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ABSTRACT
Integration of a Solar Energy System at the Future Building Laboratory of
Concordia University: Simulation, Analysis, and Testing of Different

Operational Modes
Jay Prajapati

This research explores the development and integration of a solar photovoltaic (PV) system
and a vehicle-to-home (V2H) backup power system at the Future Building Laboratory (FBL) of
Concordia University, Montreal, Quebec. The study addresses the challenges of rural
electrification, proposing renewable energy systems as sustainable and eco-friendly solutions for
off-grid applications. A modified electrical power system is designed for the FBL, incorporating
critical loads, a subpanel, manual transfer switches, grid-forming and grid-following converters,

battery storage, and an electric vehicle with a vehicle-to-home inverter.

The system's performance is analyzed through simulation and experimental testing. Sunny
Island (grid-forming/battery charger) and Sunny Boy (grid-following) were simulated in both
standalone and grid-connected scenarios, with control strategies ensuring seamless operation in
grid-forming and grid-following modes. Experimental results validate the simulations,
demonstrating consistent performance of the converters under different operating conditions,

including parallel operation.

The research also explores vehicle-to-load (V2L) and vehicle-to-home (V2H) systems,
highlighting the capability of EVs to serve as reliable emergency backup power sources. The
experimental results demonstrate that integrating V2H technology with renewable energy systems
enhances the overall resiliency and flexibility of decentralized power systems. Moreover, this EV-
to-home integration reduces reliance on traditional backup energy sources, thereby enhancing

sustainability.

Thus, this study provides a comprehensive framework for integrating solar PV power and EV
technologies into decentralized power systems, demonstrating their potential to create scalable,

reliable, and environmentally sustainable solutions for rural and remote electrification needs.
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1 Introduction

This chapter explains the issues regarding rural electrification and clean energy for remote
residential areas using renewable resources. It discusses how traditional power infrastructure,
which relies on large-scale grids, often struggles to reach these rural locations due to certain
barriers. Additionally, typical centralized power grids have been reliant on fossil fuels such as coal,

oil, and natural gas, which contribute to greenhouse gas emissions.

Micro-grids powered by renewable energy such as solar, wind, biomass, and hydro have the
potential to significantly reduce carbon emissions. This chapter demonstrates some projects on
renewable micro-grids as a promising solution to address the energy access challenge in rural

arcas.

1.1 Rural Electrification

Access to electricity is not just a convenience but a catalyst for change. It is crucial for
alleviating poverty, driving economic growth, creating employment opportunities, and ensuring
the delivery of essential social services such as education and healthcare. As of 2022, nearly 760
million people globally did not have access to electricity [1]. The majority of these people live in
rural and remote areas [2]. Figure 1.1 shows the share of the world population having access to

electricity in 2021 [3].

[
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Data source: Data compiled from multiple sources by World Bank OurWorldInData.org/energy | CC BY

Figure 1.1 Share of Population with Access to Electricity, 2021 [3]



Approximately 178 Indigenous communities in Canada are not connected to the North

American electricity grid and natural gas pipelines [4]. These off-grid communities primarily

depend on costly diesel-fired generation for their electricity needs [4]. At the same time, some

utilize smaller local or regional grids powered by hydroelectricity or trucked-in liquefied natural

gas (LNG) [4].

1.2

Challenges for Rural Electrification

In recent years, rural electrification efforts have made substantial strides [5]. Through the

combined efforts of government, non-profit organizations, and private companies, electricity

access has been significantly expanded in remote regions [5]. However, electrification in remote

areas continues to encounter challenges, such as:

1.3

Geographical: Remote locations often face challenging terrains that make infrastructure
development difficult and expensive. Excessive lengthening of the low-voltage network
leads to significant network losses and increased costs [6]. Constructing long power lines
for low-power consumers often increases transmission losses and costs, making it less
usable economically [6].

Maintenance and Sustainability: Ensuring the long-term sustainability and maintenance of
electrification systems in remote areas presents several difficulties, including the
availability of technical expertise, spare equipment, maintaining infrastructure, and
a reliable energy source [7].

Environmental Concerns: Diesel generators offer a convenient power solution for rural and
remote areas but significantly contribute to greenhouse gas (GHG) emissions,
contamination of water due to gasoline spillage. Many remote communities
worldwide depend on diesel fuel for electricity. This dependency makes them vulnerable
to fluctuating fuel prices and increases their GHG emissions as electricity demand rises.
Adding more diesel generators to meet growing power needs only worsens the

environmental impacts [8].

Renewable Energy System for Remote or Rural Areas

Renewable energy systems offer sustainable solutions for electricity generation in remote

areas. These systems, including solar, wind, hydro, and biomass, provide reliable power while



minimizing the environmental impact. Adopting renewable energy reduces reliance on diesel
generators, lowering greenhouse gas emissions and protecting communities from volatile fuel
prices. Additionally, these systems often have lower operational costs over time and can be scaled

to meet growing energy demands.

Long-term average of photovolaic power potential (PVOUT)
Daily totals: 2.0 2.4 2.8 32 36 4.0 44 4.8 52 5.6 6.0 6.4

[ I vh/kWp

Yearly totals: 730 876 1022 1168 1314 1461 1607 1753 1899 2045 2191 2337

This map is published by the Werld Bank Group. funded by ESMAP. and prepared by Solargis. For m formation and terms of use. please visit http://globalsolaratlas.info
Figure 1.2 Photovoltaic Electricity Potential [9]

Solar energy systems are an excellent solution for providing electricity in remote areas. Key
components of a solar energy system include solar panels, inverters, and batteries for energy
storage. Implementing solar energy systems in remote regions involves initial assessments of
energy needs, local solar potential, and the design of appropriate systems. Figure 1.2 shows the
world map with the potential of solar photovoltaic electricity. If one compares the map with Figure
1.1, the population with less access to electricity has a good amount of photovoltaic potential. With
proper planning and support, solar energy can significantly enhance the quality of life in remote

communities by providing reliable, sustainable, and cost-effective electricity.

1.4  Off-grid Rural Electrification Projects

In March 2022, the government of Canada introduced its inaugural 2030 Emissions Reduction
Plan (ERP) as part of the Canadian Net-Zero Emissions Accountability Act [10]. The aim is to
achieve net-zero electricity by 2035 by expanding non-emitting energy sources nationwide,

connecting regions to clean power, and providing a more reliable and affordable electricity supply



[10]. Some communities have developed off-grid, reliable solar-generated, and battery-storage

systems for their electricity needs. Below are examples of such communities in Canada.

1.4.1 Three Nations Energy (3NE), Fort Chipewyan, Alberta

Fort Chipewyan, located in northern Alberta at the western end of Lake Athabasca, has the
3NE Solar Farm, the largest solar farm in a remote Canadian community with a capacity of 2.2
MW. Although the manufacturing process of solar panels emits CO2, the amount is negligible.
This project successfully reduces the community’s diesel usage for electricity generation by 25%
[4]. Savings of 800,000 liters of diesel reduce greenhouse emissions by 2,145 tons of CO2 annually
[11]. Figure 1.3 shows the 3NE Solar Project, battery bank, and backup diesel generator.

Figure 1.3 3NE Solar Farm Project [12]

1.4.2 Sree Vyaa (Old Crow Solar Project), Yukon

The fly-in community of Old Crow relies on diesel for heating and electricity [4]. Due to a lack
of barge or winter road access, diesel is delivered by plane four times a year and stored in above-
ground tanks [4]. ATCO Electric Yukon has initiated a project that includes 940 kW of solar panels
and 616 kWh of battery storage [4]. This project cuts diesel usage by about 190,000 liters annually
and reduces CO, emissions by 750 tons yearly [13]. Figure 1.4 shows the Old Crow Solar Project.
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Figure 1.4 The Old Crow Solar Farm [14]
1.4.3  Giizis Energy Micro-grid, Gull Bay, Ontario

The community of Gull Bay is located on the western shores of Lake Nipigon, with
a population of 392 people. The project was co-developed by Gull Bay First Nation and OPG
(Ontario Power Generation). The solar-diesel hybrid microgrid features a 360 kW solar array and
a 500 kWh battery. It is projected to decrease annual diesel usage by 25%, equivalent to 110,000
liters [4], [15]. Figure 1.5 shows the aerial view of the Giizis Energy Micro-grid project.

-

Figu 1.5 Giizis Energy Micr-grid in Gul Bay First Nation [16]



1.5 FBL (Future Building Laboratory)

A research facility is located in Loyola Campus, Concordia University, Montreal. The research
facility is called the Future Building Laboratory. The building is equipped with a battery bank and
different types of solar window panels such as STPV (Semi-Transparent Photovoltaics), BIPV/T
(Building Integrated Photovoltaics/Thermal), power converters, V2L inverter, and EV charger.
Figure 1.6 shows the FBL. The building has six test cells, each integrated with different types of
solar panels, a mechanical room equipped with a water source heat pump, and an electrical room
that has the electrical main panel, sub-panel, DC bus bar, battery bank, and ethernet
communication rack for communicating with different devices of the building. The building also
features some locations for the future connection of solar roof panels, wind turbines (WTs), and

hydrogen loops.

Figure 1.6 FBL (Future Building Laboratory), Loyola Campus, Concordia University, Montreal
As part of this thesis, experiments were conducted on the different modes of operation of the
available power sources and power converters. The current integrated system with energy sources

and power converters is shown in Figure 1.7.
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Figure 1.7 General Schematic: Energy sources and Power Electronic converters

1.6 Contribution

This thesis contributes to the understanding of grid-forming (GFM) converter design by
thoroughly analyzing the internal components of the SMA Sunny Island converter. It further
explores the design and control of the grid-following (GFL) inverter. Additionally, an electrical
solar power system is designed and commissioned for the Future Building Laboratory (FBL) to
integrate various energy sources, such as solar power, electric vehicles (EVs), and a battery bank,
in conjunction with SMA solar converters and a vehicle-to-home (Setec) inverter. The system is
tested in various modes of operation, both in off-grid and grid-connected conditions. From the
behavior of the SMA converter setup, a frequency shift power control strategy is formed for the
GFM and GFL converter to work together in off-grid conditions. The designed strategy is
simulated, and the results are compared with the actual system's results. Out of this thesis, the
following conference paper will be submitted to IEEE Symposium on Industrial Electronics

conference.



J. Prajapati, A. M. Aljehaimi and P. Pillay, "Dynamics and Design Analysis of Grid-Forming and
Grid-Following Converters of SMA Solar Technology.” Will be submitted to 34th IEEE
International Symposium on Industrial Electronics (ISIE 2025), Toronto, 20-23 June, 2025.

1.7  Thesis Organization

The thesis is structured as follows:

Chapter 2: This chapter discusses the FBL's electrical solar power system and its devices and

reviews the different modes of operation of the electrical system.

