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Abstract

The depletion of fossil fuels and their damaging effects on the environment has shifted the focus
towards renewable energy sources to meet the increasing global energy demand. To effectively
use renewable sources of energy they should be used in combination with other sources.
Therefore, their use is preferred in distributed generation. For efficient utilization of distributed
generation, NanoGrid (NG) are formed. NG are typically small electrical networks consisting of
a small building or a house. These NG can be AC or DC. Since presently the use of DC devices
(Laptops, LED’s, cell phones etc.) and DC generation sources like Photovoltaics (PV) and the
wind have increased, the emphasis is shifting towards DC NG. There is a lot of debate among
researchers as to which NG network is more energy efficient but a detailed analysis has not been
carried out to determine which system is better. Therefore, in this study, a detailed simulation
analysis is carried out on both DC and AC NG using various case studies to determine which is
better in terms of energy efficiency. An architecture for both DC and AC NG is modeled in
MATLAB Simulink consisting of a grid-tied inverter, PV system, an EV and several domestic
loads (LED light, LED TV, Laptop, Air Conditioner, Fan, Refrigerator). Three case studies are
made to carry out a detailed loss analysis on both networks. The simulation results show that the
DC NG is better than an AC NG in terms of energy efficiency. An economic analysis is also
done on DC and AC devices to check which system is better in terms of cost. The results of this
study can also be used for modeling of future NG systems.

Keywords: NanoGrids, DC, AC, Photovoltaic, Renewables, Domestic Loads, Energy Efficiency
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CHAPTER 1

Introduction

This chapter gives a brief overview of the purpose of the study, its main objectives, limitations
and the methodology used to carry out the research work.

1.1 Purpose of Study

With the advent of urbanization and a continuous increase in the world population, the global
energy demand is increasing every year. It is expected that between 2005 and 2030 the energy
requirement is expected to increase by 55% [1]. Moreover, fossil fuels are depleting at a very fast
rate and it is estimated that the remaining coal, oil and gas reserves will approximately last for
107, 35 and 37 years respectively [2]. Furthermore, the long-term use of fossil fuels has caused
drastic effects on the environment such as air pollution, global warming, and climate change [3].
These factors have provided impetus to the use of renewable energy which is considered a green
energy source and does not have problems such as source depletion. But there are also some
issues related to renewable energy such as intermittency and unreliability, for example, solar
power is dependent on solar irradiation and on a cloudy day, the output of a solar plant can
radically reduce [4]. Therefore, renewable energy sources have to be used in conjunction with
other sources and their use is preferred in distributed generation.

Distributed generation offers the advantage of producing electricity close to the consumer, this
makes it easily manageable and also reduces the electricity cost to the user [5]. It is also ideal for
far and rural areas where connecting the grid in uneconomical. To effectively manage distributed
generation NG systems can be formed. A NG is a system with a bus in which various generators
and loads are connected [6]. A NG network mainly covers a small building or a house. These NG
can be either AC or DC.

When comparing DC and AC systems a number of facets need to be considered. Presently the
use of DC devices in residential building has increased and more than half of the loads being
used are DC. Moreover, use of PV in buildings has also increased exponentially. Also, there are

no reactive losses in a DC system. Therefore, using a DC NG would reduce redundant converter
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stages increasing the system efficiency [7]. However present households are constructed to
operate on AC as the National Grid supplies AC. Thus, to shift an existing house to DC is very
costly, though making a new house to operate on DC is very much feasible [8]. Throughout the
research literature proponents for AC and DC NG give various reasons as to which network is
superior and should be preferred. But a detailed analysis to determine which system is more
energy efficient has not been done. Therefore, in this study, a comprehensive analysis is
performed in MATLAB Simulink on a DC and AC NG to determine which is better in terms of
energy efficiency. The DC and AC NG architecture modeled includes a grid-tied inverter, a PV
system, an electric vehicle and a house consisting of various domestic loads. The house is
modeled on the concept of a modern home and comprises of six residential loads [9]. All loads
are modeled on commercially available products. To determine which network is more energy
efficient a detailed loss analysis is performed on both AC and DC NG using three case studies.
An economic analysis is also done on DC and AC devices to check which is better in terms of

cost.

