronization requirements, and b) employment of
varying DC voltage/current levels dictated by MPPT algorithms. Despite these challenges
associated with control complexity and power circuit minimization, the motive of this
dissertation is to investigate a game-changing mechanism for interfacing solar panels with
power grid. Simulation results demonstrating the panel level MPPT operation of SPCI had
been presented [3]. However, the simulations were performed using an open loop current
control approach, and the report was focused on exploring the modulation strategies. This
dissertation was started with a motive to implement a closed loop current control working
with an MPPT algorithm, to demonstrate the maximum power operation at panel level.
Also, the objective was to construct a laboratory prototype of SPCI, demonstrating the
principle of operation in open loop. This is followed by closed loop current control of grid
connected SPCI using DC power supplies. Demonstration of maximum power extraction
of SPCI, by connecting real solar panels to each of the SPCI is also discussed in this
dissertation.
1.4. Organization of Dissertation

This section presents an overview of the organization of dissertation as follows.

Chapter 1: Introduction

This chapter presented a brief introduction and organization of the dissertation.

Importance of renewable power generation was presented in Section 1.2. Motivation for
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the research was presented in Section 1.3. Section 1.4 presented the organization of the
dissertation.

Chapter 2: Literature Review of Photo-Voltaic Power Conversion Techniques

This Chapter consists of survey of scholarly survey of various Photo-Voltaic (PV)
power conversion techniques. The most popular PV topologies such as central inverter
topology, string topology and micro inverter topologies are discussed in Section 2.2.
Multilevel topologies for PV power conversion are discussed in Section 2.3. Closed loop
control techniques for popular PV converter topologies are presented in Section 2.4.
Chapter 2 concludes with a discussion presented in Section 2.5.

Chapter 3: Solar Panel Companion Inverter

This chapter provides a brief overview of Solar Panel Companion Inverters (SPCI).
Section 3.2 describes the topology of SPCI. Principle of operation of SPClIs is presented in
section 3.3. The principle of Sort and Stack is defined in Section 3.4. Various modulation
strategies that have been employed for SPCls is described in section 3.5. Section 3.6
describes the concept of Master Selector. The chapter concludes with a summary presented
in Section 3.7.

Chapter 4: Dynamic Analysis and Controller Design

In this chapter, a closed loop control architecture to control active power, and reactive
power generation from grid connected SPCI has been introduced. The control architecture
together with the Maximum Power Point Tracking scheme that will be discussed in Chapter
6 will be utilized to inject power into the grid. Section 4.2 presents closed loop control
scheme employed for grid connected SPCI. This section also the dynamic modeling of

real/reactive power - controller. Current controller design of SPCI and its dynamic
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performance is presented in Section 4.3. Section 4.4 concludes the chapter with a brief
summary.

Chapter 5: Modeling and Simulation

This chapter presents the model of a grid connected SPCI. Section 5.2 describes a
block diagram of grid connected SPCI. Matlab Simulink model of power grid and SPCI is
explained in Sections 5.3, and 5.4 respectively. Master controller for Sorted Stair Case
Modulation (SSCM) Section 5.5. Simulation results demonstrating the closed loop current
control operation of grid connected SPCI, with ideal DC voltage sources connected across
the DC bus is presented in Section 5.6. Section 5.7 concludes this chapter with a brief
discussion.

Chapter 6: Maximum Power Point Tracking

In this chapter, a Maximum Power Point Tracking (MPPT) algorithm for SPCI is
described. MPPT scheme is employed to perform maximum power extraction from the
photo-voltaic panels at system level. This algorithm generates magnitude of the reference
current such that maximum power is extracted from the system. Discussion in this chapter
involves power injection into the grid at unity power factor. In section 6.2, block schematic
description which includes the proposed MPPT algorithm is presented. MPPT algorithm
employed to extract maximum power is discussed in section 6.3. Simulation results for
various operating scenarios are presented in section 6.4. These simulations are performed
for both Sorted Staircase Modulation (SSCM) and Sorted Pulse Width Modulation
(SPWM) schemes that have been explained in Chapter 3. Section 6.5 concludes this chapter

with a brief summary.



Chapter 7: Active and Reactive Power Control

This chapter starts by presenting a conventional case of real power transfer into the
grid, along with a discussion on generalized power transfer scenarios in sections 7.2, and
7.3. Simulation results corresponding to real and reactive power flow scenarios for the grid
connected SPCIs by implementing sort and stack algorithm together with closed loop
MPPT algorithm proposed for SPCI are demonstrated in Section 7.4. This chapter
concludes with a summary presented in Section 7.5.

Chapter 8: Panel Level Optimization

In this chapter, to ensure that each panel operates at maximum power, an analytical
equation which defines the AC output voltage to be synthesized by each SPCI when
operating at MPPT is derived in Section 8.2. Using the derived AC output equation, a
control algorithm which ensures the maximum power extraction from SPCI, at panel level
is presented in Section 8.3. Simulation results which demonstrate the efficacy of the
proposed control scheme is demonstrated in Section 8.4. Section 8.5 ends this chapter with
a brief summary.

Chapter 9: Experimental setup

In this chapter the prototype construction of Solar Panel Companion Inverters (SPClIs)
and demonstration of principle of operation, grid tied operation and Maximum Power Point
Tracking (MPPT) algorithm implementation is presented. Section 9.2 discussed the
construction of laboratory prototype to demonstrate the working of SPCI. Grid tie operation
of grid connected SPCI system is presented in Section 9.3. Section 9.4 demonstrates the
MPPT implementation of grid connected SPCI, as well as the reactive power support.

Section 9.5 concludes with a brief summary.



Chapter 10: Conclusion
In this chapter, a summary of the contributions that have been made towards the

dissertation are presented. Also, the possible areas of future research have been presented.
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CHAPTER 2 : LITERATURE REVIEW OF PHOTO-VOLTAIC POWER
CONVERSION TECHNIQUES
2.1. Introduction

This Chapter consists of survey of scholarly survey of various Photo-Voltaic (PV)
power conversion techniques. The most popular PV topologies such as central inverter
topology, string topology and micro inverter topologies are discussed in Section 2.2.
Multilevel topologies for PV power conversion are discussed in Section 2.3. Closed loop
control techniques for popular PV converter topologies are presented in Section 2.4.
Chapter 2 concludes with a discussion presented in Section 2.5.

2.2. Classical Photo-Voltaic Power Converter Topologies

Centralized inverter is the commonly used topology for commercial power generation
units. As shown in Figure 2.1, central inverter topology consists of several Photo-Voltaic
(PV) modules connected in series to form a string and build up the DC voltage comparable
to grid voltage. Several such strings are connected in parallel through diodes to build up to
the power level, before being fed to an inverter [6, 9, 10]. These inverters can be classical
three-phase or single-phase H-bridge inverters, depending on whether the inverters are
connected to three-phase or single-phase AC utility grid. This can be referred to as a single
stage power conversion. The advantages of such a configuration are: high efficiency
(because of single stage power conversion), ease of installation and low cost per watt.
Disadvantages of central topology are: high voltage DC cables are required between PV

modules and the inverter, maximum power generation from the system is limited by the
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module which has the least irradiation and hence offers low yield of output power in case
of power mismatch between the panels, there is also a drawback arising from single point
of failure.

A variation to the centralized topology could be obtained by introducing a DC-DC
power conversion stage before the DC-AC conversion, as shown in Figure 2.2. The DC-
DC power conversion stage can be implemented at string level as shown in Figure 2.3, or
panel level as shown in Figure 2.4 [7, 11]. These variations can mitigate the effects of
power mismatch between the panels and improve the yield. However, the power losses can
increase because of the additional DC-DC power conversion stages.

An improved version of central inverter topology is called the string inverter topology
which can be seen in Figure 2.5 [8, 9]. In this topology, strings of panels are directly
connected to an inverter, which is then interfaced with AC utility grid. There is no need of
connecting a string diode. Several such string inverters can be connected to the grid to
increase the power level. Maximum power point tracking (MPPT) is implemented on each
string. Thus, this methodology offers better yield when compared to that of a central
inverter, whenever there is a power mismatch. An improvement to the basic string topology
can be implemented by including a DC-DC power converter for each string before the
inverter stage. The cost of installation for string topology is more than central inverters,
because of the usage of several inverters.

Module level power optimization can be implemented by micro-inverter topology
which is shown in Figure 2.6 [7]. In this topology, the inverter is integrated with the PV
module and is directly interfaced to the grid. Individual panel-level MPPT can be

implemented in this topology, thereby eliminating losses due to power mismatch between
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the panels. Usage of DC wiring is eliminated, since the inverters are directly connected to
the photovoltaic modules, and the output coming from the inverter is AC. The issue related
to single point of failure can be mitigated in this system [12]. Because of its modularity,
this topology has an additional advantage of scaling up to the required power level. There
are certain drawbacks of micro-inverter topology, as it needs an additional DC-DC boost
conversion stage, to step up the module voltage of (usually 30-35 V DC) at maximum
power point operation, to match the grid voltage level. This additional DC-DC power
conversion stage increases losses in the system. Also, the price on per watt basis is the
highest for micro-inverter topology, when compared to central and string inverter
topologies.

The inverters employed for classical inverter topologies are two-level or three-level
inverters. The power electronic devices utilized for centralized or string topologies will
need high voltage ratings, because the DC bus voltage in these topologies are higher.
Another class of inverters called multilevel inverters which can utilize power electronic
devices rated at low voltage, is discussed in Section 2.3. These inverters are better in terms
of performance because they can operate at lower switching frequency and produce
superior quality output voltage.

2.3. Multilevel Photo-Voltaic Power Converter Topologies

Various multilevel power converter topologies for PV to improve the performance and
efficiency have been proposed [13]. Figure 2.7 shows the diode clamped (also called as
neutral point clamped) inverter topology [14-20]. An array of PV modules can be
connected to terminals on the DC side of the inverter. The voltage of each array can be

controlled to maintain its MPP. Figure 2.8 shows the schematic of a single-phase grid
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connected flying capacitor topology for PV power conversion [21-24]. The drawbacks of
diode clamped, and flying capacitor topologies topology are non-modularity, and complex
controls.

Figure 2.9 shows the schematic of cascaded H-bridge multilevel inverter topology for
PV power conversion [25-35]. This topology consists of several single-phase full bridge
inverters connected in series on the AC side, and isolated DC power sources (or PV
modules) connected on the DC side. Since several such identical H-bridges can be
connected in series to build up the voltage on the AC side, this topology has the advantage
of being modular. A sinusoidal output voltage can be synthesized by triggering each H-
bridge at different voltage levels. Another topology like cascaded H-bridge inverter, called
AC stacked inverter has been implemented [36-38]. This topology doesn’t synthesize a
multilevel output waveform. However, it utilizes high switching frequency scheme to
synthesize a sinusoidal voltage at the output of each inverter.

Despite having drawbacks such as complex control algorithms, multilevel inverters
have been found to be better in terms of efficiency and performance when compared to
classical inverters (two-level or three-level). Multilevel inverters allow the power
electronics devices to operate at a low switching frequency and produce an equivalent high
switching frequency voltage waveform. These reasons led to a significant research interest
in multilevel inverter topologies.

2.4. Closed Loop Control Schemes for Photo-Voltaic Inverters
There can be two approaches towards controlling the grid connected PV inverters. The
first approach is called the voltage-mode control which is utilized which is shown in Figure

2.10. This control mode is utilized for FACTS controllers [39-42]. In this mode of control,
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the real and reactive power are controlled by controlling the phase angle and amplitude of
inverter output AC voltage with respect to the voltage at point of common coupling (PCC).
Despite being a simple control implementation, voltage-mode control has a drawback that
there is no control over the AC grid current which means the inverter is not protected
against the over currents [43].

Another approach called the current-mode control can be implemented wherein, the
AC grid current of the inverter is controlled. Figure 2.11 shows a simplified block
schematic of current-mode control implementation in dg-frame. In this approach, the active
and reactive power are controlled by controlling the phase angle and amplitude of AC grid
current with respect to the voltage at PCC. This ensures that the inverter is well protected
against sudden variations in the current. This approach also has the advantages of being
robust and having a very good dynamic performance [43, 44]. Current control approaches
for popular PV inverter topologies are presented in this section.

To have a Maximum Power Point (MPP) operation, the output voltage of PV or the
inverter DC input should be maintained constant. The DC terminals of the inverter is
usually connected with a DC capacitance to hold the DC bus voltage. For single-stage
power converters, this voltage can be controlled by implementing a multi-loop control
technique as shown in Figure 2.12 [8, 45, 46]. This figure shows a sample control
implementation for single stage centralized topology for PV inverters. It consists of an
outer voltage loop which controls the DC bus voltage. Reference to DC bus voltage to this
loop is obtained from the Maximum Power Point Tracking (MPPT) block. Algorithms such
as Perturb and Observe (P&O), or incremental conductance can be implemented to

generate the reference voltage [47-56]. Voltage control loop generates a reference current
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which is multiplied with output of Phase Locked Loop (PLL) to inject a current which is

in phase with the grid voltage.

For topologies involving two-stage power conversion, MPPT is implemented by DC-
DC power conversion stage [57]. This stage is usually in boost configuration, especially
for microinverter topology because the panel level voltage must be stepped up to reach the
grid voltage level. The inverter controller is a double loop configuration consisting of an
outer voltage loop control, which maintains the DC bus voltage at the inverter DC terminals
along with the inner current loop control which ensures active power injection into the grid.
Figure 2.13 shows the sample schematic of control that can be implemented for a two-stage
configuration.