Chapter 3: This chapter discusses the design of the SMA converters. The designed converters

are simulated individually, followed by the integrated system.

Chapter 4: This chapter presents the experimental setup of the SMA solar system converters

and some experimental results for different operating modes.

Chapter 5: This chapter discusses the experimental setups and results for vehicle-to-load

(V2L) and vehicle-to-home (V2H) systems.

Chapter 6: Conclusion and future work are presented



2 FBL Electrical System and Modes of Operation

2.1 Introduction
This chapter presents the electrical power system of the FBL (Future Building Laboratory) and

discusses Sunny Island's and Sunny Boy's different modes of operation.

2.2 Electrical Power System of the FBL

The electrical system of the building without any PV cells and batteries consists of a power
supply of 600 V 3-phase 60 Hz from the grid, a 3-phase 150 kVA delta/star connected transformer
which steps down the 600 V to 208 V (line) or 120 V (phase), and a 3-phase distribution panel
which distributes the power to different loads. The total load of the building is almost 70 kVA.
The electrical system is shown in Figure 2.1. Table 2.1 shows the characteristics of the 3-phase

transformer used in the house.

For experimental purposes, some of the loads of the house are transferred from the main panel
to the sub-panel, as shown in Figure 2.2. Two transfer switches are used to supply the sub-panel
loads from the grid, the solar battery system, or the EV. So, even if the solar battery system
malfunctions, the grid can supply the household loads. The transferred loads in the sub-panel are
shown in Table 2.2. For emergency backup power needs, the AC socket for the EV is connected
to the single-phase inverter that takes power from the EV traction battery. The transfer switch is

put on the EV mode, and then the AC socket for the EV is connected to the C-phase loads of the

sub-panel.
Main
Ac T
. (A A Distribution
Grid
Panel
150 KVA, Delta/Star
600V, 60 Hz (600 V/208 V)
Transformer

Figure 2.1 Electrical Power System of FBL

For integrating the electrical power from the PV modules in the house, the inverters Sunny
Island and Sunny Boy are used along with the battery storage system. The electrical wiring diagram

presented in [17] 1s updated to add other converters and energy sources to the house. The input in



disconnector 1 (DSC 1) comes from the main distribution panel; then, each phase goes to Sunny
Island's input terminal AC2 (Gen/Grid). The Sunny Islands' output AC1 (Loads/Sunny Boys) is
connected to the three PCC lines. Two lines of the PCC are connected to the outputs L1 and L2 of
the Sunny Boys in 208 V wye connection fashion, as shown in Figure 2.2. These PCC lines are
connected to the house's loads. Figure 2.3 shows the transfer switches and sub-panel installed in

the house.

The Sunny Islands' DC terminals are connected to the Battery Bank system through the DC
busbar of the respective polarity. Each PV array is connected to one of the Sunny Boy's MPPs. C+

and C- terminals are used for PV array connections.

3X Solar Panels

|
1
I
L DC Distribution Cabinet EX Batteries: PYLONTECH (Photovoltaics)
- Distribution Cabinet [garrery | s3nooc, 48, 3. 55 kwh
DC Busbar Bank DC Busbar PV Array 1}’:| PV Array 2}’:|

Transfer Switch 1 Transfer Switch 2
a —|
N ™ y Sub
N —| P
GND—] Panel
Utiliy| Main | o - 1 —
Grid Service [ ... Building Loads Lo~ -
Panel - a0
SMA Source 2 Windows DSCE
|_ I I Solar Panels S0A
' AC Socket
Splitter | for EV

Q | [ [e-Jeafe Tc [e[o-Jc-Ta]e ] NERNEE
|_ p— |—_ — :.)’___r_ oC DC DC
SB1 SB2 SB3
pcl+[- DC[+[-] DC[+[-]
CTCTPEIN] AC TTL[PE[M LTLTPE[N] AC
DsC1 —  S— —
50A Si1 SI2 SI3
\ DSC 2 :I DSC 3|: DSC 4|:H]
* Gen/Grid | Loads/sB en/Grid | Loads/SB Gen/Grid | Loads/58 | 40A : 40A \': 40A [ 11
AC2 ACL ACZ ACT ACZ | ACT
LINPEPEN] LINPEPENIL]  [LINPEPEN] DscS
H-T— T T T T 1T — —| 71— —T| 7T 60a
. |
| L | By
|
)
| s T
L i !

Splitter DSC - Disconnector Slx: SMA Sunny Island SI16048-US Inverter {Grid Forming Inverter)

SBx: Sunny Boy SB7.7-15P-US-41 Inverter (Grid Following Inverter)

Figure 2.2 Electrical Wiring Diagram of the FBL with different Energy Sources
Table 2.1 150 KVA Transformer Characteristics [21]

Make and Model Characteristics
REX POWER MAGNETICS kVA Rating 150 kVA
BC150J-M/S1/T80/X/Z3 Frequency 60 Hz
% IMP 4.0 %
BIL 10 kV
Primary Voltage 600 V Delta
Secondary Voltage | 208Y/120 V
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Figure 2.3 Transfer Switches and Sub-panel

Table 2.2 Transferred Loads in Sub-panel

No | Load Phase A (VA) Phase B (VA) Phase C (VA)

1 EXTERIOR LIGHTING 105
(CIR. 1)

2 MEZZANINE LIGHTING 826
AND LIGHT PIT (CIR. 2)

3 GROUND FLOOR 891
LIGHTING (CIR. 3)

4 GROUND FLOOR 1424
LIGHTING (CIR. 4)

5 Heater (CIR. 13) 750

6 Heater (CIR. 15) 750

7 HU1-001-110.00-SH 2025
(Humidifier) (CIR. 17)

8 HU1-001-110.00-SH 2025
(Humidifier) (CIR. 19)

9 DSC INTRUSION ALARM 500
BOX (CIR. 18)

10 | VE1-002-110.01-SH 75
(Greenheck Fan) (CIR. 29)

11 | EC1-002-110.01-SH (Air 500
Exchanger) (CIR. 35)

12 | COMMUNICATION 500
PANEL WITH... (CIR. 51)

13 | FIRE ALARM CONTROL 500
PANEL (CIR. 53)

14 | ISTAR PANEL (Door 100
Controller) (CIR. 54)

Total 3706 2775 4490

11




2.3  Major Components of the Power System
In the system shown in Figure 2.2, the Sunny Island and Sunny Boy are the Grid-Forming and
Grid-Following Inverters, respectively. Six batteries are connected in parallel to the DC bus bar of

their respective polarities.

2.3.1 Sunny Island (Grid Forming Inverter)

The grid-forming inverters create a grid-like voltage when the grid is shut down. Its primary
significance is that it can start without any external supply source [19]. It uses the 48 V house
battery bank as a power supply. The grid-forming inverter controls the voltage and frequency
according to the power requirement of the load [20]. The Sunny Island works as a rectifier and
battery charger to charge the battery from the grid under normal conditions. When the grid is shut
down, it works as a grid-forming inverter. It creates a grid-like voltage by converting the battery's
DC power to AC power to supply the loads. Table 2.3 gives the specification details of the Sunny
Island inverter.

Table 2.3 SMA Sunny Island SI6048-US Inverter Specifications [22]

Make and Model Characteristics
SMA Solar Output Data
Technology Nominal AC Voltage 120 V(105 Vto 132 V)
America LLC (Adjustable)
Nominal AC Current 48.0 A
SMA Sunny Island  'Nominal AC Power 5750 W
S16048-US Inverter Nominal Frequency 60 Hz (55 to 65 Hz)
Input Data
Input Voltage (Adjustable) 120 V (80 V to 150V)
Input Frequency 60 Hz (54 Hz to 66 Hz)
(Adjustable)
Maximum AC input S6 A(0AtoS56A)
Current (Adjustable)
Maximum Input Power 6.7 kW
Battery Data
Battery Voltage (range) 48V (41 Vto 63 V)
Maximum battery charging 140 A
Current
Continuous charging 110 A
Current
Battery Type Lead-acid battery:
VRLA/FLA/NiCd battery
Lithium-ion battery

12



2.3.2 Sunny Boy (Grid Following Inverter)

The grid-following inverters create an output voltage in phase with the grid’s voltage. In doing
this, the grid supply is required. The grid-following inverters control the output power by
measuring the angle of the grid’s voltage using a phase-lock-loop (PLL) [20]. In this configuration,
the Sunny Boy follows the phase of the voltage created by Sunny Island when the grid is off. The
Sunny Boy works in one direction only, i.e., it converts the DC power of the PV cell into AC

power to supply power to the load, to charge the battery, or to supply power to the grid. The

specification of the Sunny Boy inverter is shown in Table 2.4.

Table 2.4 SMA Sunny Boy SB7.7-1SP-US-41 Specifications [23]

Make and Model Characteristics
SMA Solar Dc Input
Technology Maximum PV Array Power 12320 Wp
America LLC Maximum Input Voltage 600 V
Minimum Input Voltage 100 V
SMA Sunny Boy Maximum Input Current per 10 A
SB77-1 SP-US-41 lnput
Number of independent 3
MPP inputs
AC Output
Rated Grid Voltage 208V /240 V
Rated Power at 208 V /240 6650 W /7680 W
\Y
Nominal AC Current at 208 32A/32A
V /240V
Operating range at AC 59.3 Hz to 60.5 Hz
power Frequency 60 Hz
AC Voltage range at 208 V 183 Vto229V
AC Voltage range at 240 V 211 Vto264V
2.3.3 Pylontech Battery Bank

Six batteries are connected in parallel to form a battery bank. The battery bank is connected
to the bus bar of the respective polarity. The battery has an inbuilt BMS (Battery Management
System) for charge management and protection functions such as over-discharge, over-charge,

over-current, and high/low temperature. The six batteries are connected via Ethernet cables.

13




Table 2.5 PYLONTECH-US3000C Li-ion Battery Specifications [24]

Make and Model Characteristics

Pylon Technologies Co., Ltd. Nominal Voltage 48V
Nominal Capacity 3552 Wh

PYLONTECH-US3000C Li-ion Usable Capacity 3374.4 Wh

Battery Depth of discharge 95 %
Discharge Voltage 445V to53.5V
Charge Voltage 52.5Vto53.5V
Recommended 37 A
Charge/Discharge Current
Communication RS485, CAN

2.3.4 Communication Network

The master SI inverter is embedded with the RS-485 Piggy-back for RS-485 communication
with the EDDM (SMA Data Manager); it also communicates with the battery bank on CAN
protocol and other SI inverters (slavel, slave2). The six batteries communicate through
LINKPORT; the first battery behaves like the master battery. The Sunny Boy inverters’
communication ports are connected in a daisy chain, with one end connected to the EDDM. The
EDDM is connected to the internet for remote access to the system. Figure 2.4 shows the detail of
the communication network. The detailed commissioning process and remote monitoring platform

are discussed in the appendix.

