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RESUMEN DEL PROYECTO

La Universidad de Illinois esta desarrollando un software para el control distribuido de
‘microgrids’. Esta tesis se centrard en el desarrollo de un banco de pruebas para ‘microgrids’.
En proyectos fututos el control distribuido que esta siendo desarrollado por la universidad, sera

probado en este banco de pruebas.

Uno de los mayores problemas de las “microgrids™ hoy en dia, es el elevado coste de desarrollo
que requieren. Esto es debido principalmente a dos cosas. En primer lugar, no hay suficientes
modelos normalizados por lo que cada “microgrid” debe ser desarrollada de cero. En segundo
lugar, la Unica opcion para probar una “microgrid” en tiempo real y con una fidelidad elevada
es utilizar infraestructura eléctrica real. Este banco de pruebas pretende ser adaptable a
multiples topologias de “microgrids”. En esta tesis se implementaran los modelos de inversor

P-Q, inversor V-F y Microturbina en Typhoon HIL

Palabras Clave: Microgrid, Banshee, Simulaciones HIL

1.

Introduccion

En los dltimos afios, se esta produciendo un crecimiento exponencial de las Fuentes de
energia distribuida (FED). Estas fuentes, son demasiado pequefias para ser controladas
por lared. Sin embargo, si se conectan muchas FED con el apropiado sistema de control,
pueden ser controladas por la red, e incluso ofrecer servicios de regulacion. Esta
agrupacion de FED mencionada anteriormente es lo que conocemos como “microgrid”.
El importante crecimiento en las FED implica por tanto un importante crecimiento de las
“microgrids’

Uno de los principales problemas de las “microgrids” es como ya se ha comentado en el
resumen del proyecto, el elevado coste de desarrollo. Mediante el uso de este banco de
pruebas se podria abaratar el coste de desarrollo y también se evitaria el riesgo de dafiar
equipamiento eléctrico costoso. El principal objetivo de esta tesis es presentar un banco
de pruebas que ofrezca tanto una simulacion en tiempo real como una excelente fidelidad
de los modelos. La tecnologia utilizada para conseguir estos dos objetivos es la
simulacién "Hardware-in-the-loop™ (HIL).

Definicién del Proyecto

Este proyecto es parte de otro mas grande en la Universidad de Illinois. La universidad
esta desarrollando un software para el control distribuido de microgrids. El banco de
pruebas presentado en esta tesis sera usado para evaluar el rendimiento de dicho control.
Sin embargo, este no es el Unico objetivo de este banco de pruebas, el objetivo también



es crear un banco capaz de adaptarse facilmente a todas las topologias de “microgrids
de manera que pueda ser utilizado para el desarrollo de maltiples “microgrids”.

En esta tesis se presentard el banco de pruebas y se implementaran los modelos
individuales necesarios para su creacion. Se implementaran en Typhoon HIL los
modelos de inversor P-Q, inversor V-F y Microturbina.

3. Descripcién del Modelo

Tal y como se ha mencionado antes, en esta tesis se implementaran los modelos
individuales de las FED necesarias para la creacion de la red de distribucion Banshee.
Una vez implementada la red Banshee, deberian implementarse mas modelos para hacer
el banco de pruebas mas facilmente adaptable

Figura 1 — Esquema de la Red de distribucion Banshee [3]
4. Resultados

En este apartado se presentaran los resultados del inversor P-Q para dar al lector una idea
general del formato de los resultados presentados en esta tesis. Los resultados de otros
modelos tienen el mismo formato que este.
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5. Conclusion y Siguientes Pasos

Durante el desarrollo de este proyecto han ido apareciendo numerosos problemas
relacionados con Typhoon HIL. Los modelos previamente implementados en Simulink
no funcionaban al ser implementados en Typhoon HIL. Uno de los principales problemas
fue que Typhoon HIL tiene limitaciones resolviendo algunos tipos de sistemas no
lineares como por ejemplo las cargas de potencia constante o los “Algebraic loops”
formados en los modelos de orden reducido. Durante la implementacion de los modelos,
se ha ido buscando soluciones o alternativas a estas limitaciones del software de Typhoon
HIL. De esta manera, los modelos mas importantes ya han sido implementados en esta
tesis, y también se han comentado los problemas que han ido surgiendo durante la
implementacion, con el objetivo de evitarselos a alguien implementando un nuevo
modelo en Typhoon HIL

Aunque Typhoon HIL tiene todavia mucho margen de mejora, es la empresa lider en
simulaciones HIL, y las simulaciones HIL son la forma mejor, mas barata y mas rapida
de probar una “microgrid”. También se ha llevado a cabo un andlisis econémico que
respalda esta afirmacion y deja claro cual es el potencial de esta tecnologia.

En esta tesis como ya se ha dicho, se han implementado los modelos individuales de las
FED necesarias para la creacion de la “microgrid” Banshee. Los siguientes pasos se
podrian dividir en dos.

1. Implementacion de la red Banshee: Esta parte consiste en juntar los modelos
implementados para formar la red Banshee. Antes de esto es necesaria la
implementacion de algunos modelos de cargas. Una vez implementada la red
Banshee, se probara en la misma el software para el control distribuido
desarrollado por la universidad

2. Implementacion de nuevos modelos: Tal y como se ha dicho antes, este banco de
pruebas debe ser lo mas adaptable que se pueda. La forma de conseguir esto es
implementando numerosos modelos de manera que el banco sirva para
“microgrids”, aunque estas contengan FED que no han sido implementadas en
esta tesis. Se deberia intentar afiadir periédicamente nuevos modelos que se
vayan considerando relevantes con el tiempo
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ABSTRACT

The University of Illinois is developing a distributed control architecture for microgrids.
This thesis will focus on the development of a testbed that will be available to test
microgrid’s features. In future projects, this distributed control architecture software will be
tested with this testbed.

One of the main problems of microgrids these days is the cost of testing and development
since almost every microgrid has a different topology and DER distribution. With the
creation of this Testbed, microgrids can be tested without the risk of damaging expensive
material, since until now the only way to test a microgrid in real-time and obtaining high-
fidelity is by testing the microgrid with the real electrical infrastructure. This testbed pretends
to be usable for most microgrid configurations. In this thesis the models of a grid-feeding
inverter, grid-forming inverter, and microturbine were implemented intro Typhoon HIL.

Keywords: Microgrid, Banshee, HIL simulations

1. Introduction

In the last years, there has been an incredible growth of DERs (Distributed Energy
Resources). These resources are too small to be controlled by the grid. However, if many
DERs are connected with the appropriate control architecture, the main grid can control
them together and they can offer regulation services to the grid. This aggrupation of
DERs mentioned before is what we call a microgrid. The incredible growth of DERs
implies also an incredible growth of microgrids.

The main problem of microgrids is their cost of development. In order to test the
microgrid’s features in real-time and with high-fidelity, the only alternative is to test the
microgrid with the real electrical equipment. In this thesis, a microgrid testbed will be
presented. The objective is to reduce the cost of development of microgrids and to use
this testbed to evaluate the performance of the distributed control architecture for
microgrids that is being developed by the University of Illinois. The technology that will
allow this real-time simulation and ultra-high fidelity is the Hardware-In-The-Loop
simulations (HIL)

2. Project Definition

This project is part of a larger project at the University of Illinois. The university is
developing a distributed control architecture. The testbed presented in this thesis will be
used to evaluate the performance of the control. However, the testbed not only will be
used for that purpose. The testbed created will be easily adaptable to many microgrid



topologies and DERs distribution. The testbed will consist in implementing the Banshee
distribution network into Typhoon HIL.

In this thesis, the testbed will be presented, and the most important models will be
implemented into Typhoon HIL. The high-order models of a grid-feeding inverter, grid-
forming inverter, and a microturbine will be implemented into Typhoon HIL

Model Description

In this thesis the individual models of the DERs that appear on the Banshee model were
implemented into Typhoon HIL, however, the next steps will be connecting these models
together to form the Banshee network. When this is done, more models should be
implemented in order to increase the adaptability of the testbed

Figure 1 — Banshee Distribution Network Scheme [3]

4. Results

In this section, the results of the grid-feeding inverter models will be presented to give
the reader an overview of how the results look like. The results of the other models will
have the same format as this one
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5. Conclusions and Further Steps

Many problems were faced when implementing the equations of the models into
Typhoon HIL. Most models that worked when they were implemented into Simulink did
not work when they were implemented into Typhoon. The biggest problem faced was
caused because Typhoon HIL can’t candle some kind of non-linearities, for example, the
constant power load, and the algebraic loops formed on the reduced-order models. These
problems mentioned above slowed down the process of development of the testbed,
however, solutions and alternatives were found in order to solve the problems that
appeared. This way, now that the models are already implemented, and the problems
faced were presented in this thesis, it should be easier to develop and create new testbeds

Even though Typhoon HIL has room for improvement in many aspects, because of the
problems mentioned before and some others that appeared. Hardware-in-the-loop
simulations are the best, cheapest, and fastest way to test microgrids. An economic
analysis was performed in the thesis, and the results showed up the incredible potential
of HIL simulations.

Also, The University of Illinois will test the distributed control architecture for
microgrids that they are developing with this testbed.

In this thesis, the most important models of the Banshee model were implemented and
are ready to be connected all together, however, the further steps should be divided into
two steps

3. Implementation of the Banshee distribution network: this part will only consist
of connecting together all the models implemented, However, some load models
might need to be implemented first. When the testbed is ready, the distributed
control architecture mentioned before will be tested

4. Implementation of new models: As it was said, this testbed should be adaptable
to as many microgrids topologies as possible. The way of achieving this
adaptability would be having implemented many models of not so common
elements, to be constantly incorporating them into the testbed.
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CHAPTER 1. INTRODUCTION

1.1 PROJECT MOTIVATION

In the last years, renewable energy has experienced incredible growth. Distributed energy
resources that from now on will be referred to as DER, are getting more efficient and
competitive with time. Actually, every microgrid is controlled by a centralized control
architecture. In the following pages, a new and more reliable alternative will be presented:
The distributed control.

The Electric Power Industry was designed as a high scale industry based on centralized
generation and control. The cost of fossil fuels and the concern with climate change has
increased the distributed renewable energy resources being present at the electric power grid
(as shown in graph 1.1).

US DER and Connected Devices Impact Expected to More Than Double from 46 GW to 104 GW

US DER and Connected Device Impact on Peak Potential, 2017-2023
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Figure 1.1 DER increase in the US

We can see in the graph that the amount of distributed resources will experience a growth of
about 226.5% in the US and just in 7 years.
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As mentioned before, the grid and the control systems were not designed to control small-
scale distributed energy resources (DER). This is why there is a need for a new type of grid
and control architectures that will be able to handle this new reality of the electric grid.

In the past years, we have experienced the growth and development of a new kind of grid,
the “microgrid”, capable of assuming some of the new needs of the electric power industry.
In relation to the control architecture, there is a need for a new control that can be used in
microgrids and that can adapt to the DER needs. A group of DER and loads in a microgrid
is seen from the grid as a single entity, this meaning that the microgrid can provide regulation
services, and that it can be easily controlled by the grid.

There is an obvious need of microgrid development. The problem is that developing new
microgrids is expensive. First of all, because of the cost of testing the microgrid. The only
solution in order to test the microgrid in real-time and with ultra-high fidelity is to use the
real components, this producing the risk of damaging really expensive material. Also, there
are not enough normalized models adaptable to all topologies.

The University of Illinois is developing a distributed control architecture designed to control
microgrids. The idea is that the software will be as general as possible, making it easier to
be used in many topologies. Also, The University of Illinois is developing a microgrid
Testbed in order to test microgrids and reduce the cost of microgrid developments. Which
in fact, is the purpose of this thesis.

This software will have a direct impact on many of the Sustainable Development Goals
(SDG):

e 1 No poverty: As it is easily adaptable to different topologies, it can be used
for places where there is no access to the grid, with the installation of DER

e 7 Affordable and clean energy: Distributed energy resources are mainly
renewable and non-polluting resources.

It will also have an impact on many other SDG

A software- hardware in the loop is being used to test the software. This Software-Hardware
called Typhoon HIL allows testing the software using high fidelity models. By using this
software, the initial investment necessary to test the software is reduced considerably. Also,

the risk of damaging expensive material is eliminated.

3
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1.2 THE PROJECT

The University of Illinois has started a research project in the creation of a distributed control
scheme for microgrids. They started with the project named: “Controller Hardware-in-the-
Loop Testbed for Distributed Coordination and Control Architectures”. This project is led

by the University of Illinois Professor Alejandro Dominguez Garcia.