1.2 Objectives

The main objective of this study is to model a DC and AC NG architecture in MATLAB
Simulink and then evaluate which network is more energy efficient using various case studies.
The main objectives include modeling of DC and AC NG architecture, modeling of DC and AC
loads, integrating sources of generation (PV) and storage (EV), addition of grid-tied inverter and
DC to DC converters, selection of proper voltages and wire gauges, designing the model for a
house, making case studies for loss analysis, performing a comparison between both networks

based on loss analysis and carrying out an economic analysis on DC and AC devices.

1.3 Limitations

Some limitations of this study include, inverter, and DC to DC converters work as ideal models
and therefore do not cater for losses, for inverter and converters an actual efficiency curve is
used for loss calculations, models for DC and AC appliances are only based on electrical parts,
the PV panel model used works at a specific temperature and the model for EV is based on a

lithium-ion battery.



1.4 Methodology

For this study first, a comprehensive literature review was done on nanogrids then MATLAB
Simulink was learned. After that, an architecture was designed for the DC and AC NG in
MATLAB Simulink. For the PV system, MPPT was implemented using incremental
conductance method. Solar irradiance for the PV system was calculated using data from the
MHP unit at NUST. DC to DC converters was added to the system as needed. DC and AC
appliances based on product datasheets (LED light, LED TV, Laptop, DC Air conditioner, DC
Fan, DC Refrigerator, AC Air conditioner, AC Fan, AC Refrigerator) were also modeled in the
NG. Then a model for a house was designed consisting of a living room, 2 bedrooms, and
kitchen. After this modeling and integration of grid-tied inverter and EV was done in the NG
network. For power distribution, appropriate wire gauges were selected and integrated into the
DC and AC NG. After system modeling was complete three case studies were developed for loss
analysis and a comparison was done between the DC and AC NG based on that. Afterwards, an

economic analysis was also done between the DC and AC devices.
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1.5 Thesis Structure

The thesis is composed of seven chapters arranged in the following manner

Chapter 1 discusses the main purpose of the study, its objectives, limitations and the
methodology used for the work.

Chapter 2 covers a detailed literature review on the NG technologies including types, design
and recent work being done in the area.

Chapter 3 includes details about system modeling of both DC and AC NG comprising of a grid-
tied inverter, PV system, EV and a house with domestic loads.

Chapter 4 covers the simulation results and discussions. The chapter gives detail about the case
studies, how the loss and economic analysis is performed on both networks.

Chapter 5 gives the conclusion of the study. The chapter explains which system is better in
terms of energy efficiency based on the results.

Chapter 6 and Chapter 7 discuss the work that was carried out at Arizona State University on
PV reliability.

Summary
This chapter gives details about the purpose and motivation of this study. The chapter also talks
about the main objectives, limitations and the methodology used for carrying out the research

work.
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CHAPTER 2

Literature Review

This chapter gives a brief outline of the global energy trends and covers a detailed literature
review on the NG literature covering NG components, types of NG, converter topologies being

used in the NG and a comparison between DC and AC NG.

2.1 Global Energy Trends

Energy is the mainstay of economic growth of any nation. Without proper access to energy, the
economic stability of any country can become stagnant. Thus, as the world population keeps
increasing and more people tend to settle in the urban areas the demand for energy throughout
the world is increasing. According to World Bank, the world population by 22" century is
expected to increase from 6 billion to 12 billion resulting in an increase in the energy usage
globally from 9000 million Mtoe to 15000-21000 Mtoe [1]. Consequently, to cater for this
increase in energy usage more power plants and infrastructure will be needed. Currently,
globally the main source of energy production is through the burning of coal, oil, and gas.
Almost 85% of the world's energy comes from these fossil fuels. The pie chart below shows the

world energy mix [2].
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Figure 2: World Energy Mix [2]

Fossil fuels are non-renewable sources and therefore will not last forever. Furthermore, fossil
fuels are depleting at a very fast rate and can only last for the next 50 to 100 years [3]. Apart
from depletion fossil fuels pose a great threat to the environment. Continued use of fossil fuels
has increased the amount of carbon dioxide leading to a greenhouse effect which causes more
heat to be trapped in the earth’s atmosphere [4]. This phenomenon has led to global warming and
if the earth’s average temperature increase is not kept below 2°C there could be drastic effects on
the earth’s environment [3]. Due to these reasons emphasis towards the use of renewable energy
has increased globally. 19.3% of the total worldwide energy consumption in 2015 was due to
renewable energy sources and this percentage has increased in subsequent years [5].

