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1. Executive summary

The present deliverable provides the first report about the scientific activities that were done and the main result
obtained related to the implementation of IRPs of ESRs in WP2 of the project.

WP2: Green and Renewable distributed electric energy generation and storing, focused on the research of self-
generation and power-sharing infrastructures that ensure a manageable, reliable, and efficient wind and PV
generation, as well as storage through distributed systems, enabling connected and isolated energy generation
models.

The ESRs associated with the deliverable:

e ESRO1 (Jamil Hassan) coordinated by the SENERGY “Products and Services (SEPS) with IRPO1: “Cooperative
Smart Inverters for Green Generation Plants” with the following goals: To optimize load sharing capabilities;
To enable cooperative-based medium-sized photovoltaic (PV) plants to regulate the energy flows in
renewable energy communities. To design and validate strategies for operating parallel connected inverters
to optimize the overall performance and to deliver ancillary services. To integrate the generation of renewable
energy from different members of Renewable Communities while maintaining the integrity, reliability, and
security of the system

e ESRO2 (Luis Martinez) coordinated by the Warsaw University of Technology (WUT) with IRP0O2: “Development
of Power Generators for Smart Buildings with Advanced Power Sharing Capabilities”; with the following goals:
To develop generators that enable the diversification of power sources (wind and PV) in smart buildings
To optimize the energy generation and the load transfer to storage devices among the different households
that conform to Smart Buildings,

e ESRO03 (Anas Abdullah Alvi) coordinated by the University of Extremadura (UEX)l with IRP0O3: “Design and
validation of Virtual Power Plants for operation, both isolated and connected” with the following goals: To
develop a virtual power plant (VPP) to aggregate different sources of renewable Energy able to work isolated
and connected with other VPPs; To improve the reliability and efficiency of energy generation
Enlargement of the life length of storage devices by optimizing charge and discharge periods.

e ESRO04 (Shuyu Ou) coordinated by the Aalborg University (AAU) with IRP04 “Condition Monitoring for Smart
Power Electronic Converter Systems for Distributed Generation” with the following goals: To design devices
and mechanisms for continued monitoring of converter systems; to enhance the resilience of power
electronic converters under severe conditions or emergencies by integration of loT technologies; to research
the adaptions needed in converters systems for the requirements of distributed generation .

1.1. Objectives of the deliverable

The objective of the intermediate scientific report is to compile the results obtained in the corresponding IRPs
included in the WP2, to show the progress of each individual IRP in the WP2 as well as their orientation on achievement
of WP2 objectives.

1.2. Organisation of the deliverable

The deliverable under consideration is based on the scientific work of the ESRs supervised by the WP Partners. The
outcome of their work has been distilled into an annual report, separate for each ESR. The reports constituted the
basis for assembling this report and contained detailed descriptions of the research process, drawings, flowcharts,
photos, and plotted results of the studies (simulation or experiment). Other parts of ESRs’ outcomes, such as
simulation models, raw experimental data, and source code, are not a part of this report.

Overall, the provided outcome has aligned with the project timeline. The presented results ensure that WP2
implementation is heading towards meeting Deliverables 2.1, 2.2, 2.3, and 2.4.

During the action, some minor deviations have been encountered. Due to personal reasons, ESR04 took a 10-week
leave, resulting in a one-month delay in the project work. There was also a short delay in ESRO1's preliminary research
phase due to extended converter topology considerations.

Another delay related to secondment happened to ESR01, due to prolonged processing time for a Temporal Residence
Permit.

At the time of writing this report, two ESRs are executing their first secondment, whereas the other two have already
been completed.

After all, no significant delays were encountered during the reporting period, and no changes to the execution plan
of the WP2 and individual research projects plans of WP2 researchers were necessary.
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2. General progress of the action

21.

WP2 Objectives and tasks

The WP2 has three main scientific objectives:
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e To identify and demonstrate new ways of managing electric energy generation by using Renewable Electric
Energy Generation (REEG) and Distributed Energy Resources (DER) as agents of a Collaborative Smart Grid (CSG);

e Todevelop models to describe/predict the behaviour of PV and wind generators and to design the best and safest
ways to integrate their generation into existing grids to improve reliability and efficiency:

e To establish power generation patterns and new efficient converters for each technology to determine the best
way to coordinate the operation of different and complementary DERs for supplying Smart Buildings or Houses,
increasing the Renewable Energy share in the Electric Energy Generation Mix, or providing ancillary services.

The objectives are meant to fulfilled by a proper execution of the following tasks:

Task 2.1: Cooperative Smart Inverters for Green Generation Plants (SEPS - WUT)
Task 2.2: Development of Power Generators for Smart Buildings with Advanced Power Sharing Capabilities

(WUT - AAU)

Task 2.3: Virtual Power Plant for operation, both isolated and connected (UEX -TUT)
Task 2.4: Condition Monitoring for Smart Power Electronic Converter Systems for Distributed Generation (AAU

- CAU)

Fifth task of WP (Task 2.5) is an elaboration of partial and final scientific reports (WUT) and is connected more with
the project management.

2.2. WP2 - Workpackage progress

ESR | Starting General evaluation Status
date

1 28/06/2022 | Jamil Hassan's contract was signed on the starting IRP date (28/06/2022) | Active  in
which was a date to complete the contract duration inside the duration of the | Senergyps,
SMARTGYsum project. First tasks included the instruction of Jamil in the | Badajoz;
photovoltaics plants field of knowledge, including PV panels, plants | expected to
configurations, inverters, topologies, control algorithms, modulation | meet Task
techniques and business models. Main work until now has been to finish a | assigned
state of the art in photovoltaic power plants including modelling and | deliverables
simulation of several topologies. This work has led to 4 conference
publications, and right now he is finishing other publication related to the
state of the art. He has assisted to 2 Doctoral Schools, the second of
SMARTGYsum in November 2022 in Badajoz and the third of SMARTGYsum
in July 2023 in Caparica. He had the first secondment in the university of
Warsaw in beginning of 2023 getting more knowledge of control strategies
and modulation techniques. About PhD studies, Jamil has enrolled in the PhD
of the University of Extremadura and has passed first-year courses.

2 01/06/2022 | Luis Martinez started his contract on June 1, 2022. In following September he | Active  in
enrolled in PhD Program at WUT. During the last 15 months Luis has made a | WUT,
lot of progress in the fields of power electronics (topologies and modulation), | Warsaw;
control theory and metaheuristics, embedded programming and scientific | expected to
writing. He attended two Doctoral Schools: the second of SMARTGYsum in | meet Task
November 2022 in Badajoz and the third of SMARTGYsum in July 2023 and | assigned
one conference CPE23 with two papers. He submitted 1 journal paper. He | deliverables
successfully executed the following steps: Initial training of toolchain and
workflow to design and simulate power converter systems and controllers,
development of simulation model for system under study with averaging;
research on- and proposal of an EMS model with an ancillary service;
Implementation of optimization algorithms for energy flow control based
weather forecasting and the concept of transactive energy (energy/cost
optimization).
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1/09/2022 Anas Abdullah Alvi started his contract in the beginning of August 2022, | Active in
followed by the enrolment in the PhD Program at UEX. During the reporting | UEX
period he accomplished the following steps: literature review, a case study | expected to
with a MATLAB/Simulink model of a Virtual Power Plant; research on- and | meet Task
development of a genetic algorithm for optimizing the energy flow in the EMS | assigned
with regards to cost and operational constraints. He also considered cyber- | deliverables
security aspect for the system under consideration.
He is also active publication-wise. Up the reporting point, he has published
two paper in conference proceedings, co-authored one book chapter and
published one journal paper. Anas has already done his first secondment at
TUT, Estonia.
01/08/2022 | Shuyu Ou started his contract with the beginning of September, 2022 He also | Active  in
enrolled in the PhD program at AAU. During the reporting period research | AAU
work focused on improving reliability by developing a condition monitoring | expected to
method for IGBT modules in inverters. meet Task
Shuyu managed to obtain first experimental results using the Hardware-in- | 2SSigned
the-Loop setup to validate the model estimating increased on-state | deliverables
resistances via harmonics in control variables. He has also submitted his first
conference paper.
He is in the middle his first secondment at time of submitting this report
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3. WP2 Tasks progress

3.1. Task 2.1 - IRP1“Cooperative Smart Inverters for Green Generation Plants”
3.1.1. Introduction

The scientific work has been the next:

Conference publications based on the state of the art of photovoltaic power plants including modelling and
simulations of several topologies, control strategies and modulation technigues. These scientific outcomes have been
obtained during 10 months in the facilities of the Research Department of the Senergy Products and Services, plus 2
months in the secondment at the Research group of the Warsaw University of Technology.

Selection and design of the prototype a Three-phase Cooperative NPC+TLI smart inverter for green generation
photovoltaic plants, including the topology and its elements to improve efficiency, harmonic behaviour, leakage
currents and reliability. These scientific outcomes have been obtained during the last 3 months in the facilities of the
Research Department of the Senergy Products and Services

Doctoral Schools attendance. Attendance to the 2" SmartgySUM Doctoral School in November 2022 in Badajoz and
3" SmartgySUM Doctoral School in July 2023 in Caparica.