14
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Figure 2.4 Communication Network of the SMA converters

2.4  Modes of Operation

The working mode of these inverters varies depending on the conditions. Conditions such as
grid power, house battery state of charges, power generation from solar modules, and power
consumed by the house loads at a particular time will decide the mode of the inverters and the

power flow in the system. The different scenarios are discussed below.

2.4.1 When the Grid is ON, and the battery is not fully charged

In this case, two sub-conditions arise depending on the house's power consumption.
a) Solar modules are producing less power than the required house load power:

The power from the grid will be used to charge the battery through the Sunny Islands. In this
case, the Sunny Islands work as a battery charger. The house loads will be fed from the grid and
solar power. The Sunny Boys will work as grid-following inverters; they supply power to the house

loads on the grid voltage and frequency of that moment, as shown in Figure 2.5.
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Figure 2.5 Power flow mode 1
b) Solar modules are producing more power than the required house load power:

Solar modules satisfy the power requirement of the house loads and generate excess power,
which is used for charging the battery system. At that time, no power is taken from the grid, as

shown in Figure 2.6.

Battery Solar
Bank Modules
t Sunny
Boy
Grid Sunny House
— 1 Island Loads

Figure 2.6 Power flow mode 2

2.4.2  When the Grid is ON and the battery is fully charged
Same as the above two conditions. There are two modes depending on the power consumption

habit of the house loads.

a) Solar modules are producing less power than the required house loads:

As the battery is fully charged, the power from the grid bypasses the sunny island and gives
power to the house loads. Also, the power generated from the solar modules will contribute to

house loads. As shown in Figure 2.7.
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Figure 2.7 Power flow mode 3
b) Solar modules are producing more power than the required house load power:

In this case, the excess power generated by the solar modules will be injected into the grid when

the battery is fully charged, as shown in Figure 2.8.

Battery Solar
Bank Modules
Sunny
Boy
Grid Sunny House
— 1 Island Loads

Figure 2.8 Power flow mode 4

2.4.3 When Grid is OFF

Here, two scenarios will also occur based on solar power generation.

a) Solar modules are producing less power than the required house load power:

Battery Solar
Bank Modules
l’ Sunny
Boy
Grid sunny . House
| Island Loads

Figure 2.9 Power flow mode 5
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In this case, the Sunny Island uses the battery power to create a grid-like voltage and frequency.
The Sunny Boy follows the created voltage and frequency to inject solar power into the PCC to

feed the house loads, as shown in Figure 2.9.

b) Solar modules are producing more power than the required house load power:

As shown in Figure 2.10, the Sunny Islands will use the excessive power generated by solar

panels to charge the battery bank.

Battery Solar
Bank Modules
1 Sunny
Boy
Grid Sunny House
— 1 Island Loads

Figure 2.10 Power flow mode 6
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3 Modelling and Simulation of Converters
3.1 Introduction

In this chapter, the Sunny Island (Grid Forming) and Sunny Boy (Grid Following) converters

are simulated separately first, then together in an off-grid condition.

3.2  Grid Forming Converter (Sunny Island)

Currently, most inverters in engineering use a grid-following inverter control architecture,
employing vector current control to manage the output current [25]. Traditionally, synchronous
generators provide the voltage needed by inverters. However, with more new energy generation
devices connecting to the grid via converters, the proportion of synchronous generators is
decreasing, weakening the grid’s strength [26]. Grid-forming inverters are seen as a key solution
for power grids with a high proportion of power electronics penetration [27-28]. Grid-forming
inverters can independently generate AC output voltage, allowing them to operate in isolation or

on weak grids, offering a significant advantage in power systems [29].

3.2.1 Investigation of the internal hardware of Sunny Island
For a clear understanding of the topology of the grid-forming converter to form a
model, internal hardware and component investigation is necessary. Figure 3.1 shows the inside

of the Sunny Island converter.

Sunny Island uses 32 MOSFETs in the H-bridge; each eight MOSFETs are connected in
parallel to form one switch. The switching frequency is found by measuring the output voltage
from the H-bridge using an oscilloscope. The results are shown in Figure 3.2. From Figure 3.2, the
converter uses a unipolar PWM scheme. The time period (ts) is found to be 100 ps, as illustrated
in Figure 3.3. Hence, the switching frequency of the Mosfets in the H-bridge is 10 kHz. The DC
side of the H-bridge has a total capacitor value of 48.6 mF.

19



Figure 3.1 Sunny Island Converter: 1) H-bridge converter, 2) MOSFET (Infineon-IRF2907Z7), 3)

Display and parameter setting buttons, 4) Filter Components, 5) Controller and Processor Unit,

6) Relay, 7) AC Terminals: Load side and Grid side, 8) DC Terminals, 9) Communication Unit
Tek Run Trig'd | I - ] | @

- b

el 20.0v - 4.00ms 312kS/s @R/ -100v  10:20:05
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Figure 3.2 Sunny Island H-bridge output voltage waveform (4 ms/div)
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Figure 3.3 Sunny Island H-bridge output voltage waveform (10 ps/div)

A transformer is used after the H-bridge to boost the AC voltage. The transformer is installed
on the back side of the Sunny Island. Figure 3.4 shows the transformer removed from the Sunny
Island. A relay is connected between the AC1 (Sunny Boy/Load) and AC2 (Grid). This relay is
connected as a safety device for islanding mode. Apart from the mentioned components, there are
voltage sensors, current sensors, fans for cooling, and a flyback converter. The following tests are

performed to obtain the parameters of the transformer.

a) Transformer Turns Ratio Test:

A transformer turns test is performed to obtain the transformer’s turns ratio. Table 3.1 shows
the data obtained from the transformer turns test. The approximate value of the ratio comes out to
1:4.5. If this ratio is used with a 48 V battery voltage, the maximum AC output voltage will be
145.1 V with a modulation index of 0.95. This obtained ratio is used in the simulation. Also, the

label on the transformer mentions a voltage rating of 27V/120V and a power rating of 3300 VA.

Table 3.1 Transformer Turns Test

No. LV HV Ratio
1 20.2 92.4 1:4.57
2 25.3 113.3 1:4.48
3 26.6 120.2 1:4.52
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Figure 3.4 Sunny Island’s Transformer

b) Transformer Open Circuit (OC) Test:

An open circuit test is performed to obtain the transformer's no-load losses. This test gives the
value of the shunt branch parameter of the transformer equivalent circuit. In the OC test, the LV
(Low Voltage) side rated voltage is supplied using a variac, and the HV (High Voltage) side is
kept open. Current and power are measured on the LV side winding. Figure 3.5 shows the

transformer test setup. Table 3.2 represents the data obtained from the transformer OC test.

Table 3.2 Transformer Open Circuit Test

I, (Open Circuit Voltage) I, (Open Circuit Current) P, . (no load losses)
273V 0.596 A 13.75 W
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Figure 3.5 Transformer OC and SC test setup
The equivalent shunt branch parameters (R, and L,,) on the primary side of the transformer

are calculated as follows:

R, = VLZC 3.1
POC
R, =54.20Q
cos @ = —P"C (3.2)
‘/OC X IOC
@ = 32.32°
Xy = _foe (3-3)
Ioc X sing
Xm = 85.650Q

L, = 227.25mH

c) Transformer Short Circuit (SC) Test:

A short circuit test is performed to obtain the series parameters of the transformer equivalent
circuit. The LV side is short-circuited, and the rated current is applied on the HV side. The rated
current is calculated from the transformer's rating of 3300 VA. The voltage on the HV side of the
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transformer is increased slowly to reach the full load current of 27.5 A. The measured power on
the HV side is the copper loss of the transformer at full load. The readings are mentioned in Table

3.3.

Table 3.3 Transformer Short Circuit Test

Vs (Short Circuit Voltage) I, (Short Circuit Current) P, (Full load losses)
16.56 V 279 A 159.6 W
F, 4
Rop = % G4
ISC
R02 = 0205 Q
Vs .
Zop = 1 @3
Sc
ZOZ == 0-5935 Q
X02 = 0557 Q
LOZ = 148 mH

3.2.2 Circuit Design

For the inverter mode of operation, the power is fed from the battery. The DC voltage of 48 V
from the battery is converted into 120 V AC. The H-bridge converter is used for the voltage
conversion from DC to AC. The voltage obtained from the H-bridge is of a lower magnitude. So,
to step up the voltage, a transformer is connected. The design of the topology is such that it can
work in both directions. The power is controlled by the controller. Finally, a filter is used to
attenuate the unwanted harmonics. L and R2 are the equivalent inductance and resistance of

the transformer and filter. A simplified circuit diagram is shown in Figure 3.6.

L R2
J- s1 I/ 53 l/ 1:4.5
c1 2
_— AC1 - Load/Sunn
Battery RrRi ! R3 ] y Boy
48v s2 / I:'J
4 S4 R.elay!

ACZ - Grid

Figure 3.6 Simplified Circuit Diagram of Sunny Island
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3.2.3 Controller Design

The AC output voltage from Sunny Island is 120 V. The H-bridge’s output voltage is controlled
to a desired value so that the transformer then steps up the voltage to 120 V. A closed-loop voltage
control is used to control the inverter’s output voltage at the desired value. The loop has a PI
controller and a unipolar SPWM scheme circuit. The carrier frequency of the SPWM is 10 kHz.
The reference triangular signal is 10 kHz. A dead time of 1 us is assumed to avoid a short circuit
in the leg of the H-bridge. The closed loop controller maintains the output AC voltage constant
even if the battery voltage and loads change. The chosen values for the PI controller of the AC
output voltage are presented in Table 3.4. Kp is the proportional gain, and Ki is an integral gain of

the PI controller.

Table 3.4 PI Controller Parameter

K, 3
K, 40

3.2.4 Filter Design

Consider a 5% voltage drop in the design of the LC filter inductor. The Sunny Island converter
is rated at 5.75 kW.

V=120 V RMS, 60 Hz
=48 A RMS
Vd = 2nf L x 1 (3.6)

L =0.33mH

From the investigation of the Sunny Island converter, it is found that the transformer used in
the converter has an equivalent inductance of 1.48 mH on the HV side. The measured equivalent
resistor of the transformer on the HV side is 0.205 . It is also considered in the simulation. The

transformer's inductance is considered when calculating the filter capacitance.

L=0.33mH + 1.48mH = 1.81mH

fo— o (3.6)
¢ 27T1/Lfo
fCS{—B, fs =10kHz, f.<1kHz
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The cut-off frequency found from the measured value of capacitor and inductor is 722.65 Hz.

C; = 26.8 uF

The measured value of Sunny Island’s filter capacitance is 25.8 uF. The selected values of the

filter for simulation are shown in Table 3.5.