Main Renewable energy sources include solar, wind, geothermal, bioenergy, hydropower and
ocean energy. These sources are green and therefore do not have harmful effects on the
environment like fossil fuels. Moreover, these sources are abundantly available globally and do
not have issues such as depletion [6]. Although renewable energy sources provide an attractive
means to generate power without polluting the environment, there are still some issues associated
with these sources. These problems include intermittency and unpredictability. Renewable
energy sources are dependent on the weather conditions for production of power. Such as if there

is insufficient solar radiation solar energy cannot be produced similarly if there is a lack of wind,
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wind turbines cannot produce a reasonable amount of power [7]. Due to this these sources are
preferred to be used in concurrence with other energy sources and are mostly superlative for

distributed generation.

2.2 Distributed Generation

Distributed generation is the method of producing power close to the end user instead of
traditional central power plants which are located very far from the consumer [8]. The figure

below shows how distributed generation is different from central generation.

Central Generation Distributed Generation
Fuel Cell
Central si=—
) L Plant y
Central P

Plant |-|

Central pre

Plant |'| Building

Wind % 1

Micro-Turbine
Generator

Figure 3: Difference between central and distribution generation [9]

Mostly DG includes small energy generators which are typically renewable energy sources. For
domestic setup, mainly DG includes solar PV, small wind turbines, and diesel generators. These
systems have the capability of working in islanding mode i.e. in isolation from the national grid
or in grid-connected mode. DG is also more efficient than the traditional electrical setup in which

power is produced at a central location and then carried to the point of consumption through
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long-distance transmission lines. Since DG is located very close to the consumer there are very
few line losses as compared to the conventional power transfer through lengthy transmission
lines [10]. Furthermore, as DG is close to the point of electricity production the cost to the
consumer is also reduced and DG is ideal for remote and rural areas where connecting the
national grid is very expensive. Thus, DG networks offer a number of advantages such as more
system reliability, low electricity cost, increased efficiency, provision of power to the grid during
peak times, better power quality and a safe electrical network less susceptible to safety threats
[11]. But there are also some disadvantages of DG such as fluctuations in the system voltage
when DG is connected to the grid, system protection becomes complicated and grid stability can
be affected due to synchronization issues of frequency and voltage [12]. Therefore, to effectively

manage distributed generation small electrical networks known as MG and NG are preferred.

2.3 MicroGrid

A MG is an electrical network operating in a small locality with a local energy source. These are
small systems and in most cases, are less than 100KW [13]. MG has the capability of operating
in both islanded and grid-connected mode. The figure below shows a simplified diagram of a
MG.
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Figure 4: Conceptual diagram of a MG [14]
The MG have their own power source mostly comprising of solar PV, diesel generators, wind

turbines and can comprise of a combination of these sources or a sole source for power
production. MG can also act as backup systems for the grid in case of peak demand and since it
can work in islanded mode if any fault occurs at the grid side a MG can still keep operating [15].
There are two main types of MG: customer MG and utility MG. Customer MG do not involve a
utility company and are administered by the locality while utility MG consists of a part of the
regulated grid [16]. Some of the well-known working examples of MG include the Fort Carson
MG, Mesa del Sol MG, Sendai MG and MG at Illinois Institute of Technology [17].

2.4 NanoGrid

A NG is a small electrical network for a single house or a building and can work in both islanded
and grid-connected modes. Power is produced locally with the possibility of energy storage to
power local loads. The power capacity of a NG is small about 5KW but there are variations in
the literature about this value [18]. MG and NG are different from each other as both cover a
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different area and have different capacities. According to the above definition, NG is small as

compared to a MG and when a number of NG connect together a MG can be formed. The figure

below clarifies the difference between a MG and NG.

Grid

Microgrid

Nanogrid

Figure 5: Difference between the central grid, microgrid, and nanogrid [19]

2.4.1 Components of a NanoGrid

A NG typically comprises the following six components.