3.1.2. Scientific outcomes

R/

% From the hiring date up until the 1st of September 2023, research has vyielded significant theoretical and

simulation results in alignment with the initial research goal:

o The journey commenced with an exhaustive literature review, thoroughly categorizing renewable energy
generation power plants and different inverter topologies for grid-tied applications.

o The initial work of this research topic focuses on a comprehensive study of converter topologies and
innovative control strategies. Through rigorous simulations, different three-phase inverter topologies were
investigated to enhance their overall performance, considering the mitigation of leakage currents. A
groundbreaking contribution emerged in the form of a novel three-phase three-level inverter design,
strategically engineered for the reduction of common mode voltage during the zero switching states. The
outcomes of this research culminated in the creation of a conference paper that was presented at the
prestigious IEEE CPE Powereng 2023 conference held in Estonia, drawing attention to the innovative insights
and contributions of the study.

- 51
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VCPE+ Crg Cr ====—_|_ - 5 ,ﬂ B ﬂ 5 r_H-
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Fig. 1. CMV of the simplified equivalent circuit. Fig. 2. Circuit diagram of proposed 3-level NPC inverter.

o Additionally, the journey continues with a forthcoming conference presentation at EPE 2023 ECCE Europe,
scheduled from 4th to 8th September in Aalborg, Denmark. The acceptance of this presentation highlights
the growing recognition and impact of the research. In this study, three topologies (H6, H8, and NPC) are
selected for simulation, and results obtained from the simulation model demonstrate that the performance
of the inverter topologies significantly varies, and the selection of the appropriate topology must be chosen
carefully. According to simulation results, the NPC topology produces superior performance for PV
applications and is the best choice for transformerless operation. This study can be useful for researchers
and engineers working in the field of renewable energy.
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Jamil Hassan'2, Victor Minambres-Marcos', Fermin Barrero-Gonzalez?, Anas Abdullah Alvi2,
Mariusz Malinowski?®, Luis Martinez-Caballero?

'SENERGY Products and Services; 2University of Extremadura; *Warsaw University of Technology
“2Av. De Elvas, $/n, 06006 Badajoz, Spain; $Politechniki 1, 00-661 Warszawa, Poland
Tel. : +34-670052259

Email: jamil@senergyps.com

EPE

4r - 8 September
ECCE EUROPE
20

SENERGY

Products and Services

UNIVERSIDAD DE EXTRENADURA

EX

SrsngriM:GY

Abstract Introduction

L 4

renewable energy sources has risen in recent years. The inverter is an important
cormponent and has a significant impact on the overall performance of a PV system.
Therefore, its topology must be chosen carefully based on the application. This paper
presents a study and comparison of different inverter topologies for PV applications.
The paper begins by discussing the traditional three-phase H8 inverter topology for
PV systems and then reviews various inverter topologies derived from this structure
for leakage current reduction. Three topologies are chosen and compared their

/ The popularity of photovoltaic (PV) systems has increased as the demand for *, /

0O Growing demand for renewable energy due to climate concerns and technological
advancements. |

0O PV systems, including solar energy, are gaining popularty among various
renewable sources. "l

O Inverters in PV systems convert DC to AC, influencing overall system efficiency.

U Transformerless inverters offer several advantages but produce higher leakage
currents, posing safety risks. 12!

U To mitigate leakage currents, modifications to transformerless inverter topologies
are explored.

potential for PV applications considering leakage currents and total harmonic
. distortions using the MATLAB/Simulink simulation model §

0O Techniques include reducing common mode voltage, disconnecting PV array
during zero switching states, and introducing additional freewheeling paths. I* !
These points capture the main themes and challenges discussed in this study. /z

‘ Three-Phase GCTPV Inverter Topologies !

GCTPV NPC Inverter

Comparison of three-phase inverter topologies

Inverter  Methods  No. of Nao. of No. of No. of Voltage CMV \‘
i switches | diodes | i i siress variation
HE E 3 = 3 4 V,. 0,V,./3,
2V, 13V
FC HE Filter 3 = 3 4 Ve 0,V,/3,
clamped 2V, 13V,
A7 oC 7 . 6 4 Vo Vo /3,
decouple 2V,,/3,Vao
] DC 8 2 6 4 Vi Vaf2Vad3,
decouple 2V /3
H8 -0 [:17 8 2 [ [ Vi Vad3 2,73
HE-1 DC-AC ] = 3 4 Ve Vael3,2Vaf3
decouple 2V, /5
NPC NPC 12 6 3 5 Vo i2 V.6
circuit (<2 level) |

|AThe HE inverter shows a CMV of 523.6 V and iLeakage of 1.71 A, the H8 inverter has 407.1 V CMV
and 0.82 A iLeakage. The NPC inverter presents the lowest values: 371 V CMV and 0.29 A
iLeakage.

QThe CMV variation of H8 and FC HB inverters is: 0, Vde/3, , 2Vde/3, and Vde.
OThe CMV variation of H7 and H8 inverters are Vdos3, |, 2Vde/3, Vde and Vde/2, Vde/3, 2Vde/3

Jiveh
P ly

OThe CMV variation of H8-0 and HB8-i inverters are Vdc/3, , 2Vdc/3, and, Vde/3, 2Vde/3, 2Vdc/5
raspaciively.

OThe NPC inverter has CMV variation Vde/6 times lower than a typical two-level inverter topologies.
|AThe voltage stress of NPC inverter is also reduced by 50% due to its multilevel capability.

<% According to simulation results, the NPC topology produces superior performance for PV
154 applications and is the best choice for transformerless operation. This study can be useful for
’ . ’ B researchers and engineers working in the field of renewable energy.
(<) 4
\\n of three-ph; tnverter (a}- HE Inverter ,,,/
B (b)- H8 inverter (¢)- NPC inverter e

Conclusions | |

[ This work was supported by:
' | This project has received funding from the European Union's Horizon 2020 research and
| innovation programme under the Marie Sktodowska-Curie grant agreement No. 955614,

Acknowledgement

7 In conclusion, this article provides a comprehensive evaluation and comparison o
various inverter topologies for PV applications. The HE topology does not have a
mechanism to reduce the leakage current, therefore, various topologies derived from

this structure have been discussed to minimize it. Three topologies (HB, H8, and NPC)
are selected for simulation, and results obtained from the simulation model
demonstrate that the performance of the inverter topologies significantly varies, and the
selection of the appropriate topology must be chosen carefully. According to simulation
results, the NPC topology produces superior performance for PV applications and is
the best choice for transformerless operation. This study can be useful for S
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In summary, the research has effectively progressed from a comprehensive literature review to the development of
innovative converter topologies, and control strategies. The dissemination of findings through conference
presentations underscores the significance of the contributions made towards the overarching goal of enhancing
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renewable energy generation and grid integration. The next step is to use two inverter topologies in parallel for
cooperative operation which will be validated by simulation and experiments.

% The research also includes the collaboration in 2 more conference publications also related to photovoltaic field
of knowledge:

O

In DoCEIS 2023 a study about different functions along with cybersecurity measures of modern-day smart
grids in the context of Virtual Power Plants. It can be observed that, islanding mode of operation of a Virtual
Power Plants can be an effective way to supply electrical power to the loads in a microgrid in case thereis a
cyber-attack in the main generation plant.

CPE-POWERENG. Deep analysis of renewable inverters’ operation is important when working in non-ideal
situations. The main aim of this paper was to analyze the operation of a three-phase photovoltaic power
plant (rated at 250 kW) supplying power to both three-phase and single-phase loads. The novelty of this
paper was to identify a case in which the islanding detection fails due to the connection of a single-phase
load in the point of low voltage.

3.1.3. Contribution to the WP objectives

The main objective is to design a ready to market converter which improves the energy production of renewable
generation power plants. Considering the results until now one could see how they are contributing to the objectives
of the WP:

Almost finished state of the art paper related to photovoltaic energy. This study has given the basic
knowledge in the field to the ESR in order to develop the project.

PhD enrollment in the University of Extremadura. The ESR must obtain the PhD during the project, so first
step is to enroll in a university. This has already been done and he has passed first year courses.
Simulations of photovoltaic inverter topologies and publish the results. Some novelties has been published
including leakage currents inverter improvements, topologies comparisons, modulation techniques and cyber
attack immunity on smart grids.

Selection and design of the inverter topology that is going to be implemented in the prototype. A critical part
considering the prototype must be ready in the following months.

In general and particular, the first and third contributions are fully corresponds with the WP objective “To identify and
demonstrate new ways of managing electric energy generation by using Renewable Electric Energy Generation
(REEG) and Distributed Energy Resources (DER) as agents of a Collaborative Smart Grid (CSG)".