3.2.5

Simulation

Table 3.5 Sunny Island Filter Parameter

Calculated | Measured | Simulation
Ls 1.81mH | 1.88 mH 1.88 mH
Cr 26.8 uF 25.8 uF 25 uF

Figure 3.7 shows the simulation circuit with the controller. The turn’s ratio and shunt parameter

of the transformer are considered in the simulation. Table 3.6 shows the battery parameters selected

for the simulation. In simulation, the load side of the converter is connected to a resistive load of

10 Q. The converter is loaded for 1200 W which is 20.86 % loading of the inverter.

|

Battery

|

i

hd

0.0001 Ohms

o

48.6 mF

T

e

i

M

4.5
%

T

1.88 mH 0.2 Ohms

[

25 uF

% 0.004 Ohms

10 kHz

t

—_
1e-06 s

Deadtime

t

i
1606’

Deadtime1

t

v vl

—
1e-06s

Deadtime2

t
i
16-06 s

Deadtime3

Continuous

u RMS

Figure 3.7 Grid Forming converter with PI controller for voltage control in Simulink

Table 3.6 Battery Parameters in Simulation

Nominal Voltage V 48V
Ah 74 Ah
SOC 80%
Fully Charged Voltage V | 55.87 V
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3.2.6 Results

The simulation results in the time domain are shown in Figures 3.8 and 3.9.

250 — I I I I I Voltage V_ (V)
200 —
150 - —
100 |- —
= sof 4
>D
L]
g °r T
(=]
>
-50 —
-100 [~
-150
-200 — _
| | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3
time (s)
Figure 3.8 Simulation result of the grid-forming converter; output voltage (time segment: 0 -
0.3s)
I I
25~ Current Iout (A)
20 —
151 .
10 - .
T sf -
_3
8 of .
5
Q
5+
-10 =
15—
20 - -
| | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3
time (s)
Figure 3.9 Simulation result of the grid-forming converter; output current (time segment: 0 -
0.3s)
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Figures 3.8 and 3.9 show that the output voltage and current take 0.2 - 0.25s to reach a steady

state.

250 —

Voltage Vout (V)

200 — =

100 —

Voltage V_ (V)

-100 —

-200 — .

| I | | I | | I |
0.3 0.32 0.34 0.36 0.38 0.4 042 0.44 0.46 048 0.5
time (s)

Figure 3.10 Simulation result of the grid-forming converter; the output voltage. (time segment:
0.3 - 0.5s)

25— A)

Current Iout (

20— -

| | | | | | | | |
0.3 0.32 0.34 0.36 0.38 0.4 042 0.44 0.46 048 0.5
time (s)

Figure 3.11 Simulation result of the grid-forming converter; the output current. (time segment:
0.3-0.5s)
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Figure 3.10 shows a sinusoidal voltage waveform and the RMS value of voltage is 119.9 V.

The current drown by the 10 ) loads is 11.99 A RMS as depicted in Figure 3.11.

80 [——so0c (%)

\
79.99 T~

\

~J
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w
(o]

Battery SOC (%)

[
/

~J
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©
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79.95 \\

79.94

\

0 0.5 1 15 2 25 3 35 4 45 5
Time (s)
Figure 3.12 Simulation result of the grid-forming converter; the state of the charge (SOC) of the
battery in the first 5 seconds of simulation. A decreasing SOC is observed

Mag (% of Fundamental)

0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

Figure 3.13 FFT analysis of the output voltage of the grid-forming converter.
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A FFT analysis of the voltage and current are shown in Figures 3.13 and 3.14. The dominant

odd harmonics 3™, 5™, 71 9™ etc are present. The THD of voltage and current waveform is 3.72%.

Fundamental (60Hz) = 16.96 , THD= 3.72%

Mag (% of Fundamental)

0 100 200 300 400 500 600 700 800 900
Frequency (Hz)

Figure 3.14 FFT analysis of the output current of the grid-forming converter.

3.3 Grid Following Inverter (Sunny Boy)

The grid-following inverter is a controlled current source synchronized with the grid [30-31].
A grid or a grid-like supply is required. The grid-following inverters control the output power by
measuring the angle of the grid’s voltage using a phase-lock-loop (PLL) [32].

3.3.1 Circuit Design
The grid-following inverter consists of an H-bridge to convert the DC to AC and an LCL filter
to attenuate the harmonics caused by the H-bridge's semiconductor devices (MOSFETs). The

circuit diagram of the grid-following inverter is shown in Figure 3.15.
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Figure 3.15 Circuit diagram of the grid-following (Sunny Boy) Inverter

3.3.2 Controller Design

The control circuit of the grid-following inverter is shown in Figure 3.16. An orthogonal signal
generator (OSG) converts the inverter feedback current to alpha-beta axes. /4 erand I, rer are the
reference currents for controlling the active power and reactive power, respectively [33]. A phase
Lock Loop (PLL) block is used to obtain the phase of the grid voltage. This phase from the PLL
is used for the axes transformation. V4 and the V4 are the feed-forward terms [34]. Generally,

when the inverter is connected to the grid, the reference current /s oy comes from the maximum

Id e 4 +
—’(?—' PI Q
b aB Lf - l i-l- dq _@
A B,
Wi

v

Imf— 0SG Iif o

h J

B

Iorg + +
— H
PLL U, & I:I [fj+ Tﬂ
Iy Vof

PLL

Figure 3.16 Grid Following Inverter Control Circuit

power point tracking (MPPT) block, as shown in Figure 3.17. However, during the off-grid
conditions, the current is controlled based on the load requirement. The current control loop has a
PI controller and a unipolar SPWM scheme circuit. The carrier frequency of the SPWM is 10 kHz.

A dead time of 1 us is assumed for the simulation.
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Figure 3.17 Id_ref generated from the MPPT block using a PI controller

3.3.3 MPPT

The perturbation and observation MPPT algorithm is commonly used in many PV systems

[35-36]. In simulation, the MPPT block is written in a MATLAB function block and follows the

algorithm shown in Figure 3.18.

| Start |

b
Sample V(n), I(n)
dP=P(n)-P(n-1)
dV="V(n)-V(n-1)

dP=0

NO

YES NO

> o>

YES NO NO YES
Ve=Vr-dV V=Vt +dV V=i +dWV Vr=Vr-dV
v 3 v v v

Figure 3.18 Flowchart of the P&O MPPT algorithm [37]
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3.3.4 Filter Design
As shown in Figure 3.19, LCL filters are commonly used in grid tie inverter applications. When
designing the filter capacitor, 5% of the total power is considered a reactive power requirement.

The Sunny Boy inverter's total power rating is 7800 W.
Qc = I/'2(‘)oc‘max (3.7

Coax = 72 UF

L1 L2

TC

Figure 3.19 LCL Filter

For the inductor design, considering a voltage drop of 5%,

P 7800

I'=3= 7130 =64
V, =X, +1 (3.8)
L = 0.25mH

The total value of the inductor is obtained; it is divided into two equal parts for the LCL filter.

For the lowest current ripple, the values of L1 and L2 are the same.

L1=1L2=125puH

Table 3.7 Filter Parameter

Calculated | Simulation

Ll L2 125 uH 125 uH
C 72 uF 25 uF

The calculated value of the capacitor (72 pF) is the maximum value. In simulation, the used

capacitor value is 25 pF.
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3.3.5 Simulation
Case I: Sunny Boy inverter supplying power to the grid

The simulated system is shown in Figure 3.20. In this simulation, the grid-following inverter
is connected to a PV module on the DC side, and the AC side is connected to the grid. The
specification of the PV module selected is given in Table 3.8. In a string, a total of 10 modules are
connected in series. Sun irradiance and cell temperature are kept at 1000 W/m? and 25°C. The
current and voltage controller values are mentioned in Table 3.9. The g-axis (reactive current
component) reference current is kept at zero in the simulation, so the output power from the

inverter is purely active. The GFL inverter is simulated at 43% power capacity.

{um(s
denfs)
er_

Filter_1

0.00050hms 125 uH 0.0005 Ohms 125 uH

0.0001 Ohms

25uF

|

B

Filter_2

w Ll 1
q M i J

ra 2
= 8
2

Solar Panel

Figure 3.20 Grid-following inverter feeding grid system in Simulink

Table 3.8 Specifications of a PV module

Open-Circuit Voltage V. 51.5V
Short-Circuit Current /y. 94 A
Voltage at maximum power point Vi, 430 V
Current at maximum power point /u 8.13 A
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= 8
s

Table 3.9 PI Controller Parameter

Current Controller PI (PI-1) K, 8
K; 200

Voltage Controller PI (PI-2) K, | -0.01
K; 10

Case II: Sunny Boy inverter supplying power to the grid and 1.5 kW load

In this simulation, all parameters of the above simulation are kept the same, and a 1.5 kW

(9.6 Q) load is added, as illustrated in Figure 3.21. The PV power feeds the load and the extra PV

power is fed back to the grid.

Solar Panel

s 0.00050hms 125 ul 0.0005 Ohms 125 ud | @
q - AN—TTT ' Ay Fm\'“—*' ’t
lout
i

0.0001 Ohms

25uF

|

Freg - Apha

P )
PLL Fillr_2 -

056

o ffo—E ®

- DY |
>
e

9.6 Ohms

Figure 3.21 Grid-following inverter feeding grid and load system in Simulink
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3.3.6 Results
Case I: Sunny Boy inverter supplying power to the grid

The results of the simulation are shown in Figures 3.22 to 3.25.

| | | | | | |
500 - —Voc(Vpe) -
400 - .
E
> 300 .
S
o
> 200 -
100 [ .
0 | | | \ | |
0 0.5 1 1.5 2 2.5 3 3.5 4.5 5
time (s)
Figure 3.22 Simulation results for the grid-following inverter; the input DC voltage from the PV.
Figure 3.22 shows that the DC voltage achieves a maximum power point (MPP) voltage of
434.3 V at the steady state. Figure 3.23 also shows the inverter reaches the maximum power point
(MPP) in less than one second.
— Active Power (W)
3500 -
. 3000 - n
E 2500 N
o
< 2000 |- N
c
o 1500 | .
=
© 1000 N
<
500 N
[] = —
\ | | \ | \
0 0.5 1.5 2.5 3 3.5 4.5 5
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Figure 3.23 Simulation results for the grid-following inverter; the PV power.
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Figure 3.24 Simulation results for the grid-following inverter; the inverter output current.
The output current waveform is sinusoidal with some ripple at the peaks, as illustrated in Figure
3.24. The injected current into the grid is 28.6 A RMS.
Fundamental (60Hz) = 40.45 , THD= 4.62%
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c
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Figure 3.25 FFT analysis of grid following inverter output current
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Power (W)

The FFT analysis of the current waveform is shown in the Figure 3.25. The dominant odd
harmonics are present in the analysis. Total harmonic distortion (THD) of the output current of the

grid following inverter is 4.62%.