Outer voltage loop controller can be a Proportional-Integral (PI) controller, since the
parameters of comparison are DC quantities. However, the actual voltage across the
capacitor has 120 Hz ripple. Hence, various control techniques to mitigate this ripple has
been researched in the literature [45, 57]. The inner current control loop has a comparison
of parameters which are sinusoidal in nature. Controllers for inner loop can be PI, or
Proportional-Resonant (PR). While implementing PI controller to control the instantaneous
current value, it is challenging to achieve a zero steady state error [58]. On the other hand,
PR controller can achieve a zero steady state error because of its high gain at fundamental
frequency [59].

2.5. Discussion

From the discussion about various inverter topologies, it can be inferred that there are

topologies like the central inverter configuration which are economical. However, these

offer a very low yield under non-uniform irradiance conditions because of the absence of
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panel level maximum power point tracking realization. On the other hand, there are
topologies like the micro-inverter which offer a very good yield under non-uniform
irradiance conditions because of the panel level maximum power point tracking realization.
However, such configurations are not economical. Solar Panel Companion Inverters
(SPCIs) have been proposed where a panel level maximum power point can be realized,
by simultaneously reducing the installation costs [60]. But there exists a complexity in the
realization of control scheme for the configuration. This research investigates the

possibility of existence of such a configuration.
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CHAPTER 3 : SOLAR PANEL COMPANION INVERTER

3.1. Introduction

In chapter two, various power conversion topologies, control algorithms for solar
power harvesting has been discussed. This chapter provides a summary of the work that
has been done in [3]. Section 3.2 describes the topology of SPCI. Principle of operation of
SPClIs is presented in section 3.3. The principle of Sort and Stack is defined in Section 3.4.
Various modulation strategies that have been employed for SPCls is described in section
3.5. Section 3.6 describes the concept of Master Selector. The chapter concludes with a
summary presented in Section 3.7.

3.2. Topology

Solar Panel Companion Inverter (SPCI) is topologically identical to cascaded H-bridge
multilevel inverter [32]. In this topology, several H- bridge inverter modules are connected
in series, as shown in Figure 3.1. Each H-bridge inverter module consists of four Metal
Oxide Semiconductor Field Effect Transistors (MOSFETs), one microcontroller and a
parasitic power supply harvesting energy from the solar panel itself. A DC link capacitor
is connected across DC terminals of the inverter. This inverter module is integrated with
the solar panel (hence the name Solar Panel Companion Inverter), and depending on the
DC voltage of the panel, a quasi-square wave of required duration is synthesized. The
principle of quasi-square wave synthesis is described in section 3.4. To realize a required

sinusoidal ac voltage, several such panels are connected in series through their companion
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inverters. The schematic to synthesize a 120V AC rms voltage is shown in Figure 3.1,
wherein six panels, each capable of producing a DC voltage of about 35 V are connected
in series through their corresponding companion inverters and are interfaced with the
distribution grid via an interfacing reactor. Typically, magnitudes of AC voltages on both
sides of the transformer are synchronized such that only real power is supplied from the
panels to the grid. However, it is also possible to add a component for reactive power
required to support the grid. The output voltage Vo of the SPCI is the sum of the output
voltages across each SPCI. This is synthesized by implementing sort and stack algorithm
in which all H-bridge inverter outputs are sorted and sequenced in real-time based on
individual panel DC bus voltage of each SPCI.
3.3. Operation of Solar Panel Companion Inverter

Detailed circuit schematic of Solar Panel Companion Inverter (SPCI) is shown in
Figure 3.2 [3]. The schematic consists of an SPCI connected to a 120V ac rms grid, a Phase
Locked Loop (PLL) block which is used to synchronize the output voltage of SPCI with
the grid. The grid voltage is measured and fed into the PLL to construct the image of grid
voltage, Vgrigpi. As discussed in Section 3.2, six panels are connected in series through their
individual H-bridges. Each H-bridge consists of four MOSFETs, which are closed/opened
by means of the triggering pulses given to their gate terminals. Gi1, Gi2, Gi3, and Gig,
through Ge1, Ge2, Ge3, and Ges are the gate signals applied to the MOSFETSs in H-bridges
connected to Solar Panell through Solar Panel6. The master controller controls the pulse
generation to close/open the MOSFETs and it is programmed to generate pulses for
triggering the MOSFETs. Timing and width of the pulses is determined by the controller,

based on input parameters. The input signals to the master controller Vci, Vac2, Vde3, Vdes,
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Vaes, and Ve are the de voltages measured across Solar Panell, Solar Panel2, Solar Panel3,
Solar Panel4, Solar Panel5, and Solar Panel6 respectively. Vgidpi, and reference current,
Lret, are the two other input signals to the master controller. These eight input signals of the
controller are processed in real time and pulses are generated. Its outputs are gate pulses,
Gi11 through Geas. Lrer is the parameter which determines operation of the system at maximum
power point. The value of I.ef which determines the maximum power point operation varies
with the operating scenarios of the SPCI system.
3.4. Principle of Sort and Stack
Principle of sort and stack has been proposed for Solar Panel Companion Inverters
(SPClIs), to balance the capacitor voltages, and to ensure panel level maximum power
extraction from Photo Voltaic (PV) system. According to this principle, PV panel with the
highest should synthesize an ac output quasi-square wave with the highest pulse width.
This principle has been implemented by sorting the DC bus voltages together with the
modulation schemes that are discussed in section 3.5.
3.5. Modulation Strategies
3.5.1. Unsorted Pulse Width Modulation
Unsorted Pulse Width Modulation (UPWM) is like classical PWM, wherein a
comparison is made between sinusoidal reference wave and a high frequency triangular
wave, also called carrier wave. Synthesized unsorted pulse width modulated output ac
voltage with its sinusoidal reference is shown in Figure 3.3. UPWM is implemented to
make a comparative analysis of yields for the Solar Panel Companion Inverter (SPCI) and

central inverter topologies. The output voltage generated across all the inverters has the
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same phase. However, the amplitude of the output voltage waveform across each inverter
might vary and depends on the magnitude of DC bus voltage across the SPCI.
3.5.2. Sorted Stair Case Modulation
Figure 3.5 shows a thirteen-level AC output voltage Stair Case waveform. To
synthesize this waveform, Sorted Stair Case Modulation (SSCM) is implemented for Solar
Panel Companion Inverter (SPCI) topology [3]. In this strategy, the DC bus voltages of all
the PV panels are measured and are sorted in descending order. The inverter connected to
the panel with highest DC voltage synthesizes an AC quasi-square wave having the highest
pulse width. This action results in drawing maximum current from this panel, thereby
consequently decreasing the voltage on the P-V curve of the solar panel. The inverter
connected to the panel with the lowest voltage synthesizes an AC quasi-square wave
heaving the least pulse width. This action results in drawing minimum current from the
panel, thereby increasing the voltage on the P-V curve of this panel. The width of each step
is a function of the switching instance in the resulting quasi-square wave. This switching
time instance is determined to be that moment at which the reference voltage is greater than
the sum of all previous steps plus half of current step. Such a logic results in a symmetrical
staircase waveform around any sinusoidal reference. Switching instances for all the steps
is shown by a dot on the sine wave, in Figure 3.6.
3.5.3. Sorted Pulse Width Modulation
Figure 3.7 shows a thirteen-level pulse width modulated AC staircase waveform. To
synthesize an AC wave as shown in Figure 3.7, Sorted Pulse Width Modulation (SPWM)
is implemented for Solar Panel Companion Inverter (SPCI) topology [3]. To synthesize

this waveform, Sorted Stair Case Modulation (SSCM) is implemented for Solar Panel
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Companion Inverter (SPCI) topology [3].This is like level shifted PWM technique. SPWM

is a combination of both SSCM and UPWM strategies. Like SSCM, in SPWM strategy
also the DC bus voltages of all the panels are measured, sorted in descending order and the
one with the highest voltage synthesizes the first pulse width modulated quasi-square wave
having the highest pulse width. This action results in drawing maximum current from this
panel, thereby consequently decreasing the voltage on the P-V curve of the solar panel. To
synthesize pulse width modulated quasi-square wave, a triangular wave having high
frequency (6 kHz) and an amplitude equal to the value of the selected DC bus voltage, is
compared to the sine wave reference, as shown in Figure 3.8. The inverter connected to
the panel with the lowest voltage synthesizes a pulse width modulated quasi-square wave
heaving the least pulse width. This action results in drawing minimum current from the
panel, thereby increasing the voltage on the P-V curve of this panel.
3.6. Master Selector
Master Selector has been implemented for the selecting the control scheme which
offers maximum yield for a given operating scenario [3]. Figure 3.9 shows the flow chart
implementation of the logic for master selector. This is an algorithm which selects one of
the modulation strategies described in Section 3.5, depending on the operating scenario. It
has been shown that by implementing this strategy the sequence in which all the SPCIs
should be switched can be selected in order to improve the performance of the SPCI.
3.7. Summary
Topology of Solar Panel Companion Inverter (SPCI), principle of operation, principle
of sort and stack, modulation strategies namely: Unsorted Pulse Width Modulation

(UPWM), Sorted Stair Case Modulation (SSCM) and Sorted Pulse Width Modulation
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(SPWM), and Master Selector have been summarized in this chapter. Though there are

three modulation strategies that have been implemented in [3], the focus of this dissertation

will be on implementing SSCM, and SPWM strategies.
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FIGURE 3.1: Simplified schematic of solar panel companion inverter.
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N

F IGURE 3.3: Unsorted pulse width modulatlon ac Waveform with its smusmdal ac reference [3].
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CHAPTER 4 : DYNAMIC ANALYSIS AND CONTROLLER DESIGN

4.1. Introduction

In chapter 3, a brief description of Solar Panel Companion Inverters (SPCI) has been
presented. Modulation strategies such as Unsorted Pulse Width Modulation (UPWM),
Sorted Stair Case Modulation (SSCM), and Sorted Pulse Width Modulation (SPWM) that
have been employed for SPCI have been presented. Advantages of SPCI as compared to
other popular topologies such as Central and String based topologies have been discussed
[3]. So far, the simulations have been performed with an open loop current control
approach. In this chapter, a closed loop control architecture to control active power, and
reactive power generation from grid connected SPCI has been introduced. The control
architecture together with the Maximum Power Point Tracking scheme that will inject
power into the AC grid is discussed in Chapter 6. Section 4.2 presents closed loop control
scheme employed for grid connected SPCI. This section also presents the dynamic
modeling of real/reactive power - controller. Current controller design of SPCI and its
dynamic performance is presented in Section 4.3. Section 4.4 concludes the chapter with a
brief summary.

4.2. Current Control Scheme

Figure 4.1 shows schematic diagram of current controlled Solar Panel Companion

Inverter (SPCI) system. SPCIs are interfaced with AC grid via a series RL branch, at the

Point of Common Coupling (PCC). AC grid is stiff and is modeled by an ideal single-phase
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voltage source, Vgrid. The system should be able to exchange active power, P and reactive
power, Q with the AC grid, as will be discussed in detail, in Chapter 7. The control
objective of grid connected Solar Panel Companion Inverter (SPCI) is to synthesize a
sinusoidal AC output voltage (both magnitude and phase angle). Magnitude and phase
angle of the synthesized output voltage should be such that a current of specific magnitude
and phase angle is injected into the grid. A closed loop current control capable of tracking
a sinusoidal reference current can be implemented. This can be referred to as current-mode
control scheme. However, tracking a sinusoidal reference input with zero steady-state error
is difficult. Hence, the current control scheme is implemented in dq- frame, where a zero
steady state error can be achieved by including a Proportional - Integral (PI) compensator,
since the control variables are DC quantities. Current control in dq frame is usually
implemented in three-phase systems by using Park’s transformation. For a single-phase
system, the measured current first needs to be converted to static aff frame [61]. Firstly, a
current in quadrature with the measured current is obtained by delaying the measured
sinusoidal current by 90°. SPCI shown in this figure represents a lossless power processor,
which converts DC power to AC power. The principle of power conversion for SPCI from
DC to AC power has been discussed in Chapter 3. Real and reactive power can be
controlled by controlling the amplitude and phase angle of the AC current with respect to
AC voltage of the ideal voltage source.
4.2.1. Dynamic Model of Controller

Before proceeding to the dynamic model of the controller, equations involving af

to dg transformation are defined. For a space phasor, ]? (t), off to dg transformation is

defined by the Equation (4.1).
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f©) = futifs = (fa+ify)e*® (4.1)

where f, and fp are the components of f (t) in af — frame, f,; and f; are DC quantities in
dg — frame, and p(t) is the phase shift in f ().

Dynamics of AC side of SPCI system of Figure 4.1 is can be described by the Equation

(4.2).

-

di L
LE = —RU+ Vipe, — Vgrua (4.2)

where 7 is the grid side AC current phasor, R is the resistance of the interfacing inductor, L
is the interfacing inductance, Vs, is the phasor output voltage of Solar Panel Companion
Inverter, V.4 is the phasor grid voltage.