3.1.4. Scientific achievements

Experimental prototypes

# | Name Description Status (designed, | Photo

assembled,
tested)

1 | Cooperative | Three-phase Cooperative | The inverter s
inverter for | NPC+TLI smart inverter for | already

photovoltaic | green generation photovoltaic | designed, and we
plants plants. The objective is to | are working on

improve efficiency, harmonic | selecting the
behaviour, leakage currents | components to
and reliability of the equipment, | assemble the
leading to easier maintenance | prototype

and better carbon footprint.
Business model will focus on
scale production, energy
injection improvement, losses
reduction and CO2 emissions
avoidance.
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Publications

# | Title, incl.  citation | Type (Conference, journal, | Status (Submitted, | DOI
information book chapter) accepted,

published)

17 | An Improved Three- | Conference Published 10.1109/CPE-
Phase Transformerless POWERENG58103.2023.10227487
Neutral Point Clamped
Inverter Topology for
Common Mode Voltage
Reduction

2 | AComparative Study of | Conference Accepted -
Three-Phase Inverter
Topologies for
Common Mode Voltage
Reduction in
Photovoltaic
Applications

3 | An Qverview of the | Conference Published 10.1007/978-3-031-36007-7_7
Functions of Smart
Grids Associated with
Virtual Power Plants
Including
Cybersecurity
Measures

4 | Performance Conference Published 10.1109/CPE-

Evaluation of a Three-
Phase PV Power Plant

under Unbalanced
Conditions with
Islanding Detection

Reliability Test

POWERENG58103.2023.10227391
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3.2. Task 2.2 - IRP2 “Development of Power Generators for Smart Buildings with Advanced
Power Sharing Capabilities”

3.2.1. Introduction

The following results are related to the Energy Management Systems in the context of a residential environment, i.e.
Low voltage distribution network, where renewable energy sources are integrated together with energy storage (ES)
which helps to mitigate the inherent variability of renewable sources. The excess of energy production from
renewables is stored, and later delivered when the renewable sources are not available. One of the simplest
approaches is to utilize the ES when the production from renewables is higher or lower than the demand. However,
with the development of forecasting tools of power generation and demand, more complex strategies can be
implemented in order to obtain economic benefits, or to promote self-consumption to minimize the energy exchange
and reduce the stress on the electrical grid.

Overall, the scientific outcomes detailed in this report reflect the effort of harnessing the resources, facilities, and
expertise provided by the Institute of Control and Industrial Electronics from the Warsaw University of Technology
and Aalborg University, for the successful development of the project, from June 2022 to September 2023.

3.2.2.Scientific outcomes

In the early stage of the project, the main activities were related to the acquisition of skills in software tools to develop
models of power electronics converters (PECs) that are needed to interface renewable energy sources and batteries.
The software utilized at the institution is PLECS. Additionally, the adopted approach for implementing control
algorithms in the simulated model is used to easily migrate the developed algorithms from the simulation model to
real applications that use a microcontroller where the devices' software is embedded.

On the other hand, research on the state of the art regarding energy management systems at the residential and
distribution levels was conducted. The objective of this activity was to get familiar with the methodology. tools,
techniques, and solutions that have been proposed in the literature and to identify the current trends and gaps in
research. Besides, one of the energy management techniques from the literature was implemented as a first
approach to later propose a novel solution that addresses the limitations found in the literature. Once the simulation
tools and software for collaborative cooperation were set, the first stage was to develop the topology of the system
under study in the simulation model and propose the power ratings at which the system has to operate; one of the
determining factors was the capacity of the batteries that are available in the market, which is in the range of 10-15
kwWh.

System under study

The description of the system is as follows: a photovoltaic (PV) array serves as a renewable energy electricity source.
A Li-ion technology battery is selected to support the limitations of intermittent power generation of the PV source
and considering that the system must be able to operate in grid-connected conditions and also in standalone mode,
which is of utmost importance, for example, in the case of planned (maintenance) or unplanned (faults) outages. The
power electronics stage was designed considering that the system is connected to the low-voltage distribution
network, which is typically three-phase. In this context, it is essential to consider that in the case of standalone
operation, the system has to supply unbalanced loads. PV arrays and batteries operate with DC, meanwhile, loads in
a grid-connected environment work with AC.

For the PV array and the battery, DC-DC converters are used for each source, and the converters are then connected
to a DC-AC converter that interfaces with the residential loads and/or the electrical grid. For the PV array the
converter is unidirectional meanwhile for the battery the converter is bidirectional as it is necessary to provide current
in both directions. Finally, for the DC-AC stage, a three-phase four-leg converter is selected as this configuration
allows for better support in the case of unbalanced loads. The details for each configuration are discussed in the
following.
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Figure 1. System under study.

PV system modeling and control

The PV array is modeled using the single-diode Shockley equation and an irradiance-dependent current source, for
this model, the inputs are the solar irradiance and the temperature and the model accounts for the temperature drift
of the open circuit voltage as well as the short-circuit current. Additionally, the model is flexible in the sense that
different power ratings can be achieved using the same model. The DC-DC converter used is an interleaved boost
converter, that is connected to the DC bus capacitor that couples the DC sources with the grid-side converter.

The main task of the converter is to extract the maximum available power from the PV array, to either be used by the
DC-AC converter or by the battery converter. To achieve this objective the controller structure has to account for a
Maximum Power Point Tracking (MPPT) algorithm, which will produce a voltage reference that has to be controlled at
the input terminals of the converter, to follow the voltage reference two cascaded proportional-integral (Pl) regulators
are chosen, the outer one provides a current reference to the inner loop, and the latter produces the duty cycle that
commands the switches of the converter, Figure 2 shows the topology of the PV converter and the local controller
configuration.

Upv v

iy MPPT L“ﬁ)— PI —“6?— PI M@—dw

pv Zn Vdc

(b)
Figure 2. PV system structure. (a) PV converter. (b) Local controller.

ES system modeling and control

For the development of the battery model, research of the different options available in the literature was conducted,
to determine which was the most suitable option for this application. After a comparison of the different
characteristics, a run-time model was selected in which is possible to include the capacity. dynamic behavior of the
battery, and the non-linear relation between the State of Charge (SoC) and the battery voltage. The latter is one of
the most important features as the energy level of the battery has to be monitored and kept within allowable limits
during operation to preserve the battery's lifetime. The PEC selected for this application was a bidirectional
interleaved converter, that is in charge of controlling the charging and discharging of the battery. The lithium-ion
battery can be operated in constant current mode in the range of 20% to 90%, therefore a current controller is used,
the power reference is converted to a current reference and then a Pl controller is used to track the reference current
to command the switches of the converter. The power stage and local controller of the ES system are shown in Figure
3(a) and Figure 3(b), respectively.
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Figure 3. ES system structure. (a) ES power stage. (b) Local controller.

DC-AC converter and control

The DC-AC converter comprises four legs, this configuration provides better support to the unbalanced loads, to
interface the converter to the grid it is necessary to reduce the harmonics produced at the switching frequency,
therefore an LCL + L filter is used, compared to the L filter this configuration reduces the total inductance needed for
the same attenuation. The controller of this converter is in charge to regulate the power between the DC-DC
converters (battery and PV) and the grid as needed, to allow to provide energy from the PV and battery to the loads
or to take the power from the grid to charge the battery. As part of this task the voltage on the capacitor that couples
the DC and the AC stages has to be controlled. A cascaded control structure is used, in this case the DC bus voltage
error is fed to a Pl controller, its output and the grid voltage measurements are used to generate appropriate sinusoidal
current references that are tracked using a proportional-resonant controller, to finally activate the switches of the
converter accordingly. The converter and the local-controller are presented in Figure 4(a) and Figure 4(b),
respectively.

(b)

Figure 4. DC-AC stage structure (a) Converter. (b) Local controller.

Simulation results of transient and steady state conditions

The system has been tested considering different scenarios that are faced during the operation of the system. Due
to the variability of the solar irradiance the system is evaluated under changes of irradiance. Furthermore, transitions
from charging to discharging is also tested, which in turn can be leveraged to test scenarios in which the power is
taken or sent to the grid. In Figure 5(a), results of steady-state and transient behavior of the ES system are shown,
on the other hand the waveforms for validating the DC-AC converter model are presented in Figure 5(b).
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Figure 5. Simulation results for switching model. (a) From top to bottom: DC bus voltage, Battery voltage, and Leg current of the
battery converter. (b) From top to bottom: Voltages at the PCC, Grid currents, converter currents, and load currents.

Simplified model to reduce computational burden and time during simulation

Up to this point the modeling and validation was conducted considering the switching conditions of the converter,
however this modeling-simulation approach is time consuming, with a high computational burden. As one of the
objectives is to develop energy management systems, these, have to be studied in longer time scales compared to
the low-level controllers. A well-known approach is to use an averaged model, as this reduces the state-space
matrixes used for simulation. Therefore, the proposed model was further modified from a switching one to an
averaged one. The main idea of this technique is to replace each switching leg with one current and one voltage-
controlled source and the rest of the elements of the model as the PV array, battery, passive components and even
the controllers remain the same. The averaged model of the system was carried out and validated under both
transient and steady-state conditions. Details of the description of the system and comparison of operating modes
was conducted. It was demonstrated that with this approach the execution time is reduced to up to 67% compared
to the switching model.

Research on different EMS for grid-connected environments

Once the model of the system in grid-connected operating mode was developed, the following step is to implement
one of the energy management systems found in the literature for residential-level applications. A diagram of the
methods found in the literature is shown in Figure 6, from the research on the state of the art a summary of the
literature was conducted, there are two approaches that are found in the literature.

a) Rule based EMS: A set of rules for the continuous operation of the system is determined. The most common
objective is to promote self-consumption which is to charge the battery when generation exceeds demand
and discharge the battery when there is no generation available from renewable sources. The main advantage
is the simplicity of the approach; however, this comes at the expense of having to rely on the expertise of the
designer, and as more elements are included in the system the complexity increases. From the rule-based
approaches those can be further developed with the use of fuzzy logic theory or once that the set of rules
have been set with algebraic engines.

b) Optimization based EMS: In this case an optimization problem is formulated and not only the operation of the
system is guaranteed, but with the help of emerging technologies such as load and generation forecast
services, additional objectives as cost minimization and energy minimization can be achieved. Plenty of
research has been conducted using different algorithms to solve the optimization problem, however there is
a lack of experimental validation compared to numerical one and the dynamics of the PECs is often neglected.
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Figure 6. Classification of existing EMS in the literature.