4000 | |

Input Power (W)
Output Power (W)

3500

3000

2500

™)
o
o
[=]
I

1500 [~

1000 -

0 | | | | |
1 1.5 2 25 3 3.5

time (s)

Figure 3.26 Simulation results for the grid-following inverter: the blue trace is the DC input
power of the PV panels, and the green trace is the AC output power of the inverter.

From Figure 3.26, the inverter's output power is 3360 W, and its input power is 3493 W. Thus,

the inverter's efficiency is 96.2 %.

Case II: Sunny Boy inverter supplying power to the grid and 1.5 kW load

The output current waveform of the Sunny Boy inverter, the load current, and the grid current
are shown in Figure 3.27. The RMS values of these three currents are 28.59 A, 12.5 A, and 16.53
A, respectively.

Figure 3.28 shows the power generated by the Sunny Boy inverter, the power consumed by
the load, and the power fed back to the grid. The values are 3360 W, 1500 W, and 1859 W,
respectively. The solar power satisfies the load requirement, and the excess power is fed back to

the grid.
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Figure 3.27 Steady-state simulation results for the grid-following inverter feeding the load and

the grid: currents.
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Figure 3.28 Steady-state simulation results for the grid-following inverter feeding the load and

the grid: powers.
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3.4 Integrated System

The integrated system consists of grid-forming (GFM) and grid-following (GFL) converters
connected in parallel. The simulation mainly focuses on the off-grid condition when there is
excessive solar power generation. In [38], [39], and [40], different control strategies of the GFM
and GFL inverters are mentioned. Reference [39] uses a frequency droop to control the power of
the GFM inverter. Reference [40] divides the controlled voltage between the GFL and the GFM
inverters. Reference [41] discusses various control techniques for power synchronization, along
with the issues of angle and current stability. Reference [42] shows the adjustment of active and

reactive powers of the GFL inverter using the measured frequency and voltage magnitudes.

3.4.1 Controller Design

In the proposed strategy, the power demand is first detected using a frequency droop. After
that, the current is controlled so that the maximum power is generated by the GFL inverter first,
and then the power from the GFM converter is used if the load demand is greater than the solar-
generated power. This way, the maximum solar power is utilized. The controllers of the GFM and
GFL inverters are updated to work in off-grid conditions.
3.4.1.1. Updated GFM Converter Controller

The controller shown in Figure 3.29 focuses on the inverter mode during off-grid conditions.
P 1s the active power of Sunny Island converter (GFM). The “f” block in the controller decides
the operating frequency of the GFM converter in an off-grid condition based on the value of P.
Figure 3.30 shows the flowchart of the “f” block. In the GFL inverter connected condition, the

frequency is shifted so that the power of the GFL inverter is controlled using the shifted frequency.

Vf RMS
Pm— { P\

¥

PWM

Figure 3.29 Updated controller of the GFM converter
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Figure 3.30 Flowchart of the “f” block of the GFM converter in off-grid conditions

3.4.1.2. Updated GFL Inverter Controller
The output power of the GFL inverter is controlled using the inverter current. When the GFL

inverter is connected to the grid, it works in the MPPT condition. In off-grid conditions, when the
GFL inverter is connected to the GFM converter, the output power is controlled using the
frequency reference from the GFM converter. The output power control with respect to frequency
is shown in Figure 3.31. The power output varies between 60 to 62 Hz. The power-varying
frequency bandwidth is 2. At the startup, the GFL inverter works in MPPT mode and obtains the

value of maximum power (Purpr). The slope is calculated as shown in equation 3.9.
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Figure 3.31 Frequency shift power curve

P
Slope (S) = MSPT (3.9)

To obtain the required power from the frequency,
P=Sx(62-f) (3.10)

When the frequency exceeds 62 Hz, the GFL inverter shuts down. Figure 3.32 shows the
generation of the d-axis reference current. Initially, the switch (SW) is at S1, and the GFL inverter
works in MPPT and obtains the value of maximum power (PMPPT). From the value of (PMPPT),
the slope is determined using equation 3.9. The switch (SW) transfers to S2 if the GFL inverter is
connected to the GFM converter. Otherwise, the switch remains on S1 if the GFL inverter is
connected to the grid. The P(f) block calculates power from frequency using equation 3.10. By
dividing the power by the voltage (V), the current (I) is obtained.

Z Vv ref = I
Ev:‘ O L ,@_.|+ 1;1 Il
Fov —

etV

Figure 3.32 Generating d-axis reference current

3.4.2 Simulation

Case I: When load consumption is less than PV generation

GFM and GFL converters are simulated together to test the control strategy of frequency shift
power control. The combined control strategy focuses mainly on the off-grid condition. In this

integrated system, the GFM converter is connected to a 48 V battery, which is 100% charged, and

42



the GFL inverter is connected to the solar panel module. The PV module's ratings are 3.49 kW,
515 V open circuit voltage, and 9.4 A short circuit current. The circuit diagram is shown in Figure
3.33. To test the frequency shift power control method, the loads are changed from 25 Q to 40 ()
in steps of 5 ). To achieve this, equivalent parallel branch resistors are removed one by one (1504,

210 Q, 280 Q).

close open open open

1.5 sec 6.2 sec 5 sec 3.7sec

g mp g mp g mp g mp
@‘ + * T, 40 Ohms 280 Ohms 210 Ohms 150 Ohms
e B

@‘ T ,_I—n Load Load Load Load T

Battery Bank

+

GFM Inverter

1000 Ir > + L
T . :

2

H

PV Array ’ i)

GFL Inverter
Figure 3.33 Integrated System in Simulink; load consumption is less than PV generation

Case II: When load consumption is more than PV generation

The GFM and GFL converters are simulated together to feed the 2.5 kW (5.76 Q) resistive
loads. The rated PV power is 3.49 kW, with an irradiance of 500 W/m? considered in the
simulation. The generated PV power becomes nearly half the rated power, which is insufficient
for the 2.5 kW load. In that case, the battery power contributes to feeding the load through the
GFM converter. In simulation, the 2.5 kW load is connected to the system at 1.5 s. The combined

system with the load is shown in Figure 3.34.
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Figure 3.34 Integrated System in Simulink; load consumption is more than PV generation
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3.43 Results
Case I: When load consumption is less than PV generation

Figures 3.35 and 3.36 show the simulated results of the integrated system. Figure 3.35 shows
the power of the GFL inverters, the GFM inverter, and the load. Figure 3.36 shows that as the load
decreases, the system's frequency increases, and the GFL inverter’s output power decreases. The
GFM converter consumes some power to charge the battery momentarily until the GFL inverter

output power reaches a steady state.

2000 | | |
— GFL Inverter Power (W)
—— GFM Inverter Power (W)
1000 — Load Power (W) -
0 Lo I A
22000 | | | | \ \ |
1 2 3 4 5 6 7
time (s)

Figure 3.35 Simulation results of the integrated system; system reaches stability after 1 sec
then load is applied at 1.5 sec
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Figure 3.36 Simulation results of the integrated system; frequency shift power control when the
load decreases. A zoomed-in version of Figure 3.35

Case II: When load consumption is more than PV generation
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Figure 3.37 Simulation results of the integrated system; GFL and GFM inverters both contribute
to load

The GFL inverter contributes the maximum possible PV power, and the remaining power is
contributed by GFM inverter. From 1.5s to 6.5s, the frequency shift power control method
increases the GFL inverter power to the maximum of 1718 W, and the remaining 782 W 1is

generated by the GFM inverter, as shown in Figure 3.36.
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4  Experimental Analysis of Converters
4.1 Introduction

This chapter presents the results of the Sunny Island (Grid Forming) and Sunny Boy (Grid

Following) converters obtained from the performed experiments at the FBL.

4.2  Sunny Island Converter
The Sunny Island converter output voltage and current waveforms are obtained by connecting
the decided load in off-grid conditions. In this condition, the converter works as an inverter and

supplies AC power to the connected load.

4.2.1 Experimental Setup

The schematic diagram of the experiment setup is shown in Figure 4.1. The grid, which is
generally connected to the AC2 side of the Sunny Island, is disconnected by a grid disconnect
switch (DSC 1). The load side is connected to the Chroma variable load device, which is set to 10
Q during the experiment. The Sunny Island is tested for 20.86% loading, which is the same as in

the simulation.

Battery Bank

g

DC[+]—
SI1
AC2 AC1
DSC 1 L[N PEIPE[NIL
~ |
Grid 120V, = Chroma
60 Hz Variable Load

Main Distribution
Panel

Figure 4.1 Schematic of Sunny Island and load experiment setup.

Voltage and current at the load side are measured using an oscilloscope. Figure 4.2 illustrates

the experimental setup to obtain the waveforms.
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Figure 4.2 Sunny Island experimental setup: 1) Disconnect switch (DSC-1), 2) Sunny Island
converter, 3) Battery bank, 4) Chroma variable load device, 5) Oscilloscope.

4.2.2 Observations

| f

SUNNY ISLAND [1 SUNNY ISLAND 2
SUNNY ISLAND SUNNY ISLAND 4

Figure 4.3 Sunny Island display: 1) Battery type, 2) Battery voltage, 3) Battery SOC, 4) Total
inverter output power.

Figure 4.3 shows the display indication of Sunny Island during the experiment. The battery-
to-load arrow indicates that the battery bank is feeding the load.
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4.2.3 Experimental Results
The voltage and current waveform results of the Sunny Island experiment are shown in Figures
4.4 and 4.5.
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Figure 4.4 Experimental result of Sunny Island converter, output voltage (time segment: 0-0.2s).
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Figure 4.5 Experimental result of Sunny Island converter, output current (time segment: 0-0.2s).

As shown in Figures 4.4 and 4.5, the Sunny Island voltage and current waveforms are
sinusoidal in nature, and their RMS values are 119.4 V and 11.2 A, respectively.
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Figure 4.6 FFT analysis of the output voltage of Sunny Island
, Fundamental (60Hz) = 15.82 , THD= 6.32%
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Figure 4.7 FFT analysis of the output current of Sunny Island converter.

According to IEEE 519, for a voltage level less than 1 kV, the voltage THD should be under

8%, and the individual harmonics distortion should be less than 5%. From Figure 4.6, the voltage
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THD is 5.83%, which is within the limit of the IEEE standards. Also, the individual harmonics are
less than 5%. From the FFT analysis of the waveforms, the presence of 30 Hz harmonic is noted.
This sub-fundamental harmonic is due to the non-linearities of the inverter circuit, such as the
switching actions of Mosfet. From the FFT analysis of the current in Figure 4.7, the THD is found
to be 6.32%, and the dominant harmonics are 3rd, 5th, 7th, and 9.