2.4.2 Local Power Source

In a NG, the power is produced locally to power the loads. The network is very modular and
therefore the system’s power-producing capacity can be easily increased when the need arises.
Both renewable and non-renewable sources can be used for generating energy in a NG. The non-
renewable sources include diesel generators and renewable sources include solar PV and wind
turbines [20], [21].

2.4.3 Electrical Appliances

The presence of at least one domestic appliance in a NG is essential. Electrical appliances

include common residential loads such as TV, laptop, air-conditioner, refrigerator, fan etc. [22].
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2.4.4 Energy Storage

Main energy storage devices used in a NG are batteries and EV. Energy storage provides backup
during times when power from the sources is not available and it also makes the network more
balanced. For a system to be considered a NG presence of energy storage components is not

necessary but most NG is equipped with an energy storage device [23].

2.45 Power Converters

Power converters are an essential part of a NG. Many electronic converters (AC/DC DC/DC
DC/AC) are employed in a NG to stabilize the voltage and provide the required output to the
loads. Due to these power converters, bi-directional power flow is also possible which allows for

electricity sharing and selling [24].

24.6 Gateway

Gateway is a two-way link that connects the NG to another NG, MG or the central grid. It also
allows communication between the networks except for the national grid. When connected to
other networks electricity sharing and selling is also possible through the gateway. The gateway

also allows the NG to operate in islanded mode by separating it from the national grid [25], [26].

2.4.7 Controller

A controller is not necessary for a network to be considered a NG but is often present. The main
purpose of the controller is to communicate with all power electronic converters within the NG
to balance power production with demand. In doing so the controller can cut off specific loads,
connect or disconnect from the grid or use auxiliary power sources to balance demand. The

controller also stores the power flow data from power converters and loads [24], [18].

2.5 Types of NanoGrid

There are three main types of NG: AC NG, DC NG and Hybrid NG.

25.1 AC NanoGrid

The figure below shows the typical architecture of an AC NG.
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Figure 6: Basic architecture of an AC NG
Power from the national grid is directly fed to the AC bus at 230V. The power from the DC
source goes through a DC to DC converter, in the case for PV this is the MPPT controller. After
that, it goes through a grid-tied inverter which converts the DC to 230V AC. The inverter is also
responsible for synchronization with the grid’s frequency. Loads are connected to the bus and
can utilize power from it. The AC loads can directly use power from the AC bus but in case of
DC loads the AC power is converted to DC and then a DC to DC converter supplies the required
voltage for the proper functioning of the DC load. In case an energy storage element is present it
is also connected to the AC bus through an inverter and a DC to DC converter. The inverter
topology for the energy storage device is similar to the one used with the DC source. Power from
the bus is converted to DC and then regulated to the required value by the DC to DC converter

for use by the storage device [27], [28].

2.5.2 DC NanoGrid

The figure below shows the typical architecture of a DC NG.
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Figure 7: Basic architecture of a DC nanogrid

In a DC NG the power from the national grid is converted to DC through a grid-tied inverter.
The inverter also synchronizes with the grid’s frequency. The inverter outputs and regulates the
voltage at 380V which is fed to the DC bus. In a DC NG, there can be multiple DC buses such as
a 380V DC bus for high voltage sources and a 48,12 or 24V Bus for low voltage loads. The DC
source is connected to the bus through a DC to DC converter which in case of solar PV is an
MPPT controller. To take advantage of the DC NG mostly DC loads are used. The loads are
connected to a low voltage DC bus and a DC to DC converter steps down the voltage from the
380V bus to the low voltage bus. Depending on the voltage requirement some loads are
connected directly to the low voltage bus while some are connected through DC to DC
converters for the required voltage supply needed for proper functioning of the load. If an energy
storage element is present in the DC NG it is connected to the 380V DC bus. A DC to DC
converter connected to the 380V bus supplies the needed voltage to the energy storage device. It
is obvious from the description of both AC and DC NG that in a DC NG there are fewer energy
conversions because most of the sources, loads and energy storage devices now are DC [29],
[30].

2.5.3 Hybrid NanoGrid

There are slight variations throughout the literature on the basic architecture of a hybrid NG.