Implementation of rule-based EMS

As a first approach a simple EMS is implemented in the developed model. However, it is important to highlight that
an additional ancillary service is proposed in which the power is kept constant at the point of interconnection with
the grid. This is implemented by means of a Pl controller that tracks the desired power reference from the grid and
harnesses the available power from the battery to compensate from the power fluctuations produced by the grid and
loads. An additional rule-based diagram, (Figure 7(b)) is used to disable the operation of the battery when it reaches
the upper or lower limit of the SoC. The power profiles for keeping a constant power from the grid are shown in Figure
7(a), Ppy is the power of the PV array, P, is the power demanded by the loads, Py is the power of the battery and P; is
the grid power. It can be seen that when the SoC is within allowable limits P; is kept constant, and when the SoC
reaches either the lower or upper limit, the battery is disabled.
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Figure 7. Rule based EMS for constant grid power. (a) Power profiles of the system. (b) Flow chart of rule-based EMS.
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Implementation of optimization EMS

After the investigation of optimization-based approaches for EMS, the metaheuristic approach was selected as it is
not limited to the constraints or the form of the objective function of the optimization problem that must be solved.
The problem is formulated taking into consideration the operational constraints of the system.

Energy Management for cost minimization

After reviewing the characteristics, advantages, and disadvantages of the different optimization methods a Genetic
Algorithm is selected and implemented, where the objective is to get the best economic benefit possible. With this
approach, it is possible to leverage the information of forecast services from generation and load demand for one day
to determine the battery charging and discharging cycles. The constraints under consideration are the following:

Constraints
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Power limits: According to the manufacturers’ specifications a battery has to be operated around 0.5 C rate which
means that it has to be charged/discharged to up to half of the capacity of the battery, and is described by the
following equation

PB,min < PB,t < PB,max

SoC target: In this case the proposal allows to set a desired SoC at the end of the day, therefore not only the battery
will be fully exploited but this constraint can guarantee a level of charge for the next day operation.

k
ZASoCt +50C, = SoC,

t=1
Where ASoC,, is the change of the SoC at time t and is approximated as:
ASoC, = P, At
oLy = Fpy C

bat

For this approximation At, represents the time period for a given battery power Pz, and Cp4;. corresponds to the
battery capacity.

SoC limits during operation: To guarantee that the sequence of charging and discharging cycles doesn't cause
overcharge or under discharge of the battery, a set of constraints has to be included and can be written as:

T=1,2,..,23

S0Cpnin < SoCo + Z AS0C; < S0Cpmay

t=1

The cost of the energy depends on the time of the day and the amount of the energy used during that period, in this
case study, the power balance of the system can be approximated as:

P; = —(P, + Pg + Ppy)
And the cost function is represented by,

24
f= Z P At - C(PG,t't)

t=1

The coefficient c(P;,, t) represents the cost of the energy, and it depends on the time of the day and the sign of the
grid power, it is desired to use the battery power, Py as the decision variable, and assuming that the load and
generation profiles are know, the power balance equation can be replaced in the cost function resulting in:

24

f= Z —(Pue + P + Ppyy) - At - ¢(Pg )

t=1

Energy Management for energy minimization

Instead of promoting self-sufficiency, only when there is an excess of production, a new optimization problem was
formulated where the objective function is the minimization of the energy exchange of the grid during one day, in
this case the same constraints are used as they are proposed in light of the operational requirements, but the cost
function is modified accordingly, in this case the goal is to minimize the energy exchanged with the grid in the whole
day, the cost function is the following:
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g = Z |_(PPV,t + Pg. + PL,t)' At

t=1

Comparison

In the context of the Time of Use tariff, typically there are two energy tariffs, one for high-demand hours of the day
and the other for low-demand periods. A simple strategy is proposed in which the battery is charged during low-price
periods to reach the maximum SoC before the high price period in which the battery is discharged to the minimum
possible SoC. Results of the power profiles and SoC profile of the tariff-driven, cost and energy minimization are
presented in Figure 8(a), Figure 8(b) and Figure 8(c), respectively.
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Figure 8. Results for EMS, top: Power profiles, bottom: SoC profile. (a) Simple strategy. (b) Cost minimization. (c) Energy
minimization.

Study of the optimal battery state of charge considering different power profiles for consecutive days.

Previous results were extended considering two consecutive days of operation under different combinations of
power profiles, the goal of this study was to set find out what is the best setting of SoC at the end of the first day
considering different combinations of power profiles, either sunny or cloudy days for each

Submission of journal paper

A paper has been submitted to the IEEE Open Access Journal of Power and Energy, with the latest results for the
different EMSs implemented, considering different generation profiles, and different targets of SoC at the end of the
first day to determine the option that minimizes the overall cost or energy depending on the utilized cost function.

3.2.3.Contribution to the WP objectives

The development of a simulation testbench that includes power converters, and local controllers to interface
renewable energy sources and ES technologies to the electrical grid was carried out. One step ahead was taken with
the implementation of a HIL model which allows for real-time simulation and further test of controllers of the system
developed in a microcontroller. This stage contributes to the third objective demonstrating the operation of different
and complementary DERs for supplying Smart Buildings.

Development and comparison of EMS was conducted, demonstrating operation strategies for the grid-connected
mode of operation, and the constant power controller proposal that serves as an ancillary service contributing to
objectives 1 and 3 (“To identify and demonstrate new ways of managing electric energy generation by using
Renewable Electric Energy Generation (REEG) and Distributed Energy Resources (DER) as agents of a Collaborative
Smart Grid (CSG)" and “To establish power generation patterns and new efficient converters for each technology to
determine the best way to coordinate the operation of different and complementary DERs for supplying Smart
Buildings or Houses, increasing the Renewable Energy share in the Electric Energy Generation Mix, or providing
ancillary services”).
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3.3. Task 2.3 - IRP3 “Virtual Power Plant for operation, both isolated and connected”
3.3.1. Introduction

The scientific outcomes have been obtained during 10 months in the facilities of the PE and ES Research Group of
the University of Extremadura, Spain and 2 months in the Power Electronics Group of Tallinn University of Technology,
Estonia. The main research work was started by performing a complete literature review of Virtual Power Plants (VPP).
This was followed up by writing a review paper on some of the functions and roles of VPPs. After completing the
literature review, a case study was performed in which simulation work was done by using MATLAB Simulink. The
main idea of this case study was to get familiarized with the design and performance of a grid connected PV inverter
consisting of single-phase unbalanced loads and observing its effects in different points of the microgrid. Even
though a single microgrid is studied in this case, the idea is to follow it up with a system consisting of more than one
microgrid which can offer grid support as well as ancillary services during unbalanced condition. Next research work
was followed up with a genetic algorithm developed and tested to control the energy storage system and the
charging and discharging of electric vehicles consisting of technical and financial goals.

3.3.2.Scientific outcomes

Virtual Power Plant:

The virtual power plant (VPP) is the integration of distributed energy resources (DER) under a coordinated
management system. A VPP is an interconnected network of decentralized, small-scale power resources, such as
solar panels, wind turbines, power converters, energy storage systems and manageable loads that work together
under the control of an aggregated control system. Like a conventional centralized power plant, the VPP may be
regulated to adapt to changes in energy demand and supply and can offer grid services like balancing and stability.
The purpose of this integration of dispersed energy resources into a unified utility grid is to improve the energy
system's dependability, flexibility, and efficiency.

Large, centralized generation units were intended to be managed by the power system so that real-time monitoring
and control of their safe operation and dependability was possible. Renewable energy sources (RES), such as solar,
wind, and hydro power, have been growing in popularity due to their environmental benefits and decreasing costs.
However, their integration into existing power systems has presented new challenges for control and operation. The
overwhelming amount of information including weather forecasts, power demand, and supply, that operators must
process in real-time and the dependability of the power electronics-based systems working in parallel, as hundreds
of power converters would be simultaneously exchanging energy with the grid, is the main obstacle to increasing the
expansion of RES. In practice, it has already been observed that generation systems powered by power converters
are having an impact on the stability and dependability of power systems due to the dynamics of the converter not
matching well with the dynamics of the grid or due to the introduction of voltage and current harmonics into the
power system. Even though distributed RES-based units are currently only considered because of their modest
involvement, this will change soon due to the rapid increase in RES integration and the diminishing situation of fossil
fuel power facilities. To balance generation and demand while also contributing to the stability of power systems,
utility-scale renewable power facilities must be designed and operated in a certain method.

Microgrids:
The global Photovoltaic (PV) cumulative installed capacity crossed a total of 1000 GW by the end of 2022. This rapid

growth in PV based power plants comes with a greater challenge of successful operation and grid integration of the
aforementioned power plants along with testing the system with different types of diverse conditions.

In order to have a performance similar to the conventional power plants, the replacing grid-connected power inverters
used in distributed power generation systems should be carefully designed and controlled.