From Equation (4.1)

U= iy +jig = (ig + jig)e?® (4.3)
VSpCl = Vspcia +jVspciB = (Vspcid +jVspciq)eip(t) 4.4
Vgrld = Vgridot +] gridp — ( gridd +ngridq)eip(t) (4-5)

Equation (4.2) can be rewritten using Equations (4.3), (4.4), and (4.5) as

L % (iage®®) = —R(igqe®®) + Vipeiage®® — Vyrigaqe?® (4.6)

where lgq = (id +jiq) 4.7
Vspeiaq = (Vspeia + JVspeiq) (4.8)

Vyriaaq = ( grida tJ Vgridq) 4.9)

Equation 4.6 can be rewritten as

d .. [, dp ,
LE (ldq) - ( dt) tag ~ R(ldQ) + Vspciaqg — Vgridaq (4.10)
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a, . . aApN S
La(ld'i']lq):_](LE)(ld‘l']lq)_R(ld‘l']lq)

(4.11)
+ (VSPCid +jVSpCiq) - (Vgridd +ngTidq)
Equating the real and imaginary parts of Equation (4.11), we get
dig _ ¢ dpy. .
L dr (L E) lg = Rig + Vipcia — Vgriaa (4.12)
di dpy. .
Ld_t? - (L E) tq = Rig *+ Vspeig = Vgriaq (4.13)
d
d_[t) - (4.14)

If w, is the frequency of AC grid, and p(t) = wyt + 0, then Equations (4.12) and (4.13)

can be rewritten as

di

L d_: = Lwolq = Rig + Vspcia = Vgriaa (4.15)
di, _ .

L E = —L(A)old - qu + VSpciq - Vgridq (4.16)

Equations (4.15) and (4.16) describe a second-order linear system with Vg,iqq and Vgyigq
as constant inputs. If Vpciq and Vg, are DC quantities, iy and i, are also DC quantities
in steady state. p(t) = wyt + 6, is ensured by implementing a Phase Locked Loop (PLL)
algorithm. This implementation is presented in Chapter 5.
4.2.2. Current Control

The current control in dg-frame is based on Equations (4.15) and (4.16). In these
equations, iy and i, are state variables, Vpciq and Vg are control inputs, and V44 and
Vgriagare disturbance inputs. The dynamics of i; and i, are coupled due to the presence of
reactance terms (Lwg) in the Equations (4.15) and (4.16). Decoupling the dynamics of i,

and i is performed by introducing two control inputs V;4 and V4.
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Via = Lwoly + Vspeia — Vyriaa (4.17)

Vig = —Lwola + Vspciq = Vgriaq (4.18)

Hence, Equations (4.15) and (4.16) can be rewritten as

dig )
d_t:_Rld+Vid (4.19)
dig _
o = ~Rig + Vi (4.20)

Equations (4.19) and (4.20) represent two decoupled, first-order linear systems. It can be
seen from these equations that the quantities i; and i, can be controlled by controlling V;4
and V;, respectively. Rewriting Equations (4.19) and (4.20) in s-domain representation, we
get
Lsl;(s) = —RI;(s) + Viu(s) (4.21)
Lsly(s) = —RI,(s) + Vi (s) (4.22)

Transfer functions of the systems described by Equations (4.21) and (4.22) respectively are

1;(s) 1
Vig(s) Ls+R (4.23)
I(s) 1 (4.24)

Vig(s) " Ls+R
From Equations (4.23) and (4.24) it can be said that the plants represented in d-axis and g-
axis are identical. Figure 4.2 shows the simplified block diagram of open loop system
represented by Equations (4.19) and (4.20). The control objective for such systems would
be to regulate the output currents i; and i, at their corresponding specified reference
values. Figure 4.3 shows a closed loop current control block schematic wherein, i, is
controlled by comparing i4..r with iy to generate an error signal ey. This error signal is

fed into a compensator k4(s), and control input signal, Vi, is generated. Similarly, i, is
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controlled by comparing ig..r with i, to generate an error signal e,. This error signal is
fed into a compensator k, (s), and control input signal, V;, is generated. The outputs of the

controllers along d-axis and g-axis is fed into the sort and stack algorithm, and pulse
generator, as discussed in chapter 3. All the signals are DC quantities in steady state
operation. Also, the control plants along d-axis and g-axis control loops are identical.
Therefore, the corresponding compensators can also be identical. For both the current
control loops, the compensators can be a proportional-integral (PI) compensator, since the
reference signals are DC quantities. The PI compensator for d-axis current control loop

can be described by the Equation (4.25).
ki
where k,, is proportional gain, and k; is integral gain. The integral term of Equation (4.25)

guarantees that iy tracks ig..r, with zero steady-state error. Equation (4.25) can be

rewritten as

k,s + k;
ky(s) = 22— (4.26)
The control system loop gain can be written as:

k(ST %
la(s) = (—”) —2r (4.27)

Ls R

S+ A
The plant pole is at s = —R/L. For an ideal case, resistance of the interfacing inductor is

~ 0. For a non-zero resistance, though the pole is on the left half of s-plane, it is close to
origin, and hence the natural response of the system is slow. Pole of the plant can be

cancelled by zero of compensator by selecting k,, and k; such that



ki R
k, L
Loop gain becomes
k
la(s) ==
a(s) oL

Hence, the closed loop transfer function can be written as

la(s) _ _ 1
Idref(s) B Gld(S) B

A parameter called time constant t;by the Equation (4.31)

L
T =—
l kp
Therefore, Equation (4.30) can be rewritten as
Id (S) 1
ia(s) =

Idref(s) B

s(L/ky) +1
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(4.28)

(4.29)

(4.30)

4.31)

(4.32)

Equation (4.32) represents a first-order transfer function with unity gain. Choice of t; is a

design problem. For a faster response, t; should be small. 1/t; defines the bandwidth of

closed loop control system. Bandwidth of the control system should be selected such that

it is at least 10 times smaller than the switching frequency. The compensator for g-axis will

be the same as that specified by Equation (4.25).

k;
kq(S) = kp + ?

(4.33)

and the closed loop transfer function for g-axis current control loop can be written as

I,(s) 1
q

=G:4(s) =
Lgrer(s) ia(s) st + 1

(4.34)
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4.3. Current Controller Design and Dynamic Performance
Interfacing inductance, L value is assumed to be 17 mH, and the series resistance is
assumed to be 1 ohm. For a six modules of Solar Panel Companion Inverters (SPCI), the
effective switching frequency is (4*6*60) = 1440 Hz. Therefore, the bandwidth of the
current controller is chosen to be 1/t; = 144 Hz. Therefore, the time constant, T; = 6 ms.
From Equations (4.28) and (4.31), k, = 2.448, and k; = 144. Therefore, the transfer

functions of the compensators along d-axis and g-axis control loops can be written as

2.448s + +144 (4.35)
s

ka(s) = kq(s) =

The plant transfer functions from Equations (4.23) and (4.24) can be written as

Is(s)  I(s) 1 (4.36)
Via(s) ~ Vig(s) ~ 0.017s + 1

Closed loop control system described by Equations (4.35) and (4.36) has been built in
MATLAB Simulink as shown in Figure 4.4, to study the step response of the system. The

input to the system is ig,.r and output is iy. The system is subjected to following sequence
of events: iy 18 initially set to the 19.5 (which is the rated iy value) until 0.15 s. Att=
0.15 s, igres is subjected to a step change from 19.5 to 10. Figure 4.5 illustrates the time

response of the system to the changes in the input signal. It can be seen that i; tracks the

lgrer- The step response of iy is a first order exponential function that reaches its final

value after about 0.05 s. As the control loops along d-axis and g-axis are same, the step

response of i, when subjected to a step change in ig..; would also be the same as that of

4 response.
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4.4. Summary

In this chapter, current control scheme that can be employed for single-phase grid
connected Solar Panel Companion Inverter (SPCI) has been presented. The controller
design and dynamic performance of the current controller has been discussed.
Implementation of the closed loop control of Solar Panel Companion Inverters (SPCI) will

be discussed in Chapter 5.
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FIGURE 4.3: Simplified block schematic showing closed loop current control in of grid connected SPCI in
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CHAPTER 5 : MODELING AND SIMULATION

5.1. Introduction

Chapter 4 described dynamic analysis and closed loop current control will be employed
for a grid connected Solar Panel Companion Inverter (SPCI). This chapter presents the
model of a grid connected SPCI. Section 5.2 describes a block diagram of grid connected
SPCI. Matlab Simulink model of power grid and SPCI is explained in Sections 5.3, and
5.4 respectively. Master controller for Sorted Stair Case Modulation (SSCM) Section 5.5.
The Master controller implementation for SSCM in this dissertation is different from the
one that has been implemented in [3]. Simulation results demonstrating the closed loop
current control operation of grid connected SPCI, with ideal DC voltage sources connected
across the DC bus is presented in Section 5.6. Section 5.7 concludes this chapter with a
brief discussion.

5.2. Block Diagram of Grid Connected Solar Panel Companion Inverter

A simplified block diagram of grid connected Solar Panel Companion Inverter (SPCI)
is shown in Figure 5.1. As discussed in Chapter 3, six solar panels having similar ratings
are selected. Each solar panel is connected to an H-bridge and the AC output terminals of
all the H-bridges are connected in series to form a two-terminal AC output. This two-
terminal AC output is connected to the grid via an interfacing reactor. Phase Locked Loop
(PLL) is used to construct an image of the grid voltage and its phase. Closed loop current

control scheme is implemented to generate a reference voltage. DC bus voltage signals and
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reference voltage signal are fed as inputs into the controller block. The controller block is
programmed to process the input signals and synthesize the desired ac output voltage.
5.3. Model of Power Grid

Power grid is modelled in Matlab Simulink as an ideal AC voltage source, with a series
impedance. The ac voltage is set to 120 V AC rms and the frequency is set to 60Hz.
Interfacing impedance consists of resistive and inductive components (modelled for the
resistance and leakage reactance of the interfacing transformer), as shown in Figure 5.2.

5.4. Solar Panel Companion Inverter Model

Simplified circuit schematic of Solar Panel Companion Inverter (SPCI) which can
produce a three-level output ac voltage is shown in Figure 5.3 [3]. SPCI system model is
built to be able to produce ac output voltage of 120V ac rms. To be able to reach the peak
voltage of 120N2 V, six solar panel models built in Simulink are connected to six H-
bridges. As may be seen from Figure 5.4, six H-bridge inverters are connected in series to
form a two-wire single phase output. Each H-bridge inverter consists of four MOSFETs.
Each module derives power from the PV module that is modelled in Simulink. Each
MOSFET is closed/opened by the high/low pulse received at the gate terminal. The twenty-
four MOSFETs in the proposed system are driven by a master controller. The working of
the controller varies with the type of control strategy employed for SPCI. These controller
models are described in the following sections.

5.5. Master Controller for Sorted Stair Case Modulation

Figure 5.5 shows the logic employed for Sorted Stair Case Modulation (SSCM). Sort

and stack algorithm to synthesize a staircase output waveform is implemented in this block.

Figure 5.6 shows the detailed current control scheme and block schematic of sort and stack
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algorithm implementation. The sorting logic takes in the DC bus voltages of all the PV

panels, and sorts the voltages in descending order. If U*is the magnitude of reference
voltage, and V,;.[0] is the DC bus voltage of the panel corresponding to the highest voltage,
then switching instance, 8[0] of the corresponding inverter can be obtained by the

following equation.

Vdc [0] (5-1)

U*sinB[0] = 5

Therefore, the switching instance of inverter with the largest voltage can be written as

Vac[0] (5:2)

0[0] = arcsin i

Similarly, the switching instance for SPCI with second largest DC bus voltage can be

obtained by the Equation (5.3)

Vac[1] (53)
2

U*sin®[1] = V,4.[0] +

where V,;.[1] is the second largest DC bus voltage, 0[1] is the switching instance of the

corresponding SPCI which can be written as

U*

0[1] = arcsin

If V,.[i] is the DC bus voltage of the i™ inverter after sorting, then the corresponding

inverters switching instance for an n inverter configuration can be written as:
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Vdc [l] (5-5)

el L,V fi-1]
U*

0[i] = arcsin

The master controller for SSCM is modelled as a triggered system to reproduce effects
of a digital controller. As maybe seen in Figure 5.8, the inputs to this controller are six dc
bus voltages of the solar panels, AC grid voltage and AC grid current. The outputs of the
controller are twenty-four gate signals that are given to individual MOSFETs.