4.3  Sunny Boy Inverter

The Sunny Boy inverter is a grid-tie inverter. Excessive solar power generated by Sunny Boy
either charges the battery bank connected to Sunny Island or is injected into the grid. Power
generated by the Sunny Boy is calculated using the voltage and current waveforms and compared

with the DC input power.

4.3.1 Experimental Setup

The FBL has window solar panels, but the voltage generated by the panels is insufficient to
start the Sunny Boy inverter. The DC voltage cut-off level of the Sunny Boy inverter mentioned
in the datasheet is 100 V. A variable DC source (Chroma PV simulator) is used to test the Sunny
Boy. The DC source is capable of creating a PV-like DC source. The Chroma PV simulator can
give a maximum of 150 V and 10 A. The open circuit voltage and short circuit current are decided
according to these ratings. The configured parameters of the PV simulator are shown in Table 4.1.
A real-time simulator (Opal-RT 4510) is used to log the Sunny Boy inverter's output voltage,
current, and power. Figure 4.8 shows all the required connections for the experiment. The detailed

experimental setup with the devices is shown in Figure 4.9.

Table 4.1 Configured parameters of the DC source

Open-Circuit Voltage Vo, 150 V
Short-Circuit Current /s 10 A
Voltage at maximum power point Vi, 130V
Current at maximum power point 1y, 85 A
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Figure 4.8 Schematic of Sunny Boy inverter experimental setup.

Figure 4.9 Sunny Island experimental setup: 1) Sunny Island converter, 2) Sunny Boy inverter,
3) Battery Bank, 4) Opal-RT 4510 for logging data, 5) Chroma DC source, 6) PC, 7) Main
distribution panel (the grid).

4.3.2 Observation

Figures 4.10 and 4.11 show the observations taken during the experiment.
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SUNNY ISLAND

Figure 4.10 Sunny Boy inverter experimental observation: 1) Sunny Island converter display:
power is sent from AC1 (load-side) to AC2 (grid-side), and at the same time, it charges the
battery, 2) Chroma PV simulator display: the values 129.58 V and 8.54 A indicate

‘ ;B 0. 0] A3 s 15,04
§2 |0 = 2o cm ol fa fm g s s o

P2 163ElW
8z = 15 B SRl

Figure 4.11 Sunny Boy inverter display: 1) DC input parameters (Chroma PV simulator is
connected to B), 2) AC output parameters, 3) Power output and total energy.
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4.3.3 Results
Figure 4.12 shows the Sunny Boy output voltage waveform; the measured value of voltage
is 119.4 V RMS.
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Figure 4.12 Experimental results of the Sunny Boy inverter: output voltage (time segment: 0 -
0.15s).
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Figure 4.13 Experimental results of the Sunny Boy inverter: output current (time segment: 0 - 0.2
s).
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Figure 4.13 shows the Sunny Boy output current waveform. Distortion can be noted in the

sinusoidal waveform. The measured RMS value of the current is 8.5 A.
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Figure 4.14 Experimental results of the Sunny Boy inverter: output power (time segment: 0 - 140

s).
Figure 4.14 shows the Sunny Boy's output power. When the Sunny Boy inverter is turned on
at 40 s, it starts tracking the MPP and achieves maximum power after a few seconds. The AC

output power of the Sunny Boy inverter is 1036 W, as displayed on the inverter in Figure 4.11.
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Figures 4.15 and 4.16 show the FFT analysis of the voltage and current waveforms.

Fundamental (60Hz) = 165.3 , THD= 4.84%
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Figure 4.15 FFT analysis for the output voltage of the Sunny Boy inverter.
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Figure 4.16 FFT analysis for the output current of the Sunny Boy inverter.
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The dominant harmonics are the odd harmonics, such as 3, 5% 7% 9% 11% and 13™, as shown
in the FFT analysis. The voltage THD is 4.84%, which is within the IEEE 519 standard. The
injected current into the grid has a high THD value of 8.92%. One of the reasons behind this
behavior is the non-linear loads, such as lighting, computer, security and communication devices,
connected to the main panel in the FBL. In addition, the Sunny Boy’s output power is also rectified

by the Sunny Island to charge the battery, which causes distortion in the waveform.

4.4  Integrated System

To analyze the converters' frequency shift power control, the Sunny Island and Sunny Boy
converters are operated in off-grid conditions with a variable load. In this test, the system's
frequency, the Sunny Island and Sunny Boy output powers, and the load power consumption are

measured when the loads vary.

4.3.4 Experimental Setup
The integrated system test data are logged using Opal-RT. Three current probes and a voltage

probe are connected, as shown in Figure 4.17. A Chroma PV simulator is connected to the DC

Chroma PV

Battery Bank Simulator

DCl+]-] o]~ s
DC
SI1 <g3
CP - Current Probe
AC2 ACL VP - Voltage Probe
LINPEPEINTL L L [PEIN] AC cp1
CEE"CPZ; E IL 0— Chroma
a Variable Load
VP
L

Opal-RT 4510

Figure 4.17 Schematic diagram of the integrated system.
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side of the Sunny Boy inverter. The DC parameters are the same as mentioned in Table 4.1. The
resistive load is varied in steps of 5 (), starting from 25 to 40 Q using the Chroma variable load

device. The actual devices are shown in Figure 4.18.

Figure 4.18 Experimental setup of the integrated system: 1) Sunny Island converter, 2) Sunny
Boy inverter, 3) Battery Bank, 4) Opal-RT 4510, 5) Chroma PV simulator, 6) PC, 7) Chroma
variable load.

4.3.5 Results

Figure 4.19 shows the result of the integrated system. Some part of the Sunny Boy power
(green trace) is used by Sunny Island (blue trace) to charge the battery, and the load consumes part
of the power. The charging power is around 200 W. It is observed that when the load decreases,
the system's frequency increases, and the output power of the Sunny Boy inverter reduces. When
the load decreases, momentarily, the difference in the power goes to the Sunny Island from the

Sunny Boy, and the Sunny Boy starts decreasing its output power.
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Figure 4.19 Power and frequency of the integrated system while reducing the load.

4.5 Comparison of the Experimental results of the Dynamics of Integrated
system with Simulation results

Figure 4.20 compares the simulated and experimental results of the dynamics of the integrated
system. The same load steps of 5 ), starting from 25 to 40 Q are implemented. The ramp rate of
change of power with frequency is slow in the experiment compared to the simulation. The
additional setting in the Sunny Boy allows changing the rate and response time. Furthermore, in
the experiment, the Sunny Island converter uses a part of the Sunny Boy inverter power to charge

the battery bank. The negative 200 W shows the power consumed by the Sunny Island converter.
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In both experimental and simulated results, initially, when the load decreases, momentarily, the

excess power of the Sunny Boy (GFL) inverter goes into the Sunny Island (GFM) converter. Then,

the Sunny Boy (GFL) inverter decreases its output power according to the frequency change.
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Figure 4.20 Power and frequency of the integrated system while reducing the load. a) Simulation
results, b) Experimental results
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5 Integration of V2L and V2H at the FBL

5.1 Introduction

As concerns over environmental issues and dependence on fuel increase, the need for clean
energy continues to rise. Electric vehicles (EVs) have gained significant interest from
governments, industries, and consumers [43-44]. With the significant development of EV
technologies, the use of EVs in modern energy systems enables users to optimize energy sharing
with homes and the grid [45-46]. In the following sections of this chapter, the two modes, vehicle
to load (V2L) and vehicle to home (V2H), are demonstrated.

5.2  Vehicle to Load (V2L)

The V2L system is a very creative feature found in many EVs, such as Nissan Leaf, Ford F-
150, Kia Niro, Hyundai Ioniq 6, and many more. This feature enables supplying power to the AC
appliances of a house, and it also works as a portable power source. The EVs can store excess
renewable energy and use it in times of emergency as a backup. The simulation and design of the
V2L inverter is presented in [47]. This V2L mode of the Nissan Leaf EV is tested at the FBL using
a Setec Power inverter. The specification of the Setec inverter is mentioned in Table 5.1. The inside

power electronic hardware and microcontroller are shown in Figure 5.1. In the V2L

Fie 5.1 Setec Power Inverter
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mode V2L mode, the Nissan Leaf is connected to the Setec inverter with a CHAdeMO plug. The

AC side of the Setec inverter is connected to the load.

Table 5.1 Setec Power Inverter Specification

Rated input voltage 450 V
Rated capacity 6 kVA
Rated output power 4.2 kW
Rated output current Max 38A/21A
L
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Figure 5.2 Investigated Topology of Setec Power Inverter

From the investigation of the power electronic components of the Setec inverter, a topology is
formed and presented in Figure 5.2. The DC power from the EV goes to the first H-bridge (S1, S2,
S3, S4); this H-bridge converts DC to AC of the high fundamental frequency. The switches used
in both the H-bridges are IGBTs. The transformer is used to provide the electric isolation in the
circuit. The diode rectifier converts the high-frequency AC to DC; then, the DC is inverted to AC
with a 60 Hz fundamental frequency.

5.2.1 Experimental Setup

In the following experiment, the Nissan Leaf supplies power to a 1.5 kW load through the
Setec inverter. The load is resistive, and the rated capacity of the Setec inverter is 6 kVA So, the
percentage loading of the Setec inverter is 25%. Figure 5.3 shows the charging ports of the Nissan
Leaf; the CHAdeMO port is used for DC fast charging, and the J1772 port is used for AC charging.
The Setec inverter is connected to the CHAdeMO port through a cable. The AC side of the inverter
is connected to the load. Figure 5.4 demonstrates the experimental setup and the connections. An

oscilloscope is used to capture the output voltage and current of the V2L experiment.
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Figure 5.3 Charge ports of lesan Leaf: 1) CHAdeMO (DC fast chargmg) 2)J1772 Type 1 and
type 2 (AC charging)

Figure 5.4 Experimental Setup: 1) CHAdeMO connector plugged into the Nissan Leaf 2)
GrizzIl-E Classic EV charger, 3) Setec inverter, 4) Oscilloscope, 5) Load
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5.2.2 Results
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Figure 5.5 Experimental results of V2L test: Setec inverter output voltage.

Figure 5.5 shows the output voltage waveform of the Setec inverter. A distortion can be
observed at the zero crossing of the sinusoidal waveform. The reason for the distortion is the
presence of lower-order harmonics in the waveform due to dead time. The RMS value of the

measured voltage is 121.8 V.

Figure 5.6 shows the output current waveform of the Setec inverter. The measured RMS value
of the current drawn by the water kettle is 12.16 A. Since the load is resistive, the sinusoidal current

waveform has the same distortion at zero crossing as the voltage waveform.
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Figure 5.6 Experimental results of the V2L test: Setec inverter output current.