This is a really ambitious project. the university of Illinois is working with other world-class
universities such as MIT to develop this project. As mentioned before, nowadays it is not
possible to test software or equipment on microgrids without working with the actual
network components. Some simulations can be done by computer programs, but fidelity,
accuracy, and most important, real-time simulation will be lost. This is why Ultra-High-
fidelity models of various components have been developed. The way to use these high-
fidelity models without having the issue that computer programs have, is by implementing
them into Typhoon HIL, which will be presented afterward in Chapter 2.4. In fact, this is
what this thesis is going to be about: implementing the Ultra-High-Fidelity models on the

Typhoon HIL hardware devices.

As a brief introduction to microgrids (will be explained in more detail in Chapter 2.3), a

microgrid has two layers:

e Physical Layer: Electrical Infrastructure: Generation, distribution...

e Cyber Layer: Hardware and software for communications and control.

A new lab was created by the university, where the testbed has been implemented. The

following Hardware devices are used to simulate the nodes and equipment:

e Typhoon HIL Hardware: Simulates in real-time the DER resources and equipment.

e Open DSS Software: To simulate the infinite network

e Lower-Level Controller: Texas instruments boards are used to simulate the Lower
level Controls such as Governor, Frequency Droop...

e Cyber-Nodes: Each of them has an Arduino with the control software implemented
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Figure 1.2 Schematic of the Controller Hardware-in-the-Loop Testbed [1]

This project when finished plans not only to develop a distributed control architecture for
microgrids, it plans to offer a highly compatible software that can be easily extrapolated to
other microgrid configurations. This will lower significantly the cost inherent in the

development of microgrids and hopefully will help to the creation of new microgrids.

But not only the distributed control architecture will help microgrids to be more cost-
effective and robust. Also, the Hardware-In-The-Loop Testbed will definitely help develop
new microgrids. This is because to test the reliability as many other features if high fidelity
is required the only alternative is testing with the actual hardware with the risk of damaging
expensive material. This testbed, which is the purpose of this thesis, will be easily adaptable
and can simplify the development and testing of microgrids. The high-Order Model
Equations presented in [2] will be implemented into Typhoon HIL which is a Hardware-In-
The-Loop simulation device (Will be presented in Chapter 2.4)
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CHAPTER 2. TECHNOLOGY DESCRIPTION

2.1 MICROGRIDS

A microgrid can be defined as: A local energy grid with control capabilities. There are many
elements that can be connected to a microgrid, but some of the most important are: PV
systems, Electric Vehicles, Fuel Cells, and Residential Storage for example. They have two

main modes of operation that will be described in detail afterward:

e Grid-Connected Mode
e Islanded Mode

The power system is facing a gradual depletion of fossil fuels, also the new regulations are
limiting the emissions of power plants. This and many other things make microgrids an
incredible opportunity for development. microgrids from a grid point of view are beneficial,
the microgrids and all the DERs connected are treated as a controlled system and not just as

a regular load node.
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Figure 2.1 microgrid General Scheme [4]
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microgrids have a central controller (at least until the Distributed Control Architecture is

developed) this controller has the following objectives:

e Maintaining Voltage and Frequency to reference values
e Ensure Energy Optimization

e Make sure power Exchange with the grid is as expected

It is really important to have efficient and reliable microgrids since there is an enormous
increase in distributed renewable energy resources and Electric cars. The main grid is not
properly prepared to control these small DER connected all over the grid. This is because
the electric system was designed for central generation on big power plants, not for DER.
This DERs are too small to provide frequency regulation services, but combining many of

them together in a microgrid this regulation and control services are available

A microgrid could be perceived as a way of updating the old Transmission network and

making it more intelligent and efficient overall.

Also, microgrids are really useful to take energy to places where the distribution network is
not available to get. But not only this, as the microgrids are available to work on islanded
mode, even if the network goes down the microgrid should be available to continue its
operation. There have been cases when the whole network failed but a microgrid was

available to maintain the load to its consumer.

There are microgrids constantly operating in islanded mode such as: Military Ships and
places where the network is not available to get. But usually, the microgrid is working in
grid-connected mode either injecting or consuming power and if the network fails the

microgrid automatically disconnects itself and enters islanded-mode.

Another important consideration is that when operating in islanded mode, DER should be
available to provide the loads the required power and also provide regulation to the microgrid

so that constant power and frequency are achieved.
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2.1.1 GRID-CONNECTED MODE

In this mode, the microgrid is viewed as a single entity. The network is significantly larger
than the microgrid, so the voltage and the frequency are fixed by the network. The microgrid
only exchanges active and reactive power with the grid. The entire entity is referred to as an

aggregator and operates the DERs connected.

microgrids also provide frequency regulation for the main grid. The network sends a
regulation signal and the microgrids offer frequency regulation by changing the power
reference. The microgrid always tries to make its ACE=0; so that the power exchanged with

the network is the desired and the frequency is close to reference.

This is the way that most of the microgrids are working on . The inverters on this mode
should be in grid-feeding mode (just injecting the active and reactive power desired). There

is also the possibility that microgrids are interconnected with each other.

The control objectives change when working on grid-connected mode and islanded mode on
grid-connected mode, usually, the microgrid is working on grid-connected mode until there

is a problem. In this case, the “Switch” will open, and the microgrid will be in islanded mode
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Figure 2.1.1 Grid-Connected Mode Scheme [5]
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2.1.2 ISLANDED MODE

This is the mode that usually arrives when a fault occurs. For example, if the grid goes out
some essential buildings that need to have electric power at all times have microgrids that
are available to supply this power in the case of a grid failure. One curiosity of the microgrids
operating in islanded mode, is that nuclear power plants have microgrids to ensure that the
cooling system has constant energy supply, in fact, the Chernobyl disaster was a failed
islanding test. It was a test to see how fast could the microgrid could start the power supply
when the grid was off. But also, as mentioned before there are some cases where the
microgrid is constantly operating in Islanded mode such as military ships or places where

the network is not accessible

The microgrid has to now feed all the loads. The inverters (in case there are) should now be
working on grid-forming mode, this is because frequency and voltage are not fixed by the
network anymore. Inverters and DERs should set and keep the voltage and frequency to the
reference values. The control objectives have changed from controlling the power exchange
with the grid in grid-connected mode to Regulating voltage and frequency and making sure

that they both are close to nominal values in order to protect the electrical infrastructure.
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Figure 2.1.2 Islanded Mode Scheme [5]
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2.2 CONTROL ARCHITECTURES

Control architectures can vary their objectives, part 2.2 will focus on the control architectures

for microgrids.

As introduced in part 2.1 microgrids have two modes of operation. But first of all, why do
we need controls in a microgrid? The controls in a microgrid have to deal with changing
loads and generation capabilities. Most DERs depend on the climatological conditions, for
example, a solar farm can’t choose how much power to inject, or, a wind farm’s power
generation directly depends on the wind speed. The control has to ensure that the voltage
and frequency are always close to nominal values, and also that all the loads are fed with the
required power. Depending on the mode of operation, the objectives of the controller change.
In both cases, the control has to ensure that all the loads in the microgrid are constantly fed

with the required power.

e Grid-Connected Mode: In this mode of operation, as the microgrid is connected to
the main grid and the grid is considered infinite compared with the microgrid,
Voltage and frequency are fixed by the network. Then the control has two variables
less to regulate. In this case, the grid communicates with the control device and sends
some reference power requests to the microgrid. The control has to make sure that
the power exchange with the grid is as expected, this is done by reorganizing the
power generation in all DERs. In this mode the controls objective should be making
its ACE=0;

e Islanded Mode: In this mode, the microgrid is no longer connected with the main
grid, this meaning that the voltage and frequency are not fixed anymore. Voltage and
frequency need to be regulated by the controller. They both should be close to
nominal values at all times to avoid equipment damage. In islanded mode, the control
should be similar to the one in the main grid, with the objectives of making frequency
and voltage errors close to zero. This objective is the same as supplying the active
and reactive power to all loads required constantly since the Active power is directly

related to the frequency and reactive power with voltage.
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To sum up, the control objectives are:

1. Making the generation match the demand constantly.
2. Executing an economic dispatch and making sure that the system is generating at
the lowest cost.
3. Granting good quality energy being supplied:
e Constant frequency and close to nominal.

¢ Constant voltage and close to nominal.

2.2.1 CENTRALIZED ARCHITECTURE

0%

Figure 2.2.1 Centralized Architecture Scheme

The centralized control architecture requires direct communication between each generation
resource and the central processor. Since all the decisions are made by the central processor,
all the generation resources must be constantly connected with the processor. If there is any
kind of communication problem between a node and the central controller, that node will

not be able to provide adequate regulation in order to stabilize the system.
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The fact that all the nodes are sending and receiving information from the same control node,

makes this control fast and simple. Also, this control is more expensive than the distributed

The centralized control architecture is subject to a single point of failure.

2.2.2 DISTRIBUTED ARCHITECTURE

o®

'

'Y

v
' ‘

Figure 2.2.2 Centralized Architecture Scheme

In the distributed control there are many control nodes connected with each other. Now there
are many computational nodes. This control is more adequate to control DER. Also, this
control is in line with our objective of the project which is reducing the cost of microgrid
developments. It requires less infrastructural upgrades compared with the centralized, which
means that it is exactly what is needed to control a microgrid. (the cost of adding or

eliminating a DER is much lower since this control is easily adaptable.)

The distributed control architecture has a big advantage in comparison with the centralized
controller. It is more reliable; this is because the system can continue its normal operation
even if one node has gone out of service. The price we have to pay to obtain this extra
reliability is a slower response because all the nodes need to compute the algorithm and reach

consensus between them.
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2.3 BANSHEE DISTRIBUTION NETWORK

The Banshee distribution network is a microgrid prototype presented in [9]. The goal of this
thesis is implementing models of the Banshee network into Typhoon HIL. By implementing

this microgrid model the development time and cost of microgrids will reduce. Also, it

should serve to enable standard compliance verification for controllers. This testbed will

facilitate safe and economical demonstrations in microgrids.

Banshee was created to integrate and systematically evaluate advanced functionalities of

microgrid and downstream device controllers.
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Figure 2.3.1 Fidelity comparison [9]
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2.4 TYPHOON HIL

Typhoon HIL is the market leader in Hardware-In-The-Loop simulation devices. Their
devices offer an ultra-high-fidelity real-time Hardware in the Loop (HIL) platform. But first
of all, what is Hardware-In-The-Loop simulations? HIL simulation requires a device that
exactly replicates the dynamics of all the electric components in real-time, this way the

microgrid can be simulated in real-time.
Typhoon HIL has both Hardware and Software.

1. Hardware: Typhoon HIL provided the university of Illinois some hardware
devices. They simulate in real-time and with Ultra-High-Fidelity all the models
implemented. In the case of this thesis, the models of a Grid-Feeding inverter,
Grid-Forming Inverter, and Microturbine are implemented into the device. Just

to give an idea of the cost of the Device, the prices start at 30.000$ for academic

use and the basic model.

]
3
£

JAbpOOU HIIT INICLOAL] ¢
=1

Figure 2.4.1 Typhoon HIL hardware device [10]
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2. Software: Also, Typhoon HIL has some applications that help the user to
implement models into the hardware device. There is a main application called
Typhoon HIL Control Center. Also, inside the control center are some

applications, the two most important will be presented below:

e Schematic Editor: This is the app that is used to implement the models.
Models can be created in the schematic editor and when finished they can be
uploaded to de hardware device to start HIL simulations. Although the
schematic editor is really similar to Simulink, it has some important differences
especially in the processing that sometimes make models that work in Simulink

fail in Typhoon HIL (This was one of the problems we faced)

w oy exampe” A W TH Josses_thermal® X W microgrd_vind_farm* X

Figure 2.4.2 Schematic Editor [10]

e HIL SCADA: This is a graphical interface that allows to monitor and manage
the desired variables in real-time simulations. It is really useful to monitor and
make changes during the real-time HIL simulations. Also, it is completely

configurable in all senses.
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2.5 DIRECT-QUADRATURE-ZERO TRANSFORMATION

In this section, the Parks qd0 Transformation method will be presented. The difference with

the regular qd0 Transformation method is that the axis are changed.