The figure below shows the hybrid NG design as proposed by [31].
17
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Figure 8: Basic architecture of a hybrid NG.
In this design both AC and DC buses are present. The tie converter is responsible for connecting
both the buses together. The national grid is connected to the AC bus through a switch and a
three-phase transformer. The AC bus is a three-phase system maintained at 400V and the DC bus
is at 350V. The power sources and loads are connected to both buses through appropriate
converters [31]. Although hybrid NG provides more flexibility in the system these systems are

more complex and expensive than AC and DC NG [32].

2.6 Converter Topologies used in NanoGrids

A lot of literature on NG is focused on converter topologies. Main converter types include DC to
DC, AC to DC and DC to AC. DC to DC converters have DC at their input and output and their
function is to step up or step down the voltage as needed. In many cases, a control technique
such as a PI controller is used for generating the required PWM which triggers the switching
element such as a MOSFET or an IGBT to achieve the required voltage. The controller also
ensures that the voltage is maintained at its required value. Main converters of this type include
boost converter and the buck converter. Boost converter can be present with a source to step up
the voltage to the bus voltage and buck converter is normally used at the load side to step down
the voltage. These converters are also found in MPPT. AC to DC converters takes AC at their
input and output DC. These converters can be present at both the source and load side. At the
source side, they can be used for interfacing an AC source to the DC NG and mostly these
converters are bi-directional if present at the source side. At the load side, they convert AC to
DC for use by DC loads in an AC NG. DC to AC converters intakes DC and output AC. At the
source side, they are used for interfacing sources and are normally bidirectional. At the load side,
they can be used to convert DC to AC for use by AC loads ina DC NG [18].

Many converter topologies are discussed in the literature such as multi-port converter [33],

boost-derived hybrid converter [34], two-stage bidirectional AC/DC converter [35], multi-input
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single inductor converter [36], grid interface bidirectional inverter [37], switched-inductor Cuk-
derived hybrid converter [38], switched boost inverter [39]. For most of the topologies discussed
in the research articles, the focus is towards increasing the converter efficiency, delivering higher
power quality, making control easy in the NG and decreasing the size of the NG.

2.7 Comparison between AC and DC NanoGrid

Throughout the literature advocates for the DC or AC NG have given several reasons to support
their claims. Therefore, when comparing both these networks many factors must be taken into
consideration. Supporters for the DC NG suggest that DC distribution is ideal in a NG because
most present-day loads and household appliances are now DC such as laptops, cell phones, LED
TV etc. Even devices such as air-conditioners, refrigerators, and fans have DC counterparts
commercially available and are also more efficient. Furthermore, the use of solar PV in
residential settings is increasing exponentially and therefore it makes sense to use a DC NG to
fully utilize the DC source [40], [41]. Also, energy storage devices such as batteries and EV are
also DC and if they are integrated into a NG it is better to use DC distribution. Moreover, there
are also no reactive power losses in a DC NG. Since, DC loads, sources and storage devices are
readily available and their use in households is also increasing using a DC NG would remove
many converter stages that would be necessary for an AC NG. As suggested by [42] the
converter cost in the DC NG also reduces due to fewer converter stages. Due to this, the DC NG
becomes much more efficient than an AC NG [43]. Power reliability is also more due to smooth
transient DC power supply and very less voltage fluctuation. Moreover, control in a DC NG also
becomes easy as only voltage regulation is needed unlike in an AC system where both voltage
and frequency must be controlled [42].

However, proponents of the AC NG suggest that an AC NG is better because the national grid
supplies AC and our current houses are built to support AC infrastructure. Furthermore, the AC
loads are cheaper as compared to DC loads and have a high availability [44]. Therefore, to refit
an existing household to operate on DC would be very expensive however constructing a new
house to work on DC is viable. The literature also points out that protection in a DC NG is more
complex and short circuit and ground faults can occur at load side which can impair the network
[45], [46].
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Summary

In this chapter, a detailed literature review is done. The chapter talks about the global energy
trends, how distributed generation is increasing and how NG is important. Furthermore, detail is
provided about working of NG, their components, types, converter topologies that are being

researched on and literature on the comparison between DC and AC NG.
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CHAPTER 3

System Modeling

The chapter provides details about how the system model was designed in MATLAB. The

chapter covers the designing of AC NG, DC NG, PV system, grid-tied inverter, electric vehicle,

house, DC to DC converters, DC and AC loads.