The master controller shown in Figure 5.9 consists of logic employed to sort the dc bus
voltages, generate pulses for individual H — bridges, and identify the panel inverters
corresponding to the sorted dc bus voltages. It may also be observed that triggered sort is
one of the subsystems inside the master controller wherein DC bus voltages of the solar
panels are taken as input and are sorted in descending order, whenever the system is
triggered. The system is triggered either when the reference voltage is zero or when the
slope of the reference voltage is zero i.e., the sorting is performed every quarter cycle of
the reference voltage. The outputs of triggered sort subsystem are arrays of sorted DC bus
voltages, and the indices corresponding to the dc bus voltages. Sorted dc bus voltages from
large to small, and the corresponding voltage indices coming out from the triggered sort
subsystem is fed into a MATLAB function block, where switching instance is calculated
using the Equation (5.5). These switching instances are fed into the modulators which
generate the switching pulses for all the inverter switches. The modulator subsystems also
take inputs from the output of the Phase Locked Loop (PLL) along with the phase
information of the generated reference voltage from the current control loop. The
magnitude and phase angle of reference voltage is generated from the current control loop

as shown in Figure 5.10.
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5.6. Simulations Demonstrating Closed Loop Current Control

The DC terminals of each H-bridge inverter module is connected to an ideal DC
voltage source. The magnitude of DC voltage of each DC voltage source is set to 36.3 V
(voltage at maximum power point for the solar panel modules considered in Chapter 6).
AC grid voltage is set to 120 V AC rms. Control scheme as described in Chapter 4, as well
as the control parameters obtained have been used to study the dynamic performance of
grid connected SPCI, with ideal DC voltage sources connected to the DC terminals.
Simulation parameters are described in Table 5.1. The interfacing inductance and
resistance values assumed in Chapter 4 have been used. Simulations have been performed
to verify the control system performance for step changes in input, for Sorted Stair Case
Modulation (SSCM). Demonstration of controller performance when both active and
reactive power is injected into the grid is shown in Figure 5.11. Initial references for grid
current along d-axis, ‘idref” and along g-axis, ‘iqref” are set to zero till t=0.5 s. At t=0.5 s,
‘idref” is set to 17 A. Reference current along g-axis, ‘iqref” is zero till t=1 s. At t=1s, ‘igref’
is set to 5A. It may be seen from Figure 5.11 that the actual current along g-axis, ‘iq’
reaches steady state in about 0.2 s. At t=2 s, ‘iqref’ is again changed to 8 A, and system
reaches the steady state in about 0.2 s. Figure 5.12.a shows the simulation waveforms of
the AC quantities measured on the grid side, when only active power is injected into the
grid, with ‘idref’=17 A. It may be seen that the grid current, ‘Igrid’ is in phase with the grid
voltage, ‘Vgrid’. ‘Vspci’ is the thirteen-level output voltage synthesized by the Solar Panel
Companion Inverter (SPCI). Figure 5.12.b and Figure 5.12.c shows the simulation
waveforms of AC quantities measured for reactive power injection. It may be seen that the

grid current, ‘Igrid’ is not in phase with the grid voltage, ‘Vgrid’ because in this case, along
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with active power, reactive power is also being injected into the grid. The magnitude of the
grid current should be the resultant of magnitude of the active and reactive components of
current.
5.7. Discussion

This chapter described in detailed the modeling of closed loop current controlled grid
connected Solar Panel Companion Inverter (SPCI). Sorted Stair Case Modulation (SSCM)
has been specifically described while modeling because the modulation algorithm has been
simplified from the one described in [3]. The simulation model for SPWM remains the
same as in [3], with an addition of current control loop. These models are used in Chapter

6, and Chapter 7 to demonstrate the simulation results.

Table 5.1: Simulation Parameters

Parameter Value
DC bus voltage 363V
DC bus Capacitance for each inverter 10 mF
Interfacing resistance 1Q
Interfacing inductance 17 mH
AC Grid Voltage 120 V AC rms
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FIGURE 5.1: Simplified block diagram of grid connected solar panel companion inverter.
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FIGURE 5.2: Simplified circuit schematic showing ac grid modelled as an ideal ac voltage source with a
series impedance, connected to an interfacing impedance.
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FIGURE 5.5: Flow chart for implementation of sorted stair case modulation [3].
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FIGURE 5.10: Simplified block schematic showing Simulink subsystem of master controller for Sorted

Stair Case Modulation (SSCM).
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FIGURE 5.11: Simulation waveforms showing the controller performance of grid connected Solar Panel
Companion Inverter (SPCI) system with ideal DC sources connected to the DC terminals of each H-bridge

module, when both active and reactive power into the grid are controlled.
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FIGURE 5.12: Simulation waveforms showing the controller performance of grid connected Solar Panel
Companion Inverter (SPCI) system with ideal DC sources connected to the DC terminals of each H-bridge
module, when both active and reactive power into the grid are controlled.

a. Reference currents along d-axis and q-axis are set to 17A and 0 A respectively.

b. Reference currents along d-axis and q-axis are set to 17A and 5 A respectively.

c. Reference currents along d-axis and q-axis are set to 17A and 8 A respectively.



CHAPTER 6 : MAXIMUM POWER POINT TRACKING
6.1. Introduction

Chapter 4 discussed closed loop control architecture to control active power, and
reactive power injection into the grid. Modeling and simulation of closed loop current
control for grid connected Solar Panel Companion Inverter (SPCI) has been presented in
Chapter 5. Chapter 6 is adapted from [62]. In this chapter, a Maximum Power Point
Tracking (MPPT) algorithm for SPCI is described. MPPT scheme is employed to perform
maximum power extraction from the photo-voltaic panels at system level. This algorithm
generates magnitude of the reference current such that maximum power is extracted from
the system. Discussion in this chapter involves power injection into the grid at unity power
factor. In section 6.2, block schematic description which includes the proposed MPPT
algorithm is presented. MPPT algorithm employed to extract maximum power is discussed
in section 6.3. Simulation results for various operating scenarios are presented in section
6.4. These simulations are performed for both Sorted Staircase Modulation (SSCM) and
Sorted Pulse Width Modulation (SPWM) schemes that have been explained in Chapter 3.
Section 6.5 concludes this chapter with a brief summary.

6.2. Block Schematic Description

A block schematic of the grid connected Solar Panel Companion Inverter (SPCI) is
shown in figure 6.1. The schematic consists of SPCIs connected to grid via the interfacing
reactance. Grid voltage ‘Vgiq’ 1s measured and fed as an input to the Phase Locked Loop

(PLL) block. A PLL algorithm as described in is implemented to generate image of the
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grid voltage, ‘Vgid’, and phase of the grid voltage, ‘wt’. MPPT block consists of MPPT

algorithm implementation that is described in section 6.3. This block takes in direct axis
component of the grid voltage ‘Vq’, and direct axis component of the grid current ‘Iq’, from
the current control block. Output of MPPT block is direct axis component of the reference
grid current, ‘I¢*’. The current control loop block consists of the closed loop current control

architecture as described in chapter 4. The inputs to this block are ‘Vgiq’, ‘wt’, and ‘I4*’.

6.3. System Level Maximum Power Point Tracking
Proposed MPPT algorithm generates direct axis component of reference grid current,
‘I4”. This ‘14" is fed into closed loop PI controller to generate a reference voltage as
discussed in previous sub-section. This proposed algorithm follows a bisection scheme in

approaching the maximum power point. An initial minimum current, ‘ig™" of 1A is

assumed. A maximum current, ‘g™’ is assumed as the maximum current rating of the

SPCI system. As the algorithm is executed, a new reference current is calculated by

min»

bisecting ‘id™™’, and ‘ig™*’. Reference current ‘I4" generated each time is bound within

¢: mins ¢: min»>

id™™, and ‘ig™*’. Each time the bisection is implemented, ‘ig™"’, and ‘ig™*’

are updated.

Detailed flowchart schematic of the implementation can be seen in figure 6.2. In this

4nth3

algorithm, firstly, the initial output power, PI%!, power computed at iteration, ‘P10,

initial value of direct axis component of current, ‘I4/°", direct axis component of current

sntha

computed at iteration, ‘I4"'%"", change in power between the iterations, ‘dP’, maximum

‘PM¥° " change in reference current, ‘dls’, and count, ‘n’, are initialized to

output power,
zero. Depending on the modulation strategy employed, a sampling time, ‘Ts’ is employed.

It takes in calculated output power, ‘Pca’, and the sampling time, ‘Ts’ as inputs. Pca can be

computed by using equation (1), or by using the DC bus voltages and dc currents
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information. Using equation (1) for calculating the power extracted can eliminate the need
of additional dc current sensors for sensing the current. If n is equal to zero, i4™" is assigned
to 14[%, and P, is assigned to Pmax. At each sampling time, n is incremented by 1, and Pcal
is assigned to Ppn-15, change of power is calculated and assigned to dP. The following are
the set of logics applied in implementing the Maximum Power Point Tracking algorithm:
i. If dP is greater than zero, and if dlq > 0, I&™ is assigned to ig™", and, P! is
assigned to P™*,
ii. If dP is greater than zero, and if dlq < 0, 1™ is assigned to id™®, and, P(™! is
assigned to P™*,
iii.If dP is lesser than zero, s is assigned to i4™.

iv.14"'% is updated by bisecting i¢™", and ig™™.

[n-1 [10]

v. dlg is computed by subtracting 4™ from Iq
vi. The updated 14" is assigned to the reference current, I¢*. This Ig* is fed as an input
to the current control loop, as discussed in the previous sub-section.

6.4. Simulation Results
MATLAB Simulink is used to perform simulations and demonstrate the maximum
power operation of solar panels. The Maximum Power Point Tracking (MPPT) algorithm
is implemented together with Sorted Stair Case Modulation (SSCM) and Sorted Pulse

Width Modulation (SPWM) respectively. The simulations are performed for various

scenarios of uniform and non — uniform irradiance. Six representative operating scenarios

for SSCM and SPWM have been selected to demonstrate the efficacy of MPPT algorithm.

These scenarios are as follows:

Scenario 1: Uniform irradiation of 200 W/m? on all the panels.
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Scenario 2: Uniform irradiation of 600 W/m? on all the panels.

Scenario 3: Uniform irradiation of 1000 W/m? on all the panels.

Scenario 4: Non-uniform irradiation (950 W/m?, 800 W/m?, 650 W/m?, 500 W/m?, 350

W/m?, 200 W/m?)

Scenario 5: Non-uniform irradiation (1000 W/m?, 900 W/m?, 800 W/m?, 700 W/m?,

600 W/m?, 500 W/m?)

Scenario 6: Non-uniform irradiation (1000 W/m?, 950 W/m?, 900 W/m?, 850 W/m?,

800 W/m?, 750 W/m?)

6.4.1. Sorted Stair Case Modulation

Maximum Power Point Tracking (MPPT) algorithm is implemented together with
Sorted Stair Case Modulation (SSCM). Figures 6.3 through 6.8 are simulation results
corresponding to uniform irradiation conditions. Figure 6.3 shows P-V characteristics of
the solar panel model when operating at an irradiation of 200 W/m? (operating scenario 1).
This scenario corresponds to low available power and can be considered as representation
of a cloudy day. Since all solar panels are operating under uniform irradiation, P-V
characteristics of all the panels are overlapped. The portion highlighted in red of the P-V
curve in figure 6.3 shows steady state operating points of all solar panels, upon reaching
the maximum power point, with SSCM strategy implemented. Figure 6.4 shows
waveforms of grid voltage, Vg, output voltage, Vipei, grid current, Igiq, for six cycles when
operating in scenario 1, with SSCM strategy implemented. Figure 6.5 shows P-V
characteristics of the solar panel model when operating at an irradiation of 600 W/m?
(operating scenario 2). This scenario corresponds to moderately available power and can

be considered as representation of partial daylight. The portion highlighted in red of the P-
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V curve in figure 6.6 shows steady state operating points of all solar panels, upon reaching
the maximum power point, with SSCM strategy implemented. Figure 6.6 shows
waveforms of grid voltage, Vgid, output voltage, Vspi, grid current, Igiq, for six cycles in
when operating in scenario 2, with SSCM strategy implemented. Also, it may be seen that
magnitude of the grid current in scenario 2 is greater than that of scenario 1 because, more
power is available in scenario 2 than in scenario 1. Figure 6.7 shows P-V characteristics of
the solar panel model when operating at an irradiation of 1000 W/m? (operating scenario
3). This scenario corresponds to maximum available power and represents a perfect sunny
day. The portion highlighted in red of the P-V curve in figure 6.7 shows steady state
operating points of all the solar panels, upon reaching the maximum power point, with
SSCM. Figure 6.8 shows waveforms of grid voltage, Vg, output voltage, Vspei, grid
current, Igriq, for six cycles in when operating in scenario 3 with SSCM. It may be observed
that magnitude of the grid current in scenario 3 is the highest when compared to scenario
1, and scenario 2, with SSCM strategy. This is because system is operating under
conditions where the power availability is maximum. Also, in all the three scenarios
corresponding to uniform irradiance, current is injected into the grid at unity power factor.