One of the most important tasks to be considered in controlling grid-connected power converters is the proper
synchronization of the inverter output voltage with the three-phase voltages of the electrical grids it is connected to.
The three-phase voltage should be understood as a vector consisting of three voltage components, which provides
the capability of generating and consuming power in a three-phase system.

The module and the rotation speed of the three-phase grid voltage vector remain constant when balanced sinusoidal
waveforms with equal amplitude, frequency, and relative phase shift are present in the three-phases of the system.
Large synchronous generators in power systems initially produce this rotating voltage vector, and electrical devices
at the transmission, distribution, and usage levels are designed to presume that such a voltage vector has both a
constant module and a continuous rotation speed. However, in fact, there are several non-idealities in power systems
that lead to disturbances on the three-phase voltage or current vector, as unbalances or harmonics. Synchronization
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system should be able to detect voltage vector disturbances, and the power converter's control system should be
able to ride through such operating situations while also providing some grid support.

Engineers and researchers have been working to improve traditional grid-connected power converter control
solutions, studying their operation under abnormal grid conditions including the critical case of supplying unbalanced
loads. Unbalanced loads frequently result in uneven grid voltages at the power converter's connection point. The
currents injected into the grid lose their sinusoidal and balanced look under unbalanced situations. The interaction of
such currents with uneven grid voltages could result in uncontrollable oscillations in the active and reactive power
sent to the network. Under such circumstances, maintaining the appropriate operation of the power converter is a
control challenge. For grid-connected inverters the control of currents injected into the grid is critical. While the initial
developments were primarily aimed at providing solutions for balanced grid systems, the focus of engineers and
researchers has recently shifted to controlling the current injection of grid-connected power converters under
unbalanced grid voltage conditions. Situation is different, in the case of islanding operation, during which the voltage
reference is set directly. The grid requirements are a very important specification having a big impact on the design
and performances of the PV inverter. The operative limits are established by standard European regulation, in grid-
connected mode voltage and frequency limits are Un = 10% and 50 Hz + 1% respectively, in isolated mode these limits
are extended to Un + 10% / -15% and 50 Hz + 2%.

VPP roles:
Function that VPP can implement should cover:
e Inertia Support Capability

The VPP offers inertia support by synchronizing the parameters of grid-forming inverters. Additionally, an online
learning-based parameter sets method is created that allows the VPP's inertia to be adjusted. Constant voltage and
constant frequency control (V/f control), constant power control (PQ control) and virtual synchronous generator
control (VSG control) are the three control techniques that the majority of DERs use to function. Grid-following (GFL)
inverters frequently use PQ control, which is dependent on pre-determined frequency and voltage reference values.
As aresult, it cannot deliver active adjustable inertia support. V/f control, which is commonly adopted in grid-forming
(GFM) inverters, can function in a microgrid's islanding mode but cannot supply inertia. A possible method to reduce
system inertia is VSG control, which replicates the inertia and damping properties of traditional synchronous
generators (SGs). By modifying the GFM inverters' control parameters (i.e., damping coefficient D and the moment of
inertia J) in VSG mode, the DERS' inertia can be changed.

e Power Quality and Stability

The grid-supportive capabilities of smart grids help the system to maintain power quality and stability. For network
managers to directly observe and control every single inverter and DER, however, would not be feasible. VPPs and
distribution energy resource management systems (DERMS) are therefore being studied in global states with high
penetration of renewable energy. The DERMS software organizes various DERs to achieve local feeder-specific
advantages such as optimal power flow, locational capacity relief, and voltage and active power management. The
management system can send control signals to smart inverters in DERMS-type applications to control demand-
flexible DERs to assist the grid, such as discharging batteries to match the demand or halting electric vehicle (EV)
charging to reduce demand. The inverter can function as an interface between the grid and the local energy asset
because of its position at the point of intersection in the power network.

e Voltage Stability and Transient Frequency Analysis

The flow and control of energy were the main objectives of the VPP models in the past. A dynamic VPP model must
be implemented for the system transient response study, a model that works well for system analysis and that the
Transmission System Operator (TSO) can use to assess the effect of VPPs in the entire grid. The suggested framework
can support the transient response of the vital controllers that comprise the distributed generators that constitute
the VPP. The suggested aggregated model's validity is confirmed by comparison with a real-time detailed Electro-
Magnetic Transients (EMT) model of the VPP.

e Reactive power compensation, Frequency Support and grid-forming capability

Transmission system operators (TSOs) are increasingly demanding power plants with power converter interfaces to
provide frequency support, reactive power compensation, and grid-forming capabilities. In these plants, a substantial
number of converters are run concurrently, and each one must be properly coordinated to offer these services. The
virtual synchronous machine (VSM) control approach is frequently used for this purpose. The number of connected
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converters, their size, control settings, and electrical connections all affect how dynamically the entire plant behaves.
Because of this, it is challenging to understand how each VSM affects the plant's response and its aggregated
dynamic characteristics.

e Fast frequency support

System operators have been obliged to tighten grid rules to require renewable power plants (RPPs) to offer fast
frequency support, such as power oscillation damping and inertia response, because of the growing contribution of
renewables to power systems. This can be achieved by implementing virtual synchronous power plant controller
(VSPPC) for RPPs. Since it allows for the reproduction of inertia and offers capabilities for power oscillation damping.
the VSPPC benefits the most from replicating the behavior of a SG, particularly in the case of grid events. The primary
benefit of the VSPPC is that it avoids the need to modify the converter controllers in the plant, which are frequently
controlled as grid-following generation units.

At present, RPPs are required to offer dynamic services like power oscillation damping and inertia response in addition
to traditional control services, such as voltage regulation and frequency. One of the approaches to establish these
newly required services is to use the grid-forming power converters instead of grid-following power converters,
which may use a controller based on a virtual synchronous machine. Each power converter that forms a grid can
function as a synchronous generator to give the grid damping and synthetic inertia, primarily managing the current
or power reference. It has been shown that the implementation of a grid-forming power converter is practical for a
single power converter. This strategy might not be financially viable for RPP, though, as it would be necessary to
spend more time and money to design a new control system for the power converters. Moreover, the grid-forming
power converters' independent parallel functioning may result in problems with power oscillation in the plant.

e Active and Reactive Power Control

Distributed generation helps to improve the quality of power. Distributed generation (DG) provides significant
advantages for the enhancement of the voltage profile and power factor in places where voltage support is
challenging due to constraints on the primary (central) power grid. Large-scale decentralized power generation unit
implementation may also cause instability. This is caused by the ineffective power control of the DG units, which also
causes reactive power imbalance and fluctuations in the voltage of the power network. These factors make operating
DG sources in a regulated environment crucial. As a result, DG control paradigms have been proposed, with MicroGrid
and VPP being the two primary ones. For synchronous generators, there are currently no control paradigms that
permit independent control of the machine's active and reactive power output. For any network to be stable, the
power balance must be maintained. Generator instability, which can include rotor angle instability, voltage instability
and frequency instability can be brought on by an improper balance of active and reactive power in the network.

A VPP is a network-based system which combines and controls numerous DERs as if they were a single power plant.
The VPP communicates with the grid operator and the combined DER. While physical power is exchanged between
DERs and the grid, the VPP communicates with both the grid operator and the aggregated DERs as shown in Figure
9.

DERs Power Exchangg @— >

Information Exchange @—————————— >
Figure 9. Overview of VPP interactions.
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Operation in unbalanced situation

In previous studies, the effect of unbalanced or single-phase loads in the point of low voltage (PLV) to that in the
microgrid are observed either in case of grid connected operation or in case of islanded mode operation. Different
types of power balancing technigues have been developed to mitigate this problem of unbalanced condition in
islanded microgrid. The situation is similar for the case in which only grid connected operation is considered. Also,
there is a research gap in the operation of this type of system considering different values of irradiances. Moreover,
an islanding detection based on field-programmable gate array (FPGA) considering voltage and frequency deviation
of the phase locked loop (PLL) at the PCC is a common practice in disconnecting the grid and operating the system
in grid forming mode. The islanding detection failure due to the introduction of unbalanced loads is also a common
occurrence where the islanding detection fails and results in a false trip command due to different types of loads
such as constant impedance, constant current, and constant power loads. However, this type of islanding detection
should be tested under unbalanced conditions to evaluate the islanding detection failure in case the detection
parameters exceed the operation mode boundary values resulting in a false islanding trip command under different
values of irradiances. In this paper the operation of a three-phase photovoltaic plant (rated at 250 kW) will be analyzed
when it supplies power to a single-phase load in the PLV and compared with situation of being totally balanced. The
analysis will be not only done in grid connected but also in isolated mode considering different values of irradiances.
The paper includes a basic method to detect the islanding condition to be able to perform the analysis in both grid
connected and islanded modes and to study the transient behaviour from one mode to the other. The main analysis
and novelty of the paper is the identification of cases in which the islanding detection method fails due to the
unbalanced condition in the PLV along with variation in irradiances values and verify the reliability of the islanding
detection method.

The operation in unbalanced situation has been studied use the case shown in Figure 2 that discusses about the
performance of a 250 kW three-phase photovoltaic power plant that supplies electricity to both single-phase and
three-phase loads. The analysis considers voltage and frequency deviation of the phase locked loop (PLL) at the Point
of Common Coupling (PCC) and the effect on the entire system taking into account unbalanced situations with
different values of irradiances is observed. The analysis covers both connected and disconnected modes. It also
includes the performance of a basic islanding detection method. This work is unusual in that it identifies a situation
in which single-phase loads are connected at the location of low voltage and the islanding detection fails.