3.1 AC NanoGrid

The main components in the AC NG are a grid-tied inverter, solar photovoltaic system with
MPPT, an electric vehicle, 230V AC bus one for each phase, AWG 7 and 8 wiring between the

AC bus and house, house consisting of four blocks (Living room, bedroom 1, bedroom 2,

kitchen), various domestic loads within each house block and appliances which are both DC and

AC. The AC NG architecture modeled in Simulink is shown in the figure below.
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Figure 9: AC nanogrid design
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Both the national grid and solar photovoltaic system feed the 230V AC bus. The MPPT extracts
the maximum power available from the PV. The grid-tied inverter converts the DC output from
solar PV to AC. EV is also connected to the 230V AC bus and an inverter/rectifier converts the
incoming AC to DC or vice versa. The EV is then charged or discharged through a buck/boost
converter. There are three 230V AC buses, one for each phase. From phase 1 AWG 7 wire is
used to connect the house and from phase 2 and 3, AWG 8 wire is used for connecting the house.
The house contains both DC and AC loads. Those DC loads are used which have no AC
counterparts available commercially, these include a laptop, LED light and LED TV. The AC
loads present in the house are a fan, refrigerator, air conditioner and a miscellaneous load. The
loads in the AC NG are selected this way so that a fair comparison can be done between the DC
and AC network. For DC loads AC output is converted to DC using a rectifier and then the
voltage is regulated using a DC-DC converter. AWG 7 and AWG 8 wire of length 15.2 m were

selected after measuring the peak current in all three phases.

Table 1: Wire Parameters [1]

AWG Diameter ~ Area (mm?)  Resistance
(mm) (Ohms/km)

7 3.66522 10.5 1.634096

8 3.2639 8.37 2.060496

Since this is an AC network the wire was modeled using a resistor and an inductor. The

resistance was calculated by the following relationship:

Resistance = Resistance (Ohms/km) = Wire length (km)

Line inductance was calculated using wire diameter and wire length [2].

3.2 DC NanoGrid

The main components in the DC NG are a grid-tied inverter, solar photovoltaic system with
MPPT, an electric vehicle, 380V DC bus, 380V to 48V buck converter, AWG 4 wiring between
the 380V DC bus and buck converter, 48V DC bus, house consisting of four blocks (Living
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room, bedroom 1, bedroom 2, kitchen), DC loads in the DC NG house and four AWG 4 wires
connecting the 48V DC bus to the four blocks in the house. The DC NG architecture modeled in

Simulink is shown in the figure below.
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Figure 10: DC nanogrid design

Both the national grid and solar photovoltaic system feed the 380V DC bus. The grid-tied
inverter converts the incoming AC from the National grid to DC. The EV is also connected to the
380V DC Bus and is charged and discharged through a buck/boost converter. A buck converter
at the output of the 380V bus steps down and regulates the voltage to 48V at the 48V DC bus.
All the house loads are connected to the 48V DC bus, with separate wiring for each block. Each
house block consists of various domestic DC appliances which are connected to the 48V DC bus.
Two cases were defined for power distribution in the NG as follows:

1. Using the 380V DC bus for distribution (single wire between 380V bus and buck

converter)

27



2. Using the 48V DC bus for distribution (four wires connecting each house block with the
48V bus)
For both cases, peak current was determined and AWG 4 wire of length 15.2 meters was selected

[3].

Table 2: Wire Parameters [1]

AWG Diameter Area (mm?)  Resistance
(mm) (Ohms/km)
4 5.18922 21.2 0.81508

The wire was modeled using a resistor and the resistance was calculated by the following

relationship:
Resistance = Resistance (Ohms/km) = Wire length (km)

3.3 PV System

Both the DC and AC NG have a PV system comprising of seven modules connected in series.
The modules used are 1Soltech 1STH-35-WH with the following performance parameters.
Voc=51.5V, Isc=9.4A, Vmp=43V, Imp=8.13A and Maximum Power=349.59W. The total

system rating is 2.45KW. The characteristics of the modules used is shown in the figure below.