A FFT analysis of the output voltage of the Setec inverter is shown in Figure 5.7. The Total
Harmonic Distortion (THD) of voltage is 3.87%. According to the IEEE 519 standard, the THD
of a system having a voltage less than 1kV should be less than 8%, and the individual harmonics
should be less than 5%. From the analysis, apart from the presence of the old harmonics, the
presence of even harmonics such as 2™ and 4" are noted. The THD and the individual harmonics

are within the IEEE 519 standard.

The THD of the Setec inverter's output current is 4.93%, as shown in Figure 5.8. The second
harmonic is also observed in the FFT analysis of the current waveform. The AC instantaneous
power of the inverter oscillates at twice the frequency (2f) due to the product of two sinusoids.
Because of the second harmonic power oscillation, the DC side experiences a pulsating power
demand at twice the AC frequency. If the DC link capacitor is not adequate, this pulsating power

can cause a second harmonic distortion on the AC side.
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Figure 5.7 FFT analysis of the output voltage of the Setec inverter.
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Figure 5.8 FFT analysis of the output current of the Setec inverter.
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5.3 Vehicle to Home (V2H)

In the V2H system, the EV is connected to the house's electrical system. Depending on the
battery capacity and the inverter power, this type of system can supply power to critical loads or
the entire house. This system helps consumers reduce energy bills by charging the vehicle at
cheaper tariff periods or off-peak hours and using that stored energy at peak hours. It helps

optimize the renewable energy system by providing extra energy storage.

To integrate the V2H in the FBL, the critical loads of the house are separated and placed in a
subpanel. The loads connected to the C-phase will be connected to the V2H system in case of a
power outage. The capacity of the Setec Power inverter is 6 kVA, so the connected load should be
less than that. The critical load of the C-phase is kept at a total of 4.49 kVA. Table 5.2 shows the
loads connected to the V2H system.

Table 5.2 Critical loads of V2H system

No. Load VA
1 Ground floor lighting 891
2 Ground floor lighting 1424
3 Intrusion Alarm box 500
4 Greenheck fan 75
5 Air Exchanger 500
6 Communication Panel 500
7 Fire Alarm Control Panel 500
8 Door Controller Panel 100
Total 4490

5.3.1 Experimental Setup

T

Inverter

Nissan Leaf Subpanel
(EV) Loads

Figure 5.9 Layout of the V2H system
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A general layout of the V2H system is shown in Figure 5.9. The detailed wiring diagram is
shown in Figure 2.2. The transfer switches change the supply between the SMA, grid, or V2H
systems. The switches’ positions shown in Figure 5.10 are used to obtain supply from the traction
battery of the Nissan Leaf through the V2H system. The AC socket outside of the house is used to
take the power inside the house to the sub-panel through the transfer switches. The experimental
setup is shown in Figure 5.11. During the V2H system test, most of the power was consumed by

the lighting loads.

SMA/GRID

o

siurs i
% y
on

Figure 5.11 Experimental setup for the V2H system: 1) A CHAdeMO connector is plugged into
the Nissan Leaf, 2) Setec inverter, 3) AC socket
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5.3.2 Results
Figure 5.12 shows the experimental result of the output voltage of the V2H system. The voltage
waveform is sinusoidal, with distortion caused by the lower-order harmonics. The RMS value of

the voltage is 119.7 V.
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Figure 5.12 Experimental results of the V2H test: the output voltage of the Setec inverter.

Figure 5.13 shows the load current waveform. The RMS value of the current is 11.6 A. The
distortion in the sinusoidal waveform is caused by the presence of non-linear loads, the non-

linearity of switching devices, and inadequate capacitance.

Figure 5.14 shows the FFT analysis of the voltage waveform. The THD is 10.13%. This THD
is higher than the IEEE 519 standard limit because of the presence of highly non-linear loads in
the system. The individual harmonic distortion is less than 5%. All the lower-order even and odd

harmonics are present in the spectrum.

During the V2H system experiment, the lighting load consumes most of the power. In the
experiment, the lighting load consists of LEDs, which are non-linear loads. The distortion in the
current and voltage waveforms is due to the non-linear loads [48]. These loads are responsible for

the higher harmonic injection in the system.
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Figure 5.13 Experimental results of the V2H system test: the load current.
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Figure 5.14 FFT analysis of the output voltage of the V2H system.
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Figure 5.15 shows that the current THD is 20.34%, which is very unusual. The lower-order
harmonics are high, and similar results are also mentioned in [48]. Apart from the odd harmonics,
4th, 6th, 8th, 10th, 12th, and 14th-order even harmonics are present in the analysis. The 3™

harmonic is around 14%, causing most of the distortion in the current waveform.

Fundamental (60Hz) = 16.41 , THD= 20.34%
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Figure 5.15 FFT analysis of the load current of the V2H system.

5.4  Vehicle to Home (V2H) 3 Phase

The V2H system mentioned earlier can supply power to single-phase house loads. A three-
phase V2H system is required to supply power to three-phase house loads such as the elevator,

boiler, and heating unit from the Electric Vehicle (EV).

5.4.1 Experimental Setup for 3 Phase Induction Motor

A 3-phase V2H system is developed using the existing converters at FBL. This system uses a
6 kVA Setec Power inverter, three 5.75 kW SMA Sunny Island converters, and a 48 V Pylontech
battery bank. As a 3-phase load, a 3-phase induction motor (208 V, 3 hp) is used at no load. Before
starting this system, the whole electrical system should be turned off. Then, the Setec inverter is
turned on first. Then, the master Sunny Island is turned on, and after that, the other two Sunny

Islands are turned on. The full load current of the motor is 8.4 A, and the starting current is 5 times
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the full load current. The starting current is less than the rated output current of the Sunny Island

converter, so the induction motor is started directly.

EX Batteries: PYLONTECH
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Figure 5.16 Schematic of 3-Phase V2H system to run 3-phase motor

As shown in Figure 5.16, the Setec inverter is connected to the master Sunny Island (SII)
converter through a disconnect switch at terminal AC2. The AC2 terminals of SI2 and SI3 are not
connected to the grid. The AC1 terminals of the 3 Sunny Islands are connected to the induction

motor through a disconnect switch.

5.4.2 Results of V2H system connected to 3-phase IM
The three line-line voltages and the no-load current of the A phase are measured using an
oscilloscope. Table 5.3 gives the 3-phase V2H system line voltages. Figure 5.17 shows the 3-line

voltage waveform of this V2H system. The waveforms are sinusoidal and 120 degrees apart.

Table 5.3 Three Phase V2H system line voltages

Vab 203.1V
Vie 202V
Voo 2034V

The test confirms that this setup is capable of supplying the house's three-phase loads. Figure

5.18 shows the induction motor's no-load current. The waveform is distorted.
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Figure 5.17 Experimental results of the three-phase V2H system test: line voltages.
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Figure 5.18 Experimental results of the three-phase V2H system test: no-load motor current.
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The current that flows in the system is mentioned in Table 5.4. The Setec inverter gives 15.6
A to the SI1 at AC2; part of it feeds the a-phase of the motor, and the remaining is rectified to 30.3
A DC. From 30.3 A DC, 5.9 A and 7.6 A DC are used by SI2 and SI3, respectively, to supply AC
current of 2.2 A and 3.1 A to the motor. The remaining DC current from SI1 is used to charge the
battery bank. Therefore, it can be concluded that no power from the battery bank is used. In fact,

the EV supplies power to the 3-phase motor and also charges the battery bank.

Table 5.4 Three-Phase V2H system test results to run a 3-phase motor

SI-1 SI-2 SI-3
Current Power Current Power Current Power
Going in AC2 156 A 1872 W 0A ow 0A ow
Coming out of ACI 2.8 A 336 W 22A 264 W 3.1A 372 W
DC side (DC) 303 A 1490 W 59 A -290.1W | -7T6 A | -373.7TW

5.4.3 Experimental Setup for 3-Phase Sub-panel Loads of Home
In this section, the 3-phase V2H system is tested with the actual house loads. Figure 5.19 shows
the 3-phase motor replaced by the subpanel in the schematic for the V2H system. The loads in the

subpanel are already mentioned in Chapter 2.
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Figure 5.19 Schematic of 3 Phase V2H system connected to Sub-panel

5.4.4 Results of V2H system connected to Sub-panel

The loads of the sub-panel do not consume power all the time. As shown in Table 5.5, the B-
phase does not consume any power. 6.6 A and 8.2 A are the A-phase and C-phase currents,
respectively. The rectified 21.1 A DC is used by SI2 and SI3. A 0.2 A DC is consumed by SI2 to
keep the converter ON. 20.3 A DC is inverted by SI3 to feed the loads connected to the C-phase.
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Figure 5.20 Experimental results of the three-phase V2H system test: Sub-panel load

Figure 5.20 shows the load current consumed by the sub-panel loads. The distortion in the

current is because of the presence of the non-linear loads (LEDs).

Table 5.5 Three-phase V2H system test result to run a 3-phase sub-panel load

SI-1

SI-2 SI-3
Current Power Current Power Current Power
Going in AC2 15.6 A 1872 W 0A oW 0A ow
Coming out of AC1 6.6 A 792 W 0A oW 82 A 984 W
DC side (DC) 21.1 A 1034 W 02 A -10W 203 A -995 W

SI1 receives 1872 W power from the Setec inverter, and from that, the loads on the A-phase
consume 792 W. 1034 W is obtained at the DC side (1872 — 792 = 1080 W), which means 46 W
is the AC to DC conversion power loss. This 1034 W DC power is converted to 984 W AC power

by SI3, and SI2 is consuming some power to keep the converter ON. Some power loss is also noted

during DC to AC conversion.
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6 Conclusion and Future Works

6.1 Conclusion

This research integrates a solar renewable energy system to the Future Building Laboratory
(FBL) of Concordia University, Montreal, Quebec, and tests its performance and modes of
operation in both off-grid and grid-connected scenarios. The simulated results of the system show
that the used topologies and controllers resemble the actual system's behavior. The experimental
results of the vehicle-to-load (V2L) and vehicle-to-home (V2H) systems show the potential of EV's

as an emergency backup source.

A brief of the chapters is mentioned below.

Discussion of the challenges of rural electrification. The renewable energy system is a
sustainable solution for electrifying rural areas. Examples of off-grid rural electrification projects

include generating clean energy and helping reduce greenhouse gas emissions.

Presented the FBL's modified electrical power system. The major components of the FBL and
the critical loads in the subpanel are mentioned, and the different modes of operation of the power

system are discussed.

Investigated the components and the topology of the Sunny Island converter. This helped
accurately simulate the standalone grid-forming converter. A grid-following inverter that consists
of a maximum power point tracking (MPPT) stage was simulated and controlled. In addition, a
frequency shift power control strategy is proposed for parallel operation of grid forming and grid

following converters in off-grid mode.