All the equations that will be implemented from the document [2]. Are given in qdO bases
for the simplicity of the controls. Basically, the transformation is just a tensor that rotates the
reference frame of a three-phase system into a moving reference system that moves
synchronously. We denote a(t) as the angular position reference of a rotating frame at an

arbitrary angular velocity w(t). Letthe vector f,o[q()) b€ defined as:

T
faaotawn = | fataw1  faa@n folaoy |

And the vector

farc@®) = [fa@® o) f£(OI

Also, the matrix K; (a(t)) so that the following equation verifies:

fqu[a(t)] = K (a(t)) fapc ()

9 cos(a(t)) cos(a(t) — &) cos(a(t) + %)
Ki(a(t)) = 3 sin(a(t)) sin(a(t) — %) sin(a(t) + %)

a(t)

/Otw(f) dr + a(0).

It will assume that the microgrid is a balanced Three-Phase system, because of this

assumption, forqr)) = 0 and also if a(t) = wyt where w, represents the synchronous

rotating speed we can define a new base change to obtain the only two components
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Figure 2.5 DQO Transformation components [3]

For the new base we need to define new vectors:
A _ T
faaota) = | fatawn  fatar ]

a T
Also: fqu[a)Ot] = [ fq[wot] fd[wot] ]

Finally, we define the matrix K, (&(t)) such that:

fqdo[a(t)] = K2(5(t)) fqdo[a)ot]

Where:
_[cos (6(t)) —sin (6(t))
K:(8(0) = [sin (6(t)) cos (6(t)
And finally: 6(t) = a(t) — wot
%&t) = w(t)—wy

This way we are available to express the three-phase balanced components into only two

components Quadrature and Direct
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CHAPTER 3. ECONOMIC ANALYSIS

In this chapter, an economic analysis will be performed. It will be analyzed whether the use

of the testbed to test and develop microgrids will reduce the development cost or not. As will

be shown, HIL simulations not only are more cost-effective than testing with real

components, also by using HIL simulations, a considerable reduction in the time needed for

development is achieved

For this analysis, the data from [12] will be used in order to perform the analysis.

First of all, the microgrid component costs can be divided into:

DERs: All the distributed energy resources. There are many DERs, but this study
will focus especially on the models implemented in the thesis which are:
Microturbine, solar PV, and energy storage units. Solar PV and energy storage units
are considered to be implemented in this thesis because the models of the inverters
in the thesis represent an inverter connected to a DERs which can be either solar PV
or a storage unit.

Microgrid Controllers: This section groups all the controllers. (Primary, secondary
and tertiary). In this part not only is included the cost of the infrastructure, but also
the cost of testing the control.

Additional Infrastructure: This section groups all the other infrastructure apart
from the electrical infrastructure: Information technology, Communication updates,
metering. Etc.

Soft Costs: Engineering, construction, and regulatory. This is the part where the
testbed will have most of the impact because, with the creation of the testbed, the
development costs will drastically reduce. The data from [12] will be used as the
actual Soft Cost for microgrids, and the cost of developing the microgrid will be

estimated in the following pages
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On an introductory market analysis. The microgrid market can be divided into five main
market segments. It is important to make this differentiation because the costs of microgrid

development and operation vary between them. The principal market segments studied are:

¢ Institutional: These types of microgrids are designed to be used in critical places
that need to maintain power supply in the case that the main grid goes down.
Basically, places such as hospitals and universities. Also, the goal of this type of

microgrid is to consume the less power from the grid as possible.

e Commercial/industrial: This market segment is similar to the institutional since this
type of microgrids are also in places where the power supply cannot be interrupted.
The difference is that these microgrids are used for manufacturing plants or other
industrial plants. The clearest example would be the data storage facilities. Also, in
some cases, the microgrid is available to supply all the power necessary for the plant
operation.

e Community: These types of microgrids are used to supply power to a community.
The microgrid is created to group all local DERs which individually are too small to
provide regulation and control. Usually, they are connected to the grid, and their
objective is just to consume less power from the grid. But also, as mentioned in
previous chapters there are some community microgrids in places where the network

is not available to get.

e Utility: Usually these types of microgrids are almost completely created by Solar
PV. In fact, in the study, almost 96% of the DERSs in this type of microgrids were
solar PV. This type of microgrids are usually owned by electric distribution

companies, and usually, they are solar farms

e Military: In this analysis, this type of microgrid will not be analyzed due to the lack

of information about the cost of development.
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Figure 3.1 DERs composition by market segment [12]

This analysis could be divided into two steps, first of all, the reduction in the cost of
development will be estimated in a general way. The second step would be analyzing if an
engineering company will profit from the purchase of the Testbed presented in this Thesis.

By changing the method of testing from the traditional with components to the testbed.
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Campus/Institutional - Cost per Commercial/Industrial - Cost per
MW by Component MW by Component
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$191,451
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54%

M Conventional Generation

B Controls
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34%

Renewable Generation M Energy Storage

Additional Infrastructure

Figure 3.2 Cost Distribution by component [12]

The soft costs are the costs that we are interested in for this analysis, but also the controls

cost will be added up to the soft costs. The costs varies depending on the type of microgrid.

An average value will be used in order to perform the analysis. The average development

cost (obtained by adding up soft costs and controls) will be calculated below.
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First of all, let’s make the assumption that 40% of the cost of control is because of the

required testing of the control. By adding: Soft Cost + Control Cost*0.4 = Development Cost

Soft Cost + Control Cost * 0.4 _ 2,344,100
4 B 4

Average Development Cost/MW =

Average Development Cost/MW = $ 583,525/MW

From this Average Development Cost, the Commissioning and regulatory costs need to be
subtracted. An estimation of around 65,000$/MW spent for this purpose. Based on the
average salary per project it is fair to assume that another $ 35,000/MW are used to pay for

salaries and other fixed costs.

Corrected Average Development Cost /MW = § 483,525/ MW

STEP 1: COST REDUCTION ESTIMATION

For this approach, the idea is to see how an individual company could reduce the cost
development. First of all, the HIL simulations provide a much faster solution for microgrid
testing. Actually, there are some HIL laboratories with some testbed implemented. They
claim that for a task that would normally take 6 weeks, they can now do it in just a day. They
claim that a week of simulations with real components is equivalent to just one hour of
testing with HIL. Basically, using HIL simulations could have an impact on the working
hours, making more efficient the use of these simulations since many more projects could
be done in the same time. Based in all the assumptions presented above and some already
implemented HIL testbeds, the cost reduction could be reduced about 50% by using the HIL
testbed, but also as mentioned before a reduction of the total man hours could be reduced
about 30%

Cost Reduction Estimation/Mw= $ 483,525 /MW = 0.5 + $35,000/MW = 0.3 = $252,262/MW
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STEP 2 INVESTMENT ANALYSIS

In this part, the cost reduction estimation calculated in step 1 will be used to analyze whether

the investment required to create the testbed will produce a positive Net Present Value.

Investment Costs:

e Typhoon HIL Microgrid Testbed = $ 100,000
e Model Implementation = $ 5,000

e Additional Equipment = $ 10,000

¢ Installation Costs = $ 2,000

One important feature of Typhoon HIL’s Microgrid Testbed is that it is scalable, which

means that units can be added or removed at all time without modifications required.

On the other hand, we have the savings that the Testbed will produce. These savings were

presented in step 1 and are the following:

e Estimated Cost Reduction = $ 252,262/ MW

Two assumptions will be made in order to simplify the calculations.

1. 1 project is done per year

2. The average power capacity per project is IMW

Also, let’s assume the discount rate to be 7% which is the average discount rate for energy
projects. And for simplicity inflation effects will be ignored. The final assumption is that a

Typhoon HIL device should be replaced for a new one in 5 years.

The final calculations and the cashflow diagram will be presented in the following page.
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Figure 3.3 Cash Flow diagram

252,262 252,262 252,262 252,262 252,262

NPV = —117,000 + 14+0.07 '(1+0.07)2 (140.07)3 ~ (1+0.07)* = (1+0.07)°

= $917,324

Also, by making the NPVV=0 we obtain the internal rate of return.

252,262 252,262 252,262 252,262 252,262 |
0=-117,000 + + ;
1+x (1+x)2 (1+x)3 (1+x)* (1+x)°

IRR =2.149

The IRR shows that this investment will have a positive NPV for all discount rates smaller
than 214.9 % which means that there is a lot of margin and that our assumption of the
discount rate did not influence the solution. The NPV of the inversion is $ 917,324 so as it
was expected, the use of HIL simulations to test microgrids will reduce the development cost
of microgrids. By the reduction of this cost, the microgrids should be more accessible and

more microgrids should be created
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CHAPTER 4. MODEL IMPLEMENTATION

4.1 THE NETWORK MODEL

For the Network Model, all the lines will be represented by using the short transmission

line model.

The network dynamics are described by:

dlé‘[?ot](t) ()& )5 T (V)
dt - r q[w t] (t) o le d[w t] (t) M™v q[wot] (t)
(3) ( )
dw E E v
1O 0 @O (1) + wol @5 (1) + MV (1),

Equations 4.1.1 Network dynamics [2]

Basically, for the network model, the power flow equations will be used in order to ignore
the dynamics of the network. The model used will be presented below. Just a simple short

transmission line model.

Z=R+jX
AA"A

Figure 4.1.1 Short Transmission Line Model [8]
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4.2 GRID-FEEDING INVERTER

4.2.1 INTRODUCTION

In this chapter, A Grid-Feeding inverter model will be implemented into Typhoon HIL. Two
models will be implemented, a high-order model and a Reduced-order model. After the

implementation, the fidelity of both models will be analyzed and compared.

The system to be implemented will be a simple one, in order to measure the performance of
the grid-feeding inverter model. This system will consist of a set of batteries connected to

an infinite network bus through an inverter.

Ve Vac
Infinite Bus

Figure 4.2.1.1 Inverter Scheme 1

In this system, the infinite network bus will have the voltage and the angle fixed. The grid-
feeding inverter will have fixed the active and reactive power injected. It is important to
mention that the equations stated afterward related to the grid-feeding inverter are written
considering the inverter to be unconnected. In order to correctly implement this system, it

IS necessary to add the transmission line parameter to the LCL filter parameters.

The performance of the models will be tested by changing the reference and measuring the

ability of the output to follow the reference.
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As this is the first implementation, two figures will be presented to help illustrate the model

LCL Filter

Bus ]
Elsh

RIS 4 L(sD

———

T ;

Figure 4.2.1.2 Inverter Scheme 2

Figure 4.2.1.2 tries to illustrate what the connections in this particular case are. It is important
to notice that the system is a three-phase system.

Now figure 4.2.1.3 will illustrate in more detail the LCL filter
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Figure 4.2.1.3 LCL Filter Representation [2]
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4.2.2 TOPOLOGY AND CONTROLS

As mentioned before, the grid-feeding inverter has its real and reactive power controlled.
They must follow a reference. Therefore, some controls need to achieve this objective. The
topology and scheme of the Grid-Feeding inverter and the Grid-Forming are the same, the
only difference is that the controls try to achieve different things in both cases (Track power

reference in Grid-Feeding and Voltage reference in Grid-Forming)
The Grid-Feeding Inverter is composed of four components.

e Three-Phase Inverter. Converts DC power into AC power

e LCL Filter. Reduces the Outputs Ripple

e Cascade Controller. Used to track the active and reactive power references.
It has 2 loops, an inner loop, and an outer loop. The inner loop has as feedback
signal the filtered output power, and the outer loop has the filtered voltage as
the feedback signal. By using the Parks qd0 transformation, the active and
reactive power controls are decoupled

e Phase-Locked loop. Determines and tracks the angular position in which the

Parks transformation can decouple both controls

PHASE-LOCKED
LOOP

-

CASCADED CONTROLLER

(for output power)

h

THREE-PHASE

INVERTER % LCLFILTER

Figure 4.2.2.1 Grid-Feeding inverter control topology scheme [2]

The Phase-Lock-Loop has the following scheme:
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Figure 4.2.2.2 PLL control scheme [6]

The three-phase voltage enters the control, a dq transformation is done, and finally the way
to make sure that the references are in synchronism is to make sure that the quadrature

component of the grid voltage is 0.