Figures 6.9 through 6.14 are simulation results corresponding to non-uniform
irradiation conditions. Figure 6.9 shows P-V characteristics of all solar panels in operating
scenario 4. In scenario 4, solar panel irradiations are set to 950W/m?, 800W/m?, 650W/m?,
500W/m?, 350W/m?, 200W/m?, and this represents a significant disparity of irradiation
incident on all the solar panels. The portion highlighted in red of P-V curves in figure 6.9
shows the steady state operating points of all solar panels, upon reaching the maximum

power point, with SSCM strategy implemented. It may be seen that all the panels are
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operating at their corresponding maximum power points. Figure 6.10 shows waveforms of
grid voltage, Vgrid, output voltage, Vspei, grid current, Igriq, for six cycles in when operating
in scenario 4, with SSCM strategy. Figure 6.11 shows P-V characteristics of all the solar
panels in operating scenario 5. In scenario 5, solar panel irradiations are set to 1000W/m?,
900W/m?, 800W/m?, 700W/m?, 600W/m?, 500W/m?, and this represents a moderate
disparity of irradiation incident on all the solar panels. The portion highlighted in red of
the P-V curves in figure 6.11 shows steady state operating points of all solar panels, upon
reaching the maximum power point, with SSCM strategy. It may be seen that all the panels
are operating at their corresponding maximum power points. Figure 6.12 shows the
waveforms of grid voltage, Vgid, output voltage, Vspci, grid current, Igiq, for six cycles in
when operating in scenario 5. Figure 6.13 shows P-V characteristics of all the solar panels
in operating scenario 6. In scenario 6, solar panel irradiations are set to 1000W/m?,
950W/m?, 900W/m?, 850W/m?, 800W/m?, 750W/m?, and this represents a case with
minimum disparity of irradiation incident on all the solar panels. The portion highlighted
in red of the P-V curves in figure 6.13 shows steady state operating points of all the solar
panels, upon reaching the maximum power point, with SSCM implemented. It may be seen
that all the panels are operating at their corresponding maximum power points. Figure 6.14
shows the waveforms of grid voltage, Vg, output voltage, Vspei, grid current, Igriq, for six
cycles in when operating in scenario 6. For the considered non-uniform irradiance
scenarios, as the disparity in irradiance is increases, the available power in the system
decreases (assuming that1000W/m? being the highest irradiance possible). Hence, it may

be observed from figure 6.10, figure 6.12, and figure 6.13 that magnitude of the grid current
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increases, as the disparity in irradiance decreases. Also, for the scenarios involving non-
uniform irradiance, the current is injected into the grid at unity power factor.
6.4.2. Sorted Pulse Width Modulation

Maximum Power Point Tracking (MPPT) algorithm is implemented together with
Sorted Pulse Width Modulation (SPWM). Figures 6.15 through 6.20 are simulation results
corresponding to uniform irradiation conditions. Figure 6.15 shows P-V characteristics of
the solar panel model when operating at an irradiation of 200 W/m? (operating scenario 1).
This scenario corresponds to low available power and can be considered as representation
of a cloudy day. Since all solar panels are operating under uniform irradiation, P-V
characteristics of all the panels are overlapped. The portion highlighted in red of the P-V
curve in figure 6.15 shows steady state operating points of all solar panels, upon reaching
maximum power point, with SPWM strategy implemented. Figure 6.16 shows waveforms
of grid voltage, Vrid, output voltage, Vi, grid current, Igig, for six cycles when operating
in scenario 1, with SPWM strategy implemented. Figure 6.17 shows P-V characteristics of
the solar panel model when operating at an irradiation of 600 W/m? (operating scenario 2).
This scenario corresponds to moderately available power and can be considered as
representation of partial daylight. The portion highlighted in red of the P-V curve in figure
6.17 shows steady state operating points of all the solar panels, upon reaching the
maximum power point, with SPWM strategy implemented. Figure 6.18 shows waveforms
of grid voltage, Vgid, output voltage, Vi, grid current, Igrg, for six cycles in when
operating in scenario 2, with SPWM strategy implemented. Also, it may be seen that
magnitude of the grid current in scenario 2 is greater than that of scenario 1 because, more

power is available in scenario 2 than in scenario 1. Figure 6.19 shows the P-V
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characteristics of the solar panel model when operating at an irradiation of 1000 W/m?
(operating scenario 3). This scenario corresponds to maximum available power and
represents a perfect sunny day. The portion highlighted in red of the P-V curve in figure
6.19 shows steady state operating points of all the solar panels, upon reaching the
maximum power point, with SPWM strategy implemented. Figure 6.20 shows waveforms
of grid voltage, Vgid, output voltage, Vi, grid current, Igrg, for six cycles in when
operating in scenario 3 with SPWM strategy implemented. It may be observed that
magnitude of the grid current in scenario 3 is at its highest when compared to scenarios 1
and 2, with SPWM strategy. This is because the system is operating under conditions where
power availability is maximum. Also, in all the three scenarios corresponding to uniform
irradiance, current is injected into the grid at unity power factor.

Figures 6.21 through 6.26 are the simulation results corresponding to non-uniform
irradiation conditions. Figure 6.21 shows P-V characteristics of all the solar panels in
operating scenario 4. In scenario 4, solar panel irradiations are set to 950W/m?, 800W/m?,
650W/m?, 500W/m?, 350W/m?, 200W/m?, and this is a representation of significant
disparity of irradiation incident on all the solar panels. The portion highlighted in red of
the P-V curves in figure 6.21 shows steady state operating points of all the solar panels,
upon reaching maximum power point, with SPWM strategy implemented. It may be seen
that all panels are operating at their corresponding maximum power points. Figure 6.22
shows waveforms of grid voltage, Vgid, output voltage, Vspei, grid current, Igig, for six
cycles in when operating in scenario 4, with SPWM strategy. Figure 6.23 shows P-V
characteristics of all solar panels in operating scenario 5. In scenario 5, solar panel

irradiations are set to 1000W/m?, 900W/m?, 800W/m?, 700W/m?, 600W/m?, 500W/m?, and
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this represents a moderate disparity of irradiation incident on all the solar panels. The
portion highlighted in red of the P-V curves in figure 6.23 shows steady state operating
points of all the solar panels, upon reaching maximum power point, with SPWM strategy.
It may be seen that all the panels are operating at their corresponding maximum power
points. Figure 6.24 shows waveforms of grid voltage, Vgid, output voltage, Vpei, grid
current, Igig, for six cycles in when operating in scenario 5. Figure 6.25 shows P-V
characteristics of all the solar panels in operating scenario 6. In scenario 6, solar panel
irradiations are set to 1000W/m?, 950W/m?, 900W/m?, 850W/m?, 800W/m?, 750W/m?, and
this represents a minimum disparity of irradiation incident on all the solar panels. The
portion highlighted in red of the P-V curves in figure 6.25 shows steady state operating
points of all the solar panels, upon reaching maximum power point, with SPWM
implemented. It may be seen that all panels are operating at their corresponding maximum
power points. Figure 6.26 shows the waveforms of grid voltage, Vgid, output voltage, Vspci,
grid current, Igig, for six cycles in when operating in scenario 6. For the considered non-
uniform irradiance scenarios, as disparity in irradiance is increases, available power in the
system decreases (assuming that1000W/m? being the highest irradiance possible). Hence,
it may be observed from figure 6.22, figure 6.24, and figure 6.26 that magnitude of grid
current increases, as the disparity in irradiance decreases. Also, for the scenarios involving
non-uniform irradiance, current is injected into the grid at unity power factor.
6.5. Summary

In this chapter, a system level Maximum Power Point Tracking (MPPT) algorithm has

been proposed. The proposed algorithm has been implemented for Sorted Stair Case

Modulation (SSCM) and Sorted Pulse Width Modulation (SPWM). The PV curves
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demonstrating the steady state operating point of SPCI when operating in uniform and non-
uniform irradiation have been obtained. Maximum power extraction at panel level has been
shown irrespective of whether the sunlight is uniform or non-uniform. Both the modulation
strategies, SSCM and SPWM have been found to perform maximum power extraction at
panel level. The MPPT algorithm that has been used in this chapter is also used in Chapter

9 to demonstrate the MPPT operation of the laboratory prototype.

Table 6.1: Simulation Parameters

Parameter Value
' 2853 W
Solar Panel model: Bosch Maximum Power
Solar Energy c-Si P 72
NA21126 Voltage at 363V
(Parameters at irradiation of | maximum power
1000 W/m?, and
’ 7.86 A
temperature of 25°C .) CurrF:nt at
maximum power
4.7 mF
DC bus Capacitance for each inverter
17 mH

Interfacing inductance
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Staircase Modulation (SSCM).
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FIGURE 6.4: Simulation waveforms when the
inverters are operating under uniform irradiation
of 200 W/m>?-operating scenario 1, with
Maximum Power Point Tracking (MPPT)
algorithm implemented for Sorted Staircase
Modulation (SSCM).
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FIGURE 6.6: Simulation waveforms when the
inverters are operating under uniform irradiation
of 600 W/m>2-operating scenario 2, with
Maximum Power Point Tracking (MPPT)
algorithm implemented for Sorted Staircase
Modulation (SSCM).
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FIGURE 6.8: Simulation waveforms when the
inverters are operating under uniform irradiation
of 1000 W/m?-operating scenario 1, with
Maximum Power Point Tracking (MPPT)
algorithm implemented for Sorted Staircase
Modulation (SSCM).
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FIGURE 6.9: P-V curves showing the maximum
power point operation of all the PV panels
highlighted in red, operating under non - uniform
irradiation. (950W/m?, 800W/m?, 650W/m?,
500W/m?, 350W/m?, 200W/m?-operating scenario
4.), with Maximum Power Point Tracking (MPPT)

algorithm implemented for Sorted Staircase
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FIGURE 6.11: P-V curves showing the maximum
power point operation of all the PV panels
highlighted in red, operating under non - uniform
irradiation. (1000W/m?, 900W/m?, 800W/m?,
700W/m?, 600W/m?, 500W/m?-operating scenario
5.), with Maximum Power Point Tracking (MPPT)
algorithm implemented for Sorted Staircase
Modulation (SSCM).
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FIGURE 6.13: P-V curves showing the maximum
power point operation of all the PV panels
highlighted in red, operating under non - uniform
irradiation. (1000W/m?, 950W/m?, 900W/m?,
850W/m?, 800W/m?, 750W/m?-operating scenario
6.), with Maximum Power Point Tracking (MPPT)
algorithm implemented for Sorted Staircase
Modulation (SSCM).

LA
-100 W
0

69

o A A
IWAWA!

!
WEVRY
vV Iy ]

4.96

—Vgrid
—Vspcil |

J%Cgrid

I
ViR
VY

4.98 5

A
A

-200

-300
4.9

FIGURE 6.10: Simulation waveforms when the
inverters are operating under non - uniform
irradiation. (950W/m?, 800W/m?, 650W/m?,

500W/m?, 350W/m?, 200W/m?-operating scenario
4.), with Maximum Power Point Tracking (MPPT)
algorithm implemented for Sorted Staircase
Modulation (SSCM).
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FIGURE 6.12: Simulation waveforms when the
inverters are operating under non - uniform
irradiation. (1000W/m?2, 900W/m?, 800W/m?,
700W/m?, 600W/m?, 500W/m>-operating scenario
5.), with Maximum Power Point Tracking (MPPT)
algorithm implemented for Sorted Staircase
Modulation (SSCM).
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FIGURE 6.14: Simulation waveforms when the
inverters are operating under non - uniform
irradiation. (1000W/m?, 950W/m?, 900W/m?,
850W/m?, 800W/m?, 750W/m?-operating scenario
6.), with Maximum Power Point Tracking (MPPT)
algorithm implemented for Sorted Staircase
Modulation (SSCM).
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FIGURE 6.15: P-V curve showing the maximum
power point operation of all the PV panels highlighted
in red, operating under uniform irradiation of
200W/m>?-operating scenario 1, with Maximum Power
Point Tracking (MPPT) algorithm implemented for
Sorted Pulse Width Modulation (SPWM).

FIGURE 6.16: Simulation waveforms when the
inverters are operating under uniform irradiation
of 200W/m?-operating scenario 1, with Maximum
Power Point Tracking (MPPT) algorithm
implemented for Sorted Pulse Width Modulation
(SPWM).
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FIGURE 6.17: P-V curve showing the maximum
power point operation of all the PV panels highlighted
in red, operating under uniform irradiation of
600W/m?-operating scenario 2, with Maximum Power
Point Tracking (MPPT) algorithm implemented for
Sorted Pulse Width Modulation (SPWM).

FIGURE 6.18: Simulation waveforms when the
inverters are operating under uniform irradiation
of 600W/m?-operating scenario 2, with Maximum
Power Point Tracking (MPPT) algorithm
implemented for Sorted Pulse Width Modulation
(SPWM).
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FIGURE 6.19: P-V curve showing the maximum
power point operation of all the PV panels highlighted
in red, operating under uniform irradiation of
1000W/m?-operating scenario 3, with Maximum Power
Point Tracking (MPPT) algorithm implemented for
Sorted Pulse Width Modulation (SPWM).

FIGURE 6.20: Simulation waveforms when the
inverters are operating under uniform irradiation
of 1000W/m?-operating scenario 3, with
Maximum Power Point Tracking (MPPT)
algorithm implemented for Sorted Pulse Width
Modulation (SPWM).
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FIGURE 6.21: P-V curves showing the maximum
power point operation of all the PV panels
highlighted in red, operating under non - uniform
irradiation. (950W/m?, 800W/m?, 650W/m?,
500W/m?, 350W/m?, 200W/m?-operating scenario
4.), with Maximum Power Point Tracking (MPPT)
algorithm implemented for Sorted Pulse Width

Modulation (SPWM).
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FIGURE 6.23: P-V curves showing the maximum
power point operation of all the PV panels
highlighted in red, operating under non - uniform
irradiation. (1000W/m?, 900W/m?, 800W/m?,
700W/m?, 600W/m?, 500W/m>?-operating scenario
5.), with Maximum Power Point Tracking (MPPT)
algorithm implemented for Sorted Pulse Width

Modulation (SPWM).
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FIGURE 6.25: P-V curves showing the maximum
power point operation of all the PV panels
highlighted in red, operating under non - uniform
irradiation. (1000W/m?, 950W/m?, 900W/m?,
850W/m?, 800W/m?, 750W/m?-operating scenario
6.), with Maximum Power Point Tracking (MPPT)
algorithm implemented for Sorted Pulse Width
Modulation (SPWM).
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FIGURE 6.22: Simulation waveforms when the
inverters are operating under non - uniform
irradiation. (950W/m?2, 800W/m?, 650W/m?,

500W/m?, 350W/m?, 200W/m>?-operating scenario
4.), with Maximum Power Point Tracking (MPPT)
algorithm implemented for Sorted Pulse Width
Modulation (SPWM).
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FIGURE 6.24: Simulation waveforms when the
inverters are operating under non - uniform
irradiation. (1000W/m?, 900W/m?, 800W/m?,
700W/m?, 600W/m?, 500W/m?-operating scenario
5.), with Maximum Power Point Tracking (MPPT)
algorithm implemented for Sorted Pulse Width
Modulation (SPWM).
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FIGURE 6.26: Simulation waveforms when the
inverters are operating under non - uniform
irradiation. (1000W/m?2, 950W/m?, 900W/m?,
850W/m?, 800W/m?, 750W/m2-operating scenario
6.), with Maximum Power Point Tracking (MPPT)
algorithm implemented for Sorted Pulse Width
Modulation (SPWM).