28



Current (A)
n

D 1 1 1 1 1 Ly
0 50 100 150 200 250 300 350 400
Voltage (V)
3000 T T T T T T T
3%\
- T DRD ]
% 2000 45\01&\ \
@ Y 4
2 1000 -
\
O | | 1 1 | | :I\'\ 1 0 (II"‘\
0 50 100 150 200 250 300 350 400
Voltage (V)

Figure 11: Nanogrid PV Array

The temperature for the PV array is set at 25°C. The data for Irradiance was obtained from
Metrological High Precision Station mounted in NUST Islamabad. From the solar data, an
average irradiance was calculated for some days of summer months of May and June for peak
hours i.e. from 9 AM to 3 PM. The calculated average value of 816W/m? was used as the
irradiance for the solar array in Matlab. Figure 12 shows the 24-hour irradiance data for the
month of May and June, each peak in the graph represents a day. Figure 13 shows the solar
irradiance data that was used.
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Figure 13: Solar Irradiance from 9 AM to 3 PM for some days of May and June

The PV array is connected to a boost converter which extracts maximum power from the

modules using the incremental conductance MPPT technique [4]. Figure 16 shows the algorithm

used in the incremental conductance method. For the DC NG the power from the PV system is

fed to a 380V DC bus and for the AC NG the power is converted to AC and fed to a 230V AC
bus. The figures below show the model for the PV system in both DC and AC NG.
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Figure 16: Incremental conductance method for MPPT [5]
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3.4 Grid-Tied Inverter

The grid-tied inverter is modeled using a three-level IGBT inverter with an isolation transformer.
The inverter maintains the DC bus voltage at 380V using a carrier frequency of 5 kHz for 50Hz
grid frequency. The inverter controller consists of four basic components the voltage regulator,
current regulator, Phase Lock Loop (PLL) and a Pulse Width Modulation (PWM) modulator
which uses carrier based three-level PWM method. The voltage regulator maintains the 380V
DC Bus voltage by regulating the active current reference for the current regulator. The reactive
current reference is set to zero for nil reactive power injection. The current regulator then
determines the required reference voltage using active and reactive current references. The PLL
synchronizes with the grid voltage and provides the phase angle that is used for park
transformation of voltages and currents. The PWM then generates gate pulses according to the
required reference voltages to IGBT switches. The figure below shows the inverter control
implemented in Matlab [6].
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Vdc meas J VDC |ldreference |
v reference ma) Regulator Iq ref=Q—

Figure 17: Grid tie Inverter Control block diagram

3.5 Electric Vehicle

The EV was modeled as a battery in Matlab. The battery model was based on Tesla’s Model S.
The battery has an energy rating of 85KWh and a voltage of 375V. When charged at a voltage of
240V the battery takes 4 hours (90A) to charge completely as indicated by the datasheet [7]. The
battery is connected to a Buck/Boost Converter. To charge the battery from the DC link the
converter operates in buck mode and to discharge the battery the converter operates in boost
mode. A state of charge (SOC) upper limit of 85% is set to prevent overcharging and a lower
limit of 30% to prevent over-discharging. To prevent the converter and battery from high

currents overcurrent protection is also modeled. The overcurrent protection works by limiting the
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duty cycle of the converter based on maximum charging or discharging current [8]. Figure 18

and 19 show the battery’s characteristics as specified by the battery model in Matlab [9].
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Figure 18: Nominal Current Discharge Characteristic at 0.43478C (98.6957A)
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Figure 19: EO = 406.6346, R = 0.01652, K = 0.012376, A = 31.491, B = 0.269

The figures below show the EV model implemented in Matlab.

—-::-.-—

@ < /e 380V DC Bus

DC to DC Converter

EV
Modeled as
a Lithium
ion Battery

Figure 20: EV in DC NG
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Figure 21: EV in AC NG
Figure 22 shows the buck/boost converter modeled in MATLAB for charging and discharging

the battery. When charging signal is on the converter operates in buck mode and when the
discharging signal is on the converter operates in boost mode.
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Figure 22: Buck/Boost converter for EV
Figure 23 shows the EV charging and over charging protection circuit. Maximum charging

current is compared with the load current and the desired value for maximum charging current is
controlled using a PI controller. This generates an upper limit for the duty cycle.