The Cascade Control has the following scheme:

I
\Outer loop! iInner loop | vl
; | dref 1 Uy
derefi )l ML P % o | PWM
[ P 1 1.k l’)
+ | Control |iigep + | Control |sv7 |dg — abc—
! ' — — o* | inverter
[ " I ] _f.,
: N
A | I
I T
1 1

Figure 4.2.2.3 Cascade control scheme [7]

With the cascade controller, the inverter is available to follow the power reference. As
mentioned before, there are two loops, The Outer loop, and the Inner loop.
The Outer loop measures the Vdc Voltage and sends Id,..; as an input for the inner loop that

measures the |
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4.2.3 PARAMETER AND VARIABLES DEFINITION

Table 4.2.3.1: Parameters

Parameter (p.u)

Physical equivalent

The measurement filter cut-off frequency, in

) radians per second

Pr(s" ) Real power reference

o\ Reactive power reference

LE)S" ) LCL filter inductance

LGP LCL filter inductance

c) LCL filter capacitance

R(()Sf) Inverter and filter Resistance
RG Inverter and filter Resistance
RGD Inverter and filter Resistance
R(em) Transmission line Resistance
L(em) Transmission line Inductance
KE,SA") Proportional Gain of the current Controller
KS") Integral Gain of the current Controller
KS") Proportional Gain of the PLL
KS") Integral Gain of the PLL
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Table 4.2.3.2: Variables

Variable (p.u) Physical equivalent
() DC voltage at the inverter input (Battery
DC voltage)
EGD Internal voltage of the inverter
E() LCL filter capacitor voltage
482 Voltage at bus j
£(S)) Inverter output current
1659 Filtered inverter output current
e State variable for the current controller
AGH) State variable for the phase-locked loop
Pf(sj) Filtered real power measured
Q]ES" ) Filtered reactive power measured

4.2.4 REDUCED-ORDER MODEL

4.2.4.1 Introduction and Problems Faced

In this case, the reduced-order model inverter will be implemented. As the equations in this
particular reduced-order model are just a modified version of the power flow equation, they

will be presented below.

Many problems were faced when implementing this reduced-order model. First of all, the
initial conditions needed to be calculated. A MATLAB code was created in order to solve
for the initial conditions and parameters of this model (Code can be found in Appendix I)
.The second problem faced, was produced because of the form of the equations implemented.
The reducer-order model equations do not have differential equations, this is important
because when the implementation was done, Algebraic loops needed to be created. While in
MATLAB there is a block that solves algebraic loops, in Typhoon HIL there is no such

block. A delay block was used to input initial conditions. But even with this block, the model
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seemed not to work. As the Rom does not have differential equations, the dynamics of the
inverter are not completely represented by the model, in fact, without the delay block, the
input would just be the output instantaneously because there are no dynamics in the model.
After some time ‘fighting’ with the problem, it was discovered that typhoon hill can’t handle
this kind of non-linear equations. Typhoon hill staff was contacted, and they confirmed the

problem. Therefore, for the comparison, the Rom will be implemented into Simulink

Equations 4.2.4.1.1 and 4.2.4.1.2 describe the dynamics of the grid-feeding inverter

connected to an electrical network through node j:

g(sj)(t)r
_ ‘E<Sf)(t)HV<’j>(t)| (Gm) . (é(sﬂ(t) _ 9(1,->(t)>+ B sin (9(sj>(t) _ 9(1j>(t))> ,

R 2
=P+ GOEW (| +6

2

_ B

E(sj)(t)
_ ‘@’(s»(t)‘ |7(lj>(t)‘ 6)sin (9<sj>(t) _ 9<z]->(t)) ~ B cos (9(31')(0 - 9<’j>(t)) ,

Equations 4.2.4.1.1 and 4.2.4.1.2 Reduced Order Model Equations [2]

If equations 4.2.4.1.1 and 4.2.4.1.2 which are presented above are carefully observed. In this
reduced-order model equations, there is a clear similarity with the power flow equations
from node 1 which is the capacitor terminal in the LCL filter and node j. The first term is
just the reference Power, the second term is the power consumed by the parallel branch

formed by the capacitor and finally, the last term is just the power Exiting node i.

Equations 4.2.4.1.3 and 4.2.4.1.4 correspond to the measured real and reactive power

measurement and can be described by:
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1 dPJEsj)(t) (s;) (s5)
) dt =—P;7(t) + P,
(s5)
dQ ;7" (t) 8; S;
= QY1)+ QY

Equation 4.2.4.1.3 and 4.2.4.1.4 Active and Reactive Power Measurements [2]

As mentioned before, the transmission line parameters must be included in order to

characterize the system properly. Now, the admittance parameter will be presented.

These parameters are only admittance matrix elements. If we consider the Ybus matrix

known, the elements of the matrix could be used instead.

The following equations represent the admittance elements in terms of the given parameter
stated on table 4.2.4.1

Rlem) + R(S))

¢0i) =

(R(em) + R(Sj))2 + (L(em) + L(Sj))z
BG)) = —(em + L7

(R(em) + R(Sj))z + (L(em) + L(Sj))z

) = f(()sj) —

S
(") + ()
56 c(s5)

Equations 4.2.4.1.5 Parameter Calculation [2]

*Parameters used are presented in table 5.3.5.2
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4.2.4.2 Results

(D

Figure 4.2.4.2.1 P Measured vs P Reference Plot

Q Meassured, Q Reference

- - . . . :
Q Roference
——— Q Meassured

250 —

-300

350

Figure 4.2.4.2.2 Q Measured vs Q Reference Plot
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4.2.4.3 Conclusions

As it is expected, with these models, the whole dynamics of the physical components are not
completely represented. The outputs seem to perfectly track the reference values, which
makes sense because in this ROm2 the equations have been simplified from the original
high-order model equations. If the results from the high-order model are compared with
these results, there is a clear difference between both, the transitiens that can be seen in the
high-order models can’t be seen in the reduced-order models since the differential equations

are not included in these reduced-order models.

The fact that the reduced-order model 2 does not have differential equations brought many
problems. First of all, the first months were spent trying to find a solution or an alternative,
but finally, it was discovered that Typhoon HIL is not available to work with the non-
linearity of the algebraic loops and some other features such as the constant power load.
Typhoon HIL was contacted and confirmed the problem, this was the reason why the models

were implemented into Simulink.
The conclusions can be divided into two parts, The active power, and the reactive power.

The Active Power: The active power measurement follows perfectly the reference value.
This should be expected, as the equations look really similar to the power flow equations
from node j. Also, it can be spotted that there is a little difference between the reference
slope and the measurement slope, this is caused because of the delays used to initialize the

system.

The Reactive Power: The reactive power measurement has clear differences with the high-
order model. While in the high-order model around 1.8 KVVA are generated by the system,
in this reduced order model, the reactive power is consumed. The maximum value that the
reactive power takes is -450 VA which compared with the almost 40 KW being injected is

a reasonable value.

Overall Performance: The model follows the reference of both active and reactive power.

Also, the model is good enough when compared with the HOm since the response is similar
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4.2.5 HIGH-ORDER MODEL

4.2.5.1 Introduction and Problems Faced

The model implemented will be based on the equations from [2] presented in Appendix I.

Before starting to implement the model, the initial conditions needed to be found. A
MATLAB code was created in order to solve these initial conditions. The initial values of

all the variables were calculated. And taken into Typhoon HIL

When implementing this model, some problems arise in relation to Typhoon HIL software.
First of all, the model was implemented into Simulink. But when implementing the same
model into Typhoon HIL the results weren’t as expected, in fact the model did not even

compile. A long time was spent debugging the model and changing some parameters.

The first problem faced was produced because of the simulation time-step, while on
Simulink this time-step is automatic on Typhoon HIL the appropriate time-step needed to be

found. Many values were tried until finally it was decided to use T, = 27 as the time step.

The second problem faced was Typhoon HIL s precision, Typhoon has single precision, in
contrast to Simulink that has double precision. The numerical precision of the CPU was
changed to double and the model now compiled. Finally, it was set to double precision. With
this solved, the system was still unstable. So, the next step would be to try changing some

parameters, the obvious parameters to change were the constants of both PI controls.

By choosing values for Ki and Kp in the Cascade controller, the output power tracked the
power reference but somehow the frequency was not stable. This was caused because of the
Ki of the PLL control being too big. It was making the system unstable. After testing many

values for Ki, the optimal one was found.

Some pictures of the implemented model can be found in appendix | in addition to some

codes used to calculate the initial conditions.
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4.2.5.2 Parameters and Inputs

Table 4.2.5.2 : Parameters
Parameter Value
w S 377 rad/s
17 2.06374 % 1073 H
1657 30.6125 x107° H
_ c() 30.002852 « 107 ° F
LCL Filter D)
1y 0.0407753 Q
i) 010
7,50 0.427726 Q
r(ém) 41.901% 1073 Q
Network
1(em) 041073 H
K(Si) l
PLL fsl-)
K, 0.32
A
K 151075
Cascade Controller L
k) 0.1
Iy
Voltage 227V
Infinite Bus Voltage
Angle 0

The input power reference will be a time-varying signal in order to measure the capacity of

the inverter to follow the power references.

25 kw if(t<10)
Pr = 37,5 kw if(10 <t <15)
30 kw if(15<t)
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4.2.5.3 Results

The following results were obtained when implementing the model in Typhoon HIL:

FGE000
B F meassured Probe
‘ B P reference Probe

36000

F4000

2000

30000 7

Za000

26000

Figure 4.2.5.3.1 P measured vs P reference plot

1800 ! ! ! ! 1 B ) refernce probe
- fr B ) meassured probe

1600

1400

1200

1000

500

00

400

200

Figure 4.2.5.3.2 Q measured vs Q reference plot
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Figure 4.2.5.3.3 frequency plot
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Figure 4.2.5.3.4 P RMSE — Q RMSE plot
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4.2.5.4 Conclusions

As shown in the results section, the inverter follows the reference input perfectly especially
with the active power, which is the most important. The conclusions will be divided into 3
parts, one for each of the most important results: Active Power, Reactive Power, and
Frequency. The results of this high-order model represent all the transitiens and dynamics of
the physical system. In contrast with the reduced-order model, some sight peaks in voltage,

frequency, and power can be found in this high-order model results

Active Power: The active power output follows relatively well the input reference. As it can
be seen, since there is a PI control, the error in the permanent regime is zero. Although the
power has some peaks in the output, the time in which they occurred is small enough. It is
important to keep in mind that the power is going from 25 kW to 37,5 kW which is a 150%

increase in the reference.

Reactive Power: While the active power has no error in the permanent regime, the Reactive
power does. This is because of the LCL filter, with it the output ripple reduces significantly
but the capacitors are generating Reactive power, which is generating this constant RMSE

error.

Frequency: The frequency stays within the limits (60.5-59.5 Hz) at all time, an increase of
just 0.14Hz can be seen when changing the power references from 25 kW to 37,5 kW. The

performance of the PLL controller is excellent.

Overall Performance: The model tracks the Active power references perfectly; The Ki was
reduced to 0.001 in order to reduce the oscillations of the output. By reducing the

oscillations, the price paid is to have a higher response time.

Also, the PLL is working perfectly, this can be seen in the small changes in the frequency,

with such a big change in the power reference, the change in the frequency is just 0.14 Hz
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4.3 GRID-FORMING INVERTER

4.3.1 INTRODUCTION

In this chapter, A Grid-Forming inverter model will be implemented into Typhoon HIL. Two
models will be implemented, a high-order model, and a Reduced-order model. After the

implementation, the fidelity of both models will be analyzed and compared.

The system to be implemented will be a simple one, in order to measure the performance of
the grid-forming inverter model. This system will be a small microgrid formed by two grid-

forming inverters connected to an RLC load.

Transmission Line

Variable Load

Transmission Line

Inverter 1

Figure 4.3.1.1 Model Scheme 1

In this system, the voltage needs to be fixed by both inverters, because this microgrid is
working on islanded mode. Both inverters are converting to AC power the DC power coming
from two battery storage units. For this model, the objectives are maintaining the voltages
close to 1 p.u and frequency close to nominal (60Hz). Both inverters are seen from the load
as voltage sources. As two inverters are being used in parallel, a droop control needs to be

implemented

42



UNIVERSIDAD PONTIFICIA COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAl)
COMILLAS  GRADOEN INGENIERIA EN TECNOLOGIAS INDUSTRIALES

UNIVERSIDAD PONTIFICIA

[_ica ___icane |
The performance of the models will be tested by changing the RLC load constantly and

measuring how close to nominal values voltage and frequency are.

The following figure will help to illustrate the model.

LCL Filler

= RLC
Load
1

Voo

—H—

Load Bus

LCL Filler

Voo

—HIi—

Figure 4.3.1.2 Inverter Scheme 2

Figure 4.3.1.2 tries to illustrate what the connections in this particular case are. It is important

to notice that the system is a three-phase system.