CHAPTER 7 : ACTIVE AND REACTIVE POWER CONTROL

7.1. Introduction
Chapter 6 demonstrated the maximum power extraction of Solar Panel Companion
Inverters (SPCIs) at panel level. However, the power injection into the grid was performed
only at unity power factor, irrespective of the sunlight available on the solar panels. Power
injection at unity power factor represents a conventional case of power transfer scenario.
The SPCI is expected to perform reactive power support by fully utilizing the power rating
of the power electronic devices. This chapter is adapted from [63] and starts by presenting
a conventional case of real power transfer into the grid, along with a discussion on
generalized power transfer scenarios in sections 7.2, and 7.3. Simulation results
corresponding to real and reactive power flow scenarios for the grid connected SPCIs by
implementing sort and stack algorithm together with closed loop MPPT algorithm
proposed for SPCI are demonstrated in Section 7.4. This chapter concludes with a summary
presented in Section 7.5.
7.2. Conventional Case of Real Power Transfer

Let Pmax be the maximum power extractable from the Solar Panel Companion Inverter
(SPCI) system, for a given ambient temperature and insolation conditions. Assuming no
losses in the inverter, we can write the power transferred to the grid as:

Pimax=Vgia*Igria*cos0 (7.1)

where 0 is the angle between Vgriq and Igrid.
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A commonly followed practice is to transfer this power to the grid at unity power factor.
This is done to accomplish power transfer with minimum current stress on the power devices
in the inverter. The phasor representation for unity power factor operation on the grid is
presented in Figure 7.1. It may be seen that the voltage required to be synthesized by the
inverter Viny is a vector sum of the grid voltage Vg and the voltage drop Vx across the

interfacing reactance. Mathematically, this can be written as:

inv grid X (7.2)
Although the methodology shown in Figure 7.1 and expressed by equation (2) conforms to
the lowest current stress scheme, this presents only one of the cases in the generalized power
transfer space for the candidate grid connected PV inverter. This aspect is discussed in detail
in the next section.

7.3. Generalized Power Transfer Scenarios

A generalized equation for power transfer between the inverter and grid is given by:

_ [Viny | * | Vgrig | *8ind
X

P (7.3)

where ‘0’ is the angle between Viny and Vig.

This power transfer is bound on the upper side by the amount of power available in the
system for the given ambient temperature and insolation conditions. Thus, it becomes
evident that for a given grid voltage Vg, if the component of grid current Igia in phase
with grid voltage Vgriq is constant, then one can be assured of delivering all the available
power from the PV module to the grid. In other words, if Igig *cos0 is constant, then within
the constraints of device current and voltage ratings in the inverter, one can source any

current Igrid in a family of grid currents by synthesizing the corresponding Viny from the
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family of inverter voltages and keep P = Pmax= Vgria*Igria*cos . This is shown in Figure 7.2.
It may be observed from Figure 7.2 that, in accordance with equation (3), the real power
transfer P from the PV system to the grid is kept invariant (Pmax) by compensating the
variations in the magnitude of Viy by changing angle 8. One may also note that once the
constraint that Ig¢ and Vgia should be in phase is relinquished, while real power P is
transferred from PV module to the grid, there is finite non-zero amount of reactive power
Q that is transferred from the grid to the inverter. This is given by:
Q=Vgia*Igia*sind (7.4)
As may be seen from Figure 7.3, because the grid current and grid voltage are no longer in
phase, while the real power transfer is still the same as earlier (Vgid Igiia cos0), there is also
non-zero reactive power (Vgrid lgria sinf ) transferred from the grid to the PV inverter system.
Now, this principle can be further extended to source (instead of sink) finite non-zero
reactive power from PV inverter into the grid. This scenario is shown in Figure 7.4. As may
be seen from Figure 7.4, while real power transfer is identical to that in Figure 7.3, reactive
power has changed direction because Igiq sinf is reversed. Finally, family of grid currents
and corresponding inverter voltages in such scenarios where reactive power is sourced is
presented in Figure 7.5.
7.4. Simulation Results

The simulation results representing conventional case of real power transfer as
described in Section 7.2 is presented in Figures 7.6 through 7.11. The irradiation on all the
panels is set to 1000 W/m?. This is representative of a scenario where maximum power is
available in the system. Sorted Stair Case Modulation (SSCM) scheme is implemented to

inject active power into the grid. Figure 7.6 shows the waveforms of grid voltage, Vgrid,
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output voltage, Vspei, grid current, Igiq, for six cycles when operating under uniform
irradiation with SSCM scheme. The portion highlighted in red of the P-V curves in Figure
7.7 shows the steady state operating points of all the solar panels, upon reaching the
maximum power point with SSCM scheme. Figure 7.8 shows active power is injected into
the grid and there is no reactive power injection. This represents the unity power factor
operation of the grid connected SPCI.

Sorted Pulse Width Modulation (SPWM) scheme has been implemented to inject active
power into the grid. Figure 7.9 shows the waveforms of grid voltage, Vg, output voltage,
Vspei, grid current, Igriq, for six cycles when operating under uniform irradiation with SPWM
scheme. The portion highlighted in red of the P-V curves in Figure 7.10 shows the steady
state operating points of all the solar panels, upon reaching the maximum power point with
SPWM scheme. Figure 7.11 shows active power is injected into the grid and there is no
reactive power injection.

Simulations representing scenarios corresponding to low available power in the PV
system have been performed. These simulations have been performed to demonstrate
generalized power transfer scenarios as described in Section 7.3, and reactive power is
injected into the grid from SPCI. A scenario for non-uniform irradiation is considered
where in solar panel irradiations are set to 1000W/m?, 950W/m?, 900W/m?, 850W/m?,
800W/m?, and, 750W/m?. Figures 7.12 through 7.14 show the corresponding waveforms
when operating in non-uniform irradiation, with Sorted Stair Case Modulation (SSCM)
strategy. Figure 7.12 shows the waveforms of grid voltage, Vgrid, output voltage, Vipci, grid
current, Igiq, for six cycles when operating under non-uniform irradiation, with SSCM

scheme. The portion highlighted in red of the P-V curves in Figure 7.13 shows the steady



76

state operating points of all the solar panels, upon reaching the maximum power point, with
SSCM. Figure 7.14 shows active and reactive power injected into the grid, with SSCM
scheme. The total generation capacity of the system is 1.7kW. Out of this, 1.461kW is the
injected active power into the grid, and a reactive power of 897 Var is injected into the grid
(1700 = sqrt ((146172) + (89772))).

Figures 7.15 through 7.17 show the waveforms when operating in non-uniform
irradiation, with Sorted Pulse Width Modulation (SPWM) strategy. Figure 7.15 shows the
waveforms of grid voltage, Vg, output voltage, Vipci, grid current, Igrig, for six cycles when
operating under non-uniform irradiation, with SPWM scheme. The portion highlighted in
red of the P-V curves in Figure 7.16 shows the steady state operating points of all the solar
panels, upon reaching the maximum power point, with SPWM scheme. Figure 7.17 shows
active and reactive power injected into the grid, with SPWM. The total generation capacity
of the system is 1.7kW. Out of this, 1.48 kW is the injected active power into the grid, and
a reactive power of 811 Var is injected into the grid (1700 = sqrt ((1480"2) + (81172))).

A scenario for uniform irradiation is considered where in solar panel irradiations are
set to 600W/m2. This scenario is also created to demonstrate generalized power transfer
scenarios described in section 7.3, but reactive power is drawn from the grid into SPCI.
Figures 7.18 through 7.20 show the corresponding waveforms when operating in uniform
irradiation, with Sorted Stair Case Modulation (SSCM) strategy. Figure 7.18 shows the
waveforms of grid voltage, Vgrid, output voltage, Vspci, grid current, Igrid, for six cycles
when operating under uniform irradiation, with SSCM scheme. The portion highlighted in
red of the P-V curves in Figure 7.19 shows the steady state operating points of all the solar

panels, upon reaching the maximum power point, with SSCM scheme. Figure 7.20 shows
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active and reactive power injected into the grid. The total generation capacity of the system
is 1.7kW. Out of this, 0.744kW is the injected active power into the grid, and reactive
power of 1374 Var is drawn from the grid (1700 = sqrt ((744"2) + (1374"2))).

Figures 7.21 through 7.23 show the waveforms when operating in uniform irradiation,
with Sorted Pulse Width Modulation (SPWM) strategy. Figure 7.21 shows the waveforms
of grid voltage, Vgrid, output voltage, Vipei, grid current, Igig, for six cycles when operating
under uniform irradiation, with SPWM scheme. The portion highlighted in red of the P-V
curves in Figure 7.22 shows the steady state operating points of all the solar panels, upon
reaching the maximum power point, with SPWM scheme. Figure 7.23 shows active and
reactive power injected into the grid, with SPWM scheme. The total generation capacity
of the system is 1.7kW. Out of this, 0.975kW is the injected active power into the grid, and
a reactive power of 1366 Var is drawn from the grid (1700 = sqrt ((975"2) + (1366"2))).

7.5. Summary

This chapter started with the conventional case of power transfer for grid tied Solar
Panel Companion Inverters (SPCI), where the power was injected to the grid only at unity
power factor. Also, a discussion on generalized power transfer scenarios has been
presented, wherein the SPCls should be able to participate in reactive power exchange with
the AC grid, especially when the available power is less (either the sunlight is less, or there
is a non-uniformity distribution of sunlight over the solar panels). Simulations have been
performed to demonstrate the generalized case of power transfer of SPCI, along with the
case where SPCI is able to participate in reactive power exchange with the grid, when
available power is less. This functionality has also been demonstrated experimentally, in

Chapter 9.
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FIGURE 7.1: Maximum real power transfer from PV inverter to the grid in the candidate system under
unity power factor operation on the grid side.
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FIGURE 7.2: Various power transfer scenarios under which the real power transferred from PV module to
the grid is same and reactive power flows from the grid to the inverter.
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FIGURE 7.3: Real power transfer from PV module to the grid in the candidate system under lagging power
factor operation on the grid side.
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FIGURE 7.4: Real power transfer from PV module to the grid in the candidate system under leading power
factor operation on the grid side.
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FIGURE 7.5: Various power transfer scenarios under which the real power transferred from PV module to
the grid is same and reactive power flows from the inverter to the grid.
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FIGURE 7.6: Waveforms of grid voltage, Vgrid, inverter output voltage, Vspci, and, grid current, Igrid when
the inverters are operating under uniform irradiation of 1000W/m?, for Sorted Stair Case Modulation
(SSCM). This represents conventional case of real power transfer.
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FIGURE 7.7: P-V curve showing the maximum power point operation of all the PV panels highlighted in red,
operating under uniform irradiation of 1000W/m?, for Sorted Stair Case Modulation (SSCM). This
represents conventional case of real power transfer.
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FIGURE 7.8: Waveforms of active power P (1606 W), and reactive power Q (= 0 Var) injected into the grid
when the inverters are operating under uniform irradiation of 1000W/m?, for Sorted Sorted Stair Case
Modulation (SSCM). This represents conventional case of real power transfer.
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FIGURE 7.9: Waveforms of grid voltage, Vgrid, inverter output voltage, Vspci, and, grid current, Igrid when
the inverters are operating under uniform irradiation of 1000W/m?, for Sorted Pulse Width Modulation
(SPWM). This represents conventional case of real power transfer.
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FIGURE 7.10: P-V curve showing the maximum power point operation of all the PV panels highlighted in
red, operating under uniform irradiation of 1000W/m?, for Sorted Pulse Width Modulation (SPWM). This
represents conventional case of real power transfer.
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FIGURE 7.11: Waveforms of active power P (1676 W), and reactive power Q (= 0 Var) injected into the grid
when the inverters are operating under uniform irradiation of 1000W/m?, for Sorted Pulse Width
Modulation (SPWM). This represents conventional case of real power transfer.