Figure 10 represents the general block diagram of the overall system. It consists of a PV field composed by 616 solar
panel modules (with parameters shown in Table I) connected in an array of 7 in series and 88 in parallel, totalling a
power of 250kW.

Table I. Main parameters of Solar Panel Module

Parameter Value
Reference SunPower SPR-415E-WHT-D
Open voltage 853V
Short circuit current 6.09 A
MPP Current 5.69A
MPP Voltage 729V
MPP Power 414.801W
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PPV- POINT OF PV
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PDG- POINT OF DISTRIBUTION GRID
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Figure 10. Power System Under Study
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In the balanced situation, the microgrid is initially connected to the main grid and at 1s, itis disconnected after opening
the corresponding breaker. Simulations results are shown in Figure 11 where it can be seen that the system operates
properly in both modes. The reference voltages, both in LV and HV points of the inverter are 250 VRMS L-L and
25kVRMS L-L respectively. In the balanced situation, the microgrid is initially connected to the main grid and at 1s, it
is disconnected after opening the corresponding breaker. Simulations results are shown in Figure 11 where it can be
seen that the system operates properly in both modes. The reference voltages, both in LV and HV points of the
inverter are 250 VRMS L-L and 25kVRMS L-L respectively. Figure 12 shows the main magnitudes of the photovoltaic
field, where it can be seen that the PV power is adjusted during the islanding operation. Figure 13 shows the main
variables related to the islanding detection and operation mode. It can be seen that the detection time is about 30
ms (lower than the limit established to 2s by norms-IEEE-STD 1547) and the detection in this case is mainly based in
the frequency deviation (50.1 Hz) since the system detects the frequency deviation before the voltage deviation. The
control algorithm for islanding modes achieves that the frequency and voltage of the system goes back to acceptable
values, i.e. 50Hz and 0.86 p.u. (higher than the lower limit of 0.85).
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Figure 11 Voltage (in V) and current (in A) waveforms in different points of the microgrid, as indicated in Figure 10a: (a) Simulated
results, (b) Zoom at 1s (disconnection)
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Figure 12. Sun Irradiance, PV voltage and PV power during the case under study (connected and disconnected).
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Figure 13. Detection of the Islanding condition based on the frequency and voltage deviation in the PMG.
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Figure 14. Simulated results, voltage (in V) and current (in A) waveforms in different points of microgrid, as indicated in Figure 10.

The analysis of operation under unbalanced condition is done by considering the case where a single-phase load of
80kW is connected in phase a of the low voltage feeder (between 0.3s to 0.8s and 1.3s to 1.8s). The response of the
proposed system is analysed both, in connected to the grid mode from Os to 1s and in disconnected mode from 1s to
2s.

The whole system is also analysed considering different values of irradiances. Figure 14 shows the results for the
proposed case when the irradiance level is 1000 W/m2.In this case, when the single-phase load is not connected the
power generated by the PV is close to the power demanded by the local load in the microgrid. Figure 15 shows the
transient details when connecting and disconnecting the single-phase load in both grid-connected and isolated
modes. It can be observed that, even though the voltage waveforms are not affected considerably due to the
synchronization to the grid voltage, the current waveforms in the low voltage feeders are affected considerably and
results in unbalanced condition between 0.3s and 0.8s of the simulation time. The effect of unbalanced condition in
the low voltage feeder results in an even greater unbalanced current in the high voltage distribution grid. This in turn
may affect the power quality of the grid and must be taken under consideration while designing a grid connected
power inverter. After 1s, the grid is disconnected from the system and a single-phase load is introduced at 1.3s. A
similar type of behaviour can be observed in the grid disconnected mode as well. However, the current as well as
voltage waveforms are now greatly influenced by the unbalanced condition. This is because of the disconnection of
the grid from the system due to which the grid can no longer support the unbalanced condition of the inverter output
voltage. The negative sequence voltage rises to a peak value of approximately 9.7% during islanding mode from grid
connected mode.

Table Il represents the results obtained during the simulation. It can be concluded that, with the increase inirradiance,
the negative sequence voltages during unbalanced condition remain unchanged in grid disconnected mode but the
peak values of the negative sequence voltages increase while disconnecting the grid from the system. However, the
negative sequence currents decrease in grid connected mode with the increase in irradiance. During a fault condition,
the system starts operating in islanded mode due to the tripping of the switch and hence the system must be restored
back to the grid connected mode of operation.
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Figure 15. Details of voltage (in V) and current (in A) waveforms in different points of microgrid, as indicated in Figure 10: (a) Zoom
at 0.3 s, (b) Zoom at 0.8 s (c) Zoom at 1.3 s, (d) Zoom at 1.8 s

Table Il. Results obtained during Simulation.

G S Negative Seqguence Negative Seqguence

Simulation C P Voltage (%) Current (%)
Time (s) M L Irradiance (W/m?) Irradiance (W/m?)

(Y/N) (Y/N) 800 1000 1200 800 1000 1200
0to 0.3 Y N 0 0 0 0 0 0
0.3t00.8 Y Y 0 0 0 3.8 3.5 2.6
0.8t01 Y N 0 0 0 0 0 0
1t01.3 N N 0 0 0 0 0 0
1.3t01.8 N Y 1.2 1.2 1.2 1.2 1.2 1.2
1.8t02 N N 0 0 0 0 0 0

Here, GCM: Grid Connected Mode, SPL: Single-Phase Load, Y/N: Yes/No
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It can be also concluded that, the negative sequence currents decrease in grid connected mode with the increase in
irradiance due to the influence of a single-phase load in the system whereas it remains constant in islanded mode.
To effectively design a more robust solar power-based grid connected inverters, the effects of single-phase loads in
the low voltage feeders must be taken into consideration in the distribution grid now so even more than ever with
the growing presence of inverter-based generators connected to the distribution grid. It is also important to identify
the problems caused due to the connection of single-phase load (decreasing voltage quality) and perform a reliability
test of the islanding detection. The future work will focus on balancing the currents in the PCC produced by the
single-phase load and thus reducing the effects of unbalanced condition. Moreover, an advanced detection method
of islanding condition can be implemented in the system.

Cyber-security hazards

Cyber-security is another important feature that must be taken into consideration for present-day smart grids. This
paper consists of cyber-attack detection along with a novel solution by using islanding mode of operation of the VPPs
when an attack takes place in the main grid. It also deals with the contribution of modern-day smart grids in the
context of VPPs.

The increased implementations of VPPs also comes with the challenges affiliated with data protection, securing
physical systems and information privacy. Cybercriminals can now deliberately attack the energy sector to disrupt
operations thanks to recent technological breakthroughs. Despite efforts by security researchers to reduce the
dangers and vulnerabilities, it is still difficult due to the evolution of VPPs into a cyber-physical based system. This is
why it is important to have technological innovation in the cyber physical spaces to keep up with the new and
unknown methods of cyber-attacks in the energy sector. The energy sector has recently been one of the most
targeted industries. Over time, the attackers’ motives have evolved. Table Il illustrates the increase in other
incentives, such as cyberwarfare and causing disruptions, even though money is still the dominant driver.

Table . Effects of Cyber-Attack.

Name of Cyber|Place Year Impact Vulnerability
Attack
BlackEnergy Ukraine Power Grid 2014/2015 |In  Ukraine, a power | Poor infrastructure, corruption, and

disruption for a duration of | tensed relations with external
6 hours occurred which | countries
affected almost 230,000

people.
Industroyer/Crash Ukraine Power Grid 2016 Ukraine lost 1/5 of its| Direct control of the switches and
Override (North City of Kiev) electrical capacity due to | circuit
an  hour-long  POWEr |y oarers at power grid substations
outage. using four ICS protocols
Triton Oil and Gas Plant 2017 The attackers were | Malicious TriStation protocol use by
Saudi Arabia interested in causing an | a malware framework to target the

explosion to spread | Triconex  Safety Instrumented
throughout the entire | System (SIS) controllers
plant, but their plan was

thwarted due toa
virus flaw and
vulnerability.

One of the basic methods of identifying a cyber-attack is determining the manipulation of the voltage and current
and as a result the power at different setpoints in a transmission line which are also known as Point of Common
Coupling (PCC). The voltage and current in these PCCs are constantly compared with a fixed set of values in the cyber
security outer layer. If there is a drastic change in either the voltage or current and as a result, the active power in
these PCCs, it should be assumed that there is a high chance of the system being attacked during that period. In the
givenillustration of N number of DEGs Technical Virtual Power Plant (TVPP) for the closed form derivation of Thevenin
voltage, the cybersecurity analytics system's methodology for identifying normal operation region serves as
the foundation. This region of regular operation is used as a confirmation approach to separate malicious set-points
that the network cyber-layer requires. A cyber attacker who controls the set-points for the VPP cyber-layer is the
source of these harmful set-points. Based on a derived one-to-one mapping between the cyber-layer generated set-
points and the internal PCC bus voltages of the network, the normal operation region is defined. Using internal PCC
bus voltage monitoring, this derived mapping is contrasted with an inverse mapping to look for anomalies. The voltage
anomaly is caused by an intrusion after the cybersecurity analytics system notices a discrepancy between the one-
to-one mapping and the inverse mapping.
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Figure 16. Voltage (in V) and Current (in A) waveforms in different points of microgrid, as indicated in Figure 2a (a) during normal
condition, (b) after the attack; and Voltage (in V), Current (in A) and Active Power (kW) waveforms of a single phase during (c)
normal condition, (d) under attack.