The LCL filter is the same for the grid-forming inverter as for the grid-feeding inverter, so
please refer to part 5.2.1 to review the LCL filter scheme. Another thing to take into

consideration is that the two inverters have different ratings.

Also, as there are two inverters working in parallel a droop control has been included and
will be presented with more details in the next part. For this implementation, three models
will be implemented, first of all, both inverters. The model for the inverters will have
incorporated into them all the components from the battery, to nodes 1 or 2 depending on
which generator are we talking about. So basically, even the short transmission line will be
inherent to the inverter model. Then the load model will be implemented separately and will
have as inputs the current coming from both inverters and have as outputs the voltage. The
last important consideration is that as both inverters are not the same, and have different

bases, a base change in the currents needs to be done before inputting them to the load.
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4.3.2 TOPOLOGY AND CONTROLS

In this case, the grid-forming inverter in contrast with the grid-feeding inverter hasn’t got its
voltage and frequency fixed. Now the inverters are working as voltage sources, so the new
goals of the inverters are maintaining the voltage and the frequency close to nominal values.

As mentioned before this topology that will be implemented requires a droop control.
The Grid-Forming Inverter is composed of four components.

e Three-Phase Inverter. Converts DC power into AC power

e Droop Controller. Used to follow voltage and frequency references. it gives
the references for the cascade controller to follow

e LCL Filter. Reduces the Outputs Ripple

e Cascade Controller. Used to track the voltage and current references
coming from the Droop controller. It has 2 loops, an inner loop, and an outer
loop. The inner loop has as a feedback signal the filtered output current, and
the outer loop has the filtered output voltage as a feedback signal. By using
the Parks qd0 transformation, the active and reactive power controls are

decoupled

DROOP

| CONTROLLER \

CASCADED CONTROLLER

(for output voltage)

F'

h 4

THREE-PHASE

»
INVERTER LCL FILTER

Figure 4.3.2.1 Grid-Feeding inverter control topology scheme [2]
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The Droop Control has the following Equations:

(s5) ) [ p(si) 1 ) (s5)
FE

w®)(t) = wo +

(e r),

Equation 4.3.2.1. Droop control [2]

Where Pf(sj)and QES") are the measured output active and reactive power respectively and

dfvs D and désj) are the Frequency and the Voltage Droop coefficients respectively.
This control is really intuitive since it is known the decoupled relationships Voltage-Reactive
Power and Frequency-Active Power. Basically, if the VVoltage is different from the reference,
the reference input for the cascade controller will increase, in order to increase the Reactive
power injection and therefore the Voltage and in the same way, if the output frequency is
not equal to the reference, the reference for the cascade controller to track will increase in
order to increase the Active power injection and therefore the frequency. (This works for an

increase but also for reduction if the Output exceeds the reference.)

The following schemes obtained from [11] will help understand the model:

Impedance

E*

4

P —» Droop
qQ—{ Control

Voltage
Control

Voltage
Source

k 4

Figure 5.2.2.2 Simplified Inverter Control scheme [11]

The figure above shows a simplified model just to illustrate what the outputs and the inputs

to each control stage are, also to give an overview.
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Figure 5.2.2.3 Inverter Control scheme [11]

This scheme shows in detail how each inverter is controlled and how is the transition through

the control stages, starting with the measurement of the output current and voltage

The Load Equations: As mentioned before, the model for the load will be an RLC load
model with varying values that will be presented in part 5.4.3. The model dynamics are

represented in the following equations.

ottg) V30 (1) (15 1)1 (ls) (15
3) “lawot) 1 yUs ](t)—(](3)v () = Lot )+I[th]()

wo dt RU3) " qlwot dlwot
!

v i) Vi 0)+ COVE0) - )+ 10,
I

L:)O) dIl(qugt]() _ L(l3)[l(d[ciot( )+ V[th( ),
!

L:JO) dll(d%)t]( ) _ L(ls)[l(q[w t]( ) 4 V i t]( ),

Equation 5.2.2.2 Load Dynamic Equations [2]
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4.3.3 PARAMETER AND VARIABLES DEFINITION

Table 4.3.3.1 : Parameters

Parameter (p.u) Physical equivalent
s The measurement filter cut-off frequency, in
Wc™ radians per second
pr(sf) Real power reference
Qfs 2 Reactive power reference
LE)S") LCL filter inductance
LSH) LCL filter inductance
cn) LCL filter capacitance
R(()S 2 Inverter and filter Resistance
RS Inverter and filter Resistance
RG» Inverter and filter Resistance
R(em) Transmission line Resistance
L(em) Transmission line Inductance
KS;) Proportional Gain of the Voltage Controller
Kfi") Integral Gain of the VVoltage Controller
Kg") Proportional Gain of Current Controller
Kgys") Integral Gain of the Current Controller
ij) Normalized Frequency Droop Coefficient
Dgsi) Normalized Voltage Droop Coefficient
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Table 4.3.3.2: Variables

Variable (p.u) Physical equivalent
) DC voltage at the inverter input (Battery
DC voltage)
EG) Internal voltage of the inverter
EGH) LCL filter capacitor voltage
1482 Voltage at bus j
£ (5)) Inverter output current
169 Filtered inverter output current
reN State variable for the current controller
PGS State variable for the phase-locked loop
Pf(sj) Filtered real power measured
Q;S" ) Filtered reactive power measured
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4.3.4 REDUCED-ORDER MODEL

4.3.4.1 Introduction and Problems Faced

In this case, the reduced-order model equations of the grid-forming inverters will be
implemented into Typhoon HIL. All of the problems faced with the grid-feeding inverter
appeared with this model as well. First of all, the initial conditions needed to be found, so a
MATLAB code was created in order to obtain them. Then the model was implemented into
Typhoon HIL by using delay blocks in order to initialize de model with the appropriate initial
conditions. However, as with the grid-feeding inverter, Typhoon HIL could not handle the
non-linearity of the algebraic loops. After contacting and informing Typhoon HIL, the

models were finally implemented into Simulink.

The equations for the grid-forming inverter reduced-order model 2 will be presented below:

i(s5) o
Dﬁf‘j)w dit t) _ p(si) _ p( ’)(t)

Vi) ‘ ‘V(t Hf,;-’(sj) |(G(sj Sm 9(33)()

—a(m(t))—B(Sa cos (Q(Sa (t) — t))) QL)1)
() ‘ ‘V(” Hi‘f(sﬂ(t’(c(sﬂcos R0

(s4)
LM B(S})
wisj‘) dt

(s5)
1 dP;7(t) _ G'(SJ)
w(sg‘) dt

—e(lf)(t)) + B sin (9(5-0 — ) (¢) ) P (1)

with

GOV [ o) L (A6 o)
‘ﬁ(sj)(t)| = (KP; ) (EOJ +D(Sj) (er 9 (t)))

. (s;) 4 ( 0\ 2 (s;0\? ’
olei)? (1+K ) +(KP;)

Equation 4.3.4.1.1 Grid-Feeding Inverter Reduced-Order Model 2 Equations [2]
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Also, equations 4.3.4.1.2 Represent the parameters of the equations.

Rlem) + R(S))

¢0i) =
(R(em) + R(Sj))2 + (L(em) + L(Sj))z

—(Lem + L5y

B(S) = ; 5
(Reem) + R(Sj)) + (Llem) + L(Si))

Equation 4.3.4.1.2 Grid-Forming Inverter Reduced Order Model Parameters [2]

The equations of the reduced-order model 2 in this case, have some differential equations so

the work is easier since there are not so many algebraic loops.

5.3.4.2 Results

Now, the results obtained will be presented:
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4.3.4.3 Conclusions

In this case, the results were similar to the high-order model. As it can be seen there are some
transitiens that are not present in this reduced-order model. The reason why both models are
similar is that in this ROm 2 there are differential equations that somehow represent the
dynamics of the system. Also, it can be seen that the slopes in this reduced-order model are
much steeper. The output, in this case, follows the reference more rapidly than on the other

model.

The conclusions will be divided into 4 parts: Voltage, Frequency, Power injected, and finally

overall performance

Voltage: It is remarkable that the voltages of both inverters are really high. The voltage of
the load was not shown, but it stayed at 1 p.u at all times. Therefore, even though the voltage
is high at the inverter, as the voltage at the load is 1 p.u it means that the inverters are
increasing their voltage to provide a 1 p.u voltage at the load. It is important to mention that
the voltage of the inverter is the voltage of the capacitor of the LCL filter which will differ

with the ‘real” output voltage of the inverter.

Frequency: In this case, in contrast with the HOm, oscillations cannot be observed. This is
because they are part of the dynamics of the inverter, and in this model that part is not
represented. The frequency of both inverters quickly converges back to the expected value.

The performance of the frequency controller is excellent.

Power Injected: In the same way that oscillations cannot be observed in the frequency, also
in the power injected the oscillations do not appear in this model. It is important to mention
that even though the values in p.u seem high, it is because of the base chosen, both values

calculated in each inverter’s base are less than 1 p.u, so the results are acceptable

Overall Performance: The performance of the model is excellent. It follows the reference
faster than the high-order model. The dynamics of the model are not completely represented
in this model because of the simplifications done. These simplifications explain why the
oscillations do not appear in the outputs of the reduced-order models
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4.3.5 HIGH-ORDER MODEL

4.3.5.1 Introduction and Problems Faced

In this chapter, the model of a grid-forming inverter will be implemented. More precisely, a
microgrid composed of two grid-forming inverters and an RLC load. The equations from

[2] that can be found on appendix I, were implemented into Typhoon HIL
During the implementation of these models, a few problems arise.

Before starting with the implementation of the model, the initial conditions for all the
parameters and variables needed to be obtained. A MATLAB code was created in order to
obtain these conditions and also another one that gave as outputs the parameters in the format

that Typhoon HIL requires them.

Also, the same problems that Typhoon HIL had with the grid-feeding inverter, are occurring
with this model. The models were first implemented into Simulink, but when implementing
the same models into Typhoon HIL, the models were not working. After changing the
numerical precision of the CPU to double (Typhoon HIL has Single as default) and looking
for the appropriate time step (finally it was decided to use T, = 27° as the time step). The

model compiled.

Now the model compiled but not converged to de desired value. Some changes were made
in the droop coefficients of both inverters until the outputs converged to de desired reference
values. In order for the inverters to generate power according to their bases, the Droop
coefficients needed to be the same for both inverters. Finally, the values chosen were
D, = 14.263 and Dy = 3.337. In this case, the constants for both PI controllers weren’t
changed since the parameter optimized for the grid-feeding inverter worked also with this

model.

Some pictures of the implemented model and the codes used to calculate the initial

conditions can be found in appendix I.
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4.3.5.2 Parameters and Inputs

GRADO EN INGENIERIA EN TECNOLOGIAS INDUSTRIALES

Table 4.3.5.2 : Parameters

Inverter 1 Inverter 2
Parameter Value Parameter Value
w ) 377 rad/s w, (51 377 rad/s
Rated Power| ¢ (s)) 10 KVA s,(57) 12 KVA
157 6+107°H 157 6+1073H
1S 3 %10 *H 1,51 3x107*H
_ c)) 150 x 107°F c,(57) 150 * 107°F
LCL Filter )
. 010 To(jj) 010
i) 31072 Q 1, (51) 3%1072Q
7,6 15 % 10730 7oy (1) 16 * 1073Q
r(em) 0.35Q 1, (6m) 0.4 Q
Network
[(em) 1.5%x107* H 1, em) 2%1073 H
k() 551073 k) 51073
PLL 2 o2
o 10 K 10
¢ b2
(S5) -3 (Sy) -3
Cascade KPV >*10 KPyz >+10
Controller KEsj) 10  10-3 Kgsj) 10  10-3
Y Y2
Voltage 227V RMS Voltage 227V RMS
References
Frequency 60 Hz Frequency 60 Hz
Droop D, 14.263 Dy 14.263
Controller Dy 3.337 Dg, 3.337
Battery
Voltage Vi1 900 V Vico 900 V
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The Load will be an RLC changing load, in order to measure the ability of both inverters to

maintain voltage and frequency close to nominal values.

The load will be changing according to the following function:

R _{0.373 p.u if(t<20)
toad = 16.469 p.u if(t=20)
L _{0.268p.u if(t<20)
toad = 1 0.244 p.u if(t=>20)
c _{0.373 p.u if(t<20)
toad = 10.408 p.u if(t=>20)

Equation 4.3.5.2 Load distribution
The base used in this simulation is S, = 10 KVA.