82

200

100

0

-100

-200

1.9 1.91 1.92 1.93 1.94 1.95 1.96 1.97 1.98 1.99 2
FIGURE 7.12: Waveforms of grid voltage, Vgrid, inverter output voltage, Vspci, and, grid current, Igrid

when the inverters are operating under non-uniform irradiation of 1000W/m?, 950W/m?, 900W/m?,
850W/m?, 800W/m?, 750W/m? for Sorted Stair Case Modulation (SSCM).
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FIGURE 7.13: P-V curves showing the maximum power point operation of all the PV panels highlighted in
red, operating under non-uniform irradiation of 1000W/m?2, 950W/m?, 900W/m?, 850W/m?, 800W/m?,
750W/m? for Sorted Stair Case Modulation (SSCM).
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FIGURE 7.14: Waveforms of active power P (1461 W), and reactive power Q (897Var) injected into the grid
when the inverters are operating under non-uniform irradiation of 1000W/m?, 950W/m?, 900W/m?,
850W/m?, 800W/m?, 750W/m? for Sorted Stair Case Modulation (SSCM).



83

-100 -

-200

| | 1
1.9 191 192 193 194 19 196 197 198 1.99 2

FIGURE 7.15: Waveforms of grid voltage, Vgrid, inverter output voltage, Vspci, and, grid current, Igrid
when the inverters are operating under non-uniform irradiation of 1000W/m?, 950W/m?, 900W/m?,
850W/m?, 800W/m?, 750W/m? for Sorted Pulse Width Modulation (SPWM).
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FIGURE 7.16: P-V curves showing the maximum power point operation of all the PV panels highlighted in
red, operating under non-uniform irradiation of 1000W/m?2, 950W/m?, 900W/m?, 850W/m?, 800W/m?,
750W/m? for Sorted Pulse Width Modulation (SPWM).
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FIGURE 7.17: Waveforms of active power P (1480W), and reactive power Q (811Var) injected into the grid
when the inverters are operating under non-uniform irradiation of 1000W/m?, 950W/m?, 900W/m?,
850W/m?, 800W/m?, 750W/m? for Sorted Pulse Width Modulation (SPWM).



84

300 - —Vegrid

200
100

-100

-200 -

-300

1.9 1.91 1.92 1.93 1.94 1.95 1.96 1.97 1.98 1.99 2

FIGURE 7.18: Waveforms of grid voltage, Vgrid, inverter output voltage, Vspci, and, grid current, Igrid
when the inverters are operating under uniform irradiation of 600W/m? for Sorted Stair Case Modulation
(SSCM).
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FIGURE 7.19: P-V curve showing the maximum power point operation of all the PV panels highlighted in
red, operating under uniform irradiation of 600W/m? for Sorted Stair Case Modulation (SSCM).
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FIGURE 7.20: Waveforms of active power P (744W), and reactive power Q (-1374 Var) injected into the
grid when the inverters are operating under uniform irradiation of 600W/m? for Sorted Stair Case
Modulation (SSCM).
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FIGURE 7.21: Waveforms of grid voltage, Vgrid, inverter output voltage, Vspci, and, grid current, Igrid
when the inverters are operating under uniform irradiation of 600W/m? for Sorted Pulse Width Modulation
(SPWM).
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FIGURE 7.22: P-V curve showing the maximum power point operation of all the PV panels highlighted in
red, operating under uniform irradiation of 600W/m? for Sorted Pulse Width Modulation (SPWM).
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Figure 7.23: Waveforms of active power P (975W), and reactive power Q (-1363 Var) injected into the grid
when the inverters are operating under uniform irradiation of 600W/m? for Sorted Pulse Width Modulation
(SPWM).



CHAPTER 8 : PANEL LEVEL OPTIMIZATION

8.1. Introduction

In Chapter 5 and Chapter 7, Maximum Power Point Tracking (MPPT) for Solar Panel
Companion Inverters (SPCI) has been performed at system level. This chapter is adapted
from [64]. In this chapter, to ensure that each panel operates at maximum power, an
analytical equation which defines the AC output voltage to be synthesized by each SPCI
when operating at MPPT is derived in Section 8.2. Using the derived AC output equation,
a control algorithm which ensures the maximum power extraction from SPCI, at panel level
is presented in Section 8.3. Simulation results which demonstrate the efficacy of the
proposed control scheme is demonstrated in Section 8.4. Section 8.5 ends this chapter with
a brief summary.

8.2. Analysis

In this section, an analytical equation which describes the output voltage that should be
synthesized by each inverter has been presented. Consider an ideal system with n number
of Solar Panel Companion Inverters (SPClIs). Let Viqyi be the rms AC output voltage across
i inverter, Ioc be the rms AC output current of the inverter, Via be the rms AC voltage of
the grid, Viny be the rms AC output voltage of the inverter, ¢ be the phase of Viny with
respect to Vgrid. In figure 8.1, a phasor diagram representing the voltage and current phasors
when an output voltage Viny is synthesized by SPClIs is shown. The active power flow into

the AC grid can be written as:
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P:Vgrid.lac (8. 1 )

Let Vq.i be the dc bus voltage of i inverter, Iuci be the corresponding current at the dc bus.
The active power flow contributed by each inverter can be written as:

P=V, I .cos¢=V, I, (8.2)

Considering the system to be lossless, from equations (8.1) and (8.2), the total average

power balance equation can be written as:

P=>"V, I .cos¢p=>V, I, =V, I, (8.3)
i=1

i=l
The equation for total AC output voltage, Viny across the SPCls can be written as sum of

individual AC output voltages across each SPCI.

= (8.4)
From equations (8.2), (8.3), and (8.4), the equation for output voltage across each inverter

can be written as:

v, o=y (8.5)

If K; is the contribution factor of i™ inverter, equation (8.5) can be re-written as follows:

v

mv;

(pk) _ K.V (pk)
1 mv (8.6)

where

= | (8.7)
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Equations (8.5) and (8.6) show the output voltage to be synthesized across each inverter,
for a given operating scenario. The total inverter output voltage, Viny, that needs to be
synthesized is obtained from the current control algorithm block which generates the
reference voltage to be synthesized by the SPCIs. The implemented control scheme is
presented in Section IV. When all the solar panels are operating at their corresponding
maximum power point, Vdci=Vmppi, laci=Imppi. Therefore, equations (8.5), (8.6), and (8.7)

can be re-written as:

V — Vmppi 'Imppi V

Z Vmppi ‘Imppi
= (8.8)
AV (pk) _ K.V (pk)
inv; i* inv (89)
where
K» — Vmppi 'Imppi
Z Vmppi ‘Imppi
= (8.10)

8.3. Control Scheme
Figure 8.2 shows the detailed block schematic of the control scheme employed for the grid
connected Solar Panel Companion Inverter (SPCI) system. A Phase Locked Loop (PLL) is
implemented to construct the image of grid voltage, and to obtain the phase information of
the grid voltage. The Maximum Power Point Tracking (MPPT) algorithm block
implements a system level MPPT [7]. This block generates reference currents I4, and I
which are fed as inputs to current control loop. The current control loop also takes in sensed

grid current, and, output of the PLL block as inputs, and generates a reference voltage Vie.
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The block “Modified Sorted & Stack Algorithm, Pulse Width Modulation” shown in Figure

8.2 is used to generate gate pulses for the MOSFETs. Either Sorted Stair Case Modulation
(SSCM) or Sorted Pulse Width Modulation (SPWM) technique is implemented to
synthesize an AC output voltage waveform to inject power into the grid. The control
scheme for power flow from Solar Panel Companion Inverter System (SPCI) into the grid
is governed by the equations (8.11) and (8.12). These equations are based on direct and
quadrature axis components in the rotating reference frame. If ‘V¢’ is the direct axis
component, and ‘V’ is the quadrature axis component of the grid voltage, ‘I4’ is the direct
axis component, ‘I’ is the quadrature axis component of the grid current, the active power
flow, ‘P’ into the grid in a single-phase system is given by equation (8.11).
P=0.5(Va.l4+Vq.1g) (8.11)
Similarly, the reactive power flow ‘Q’ into the grid is given by equation (8.12).
Q=0.5(Vg.latVa.lg) (8.12)
Figure 8.3 shows dq based control schematic implemented for power flow control of grid
connected SPCI. Quadrature components of grid voltage and grid current are generated,
and of-dq transformation is implemented to generate the corresponding direct axis
components ‘Vq’, ‘la’, and the quadrature axis components ‘Vg’, ‘I’, in rotating reference
frame. The MPPT algorithm generates a reference current along the direct axis ‘I4*’, and a
reference current along quadrature axis ‘Iq*’ [7]. The reference current ‘I4*’ is compared
with the actual current along the direct axis, ‘I4’, and the output is fed into a PI controller.
The output of the Pl is fed as one of the inputs to the dq- off transformation block. The ‘o’
output of the transformation block generates a reference voltage ‘Vq*’. The other input to

the transformation block comes from the control loop corresponding to the quadrature axis
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component of the grid current, ‘Iy’. The reference current, ‘Ig*’ is set to zero, since the
scope of this paper confines to power injection into the grid at unity power factor. The
direct component of grid voltage ‘Vq4’ is multiplied with ‘V*’, to generate the reference
voltage ‘Vier’. This reference voltage is fed into the modified sort and stack algorithm, to
generate the Pulse Width Modulation Signals to the SPCI. The reference voltage generated
from this current control loop should correspond to maximum power point operation. Here,
the Sort and Stack algorithm is modified as described in the next section, to maximize the
power extraction from the SPCI at panel level.
8.4. Modified Sort and Stack Algorithm

For the Sort and Stack Algorithm implemented in [6], the firing angle to synthesize
the quasi-square wave for inverter with highest DC bus voltage is the instance at which the
reference voltage is greater than half of its DC bus voltage. The implementation of the
algorithm in this paper utilizes equation (8.5) in synthesizing the quasi-square waves for
all the inverters. Equation (8.5) also describes the AC output voltage to be synthesize by
each inverter. This equation is used for implementing modified sort and stack algorithm,
using Sorted Staircase Modulation (SSCM), and Sorted Pulse Width Modulation (SPWM).

8.4.1. Sorted Stair Case Modulation

As shown in figure 8.4, the firing angle to synthesize the AC quasi-square wave of
inverter with the highest DC bus voltage is the instance at which the reference voltage of
SPCI system, Vier, is greater than half the reference voltage of the inverter that needs to
synthesize the first quasi-sqaure wave, Vinyi. Similarly, the firing angle to synthesize the
AC quasi-square wave of inverter with the second highest DC bus voltage is the instance

at which the reference voltage of SPCI system, Vrer, is greater than the summation of the
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reference voltage of the inverter that needs to synthesize the first quasi-square wave, Vi1,
and half the reference voltage of the inverter that needs to synthesize the second quasi-
square wave, Vin2/2. Simulations have been performed using modified sort and stack

algorithm for SSCM strategy, and results have been demonstrated in section VI.

8.4.2. Sorted Pulse Width Modulation

As shown in figure 8.5, to synthesize the AC pulse with modulated quasi-square
wave of inverter with the highest DC bus voltage, the high frequency pulse width
modulation should operate at the instance at which the reference voltage of SPCI system,
Ve, is greater than zero. Similarly, AC pulse with modulated quasi-square wave of inverter
with the second highest DC bus voltage, the high frequency pulse width modulation should
operate at the instance at which the reference voltage of SPCI system, Vier, is greater than
the summation of the reference voltage of the inverter that needs to synthesize the first
quasi-square wave, Vinvi. Simulations have been performed using modified sort and stack

algorithm for SPWM strategy, and results have been demonstrated in section VI.

8.5. Simulation Results

The control scheme described in section 8.4 has been implemented, to ensure panel
level maximum power extraction. Simulations are performed for various operating
scenarios under uniform and non — uniform irradiation. Figures 8.6 through 8.11 are the
simulation results performed using Sorted Stair Case Modulation strategy (SSCM). Figure
8.6 shows P-V characteristics of the solar panel model when operating at an irradiation of
1000 W/m? (operating scenario 1). This scenario corresponds to maximum available
power, and can be considered as conditions during a bright daylight. Since all solar panels

are operating under uniform irradiation, P-V characteristics of all the panels are
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overlapped. The portion highlighted in red of the P-V curve in Figure 8.6 shows the steady

state operating points of all the solar panels, upon reaching the maximum power point.
Figure 8.9 shows the waveforms of grid voltage, Vg, output voltage, Vspci, grid current,
Igrig, for six cycles in when operating in scenario 1. Figure 8.7 shows the P-V characteristics
of the solar panel model when operating at an irradiation of 600 W/m? (operating scenario
2). This scenario corresponds to moderately available power, where there is partial
daylight. The portion highlighted in red of the P-V curve in Figure 8.7 shows the steady
state operating points of all the solar panels, upon reaching the maximum power point.
Figure 8.10 shows the waveforms of grid voltage, Vrid, output voltage, Vspci, grid current,
Igrig, for six cycles in when operating in scenario 2. Figure 8.8 shows the P-V characteristics
ofthe solar panels model when operating under non-uniform irradiation (operating scenario
3). The irradiation on the solar panels are set to 1000 W/m?, 900 W/m?, 800 W/m?2, 700
W/m?, 600 W/m?, and 500 W/m? respectively. The portion highlighted in red of the P-V
curve in Figure 8.8 shows the steady state operating points of all the solar panels, upon
reaching the maximum power point.