The system is simulated for a total of 1s by using MATLAB Simulink software as demonstrated in Figure 16. It is
assumed that at 0.5s, the system is attacked by the hacker in between the point of microgrid and distribution grid
and as a result the voltage, current and power values are changed from their rated values. From these manipulated
values, it can be easily identified that the system is under attack by the hacker and necessary steps must be taken
to bring the system back to normal operating condition.

In the second case, it is assumed that a cyber-attack takes place in between the main grid and the distribution grid.
Often in many circumstances, a hacker has no prior knowledge regarding the total network of VPPs across the whole
transmission system. However, the hacker may have the total information regarding the main grid. In this case, the
hacker tries to manipulate the data in the main grid system and makes the system unstable and as a result, a blackout
may occur. One of the many solutions in this scenario is to isolate the grid from the system and use the islanding
mode operation for the microgrid. In this case, the detection takes place if the voltage changes to + 15% and frequency
to + 0.1Hz.

In Figure 17, a flowchart based on the algorithm can be established based on these aforementioned conditions.
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Figure 17. Flowchart for operating the system in islanded condition due a cyber-attack in the main grid.

In this case in Figure 18, the simulation results are observed for a total duration of 1s. At 0.5s, a hacker tries to
manipulate the system in the main grid location. It can be observed that, if the main grid is not isolated from the grid
connected PV based solar power plant, the system becomes unstable and is not able to generate any active power.
However, if the grid is disconnected from the system by means of a relay, breakers and using islanding mode of
operation, it can be observed that the solar power plant is able to supply active power into the loads and the system
remains stable.

Use of Advance Al algorithms

Itis important to incorporate the use of Al for enabling the VPPs for being a useful tool in the integration of distributed
resources such as renewable generation, electric vehicles, manageable loads, and energy storage systems under a
coordinated management system to obtain economic advantages and provide ancillary services to the grid. A
management system for a virtual domestic power plant that comprises photovoltaic generating, household loads,
energy storage technologies, and electric vehicles is suggested in this case. The virtual power plant is economically
optimized (like commercial virtual power plants) with the proposed management system while delivering ancillary
services (like technical virtual power plants) to the distribution grid. With a number of technical and financial goals, a
genetic algorithm is developed and tested to control the energy storage system and the charging and discharging of
electric vehicles. In order to demonstrate that single-objective optimization technigues outperform multi-objective
ones in the circumstances under study, they are put side by side. The effectiveness of the genetic algorithm is
additionally verified using a deterministic gradient-based optimization technique. The findings demonstrate that
these technical and economic targets, which are often designated for larger virtual power plants, may be successfully
managed in smaller virtual power plants.
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Figure 18. Voltage (in V) and Current (in A) waveforms in different points of microgrid, as indicated in Figure 2a (a) before islanding
condition, (b) after islanding condition; and Voltage (in V), Current (in A) and Active Power (kW) waveforms of a single phase (c)
before islanding condition, (d) after islanding condition.

For this study, a genetic algorithm has been defined and programmed to optimally obtain the charge/discharge power
of storage system and of electric vehicles (restricted to their availability time slot). Different objectives functions and
constraints have been tested and compared. An economic target is defined by means of an objective function related
to the cost of the net electricity bill, including purchase and sale of electric energy. A technical target is included in
two alternative ways: by means of an objective function to minimize the power interchange with the grid, or with a
peak-shaving restriction. Table IV compares the results, in terms of self-consumption index (SC), self-sufficiency
index (SS), cost saving and extreme power peak. The table shows that the best saving is obtained using only the
minimum cost objective function (case 2). but only combining this objective function with a peak shaving constraint
(case 3), the extreme power is bounded in 10 kW. Figure 19 shows the power interchange between the VPP and the
grid in base case and after optimization process in case 3, proving the accomplishment of the constraint. Results
obtained outperform both classical deterministic optimization methods an even multi-objective genetic algorithm.

Table |V. Comparative analysis of results.

Case Base 1 2 3 4
Description Without ESs  MIN-POWer e oost Min-costpeak i hiective
interchange shaving
SC (%) 59.87 7910 5816 62.88 57.75
SS (%) 33.89 53.30 3919 42.36 3891
Electricity bill (EUR/day) _ 23.47 20.58 1995 2194 2253
Cost saving (%) 0 12.3 15.0 6.5 40
Extreme power peak ~36.44 -1.09 ~23.67 -10 -18.32

(kW)
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Figure 19. Power Interchange between the VPP and the grid before and after the optimization process.

3.3.3.Contribution to the WP objectives

The present research work has contributed to the WP objectives by designing and optimization of VPPs, covering a
study case consisting of grid connected PV based inverter and a coordinated system for the integration of distributed
energy sources. The case study includes the design and performance evaluation of a 250kW grid connected inverter
based on PV panels as the energy source. This system can be operated in both grid-connected as well as islanded
mode. This research has also contributed to analyse the effects in power quality and efficiency in the case of
unbalance produced by a single-phase load in the microgrid by observing the magnitude of the second-order
harmonics in different nodes of one proposed system taken as a prototype. The research has identified some
operation strategies for the energy management system based on genetic algorithm and how these strategies can
optime the operation of the whole system.

Different criteria have been used in the optimization process: minimizing the cost of the electricity bill or providing
ancillary services to the distribution grid (namely peak shaving), During the research process, advanced algorithm
techniques are being studied to be used in VPPs that integrates more than one microgrid to improve reliability and
resilience.

The work is contributing in particular objectives 1and 3 of the WP:

e To identify and demonstrate new ways of managing electric energy generation by using Renewable Electric
Energy Generation (REEG) and Distributed Energy Resources (DER) as agents of a Collaborative Smart Grid (CSG);

e To establish power generation patterns and new efficient converters for each technology to determine the best
way to coordinate the operation of different and complementary DERs for supplying Smart Buildings or Houses,
increasing the Renewable Energy share in the Electric Energy Generation Mix, or providing ancillary services.
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3.4. Task 2.4 - IRP4 “Condition Monitoring for Smart Power Electronic Converter Systems for
Distributed Generation”

3.4.1. Introduction

The objective of this research is to improve the reliability and resilience of distributed generation systems by providing
innovative condition monitoring methods to critical power converters. The current research work uses harmonics in
control variables of inverters to monitor the health status of IGBTs, which provides a noninvasive, online monitoring
interface without additional hardware. The current research work has been obtained during 12 months in Aalborg
University.

3.4.2.Scientific outcomes

Background

Power electronic-based converters are critical devices in a distributed generation system. The health status of power
electronic-based converter has impacts on system reliability and cost. Based on reports collected from 350 PV
inverters [1] and 350 wind turbines [2], it has been estimated that these systems can contribute upto 43% and 13% of
failures as well as 36% and 18% of power downtime, respectively. Hence, monitoring the health of the conversion
units is vital in improving the operational reliability of the system.

The power semiconductor devices in inverters, e.g., IGBT, constitute 10% of system failures and have high repair costs
[3][4]. There are several fault precursors that can be used to estimate the health status of power semiconductor
devices, wherein measuring on-state voltage can provide accurate results [5]. Some previous works measure the
on-state voltage of power semiconductor devices by adding measurement circuits [6][7][8][9][10]. These methods
can derive the on-state voltage accurately, but most of them are invasive, hard to measure online, and involve
deployment of additional measurement circuits. These aspects thereby are costly alternatives from an
implementation perspective, making them hard to implement.

To bridge the gap between previous works and industry applications, there is a need to build a practical and
economical condition monitoring method for power electronic-based distributed generation systems. The objective
of this research is to monitor the health of power semiconductor devices. Based on the health status of each
component and inverter, the maintenance schedule can be optimized, system reliability can be improved, overall cost
is reduced, and waste is reduced.

One way to implement condition monitoring is using harmonic in control variables to monitor the health status of
power semiconductor devices. This method has the advantages of non-invasive, online monitoring, and avoiding
extra measurement circuits. The following sections discuss this method in detail. First, the reason why power
semiconductor degradation increases the on-state voltage is explained. Second, the impact of power semiconductor
device degradation on the inverter circuit is modelled. Third, the characteristics of controller response is analyzed
and modelled. Finally, the result from simulation is used to validate the theory.

On-state Voltage of IGBT
This section introduces the trend of the on-state voltage with package-related degradation.

The on-state voltage of IGBT has two equivalent parts: a constant voltage part Vceo and a resistive voltage part, as
shown in Fig. 1(a). The constant voltage part Veeo is independent of the collector current /., while the resistive part is
current dependent since it represents the parasitic resistances. The on-state resistance R.» can be defined as the
slope of the transfer characteristic, as given in equation (1).
R, =AVe [Al ©
The on-state resistance depends on the health status of bond wires, surface metallization, and die attachment; the
potential failure causes can be temperature cycling, power cycling, and coefficient of thermal expansion (CTE)
mismatch between different materials [11]. Therefore, the on-state resistance can indicate the health status of
packages. When the package is degraded, the on-state resistance usually increases, leading to an increment in the
on-state voltage. In an accelerated degradation test triggering the package-related failures, the on-state voltage
keeps increasing from the initial voltage Vce_initial to @ value exceeding the end-of-life threshold Vee_end-of-ite, @S Shown
in Fig. 1 (b).