Also, the dynamic equations for the load were presented before in 4.3.1

4.3.5.3 Results

The following results were obtained when implementing the models into Typhoon HIL.

More results will be presented in Appendix I, to make this Thesis as concise as possible.
Please refer to this appendix to see the complete equations implemented, or more detailed
results. Also, some pictures of the model implemented in case the reader wants to get an

insight of how the implementation looks like.

The results provided have incorporated an optimized selection of parameters, such as voltage

and frequency droop coefficients and also the cut-off frequency.

In the following pages the most relevant results will be shown: The load voltage, Inverters
frequency, Inverters voltage, and finally P and Q consumed by the load. In this case, the

results are shown in per unit representation.
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4.3.5.4 Conclusions

The results for the grid-forming inverter are excellent. And both voltage and frequency stay
between the allowable limits. The result analysis will be divided into three main blocks. First
of all, the voltage, then the frequency and finally the Power consumed by the load. It is also

important to realize that both inverters have different bases.

Voltage: Inverter’s voltage seems slightly high (values up to 1.09 p.u). But looking at the
load’s voltage, it is obvious that this is because the inverters are increasing their voltage in
order to increase the load’s voltage and maintain its value close to 1 p.u. The most important
voltage to analyze is the load’s voltage, and it is constantly between the limits (0.95 < V; <
1.05). Also, the voltage on the inverters stays always in the range (0.90 < V; < 1.1). It is
important to mention that the voltage that is being controlled is the load’s voltage. To

conclude, the voltage control performance is extraordinary.

Frequency: In this case, there is no need to measure the load’s frequency and it will be
considered to be the same as the inverter’s frequency. Both inverter’s frequency is as
expected, with values in the range (59.98 Hz < f < 60.006 Hz), at all times including
transients. The frequency first oscillates around the desired frequency and finally converges

to this value.

Power Consumed: Looking at the total power plots, it is clear that both Active and Reactive
power are stable. Power is not included in any control’s objectives, but it is necessary to
make sure that the values are constants since the load is only changing at t = 20s. Power
generation is not the same on both inverters, because they have different bases, but the power
generation is distributed according to Droop control equations. The power generated by each

inverter can be found in appendix I.

Overall Performance: As discussed in the previous paragraphs, this model is working
perfectly on its job of providing constant voltage and with an appropriate frequency to the

load. Both inverters can provide this constant voltage even with changing loads.
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4.4 MICROTURBINE V-F

4.4.1 INTRODUCTION

In this section, a model of a microturbine will be presented. A microturbine can also be seen
as a Diesel engine connected to a synchronous machine. The model of a Diesel engine and
a synchronous machine will be implemented into Typhoon HIL. The microturbine V-f

model is working islanded, connected to a load. As shown in figure 4.4.1.1

Synchronous
Generator

Diesel Engine Transmission Line

Load Bus

Figure 4.4.1 Microturbine V-F model scheme

This model is similar to the grid-forming inverter model since the microturbine is providing
power to the load by fixing the voltage and frequency. The load sees the generator as a
voltage source that provides power at constant voltage and frequency. The other mode of
operation of the microturbine (Which is not implemented in this thesis) would be the P-Q
mode, where the voltage and frequency would be fixed by the network or other generator

and the generator will be just providing the desired P and Q to the load.

The performance of the microturbine will be tested by changing the load’s value and
measuring the ability of the model to maintain the voltage and frequency constant. The
model implementation could be divided into the implementation of the following individual
components that all together form the microturbine: Damper windings, stator windings and

short transmission line, excitation system, governor control, and diesel engine
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4.4.2 TOPOLOGY AND CONTROLS

In this part, the topology of the microturbine will be described. As mentioned before, the
microturbine models could be divided into some elements that all together form the
microturbine model. This section will be divided into parts, one for each part of the model.

To keep this thesis short, the equations will be presented in appendix I1.

4.4.2.1 Damper Windings

Damper windings that can also be called squirrel cage windings are a set of short-circuited

windings around the rotor. They have two principal objectives in the synchronous machine.

1. When a change in the load or a change in excitation occurs. The rotor will move to its
new position; however, it could stay oscillating around that point, with the danger of
losing synchronism. In these cases where the speed of the rotor is temporarily different
from the electrical speed, a current is induced in the damper windings. This current

produces a force that brings back the rotor to nominal speed.

2. These windings also produce the necessary torque to start the machine, for the same
principle mentioned before. The machine will start the same way as an induction
machine. Until finally, the induction current in the damper windings will be zero when

the machine has reached synchronism

Damper Bars

Field Winding

Figure 4.4.2.1 Damper Windings Scheme [14]
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4.4.2.2 Stator Windings and Short Transmission line

This model is just a three-phase winding connected to the transmission line, the three-phase
alternating voltage generates a rotating magnetic field that rotates at the electrical speed.
This model is formed by the synchronous reactance and the resistance of the stator winding,
connected to the short transmission line parameters. The synchronous reactance groups

together all the magnetic effects in the stator.

4.4.2.3 Excitation System

For the excitation system, IEE DC1 Exciter was chosen and implemented. As a brief
introduction to the excitation system, it could be said that the excitation system is in charge
of controlling the voltage. In this islanded mode, its job is crucial since the voltage needs to
be constantly regulated. The exciter can modify the voltage in the following way: the rotor
has a DC winding which produces an electric field rotating at the rotor’s speed. The
magnitude of this electric field depends on the DC current going through the rotor DC

windings. The excitation system changes this current to maintain the voltage close to 1 p.u.

\'} VueL
s (ALTERNATE) V}M—M
Ve 1+sTc HV Ka 1 Erp.
14sTs GATE 14sTa sTe "
_/
Veer  |VF VRﬁ,ﬁ
Keg [«
Vx4 Vx=ErpSe[Erp] [
sKr
1+sTr

Figure 4.4.2.3 IEE DC1 Exciter Scheme [15]
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4.4.2.4 Governor

The governor chosen and implemented was the DEGOV1 model. The governor is in charge
of maintaining the frequency close to 60 Hz. The governor controls the diesel engine by
changing the amount of fuel going into the motor. The governor has as an input the frequency
and adjusts the diesel engine speed to meet the frequency requirements. Also, when the
microturbine is not working on islanded mode, by following the frequency reference also

the active power required is generated.

1 REF
l_ L TMAX
o =\ -/ <=\ V2| -(1+sTy |v3 K(1 +5s°T4) V4 sTD L™
W —> e B : AN Tt L
\ “ ; \ _ 1+sT1 +s°“T1.T2 s(1 +sT5)(1 +s:T6)
TMIN
SWM =0
L]
i DROOP «
= V5 1
o e
SVWM =1 1+s-TE

Figure 4.4.2.4. DEGOV1 Scheme [16]

4.4.2.5 Diesel Engine

A diesel engine model was implemented, the diesel engine is connected to the synchronous
machine in order to generate electric power. The speed of the diesel engine is regulated by
the governor model.

All the models presented above are appropriately connected with each other and form the
microturbine V-f model. The functioning is the following: The Diesel engine is regulated by
the governor and tries to maintain frequency at 60 Hz, the diesel engine then is connected to
the rotor of the synchronous machine. The voltage of the machine is regulated by the Excited,
which regulates the DC current of the rotor to maintain voltages close to 1 p.u. This way,

both the voltage and the frequency are regulated in this model.
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4.4.3 PARAMETER AND VARIABLES DEFINITION

Table 4.4.3.1: Parameters

Parameter (p.u)

Physical equivalent

XIESj) Machine leakage reactance
X6 Machine stator reactance
X,(Sj) Machine transient reactance
X,(,Sj) Machine sub-transient reactance
ng) Leakage reactance
X}Sj) Leakage reactance
XIE;j) Leakage reactance
Xr(rfj) Mutual reactance

Rgsj) Winding resistance
RESJ) Winding resistance
R(S)) Per-Phase line resistance
x(S)) Per-Phase line inductance
W Nominal frequency (rad/s)
I/r(sj) Reference voltage magnitude
VK(;J') Proportional control gain
VK(iSj) Integral control gain
Tl(tsj) Amplifier time constant
KL(LSJ-) Amplifier Gain

X;Sj) Field winding reactance
R}ESJ) Field winding resistance
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Parameter (p.u) Physical equivalent
L](ff) Unsaturated field inductance
K g(sj) Slope of the unsaturated part of the saturation curve
ﬁf(sj) Exciter circuit resistance
rgsj), Tgsj)’ Tgsj) Time constants of the control system
K55 Controller gain of the actuator
P](fj) Power change setting
M(S5) Inertia of the machine
D'(()Sj) Friction and windage dumping
Rl()sj) Droop coefficient
l_)(gSj) = (5.)1
R;7 * wq
Table 4.4.3.2: Variables
Variable (p.u) Physical equivalent
¢ (51) Flux linkage of the damper windings
E, () Flux linkage of the damper windings
105) Stator output current
wi) Machine angular speed (rad/s)
482 Output voltage
5(Si) Power angle of the microturbine (rad)
114G Load’s Voltage
s{) Voltage phase (rad)
E;Sf) Output voltage of the excitation system
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T
Variable (p.u) Physical equivalent
U ;Sj ) Feedback of the voltage regulator
Uf(SJ') Input of the Exciter control
T,S") Mechanical torque output
w, (1) Reference frequency
p,(5) Valve position of the diesel engine

e _[200 if(t<10)
load =124 O if(¢t > 10)

4.4.4 REDUCED-ORDER MODEL

4.4.4.1 Introduction and problems faced

In this part, the reduced-order model equations of the microturbine will be implemented. The
first step is to calculate the initial conditions for the model. In this case, the MATLAB code
which will be used for the high-order model equations will be used. As with the other
reduced-order models, this model was first implemented into Typhoon HIL. The same
problems with the non-linearity of the algebraic loops appeared, this was, in fact, the most
‘problematic’ model, since it has algebraic loops which Typhoon HIL can’t handle and also
it is connected to a constant power load which as will be mentioned in the high-order model
it can’t neither be computed by Typhoon HIL. After discovering all these problems, Typhoon
HIL was contacted and confirmed the problems. The model then will be implemented into

Simulink.

For this reduced-order model, the equations of the high-order model were modified and
simplified. The equations of the damper winding, stator winding, and short transmission line
are retained from the high-order model equations. However, the excitation system equations
and the governor and prime mover have been reduced and will be presented in the following

page. The fact that some equations have not been modified suggests that this model will
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contain most of the high-order model dynamics and transitiens. Below, equations 4.4.4.1.1

and 4.4.4.1.2 will represent the exciter and governor respectively.

S dE t S 85 s S_ H s
() gdt() (X(g X(,”) Ié;)(t)_ d (Qs(g)(t)

(s

+ (Xéfj) _ X,isj)) Iésj)(t) _ Eéfj)(t))) (SJ) (53)(15)

(s5) , (s5)

v Ku S84 S4 84
4 K:(T (Vr( P v j)(t)) _ Eé,f)(t),
f
dx;sj)(t) B Kisj) V(SJ} V(SJ)
@ = g\ - (t)),

(s4)
el =TI + (),
(5;) |
dp,”’ 5 57) s 8; 5:) [ W) $
. 1) _ o (P,:(J)(t)—P(J)(t)) k(89) wo(t) ?(J)(t)
0

Figure 4.4.4.1.2 Reduced-Order Model 2 Governor and Primer Mover Equations [2]

4.4.4.2 Results

In this section, the results obtained from implementing the model into Typhoon HIL will be
presented. The results should be similar to the ones obtained with the high-order model since
as mentioned before, most of the equations have not been modified. Only the equations for
the prime mover + governor and the equations for the excitations system have been modified.
The results that will be presented on the following page are: Frequency, Voltages, and
Power. *Parameters can be found in table 4.4.5.2*
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Figure 4.4.4.2.1 Frequency plot
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Figure 4.4.4.2.2 Generator’s Voltage Plot
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Figure 4.4.4.2.3 Load’s Voltage Plot
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Figure 4.4.4.2.4 Power Consumed by The Load
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4.4.4.3 Conclusions

The conclusions for this reduced-order model will be divided into sections as usual. These
sections will help to point out the most important features per result. These subsections are

the following: Frequency, Voltage, Power, and Overall performance.