Figure 8.11 shows the waveforms of grid voltage, Vgid, output voltage, Vipei, grid
current, Igrig, for six cycles in when operating in scenario 3. Figures 8.12 through 8.17 are
the simulation results performed using Sorted Stair Case Modulation strategy (SSCM).
Figure 8.13 shows P-V characteristics of all the solar panels in operating scenario 1. The
portion highlighted in red of the P-V curves in Figure 8.12 shows the steady state operating
points of all the solar panels, upon reaching the maximum power point. It may be seen that
all the panels are operating at their corresponding maximum power points. Figure 8.15

shows the waveforms of grid voltage, Vg, output voltage, Vipci, grid current, Igrig, for six
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cycles when operating in scenario 1. Figure 8.13 shows P-V characteristics of all the solar
panels in operating scenario 2. The portion highlighted in red of the P-V curves in Figure
8.13 shows the steady state operating points of all the solar panels, upon reaching the
maximum power point. It may be seen that all the panels are operating at their
corresponding maximum power points. Figure 8.16 shows the waveforms of grid voltage,
Vgiid, output voltage, Vgpei, grid current, Igiq, for six cycles when operating in scenario 2.
Figure 8.14 shows P-V characteristics of all the solar panels in operating scenario 3. The
portion highlighted in red of the P-V curves in Figure 8.14 shows the steady state operating
points of all the solar panels, upon reaching the maximum power point. It may be seen that
all the panels are operating at their corresponding maximum power points. Figure 8.17
shows the waveforms of grid voltage, Vrid, output voltage, Vspei, grid current, Igriq, for six
cycles in when operating in scenario 3.
8.6. Summary

In this chapter a scheme to ensure panel level maximum power extraction has been
proposed. Analytical equation defining the output voltage to be synthesized to ensure panel
level maximum power extraction has been presented. Modified sort and stack algorithm
for both Sorted Stair Case Modulation (SSCM) and Sorted Pulse Width Modulation
(SPWM) schemes has been proposed. Simulations demonstrating maximum power
extraction at panel level have been demonstrated for both SSCM and SPWM, for both

uniform and non-uniform irradiation.
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FIGURE 8.1: Schematic showing the phasor representation of voltage and current phasors of Solar Panel
Companion Inverters (SPCIs).
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FIGURE 8.4: Simplified schematic showing the modified sort and stack algorithm for Sorted Stair Case
Modulation (SSCM).
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CHAPTER 9 : EXPERIMENTAL SETUP

9.1. Introduction
In this chapter the prototype construction of Solar Panel Companion Inverters (SPCIs)
and demonstration of principle of operation, grid tied operation and Maximum Power Point
Tracking (MPPT) algorithm implementation is presented. Section 9.2 discussed the
construction of laboratory prototype to demonstrate the working of SPCI. Grid tie operation
of grid connected SPCI system is presented in Section 9.3. Section 9.4 demonstrates the
MPPT implementation of grid connected SPCI, as well as the reactive power support.

Section 9.5 concludes with a brief summary.

9.2. Prototype Construction

The first step involved in the construction of grid connected Solar Panel Companion
Inverters (SPCls) is establishing the setup as shown in Figure 9.1. It may be seen that each
H-bridge inverter is connected to a DC power supply. Before establishing the grid tie
operation, it is important to demonstrate the principle of operation of SPCI, wherein each
inverter synthesizes a quasi-square wave output voltage, depending on the DC bus voltage
measured across the DC terminals of each SPCI. Figure 9.2 shows the detailed circuit
schematic of all the six SPCIs connected to isolated DC power supplies. Once piccolo
micro controller can generate PWM signals for three SPCIs. Hence, two piccolo micro
controllers are used. Each microcontroller is connected to three of the SPCIs. The analog

DC bus voltage of each SPCI, measured and scaled down using a voltage sensor, is received
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by both the microcontrollers. These DC bus voltage signals are utilized in the sort and stack
algorithm as discussed in Chapter 3. The sort and stack algorithm executed in both the
microcontrollers also generate the PWM signals to switch the corresponding SPCIs. Figure
9.3 shows the experimental prototype that has been constructed in the laboratory for
realization of the proposed modulation strategies for the Solar Panel Companion Inverter
SPCI. This prototype can be used to synthesize a 120V AC rms voltage. Three DC power
supplies are used to connect to the DC terminals of SPCI. Each DC power supply has two
channels capable of generating up to 30 V DC. Each of these channels are operated in
isolated mode and are connected to each of the DC terminals of SPCI. The output voltage
generated by each inverter is based on the principle of sort and stack algorithm. So, the
module which has more available power would generate more power. Two F28035 Piccolo
microcontrollers operating in synchronism, are used to control the six inverter bridges.
Figure 9.4 shows the hardware prototype of the working SPCI system with a resistive load
and an inductive (L) filter connected at the output. Figure 9.5 shows the output voltage
waveforms Vinvl, Vinv2, and Vinv3, measured across first three SPCIs. Similarly, Figure
9.6 shows the output voltage waveforms Vinv4, Vinv5, and Vinv6, measured across the
remaining three SPCIs. The DC bus voltage of each SPCl is set to a different value. It may
be seen that the output voltage of each SPCI is an AC quasi-square wave having different
widths. The SPCI with the highest measured DC bus voltage synthesizes an AC quasi-
square wave with the highest width. Hence, the width of the output quasi-square wave is
proportional to the DC bus voltage measured across the terminals of the SPCI. Figure 9.7
shows the aggregated AC output voltage, Vspci measured across all the SPCI. By

increasing the number of SPCI modules, the quality of AC output voltage waveform can
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be improved. Ispci is the load current measured at the output of SPCI. The load current is
more sinusoidal because of the presence of L filter in the output.
9.3. Grid Tie Operation

The resistive load used in section 9.2 is removed, and a single-phase autotransformer
is connected to emulate an AC grid. The grid voltage can be adjusted to the required voltage
level using the single-phase autotransformer. Closed loop current control operation of the
grid tied SPCI is performed on the experimental prototype. Firstly, the AC grid voltage is
adjusted to about 97 V AC rms. The DC voltages of each power supply is gradually
increased to about 30 V DC. It is made sure that the DC bus voltages across all the SPCIs
are different. To inject active power into the grid, reference current along d-axis ramped
up in steps to 3.5 A, and reference current along g-axis is set to zero. Experimental
waveforms demonstrating active power injection into the grid may be seen in Figure 9.8.
It may be seen that the grid current (Igrid) is in phase with the grid voltage (Vgrid).

9.4. Demonstration of Maximum Power Extraction using Real Solar Panels

Three of the Solar Panel Companion Inverter (SPCI) modules that have been used for
the prototype described in Section 9.2 are utilized to connect to three of the PV panels as
maybe seen in Figure 9.9. Three SPCIs used to demonstrate maximum power extraction
from the panels maybe seen in Figure 9.10. Voltage across the PV terminals measured
inside the lab, when operating at maximum power point (with full sunlight) is 23.75 V DC.
Three of the panels generate a total DC voltage of 71.25 V DC. Hence, the grid voltage is
chosen to be 45 V ac rms. The grid voltage is set to 45 V ac rms using the single-phase
autotransformer as shown in Figure 9.11. Maximum Power Point Tracking (MPPT)

algorithm has been employed together with the closed loop current control technique to
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inject active power into the grid. Figure 9.12 shows the experimental waveforms captured
during a sunny mid-day. Vgrid is the grid voltage, Vspci is the output voltage measured
across the terminals of grid connected SPCI, Igrid is the grid current injected. An AC rms
current of 8.67 A is injected into the grid, in phase with the grid voltage having an AC rms
voltage of 45. This corresponds to an average power of about 396 W. The average power
drawn from each of the three PV panels, assuming identical PV curves, would be 132 W.
This operating point is marked on the power curve shown in Figure 9.13. The power curve
is obtained by connecting a variable resistor and varying the resistance from minimum
resistance to maximum resistance. The experiment is repeated later in the afternoon, when
the available power is less compared to that of the mid-day. Figure 9.14 shows the
experimental waveforms captured when the available power is less. It may be seen that the
rms value of AC current injected into the grid is 6.54 A, which is less than the current
injected during the mid-day. To demonstrate the reactive power control, the experiment is
performed by injecting the reactive component of current. Figure 9.15 shows the
experimental waveforms captured when the SPCI injects a component of reactive power
along with the active power component. It may be seen that the grid current is not in phase
with the grid voltage which shows that the SPCI is participating in reactive power injection
into the grid.
9.5. Summary

This chapter presented the construction of laboratory prototype of six SPClIs for
performing experiments. Closed loop current control (that has been implemented in
Chapter 4 and Chapter 5) has been implemented in this chapter to demonstrate the grid tied

operation of grid connected SPCI. A single-phase autotransformer has been used to adjust
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the grid voltage to required level. Three of the SPCIs are connected to three solar panels,
to demonstrate the maximum power extraction. The grid voltage is set to 45 V AC rms to
interconnect the three SPCI system to AC grid. System level Maximum Power Point
Tracking (MPPT) algorithm (that has been used in Chapter 6) has been used in this chapter
as well. The operating point of the solar panels has been shown on a PV curve.
Demonstration of reactive power exchange when the intensity of sunlight is less has also

been presented.
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FIGURE 9.1: Simplified circuit schematic of Solar Panel Companion Inverters (SPCI), with ideal DC
voltage sources on the DC terminals and connected to a 120 V AC rms distribution grid.
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FIGURE 9.2: Detailed circuit schematic showing the Solar Panel Companion Inverters (SPCls) connected
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FIGURE 9.3: Hardware prototype showing piccolo microcontroller and Solar Panel Companion Inverter
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FIGURE 9.5: Experimental waveforms showing output voltages, Vinvl, Vinv2, and Vinv3 measured
across first three inverters.

(4.00m:
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FIGURE 9.6: Experimental waveforms showing output voltages, Vinv4, Vinv5, and Vinvé measured
across last three inverters.
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.00 — Vspci
| Ispci

FIGURE 9.7: Experimental waveforms showing the output voltage Vspci, measured across the output of all
the SPClIs, and the output current, Ispci flowing through the load.

FIGURE 9.8: Experimental waveforms showing active power injection into the grid when DC power
supplies are connected at the DC terminals of Solar Panel Companion Inverters and interfaced to the AC
grid. Vgrid is the grid voltage, Vpsci is the output voltage of Solar Panel Companion Inverter, Igrid is the

grid current injected into the grid.

.'-|I

LR § ] J o B f'
FIGURE 9.9: PV panels utilized for demonstrating maximum power extraction and grid tie operation.
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FIGURE 9.10: Hardware prototype showing piccolo microcontroller and Solar Panel Companion Inverter
(SPCI) constructed using IGBT modules and isolation circuit.

10.0ms 10.0kS/s
i3-+0.00000 s 1000 points

FIGURE 9.12: Experimental waveforms captured during mid-day, when available power is maximum,
demonstrate active power injection into the grid from Solar Panel Companion Inverters (SPClIs).
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FIGURE 9.13: Power curve obtained by varying the resistance of a variable resistor connected across the
terminals of a PV panel. The highlighted ‘star’ shows the maximum power point operation of SPCI.

FIGURE 9.14: Experimental waveforms captured in the afternoon, when available power is less than that
of mid-day, and MPPT is implemented to demonstrate active power injection into the grid from Solar Panel
Companion Inverters (SPCIs).

FIGURE 9.15: Experimental waveforms captured in the afternoon, when available power is less than
that of mid-day, and MPPT is implemented to demonstrate reactive power injection into the grid from Solar
Panel Companion Inverters (SPCIs), while maintaining the maximum power operation.



CHAPTER 10 : CONCLUSION

10.1. Summary

In this dissertation, an investigation of a unique methodology (Solar Panel Companion
Inverters) that converts the conventional DC voltage output of a solar panel to switched
quasi-square wave voltages with variable pulse width, which when aggregated realize a
superior quality multilevel waveform that can be directly interfaced with the power grid,
was performed. Dynamic analysis and closed loop control design was performed for grid
connected SPCI. This closed loop control worked together with the Sort and Stack
algorithm to synthesize AC power. A system level Maximum Power Point Tracking
(MPPT) implementation for grid connected SPCI was proposed. It was demonstrated that
the algorithm was able to extract maximum power from the system for both uniform and
non-uniform irradiation. Sort and Stack algorithm in conjunction with MPPT algorithm
was implemented to control active and reactive power flow into the grid and demonstrate
the power transfer operating spaces of grid connected SPCI. A panel level optimization
scheme was proposed and implemented to ensure maximum power extraction at panel level
under all operating scenarios.

Demonstration of closed loop current control and grid tie operation was implemented
in hardware. Six Solar Panel Companion Inverter Modules have been built for
demonstrating the principle of operation and closed loop current control. Maximum Power

Point Tracking (MPPT) algorithm has been implemented in hardware to inject maximum
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power into the grid. In doing so, three of the SPCIs were connected to PV panels and the

grid voltage was adjusted to 45 V AC rms using a single-phase autotransformer.
Experimentally, it was demonstrated that grid connected Solar Panel Companion Inverters
can participate in active and reactive power injection into the grid.
10.2. Future Work

Mitigation of DC bus voltage ripple to improve the percentage power conversion and
enhance the lifetime of the DC bus capacitance maybe explored. Also, a distributed control
scheme which reduces the complexity of controls and the communication wiring needs to
be explored. To make the system entirely distributed, an implementation wherein the AC

interfacing inductance can also be distributed along with the SPCI needs maybe explored.
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