[lustrated the experimental setup installed at the FBL to obtain the experimental results. The
performed tests were 1) a Sunny Island converter feeding the house loads in a standalone condition,
2) a Sunny Boy inverter injecting power into the grid, and 3) a Sunny Island and Sunny Boy
converters working in parallel to feed the house loads in an off-grid mode. The experimental results
obtained of these modes of operation showed that the behavior of the real converters was the same

as in the simulation.

Implemented the vehicle-to-home (V2H) system in the Future Building Laboratory (FBL) as

a backup option using a Nissan Leaf. A power system was designed to integrate the V2H system
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alongside the renewable energy system at the FBL. This was realized through manual transfer

switches and a subpanel. The system was tested, and the experimental data was analyzed.

6.2  Future Works

For future work, the modes of operation mentioned in Chapter 2 can be tested with the actual
solar panels at FBL and compared with the simulated model. A separate three-phase V2H system
can be designed without a Setec inverter and SMA converters to supply to the FBL's three-phase
loads. Furthermore, with a modification in the design of the V2H inverter, the vehicle-to-grid

(V2G) mode can also be realized and tested.
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Appendix

A. Commissioning
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Figure A-1 Communication Network of inverters, battery bank, and data manager

I. Sunny Island Converter

SI 1 serves as the master Sunny Island (SI). To enable RS 485 communication, a Piggy-Back
module is installed inside the master SI. The ComSmaOut port (RJ-45 connector) of the master SI
is connected to the X3 (RS485) port of the EDDM. The X3 port has 6 terminals, and the
connections for the RS 485 protocol are as follows: terminal 1 - green strip in white, terminal 3 -
orange, terminal 4 - green, and terminals 5-6 are jumper. A terminating resistor is connected at the
ComSmaln. SI 2 and SI 3 are configured as Slave 1 and Slave 2, respectively (with the only
adjustment being their designation as slaves). The Sunny Islands are interconnected using a CAT6

cable, as depicted in Figure A-1.
Initial commissioning Steps:

1. It is recommended to configure the Sunny Islands (SIs) in off-grid mode. Therefore, ensure

that the grid disconnect switch on the back of the wooden wall is turned off.
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II.

Verify that the power connection between the batteries and the Sls is established, and ensure
that the batteries are charged to at least 20%. If the batteries are fully discharged, the SIs will
not function.

Ensure the communication wiring between the batteries and the SI Master is properly
connected, as shown in Figure A-1. Also, confirm that the communication wiring between all

three Sls is properly set up, as shown in Figure A-1.

Begin the configuration with Slave 2. Always start with Slave 2, then move to Slave 1, and
configure the SI Master last. For any SI unit, turn the switch on, then immediately press and
hold the "Enter" button until you hear three beeps (same process to reset the Sls). This will
take you to the settings display. For the slave Sls, the only configuration required is to select
"New System" and set the inverter mode to "Slave."

For the SI Master, select "New System" and then proceed to the battery settings. Configure the
battery type as "Lithium-ion with External BMS" and input the total Ah capacity of the battery
bank. Then, set the external source to "Grid" and adjust the grid current according to the fuse
rating. (For example: If the fuse is rated 15 A, set the grid current to 10 A. The 10 A setting
allows the battery to be charged at 3.6 kW (calculated as 10 A * 120 V * 3 phases). This results
in a total DC charging current of 3.6 kW /48 V =75 A, with 25 A supplied by each inverter.
If we assume equal charging across all six batteries, each battery would receive 12.5 A. The
manufacturer’s recommended charge/discharge current for each battery is 37 A). Set the
battery voltage (48 V), battery bank capacity (74 Ah * 6 = 444Ah), time, and baud rate (1200).
Once the parameters in the master SI are set, the system will ask to press and hold enter to start

the converter.

Sunny Boy Inverter

Sunny Boy inverters do not have a control panel to change the parameters of the Sunny Boy

inverter; a connection to the web server is used.

Initial commissioning Steps:

1.

Ensure that the AC power connection of the sunny boy (SBs) is established, and verify that the
sunny islands (SIs) are powered on. Once confirmed, switch on the three Sunny Boys AC

disconnect switches located on the back of the wooden wall.
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2. At this point, the AC terminal voltage of the SBs should be 208 V if connected in L-L fashion
or 120 V if connected in L-N fashion.

3. The complete configuration of the SBs requires both AC and DC power. However, one can
still perform the configuration with only the AC power on, except for the “Grid Standard”
setting, which will remain inaccessible until the DC power is available.

4. Connect a laptop to one SB (A or B port) using a CAT 6 Ethernet cable.

5. On the laptop, ensure that the network’s TCP/IPv4 settings are set to “Automatic”, as shown

in the below figure A-2.

A U 5 Control Panel » Network and Internet » Network Connections

v 0 Search Metwork Connections 0@
Organize = Disable this network device Diagnose this connection Rename this connection View status of this connection Change settings of this connection s v [N 0
E. Ethernet =T Fthemetd == Ethemet 3 l: fortissl
=== forestroot.concordia.mon| § Metwork cable unplugged = _ Disconnected
o ¥ =
@t~ Intel(R) Ethernet Connecti Fortinet S5L VPN Virtual Ethernet ... ..J PPPoP WAN Adapter
Networking  Sharing
Connect using
&P intel(R} Ethemet Cannection (2) 1219-LM Internet Protocol Version 4 (TCP/IPvd) Properties w
| Corfigy General  Alternate Configuration
This connection uses the following items:
‘You can get IP settings assigned automatically if your network supports
3 Client for Microsoft Networks this capability. Otherwise, you need to ask your network administrator
IP File and Printer Sharing for Microsoft Networks for the appropriate IP settings.
]PQDS Packet Scheduler
A FortiClient NDIS 6.3 Packet Fiter Driver (@) Obtain an IP address automatically é

& Intemet Protocol Version 4 (TCP/IPy4)

() Use the following IP address:
] 4. Microsoft Network Adapter Multiplexor Protocol

4 Microsoft LLDP Protocal Driver II'
< L. . |
Install... Uninstall Properti I:l

Description

Transmission Control Protocal/Intemet Protocol. The def; (®) Obtain DN server address automatcally

wide area network protocol that provides communication (O Use the following DNS server addresses:

across diverse interconnected networks.

OK
Validate settings upon exit Advenced....
ditems  1item selected =
Cancel

Figure A-2 Laptop’s TCP/IPv4 network settings (Automatic)

6. On the laptop, ensure that the “Packet Priority & VLAN” option in the Ethernet network
configuration is disabled, as shown in Figure A-3. If this option is enabled, the laptop will not
detect the Sunny Boy (SB), as it will prioritize the Wi-Fi connection, which needs to remain

on during configuration. Disabling “Packet Priority & VLAN” instructs the laptop to search

for the Ethernet connection in addition to the Wi-Fi.
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i Internet » Metwork Connections
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Figure A-3 Laptop network configuration (Packet Priority & VLAN)

7. Next, open a web browser and enter the SBs'

default IP address, which is https://169.254.12.3.

The first time you log in, you must set a username and password. If credentials have already

been set, enter them to log in.

8. At this point, you can also update the SB’s firmware. To do this, download the latest firmware

version from the SMA website on the laptop. Select “Update the firmware,” as shown in Figure

A-4, and follow the instructions. The update process takes about five minutes, during which

the SB will restart.
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Figure A-4 SB firmware update

After the firmware update, again login and follow the Setup Assist Guide as shown in Figure
A-5. Click on “Start the installation assistant,” which contains eight steps. In step 1 of the Setup
Assist Guide, set the date and time as presented in Figure A-6. Then, change the IP address of
the SB to the IP assigned (let’s take an example: 192.166.122.117) by the network department
(available IPs in the present network).

After updating the IP settings of the SB, you will lose the connection. To reconnect, go to Step
5 and change the TCP/IPv4 network settings to static by selecting “Use the following IP
address” (IP address: 192.166.122.200, which is in the range of 192.166.122.117).

Then, open the browser again and enter (updated IP address) https://192.166.122.117. Log in

with your credentials (Step 7), and you will notice the SB's IP address has been updated to the

newly assigned one. Continue with the Setup Assist Guide until you have completed all the
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steps. After configuring and updating the firmware of all three SBs, establish the

communication wiring between the SBs and the data manager, as shown in Figure A-1.

SUNNY BOY 7.7-US

#& Home @ Instantaneous values £ Device parameters £= Events A, Device configuration 2 Data

Device staius Current power Yield
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Figure A-5 Starting the installation assistant
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Figure A-6 Installation steps

III. Data Manager (EDMM)

The EDMM needs a 24 V DC power supply, an AC/DC converter is used to get the 24 V DC
supply.
The following steps are followed for configuring EDMM:

1. Ensure that the AC power connection of the sunny boys (SBs) is established, and verify that
the sunny islands (SIs) are powered on. Once confirmed, switch on the three sunny boys. Check
all the communication wiring between the SBs, SlIs, and the EDMM.

2. If everything is connected correctly, the top LED on the EDMM should be solid green, and the
bottom LED should be blinking green. Establish the Ethernet connection between the laptop
and the EDMM via CAT6 cable. The CAT6 cable should be plugged into the EDMM's X4
port.
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3. Set the laptop’s TCP/IPv4 network setting to “Automatic,” as done in configuring SB. Open
the browser and type the EDMM's default IP: http://169.254.12.3.

4. This will open the ennexOS platform of the EDMM. For the first time, set the username and
password. Also, fill in the information regarding the installer’s name and email, date and time,
system’s name, and location.

5. To change the IP of the EDMM, select EDMM on the dashboard, then go to “Configuration”
and select “Network Configuration”. Once the IP is changed, the connection will be lost. To
re-establish the connection, change the laptop TCP/IPv4 network to Static and enter the IP
address and subnet mask in the range of the configured EDMM’s IP.

6. Now, to add the master SI and SBs to the EDMM, go to “Configuration” and select “Device

Administration.” The page will have the plus sign to add the devices, as shown in Figure A-7.

B sMa DATA MANAGER M

Device administration ©

n = 8
I 5 F

Figure A-7 Adding devices with EDMM
7. After clicking the add button, the “Device registration” page will open, as shown in Figure A-
8. To add an SI master, select the “SMA Datal devices” protocol and follow the steps to search
and add the device. To add SBs, select the “SMA Speedwire devices” protocol and follow the
steps to search and add the device. To add other Modbus devices, select “Modbus devices”

protocol.
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o3 Protocol selection
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Add Modbus devices.

() SMA Speedwire devices

Add SMA Speedwire devices [e.g. SMA inverter or SMA Energy Meter]

) SMA FLX/TLX devices
Add SMA FLY/TLX devices

() SMA Datal devices

Add SMA Datal devices.

-

Figure A-8 Protocol selection to add the device in EDMM
The remote monitoring of the battery charge/discharge and the PV power is shown in Figures

A-9 and A-10.
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Figure A-9 EDMM battery status remote monitoring
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Figure A-10 EDMM PV energy status remote monitoring
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