Frequency: The frequency response looks exactly the same as the high-order model
response that can be found in figure 4.4.5.3.1 This is because the reductions made in this
model did not affect the performance of the governor. In this reduced-order model, the
dynamics and transitiens are completely the same as the high-order model. Also, as it will
be mentioned in the high-order model conclusions, the frequency does not return to 60 Hz
after the perturbation. This is because the secondary control is not included in this model
because it is being developed by the other members of the team. The goal of this testbed in

fact, is to test the performance of these controls.

Voltage: For the voltage, the output does not look similar to the high-order model results.
In fact, it is interesting because the reduced-order models have some oscillations that the
high-order model does not. This suggests that the simplifications done have affected the
performance of the voltage. However, the voltage converges back quickly to the expected

value, so the results are acceptable.

Power: The power consumed by the load looks really similar to the power consumed by the
high-order model system’s load, the only difference is that on this reduced-order model it
appears an instantaneous peak when the power changes, however, the time at which it occurs
is small enough to say that the power output of this reduced-order model is the same that the

high-order model

Overall Performance: The overall performance of this model is excellent. This reduced-
order model is the one that can imitate best the high-order model output. In fact, the
frequency response is exactly the same. Also, although the voltage is not exactly the same,
the performance of the exciter is excellent. To conclude, this reduced-order model could be

used perfectly to substitute the high-order model.
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4.45 HIGH-ORDER MODEL

4.45.1 Introduction and Problems Faced

The model implemented will be based on the equations from [2] presented in Appendix II.

Before starting to implement the model, the initial conditions needed to be found. A
MATLAB code was created in order to solve these initial conditions. The initial values of

all the variables were calculated and taken into Typhoon HIL.

When implementing this model, the same problems arise in relation to Typhoon HIL
software. First of all, the model was implemented into Simulink. But when implementing
this same model into Typhoon HIL the model did not compile. Something particularly
interesting happened when implementing this model. After some debugging, the model
compiles and it was stable. The problem was that when any variable slightly changed, the
voltage instantaneously dropped to O causing the system to become unstable. After
individually examining all the individual models implemented, it became obvious that there
was a software problem since every small change was making the system unstable, also
because before the perturbation, that occurred at T=10 the output was as expected, this means

that the models must be working.

After this issue, the next step would be changing the time-step of the simulation to check if
the stability problem was caused by the time-step. After some time, the problem was
discovered. The problem that was causing this instability was that Typhoon HIL has a
problem when working with constant power loads. The non-linearity makes it impossible
for Typhoon HIL to handle it, in fact, to make sure that this was the problem, other types of
loads were tried. Finally, it was found that the error was indeed the non-linearity of the load.
Also, the pre-loaded model that Typhoon HIL provides for the constant power load, is a
linear model that considers the current to be constant and just changes the voltage. Typhoon
HIL’s Development team were contacted to inform them of this problem. Finally, the model
worked with a constant impedance load. The final step was to play with the parameters of
the model to make the model work optimally. After some changes in the Governor’s Droop

coefficient. and the exciter’s PI the optimal parameters were found
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4.4.5.2 Parameters and Inputs

Table 4.4.5.2: Parameters
Parameter (p.u) Physical equivalent

Shase 835 GVA
Vpase 15.011 KV
Pe) 1.7997 p.u
xS 0.0939 p.u
bk 0.0812 p.u
hond 0.0812 p.u
pasd 1.0907 p.u
RS” 0.0084 p.u
R 0.0018 p.u
R(SH) 0p.u
x(5)) 0p.u

Wo 377 (rad/s)
Vr(sj) 1p.u
yEn 15
9 :
E}ESJ') 0 p.u
k(57 10
M) 188.4956 p.u
b 9.7358 * 1075 p.u
RS” 0.05 p.u
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4.4.5.4 Conclusions

First of all, it is important to mention that some parameters have “Strange values” but this is

because of the Bases chosen. These bases were chosen because they were the ones used in

2.

The most important parameters, results, and equations were presented above, however, there

is some extra information like the equations implemented that can be found in appendix II.

This conclusion could be divided into 3 main aspects of the Microturbine model: Voltage,

Frequency, and Power Generated. Also, the overall performance will be examined.

Voltage: The changes in the voltage are small and relatively quickly return to 1 p.u. The
maximum deviation from this value is just 0.0002 p.u. Since the line parameters were
ignored, the voltage of the load and the Generator is the same. At first, the time until the
voltage converged back to 1 p.u was too large (about 2 minutes.), but after some changes in

the parameters, it only takes about 20 seconds, which is reasonably good for the model.

Frequency: The first important consideration is that the secondary control is not included
in this model since it is part of the distributed control architecture being developed. This is
the reason why the frequency does not return to 60 Hz after the perturbation. The governor
quickly acts and corrects the frequency deviation. Due to the quick response of the
generator’s Governor, the frequency only increased to 60.003 Hz. The Droop coefficient

used was 0.05. The overall performance of the governor and the diesel engine is excellent

Power: The power was kept constant until T=10 where the power decreases from 0.05 p.u
to about 0.041 p.u, which looks like a small change but remember the base used for this

model. The power changes immediately.

Overall Performance: The overall performance of the model was excellent, with changes
in the load, the frequency, and the voltage quickly returned to their expected values, and
what is more important, the values of both frequency and voltage stayed at all times within
the allowable limits, thus ensuring that no equipment will be harmed because of high

voltages or non-nominal frequency.
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CHAPTER 5. CONCLUDING REMARKS & FURTHER STEPS

In chapter 5 the final conclusions will be presented but also the further steps in the project.
In this thesis 3 high-order models were implemented; these three models constitute almost

all the Banshee distribution network components.

5.1 CONCLUDING REMARKS

In this part, the final conclusions will be presented. In this thesis, three DERs were
implemented into Typhoon HIL: Grid-feeding inverter, Grid-Forming inverter, and
Microturbine. Two models were implemented of each element, a high-order model which
represents the complete dynamical response of each element, and a reduced-order model

where the model has been simplified.

First of all, the problems faced with Typhoon HIL should be mentioned, since they were the
most complicated part of this project. These problems that Typhoon has, slowed down the
project substantially. There appeared problems with all of the model implementations. The
models were previously implemented into MATLAB, however, when implementing these
same models into Typhoon HIL, they were not working. In most cases, the model was not
even compiling, this meaning that the system was not stable. Something interesting
happened when implementing the high-order model equations of the microturbine. The
model was stable with the initial conditions, but a small perturbation in any input would
make the system unstable. In addition, there are some blocks and features available in
MATLAB but not in Typhoon HIL. First of all, Simulink can incorporate MATLAB scripts
to make calculations or even compute the initial conditions of the system. In Typhoon HIL,
the initial conditions of the models were calculated in MATLAB and then transformed into
the format that Typhoon HIL requires. Also, for the reduced-order models, MATLAB works

with algebraic loops, but Typhoon does not. To deal with all these problems, the parameters
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of the models were changed in order to make the system work. First of all, the filter
parameters where chosen, after this, the constants and parameters of all the controls were
modified to obtain the optimal solution. Typhoon HIL’s developers were contacted on many
occasions to inform them of some problems with the software. The final problem faced with
Typhoon HIL is that the default CPU precision is set to single precision, while in MATLAB
the default precision is set to double.

When comparing the high-order models with the reduced-order models, the difference can
be easily spotted. The response and output of the high-order models show perfectly the
dynamics of the models, the changes in variables are not produced instantaneously and the
system has some inertia. The reduced-order models represent “Most” of the model dynamics,
however, it is clear by seeing the output that some order reductions were performed. In these
models, the output had constant slope responses in most cases and in other more reduced-

order models, the output made instantaneous changes with co slope.

As a final conclusion, it must be mentioned that even though Typhoon HIL has all the
problems mentioned before, and has room for improvements, actually Typhoon HIL is the
industry leader in hardware-in-the-loop simulations. Typhoon HIL is growing exponentially
and will continue growing with the years since the hardware-in-the-loop simulations are the
best way to test microgrids. Hopefully, the models implemented in this thesis will help the
development of testbeds for microgrid development and therefore it will contribute to the
microgrid construction. With this increase of microgrids, the technology and costs will get
more competitive due to the economies of scale and the experience. With this cost reduction,
microgrids could be used to take electricity to places where the grid is not available to get
and especially to undeveloped countries. Also, the creation of community microgrids in
developed countries helps reduce energy costs since the community microgrids are created
to group DERs such as PV panels which produce cheaper energy. Both things mentioned
before help directly to goal 7 of the SDGs that asks for affordable access to energy for
anyone. In addition, the creation of new microgrids will reduce the amount of CO2 produced

since most of DERs are renewable energy.
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5.2 FURTHER STEPS

In this thesis, the models of three elements were presented: Grid-feeding inverter, Grid-
forming inverter, and Microturbine. Basically, these three elements are the only DERs that
exist in the Banshee distribution network presented in [9]. The next step of the project would

be implementing the Banshee distribution network. Load models need to be created.

After connecting together all the models in this thesis and forming the Banshee network and
when the distributed control architecture is completely developed, this control will be tested
and improved using the testbed. This control architecture will be a cheaper and more reliable

alternative to conventional centralized control.

After all these steps are completed, the last step would be the development and
implementation of new models. The three models implemented in this thesis were the ones
required for the Banshee network, however, the goal is to create an adaptable microgrid
testbed, to achieve this, more models should be implemented to make the testbed adaptable
to new topologies and models. The final goal would be implementing a testbed as complete

as possible that includes all the components that commonly are present in microgrids

The Distributed Control
Architecture will be tested
with the testbed

Implementation Distributed Model Addition

This Thesis of Banshee Control Test

In this thesis three models were More models should be
implemented: Grid-feeding inverter, implemented to increase the
Grid-forming inverter and complexity and the

Microturbine. adaptability of the testbed

Figure 5.1 Further Steps
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APPENDIX 1. INVERTER MODELS

This appendix contains more information and details on the implementation of the two

inverter models. This appendix will be divided into two parts.

1. Grid-Feeding Inverter
2. Grid-Forming Inverter

Also, inside these two parts there will be some subparts.

1.1 Equations
In this subpart, the equations that were implemented will be presented. Some of the equations
were already presented in the thesis, so in this subpart, only the equations that were too long
to be included in the thesis will be presented: Grid-forming inverter HO model equations,
grid-feeding inverter HO model equations. Also, it is important to remark that these
equations were taken from Ajala Olaoluwapo’s Dissertation thesis [2].

1.2 Codes

In this subpart, the codes used to obtain the initial conditions will be presented. Since most
codes are long and if all of them were presented this appendix would be too long, only the
code for the grid-feeding inverter reduced-order model will be presented. Other codes are

similar to this one and have the same structure.

1.3 Model Schemes

This part should give an overview of how the equations look like when implemented into
Typhoon HIL’s Schematic Editor. The size of the pictures is too large to fit in the thesis

properly, however the pictures were placed just to give an idea of the topology.

1.4 Results

The results presented in this appendix are the ones that could not be presented in the thesis,

but that may be interesting for the reader.
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1. GRID-FEEDING INVERTER

1.1 EQUATIONS
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Equation 1.1 Grid-Forming Inverter high-order model equations [2]

The equations presented above (from [2]) were implemented into Typhoon HIL to simulate
the dynamics of a grid-feeding inverter. The parameters and variables definition can be found

in the thesis.

1.2 CODES

As mentioned in the thesis, before implementing the models, the initial conditions needed to
be calculated. In order to keep this appendix short, only the code for the grid-forming inverter

will be presented, but the codes for other models have a similar structure.