For regulating charging voltage, the reference voltage is compared with the load current and the
error generated is then compared with the load voltage. The reference voltage is maintained
using a PI controller. Then using a saturation dynamic block, the output from the PI controller is
compared with the duty cycle limit, generated by comparison of the maximum charging current
and load current. This protects the circuit from over charging. The output from the saturation
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dynamic block acts as an input to the PWM generator which generates pulses according to the

required reference voltage to the MOSFET gate.

Duty cycle limit —L
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Load current Load voltage Charging signal

Max charging +

>

current J_;
Load current 4T Charging signal

PI ~——  Saturation —» Duty cycle limit

Figure 23: EV charging and over charging protection circuit

Figure 24 shows the EV discharging and over discharging protection circuit. Maximum
discharging current is compared with the load current and the desired value for maximum
discharging current is controlled using a PI controller. This generates an upper limit for the duty
cycle.

For regulating discharging voltage, the reference voltage is compared with the load current and
the error generated is then compared with the bus voltage. The reference voltage is maintained
using a PI controller. Then using a saturation dynamic block, the output from the PI controller is
compared with the duty cycle limit, generated by comparison of maximum discharging current
and load current. This protects the circuit from over discharging. The output from the saturation
dynamic block acts as an input to the PWM generator which generates pulses according to the

required reference voltage to the MOSFET gate.
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Figure 24: EV discharging and over discharging protection circuit

3.6 House Model

The house consists of four main blocks the living room, two bedrooms, and a kitchen. The loads

are distributed within the four rooms as shown in the table.

Table 3: Load Distribution within the house

Block LED LED TV Laptop Fan Airconditioner Refrigerator Miscellaneous
Light Load
Living Room 4 4 x v v x x
Bedroom 1 v x v x x
Bedroom 2 v x v v v x x
Kitchen v x x v x v v

3.7 DC Load Modeling

A total of seven DC loads are modeled in the DC NG. These include LED light, LED TV, DC

fan, laptop, DC air conditioner, DC refrigerator and miscellaneous load.

3.7.1 LED Light
The LED light is modeled based on LED E26 model [10]. The lamp has a working voltage of 45

to 60 volts DC with recommended use at 48V. It consumes 0.21A and has a power consumption
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of 10W. The LED light has a lumen capacity of 950. The light is modeled using 10 diodes
connected in series each having a forward voltage drop of 3.2V. A current limiting resistor is
also added in series with the diodes. In the network, the bulb works at 48V with a power
consumption of 10W as described in the datasheet. Figure 25 and 26 show the implementation of
LED light in DC and AC NG respectively.

48V DC I:ED
Bus Light

Figure 25: LED Light in DC NG

230V 1~ ' LED
AC Bus — = Light
Rectifier DC to DC Converter

48v

Figure 26: LED Light in AC NG

3.7.2 Laptop
The laptop is modeled based on Dell Inspiron N5110 model [11]. The laptop works on 19.5V

and has a maximum power consumption of 90W and a normal power consumption of 46W
which was checked through Intel Power Gadget 3.0. For modeling the laptop two cases were
considered, a worst case in which the laptop consumes 90W and a normal case in which the
laptop uses 46W. Both cases were modeled using resistors, for the 90W scenario a 4.221-ohm
resistor was used and for the 46W scenario an 8.266-ohm resistor was used. Since the laptop is
connected to a 48V bus and the working voltage is 19.5 a buck converter is used to step down
and regulate the voltage at 19.5V. Figure 27 and 28 show the implementation of Laptop in DC
and AC NG respectively.

48;"5)(: S __ —— > Laptop

DC to DC Converter 19.5V

Figure 27: Laptop in DC NG
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Figure 28: Laptop in AC NG
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3.7.3 LEDTV

The LED TV model is based on DC-Powered 217/24” TV [12]. The TV has a working voltage of
48V and a power consumption of 30W. The LED TV is also modeled using a resistor of 76.8
ohms. Figure 29 and 30 show the implementation of LED TV in DC and AC NG respectively.

48;:' SDC ———— LEDTV

Figure 29: LED TV in DC NG
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