D2.6. Intermediate WP2 scientific report 34




SMARTGYSUM ﬁroject has
been funded by the
European Commission’s
Horizon 2020 Programme

Power cycles
(b)

Fig. 1: (a) Transfer characteristics of an IGBT. (b) The on-state voltage increases in the accelerated degradation test.

Modelling Impact of On-state Voltage on Inverter
This section explains the mechanism of on-state voltage affecting the inverter operation.

There are various topologies for inverter applications, and this work selects a widely used three-phase, two-level
voltage source inverter to study. An inverter system diagram is illustrated in Fig. 2 (a). The inverter consists of six
IGBTs S and six diodes Dis. The controller consists of a voltage controller and a current controller. The voltage
controller maintains the bus voltage v4, while the current controller regulates the inverter output current faec and iaq.
The current controller is implemented in a direct-quadrature dg-synchronous rotating frame.

From the inverter point of view, the on-sate voltage is a voltage disturbance. The on-state voltage reduces the
inverter output voltage Van, Von, and ven. Then, the reduced inverter output voltage affects inductor current i, i», and
ie. The current controller observes the variation in the inductor current and compensates for the variation.
Consequently, the current controller output vaq and Vaye are affected by the increased on-state voltage.

Fig. 2 (b) illustrates how the on-state voltage of IGBTs and diodes affect the waveform of the phase A output voltage
Van. The phase A current i, is positive when time t is between to and ti.. In this period, the upper envelope of van is
affected by the on-state voltage of S;, and the bottom envelope is affected by the on-state voltage of D,. In the
negative current period from t; to t,, the envelope is affected by S; and D.. When the on-state resistance of IGBTs or
diodes increases, the waveform is further reduced from the original va., waveform.
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Fig. 2: (a) A three-phase two-level grid-connected inverter controlled by an outer bus voltage loop and an inner
current loop.

(b) Inverter output voltage showing the voltage disturbance induced by parasitic parameters of power semiconductor
devices.

Modelling of Controller Response

The above section analyses the disturbance in the time domain. This section models the disturbance and response
in the frequency domain.
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Fig. 3 (a) is a control diagram of the current control loop. The disturbance is added to the inverter output voltage vq4
and v,. After the filter stage, the disturbance is added to the inverter output current is and i, as well as sensed current
fsq_anc. The disturbance can also be observed from the proportional-integral (PI) current controller output vaq and Vase
(also known as the voltage reference) and the gate signal vg.e. The gain between the on-state voltage and the
disturbance at each variable can be calculated based on the transfer functions of the plant and the controllers. This
work selects the current controller output vaq and vase to estimate the increased on-state voltage because these
variables have higher gains and are known variables to the controller.

There are some frequency-domain characteristics need to be considered: the zero-sequence components cannot
flow in the topology and the controller can only compensate for disturbances lower than the control loop bandwidth.
As aresult of which, the frequency-domain characteristics should be studied, and low-frequency harmonics are used
for increased on-state voltage estimation.

Fig. 3 (b) is a flowchart showing the calculation process of the harmonics in the current controller output vaq and Vaee.
The first step is calculating the harmonic components in the voltage disturbance in the abc frame, which means the
increased harmonics induced by the increased on-state resistances of power semiconductor devices are calculated.
Then, the voltage disturbances are converted into the dg frame to be consistent with the controller. The next step is
calculating the controller responses both in the dg frame and the abc frame.

A. Harmonic analysis of the voltage error
Derive the harmonic components of the voltage error
in the inverter output voltage in the abc frame.

N2

_ B. Transform harmonics from abc to dg

o . P 0 g Project the harmonic component from the abc to the
urren WM ; . . .

5, contr oller  Gain Inverer | Ve Filter i dq frame to derive the errors in the dg frame.

Gon(s) | Grwna(s) Hlnvemr Gia(5) 2
V;] Vare Vd, Vg C. Controller response

Taq ADC GADc(S)L Controller responds to harmonics within its
B bandwidth in the dg frame.

N2

D. Transform harmonics from dg to abc
Transform the additional harmonics from the dg
frame to the abc frame

@ (b)

Fig. 3 (a) Control diagram of the current control loop. (b) Flow chart of harmonic calculation based on the increased
on-state voltage disturbance in vgq and Vage.

Validation

Theory in the above sections is validated through PLECS simulation. The simulation condition is adding on-state
resistance AR, to one of the IGBTs S; to study the increased harmonics in the vaq and Vaee. Fig. 4 (a) compares low-
frequency harmonic components in the abc frame and the dg frame from both calculation and simulation. When the
increased resistance of Syis 1 m(, the increased harmonic components are in the range of several millivolt. The results
from calculation and simulation have similar magnitude and trend in when the harmonic order is between 0 and 5. In
addition, the phase A harmonics are two times of the harmonics in the other two phases. In another simulation
condition, the increased resistance of S; varies from 0 to 1 mQ with a step size of 0.1 mQ. The harmonic components
from O to 5th order are shown in Fig. 4 (b). It is worth to note that the example only shows the harmonic components
of adding AR.» to Si, but the method can be applied to more complicated cases with multiple degraded power
semiconductor devices and their increased on-state resistances.
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Fig. 4: (a) Comparison of harmonics magnitude between calculation and simulation. The increased on-state
resistance of Siis AR.n=1mQ. (b) Comparison of harmonics between calculation (solid lines) and simulations (circles).
AR, of Sy varies from 0 to 1 mQ, and the harmonic order k varies from O to 5.

Summary

This report explains the importance of the condition monitoring method in a power electronic-based converter
system. The gap between the previous research work and the industry applications is analysed. To develop a
condition monitoring method that is non-invasive, online monitoring, and free from extra measure circuits, this report
studies the possibility of using harmonics in control variables to estimate the on-state resistances of power
semiconductor devices. The effects of the on-state resistances to the circuit in both time domain and frequency
domain are analysed in detail. The controller response is studied and modelled. The main research outcome is a model
between the health precursor of power semiconductor devices and the controller variable.

3.4.3. Contribution to the WP objectives

One of the objectives of WP2 is objective 2: “developing models to describe/predict the behaviour of PV and wind
generators and to design the best and safest ways to integrate their generation into existing grids to improve reliability
and efficiency”. Health status is one of the key behaviours for distributed generation systems. Knowing the health
status can help to manage the distributed energy resources in a safe and efficient manner.

In a distributed generation system, inverters are critical and fragile devices; inside the inverter, power semiconductor
devices are causing high maintenance costs. Thus, condition monitoring techniques are required to estimate the
health status of power semiconductor devices in inverters. Previous works provided methods to measure the health
precursor of power semiconductor devices in an accurate way. However, some previous works are impractical
because they are invasive, off-line measurement methods, and require extra measurement circuits.

This work uses the harmonics in control variables as a health precursor of power semiconductor devices, which has
the advantages of non-invasive, online measurement, and avoiding extra measurement circuits. The model between
the harmonics in control variables and the health precursor on-state resistance is built. Then, it is validated through
PLECS simulation.

The main contribution of this work is investigating the possibility of using control variables to monitor the health
status of power semiconductor devices. It is a practical condition monitoring method, and it has the potential to be
applied to different converters. Monitoring the health status of distributed energy resources based on this research
work helps to optimize the maintenance plan, improve system reliability, save waste material, and reduce costs.
Consequently, the system is operating in a reliable and efficient manner.
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4. Conclusions

Overall, the contributions are within the scope of the corresponding tasks. Scientific results obtained by every WP2
Partner allow us to ensure that the project is on the right track to achieve all its goals. Two ESRs did some experimental
validation with the Hardware in the Loop (HIL) technique, in which it is possible to run and verify a target control
platform for the prototypes without having actual hardware in the setup.

As for the following goals, ESRO1 will continue his research by extending the simulation model to include two parallel-
operated converters with detailed performance metrics, such as power losses, harmonic behavior, and redundant
operation. He will also focus on implementing the experimental model of the abovementioned converters, including
actual power electronics components, control hardware, and grid simulation equipment.

ESRO2 plans, based on the research so far, to develop a new energy management control algorithm, for which he will
extend his model to include a standalone mode of operation and gain the possibility of fetching and interpreting
weather forecast data. He is also in the process of developing a hardware prototype interfacing PV, ES, grid simulator,
and local loads.

ESRO3 will focus his attention on the family of optimization algorithms for VPP, covering specific constraints and
modes of operations. His attention will also be put on the Prototype of the Virtual Control Plant with the control
capabilities already developed and able to interface with EMS, local load, and the grid.

ESRO4, based on his results, will try to improve the monitoring method in terms of resiliency and reliability. This will
lead to the development of the first version of a software tool for the condition monitoring system aiming to enhance
the resilience of converters.

As research conducted in all four tasks aims to achieve the same WP2 objectives, it is expected to achieve more
collaboration between WP2 Partners, resulting in more joint publications, but even now, there are already some of
them

Finally, based on scientific outcomes, all ESRs were able to conduct topic-specific research and develop a working
model for testing different solutions. Based on oral and written communication with supervisors and co-supervisors,
all four ESRs have been evaluated as highly devoted, responsible, and open-minded researchers.
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