The code that will be presented in the next page, is the code used to obtain the initial
conditions of the grid-forming inverter reduced-order model. Since this is just a simple
model and the inverter dynamics are not present in the model, the code just solves the newton
Raphson algorithm between two nodes (i and j). The equations shown are the equations of

node j since the inverter has its voltage and angle fixed, so there are not unknown variables.
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clear all;

clc

$Bases definition
Sbase=10e3; tWatt

Vbase=227;%Volts

$Bases Calculations
Zbase=(Vbase”"2)/Sbase;
Ibase=Sbase/Vbase;

$Epsilon
epsilon=le-12;

$Variable Definition
syms V_1;
syms T 1;
syms V_2;
syms T 2;

$Parameter definition

Qr=(0)/Sbase; %reactive power reference in p.u
Pr=(20e3)/Sbase; %active power reference in p.u
Po=(10e3)/Sbase;

Qo=(0)/Sbase;

V2=227/Vbase;

T2=0;

ro_bar=15e-3; $Ohms
lo=3e-3;
cs=20e-6;%F
rs=1le-3; %¥0Ohms
1s=2e-6;%H
re=8e-3; %¥Ohms
le=3e-6;%H
ro=0.1;%0hms

$All Impedances are calculated in per unit
Ro_bar=ro_bar/Zbase;

Rs=rs/Zbase;

Re=re/Zbase;

Ls=(2*pi*60*1s)/Zbase;
Le=(2*pi*60*le)/Zbase;
Cs=Zbase/(1/(2*pi*60*cs));

$Parameter Calculations
G_bar=Ro_bar/((Ro_bar)"2+(1/Cs)"2);

B_bar=Cs/((Ro_bar*Cs)"2+1);

B=-(Le+Ls)/((Rs+Re)"2+(Le+Ls)"2);

G=(Rs+Re)/( (Rs+Re) "2+ (Le+Ls)"2);

$Mismatch Equations

P1(V_1,V_2,T 1,T 2)=-Pr+(G_bar+G)*((V_1)"2)-V_1%V_2*(G*cos(T_1-T_ 2)+B*sin(T_1-T 2));
Q1(v_1,v_2,T 1,T 2)=-Qr-(B_bar+B)*((V_1)"2)-V_1*V_2*(G*sin(T_1-T_ 2)-B*cos(T_1-T 2));

%PV nodes equations
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P2(V_1,V_2,T 1,T 2)=-((V_2)"2*G-V_1*V_2%(G*cos(T_2-T 1)+B*sin(T_2-T 1)));
Q2(V_1,V_2,T 1,T 2)=-(-(V_2)"2*B-V_1*V_2%(G*sin(T_2-T_1)-B*cos(T_2-T 1)));

V=[P1,0Q1];

$Jacobian
P=jacobian([P1,0Q1],[T_1,V_1]);

% initialization
% initial condition
% [Theta,Voltage]
T=(transpose([0,1]));
i=0;
x=1;

$NEWTON RAPHSON ITERATIONS
while abs(max(x)) >= epsilon
Q=T;

J=double(P(T(2),V2,T(1),T2));
i=i+1;

$Makes sure the Jacobian is invertible

if abs(det(J))<=le-10
disp("The Jacobian is not invertible")
break

end

$Calculate The update
C=(T)-(double(inv(J)))*transpose(double([P1(T(2),V2,T(1),T2),Q1(T(2),V2,T(1),T2)]));
T=C;

x=Q-T;

$If the Mistmatch grows too much ends the program
if max(x)>le9
disp("The Mismatch is to High, Program terminating");
break
end
end
P_injected=double((P2(T(2),V2,T(1),T2)*Sbase)/1000);
Q_injected=double((Q2(T(2),V2,T(1),T2)*Sbase)/1000);
Degrees=(T(1)*180)/pi;
Volts=T(2)*Vbase;

t=max(x);

disp(" RESULTS “Ys
disp("The number of iterations was "+i);
disp("The mistmach was " + )

disp("The Voltage 1 is "+ T(2)+" p.u and "+Volts +" Volts");

disp("The angle in node 1 is " + T(1)+" p.u and " +Degrees+ " Degree" );
disp("The Active Power injected to the grid is " +P_injected +"KW");
disp("The Reactive Power injected to the grid is " +Q_injected +"KVAR");

RESULTS
The number of iterations was 4
The mistmach was 0
The Voltage 1 is 1.0035 p.u and 227.7934 Volts
The angle in node 1 is 0.00066096 p.u and 0.03787 Degree
The Active Power injected to the grid is 19.9306KW
The Reactive Power injected to the grid is 0.3767KVAR

84



COMILLAS

UNIVERSIDAD PONTIFICIA
| __icar____icape [ ciHs |

UNIVERSIDAD PONTIFICIA COMILLAS

1.3 MODEL SCHEMES
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Figure 3.3.1 grid-feeding inverter HO model
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2. GRID-FORMING INVERTER

2.1 EQUATIONS
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Equations 2.1 Grid-Forming Inverter high-order model Inverter equations.[2]
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2.2 CODES

As mentioned before the codes for the rest of the models will not be presented in order to

keep this appendix short. But please refer to part 1.2 to see how the code structure is.

These codes were used to calculate the initial conditions of the models, also there are some
codes that change the format of the results and outputs the results in the format that Typhoon

HIL requires.

2.3 MODEL SCHEMES

The purpose of this section is to give an overview of what the implementation looks like

in the Typhoon HIL’s Schematic Editor. Also, to give an idea of how the models look
like.

Figure 2.3.1 Microgrid Scheme
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Figure 2.3.2. Inverter 1 Scheme.

2.4 RESULTS

On this part some extra results will be presented. In the thesis the only results that were
shown were: The load’s Voltage, the voltage of both inverters, the frequency of both

inverters and finally the total P and Q consumed by the load.
On this appendix some extra results will be presented:

e Inverter 1's Voltage (p.u)
e Inverter 2's Voltage (p.u)
e Active power generated by each inverter (p.u)

e Reactive power generated by each inverter (p.u)
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Figure 2.4.1 Inverter 1 Voltage
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Figure 2.4.2 Inverter 2 Voltage
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Figure 2.4.3 Active power generated by each inverter
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Figure 2.4.4 Reactive power generated by each inverter
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APPENDIX II. MICROTURBINE MODEL

This appendix contains more information and details on the implementation of the

microturbine model
This appendix will be divided into some parts subparts.

1.1 Equations
In this subpart, the equations that were implemented will be presented. Some of the equations
were already presented in the thesis, so in this subpart, only the equations that were too long
to be included in the thesis will be presented: Microturbine HO model equations. Also, it is
important to remark that these equations were taken from Ajala Olaoluwapo’s Dissertation
thesis [2].

1.2 Model Schemes

This part should give an overview of how the equations look like when implemented into
Typhoon HIL’s Schematic Editor. The size of the pictures is too large to fit in the thesis
properly, however, the pictures were placed just to give an idea of the topology.

In this appendix, neither the code nor the extra results will be shown. First of all, the code
will not be shown since the code in appendix | for the grid feeding-inverter has the same
format as this one, so to keep this appendix short please refer to appendix | for the code.
Also, no results need to be shown in this appendix, since all the relevant results were shown

in the thesis.

1.1 EQUATIONS

In this part, the equations from [2] will be presented. These equations will be presented by
the different elements involved in the model. The model’s equation will be the following:
Damper winding Model, Stator and short transmission line, Excitation System, and finally

the governor model. All of these individual models form the microturbine.

94



UNIVERSIDAD PONTIFICIA COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAl)
COMILLAS  GRADOEN INGENIERIA EN TECNOLOGIAS INDUSTRIALES

UNIVERSIDAD PONTIFICIA

1.1.1 DAMPER WINDING MODEL
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Equations 1.1.1 Damper Winding model Equations [2]

1.1.2 STATOR WINDINGS AND SHORT TRANSMISSION LINE
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Equations 1.1.2 Stator Windings and Short Transmission Line [2]

1.1.3 EXCITATION SYSTEM MODEL
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Equations 1.1.3 Excitation System Model [2]
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1.1.4 GOVERNOR MODEL
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Equations 4.1.4 Governor Model [2]

1.2 MODEL SCHEMES

Figure 1.2 Microgrid Model Scheme
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APPENDIX III. SUSTAINABLE DEVELOPMENT GOALS

The Sustainable Development Goals, also known as SDGs, are a group of 17 global goals
adopted by all the United Nations members in 2015. These goals have as objectives to end

poverty, to protect the planet, and to ensure peace and prosperity by 2030.

These 17 Goals can be divided into 3 dimensions: Biosphere, Society, and Economy. Also,
within each goal, there are some specific quantifiable objectives to be reached by 2030.

NO NO 600D QUALITY GENDER CLEAN WATER
POVERTY V4 GE HEALTH EDUCATION EQUALITY AND SANITATION

GOOD JOBS AND 10 REDUCED i S 12 RESPONSIBLE
ECONOMIC GROWTH INEQUALITIES LA CONSUMPTION

il G

1 CLIMATE 1 LIFE BELOW 1 PEACE AND 1 PARTNERSHIPS
ACTION WATER JUSTICE FOR THE GOALS iy, ah
-

W2 =

o v S\ J
AK).
' = THE GLOBAL GOALS

For Sustainable Development

Figure 1 Sustainable Development Goals

This thesis will have impact in many SDGs but the most important are:

e Goal 1: No poverty: Access to energy is a clear factor to determine the prosperity
of a region. With the creation of this testbed, the creation of microgrid would be
easier and cheaper, and with microgrids, energy could be supplied to places where
the grid does not reach. This thesis has a secondary effect on this goal

e Goal 7: Renewable Energy: This is thesis has a direct impact on this goal since a
microgrid is the only way of properly incorporating DERs into the grid. This Goal

will be presented with more details in the following pages.
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GOAL 7: AFFORDABLE AND CLEAN ENERGY

Goal 7 of the SDGs is affordable and clean energy, it can be also called “Ensure access to
affordable, reliable, sustainable and modern energy for all”. This goal is part of the society
dimension. It has some targets for 2030 which are directly taken from the United Nation’s

website.
Some of the most relevant are:

e Ensure universal access to affordable, reliable and modern energy services.

e Increase substantially the share of renewable energy in the global energy mix

e double the global rate of improvement in energy efficiency

e Expand infrastructure and upgrade technology for supplying modern and sustainable
energy services for all in developing countries, in particular least developed
countries, small island developing States, and land-locked developing countries, in

accordance with their respective programmes of support

This thesis, as mentioned before will have an impact on all of these objectives. First of all,
as microgrids are the way of incorporating DERs into the main grid, by making the cost of
microgrid development cheaper, more DERs will be used. Although not all DERs are
renewable energy, most of the DERs are clean renewable energy. A microgrid is the way to
properly incorporate: Small windmills, Small solar farms, electric vehicles and many others
to the grid. All these energy resources mentioned before, are too small to provide regulation
services or to be controlled by the grid. So, the creation of new microgrids could have a huge

impact on the CO2 emissions.
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Also, even though it is not directly part of this thesis, it is still part of the project that our
research group is doing at the University of Illinois. The testbed presented in this thesis plans
to be used to test the distributed control architecture developed in the project. This control
architecture is more reliable, cheap, and adaptable than the conventional centralized control
architecture. Also, it is more adequate for the control of microgrids, since adding or
removing DERs from the microgrids does not produce a problem in the control as control

nodes can be easily added or removed without this affecting the performance of the control.

The second main relation of this thesis with the goal 7 is that microgrids not only help to
incorporate DERs into the grid when working on grid-connected mode but also, microgrids

when working on islanded mode can help with the following objectives:

e Ensuring the continuity in the energy supply: As microgrids can work either in
islanded mode or in grid-connected, they can ensure that the power supply will not
stop even if the grid goes out. This is mostly used in places where continuous energy

supply is required such as hospitals, military bases...

e Taking Electricity where the grid is not available to get: There are some places
especially in some parts of Africa where there is not an electrical network to connect
to and simply it is cheaper to create an islanded microgrid than bringing the network
to that place. Since the overall cost of microgrid development decreases, more
microgrids will be developed, this making even cheaper and more reliable

microgrids, since more money will be spent in research.

The way to quantify the effect of the creation of new microgrids, can be estimated by using
the amount of DERs connected and making some assumptions. For example, not all the
DERs are renewable energy resources, but using a correction factor of 0.6 would reflect a
much more realistic renewable energy installed capacity. Also, assuming that all of this
DERs are connected to the grid through a microgrid, we can estimate the amount of CO2

that would be produced if this power was generated by carbon-based power plants
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QUANTIFIABLE IMPACT

Using figure 1.1 from the thesis introduction, the amount of CO2 emissions being reduced
by the development of microgrids will be estimated. Figure 1.1 shows the exponential
growth in DERs just in the USA (for this study just only USA will be taken into
consideration) Assuming that 104GW of DERs are connected to the grid, and that from this

104GW 60% are clean zero emissions renewable resources. There are 62.4 GW of 0 emitting

DERs. The average emissions of CO2 by GWhis 4,5 * 10° % . Also assuming a capacity

factor defined as:

Average Generation(GWh)

Instaled Power (GW) *8760(yeha7‘)

Capacity Factor = =0.5;

we have: 62.4(GW) 0.5 * 8760 (ye—’;r) = 273312GWh per year in US and multiplying by the
CO2 emissions per GWh: 273312 GWh*4,5 x 10° %:, 1.23 = 101K g of CO2 could be

reduced per year.
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