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Abstract

The world is critically dependent on a transition from fossil fuels to renewable energy. Micro-
grids represent a promising systematic approach to increasing the reliability of the power system
and solving the challenge of integrating intermittent renewable energy sources into the existing
grid.

Several renewable energy sources, such as wind and photovoltaic, utilize power electronic
converters, representing distinctly different characteristics compared to the technology used in
the conventional power system of today. Among several traits, the converter’s inherent ability
to compensate harmonics is a cost-effective solution to meet the persistent challenge of har-
monic distortion, which is a typical power quality issue in microgrids. However, uneven line
impedances between the converters and the PCC lead to imbalance between the harmonic cur-
rents supplied by the converters, potentially harming the converter supplying most of the har-
monic load.

This master’s thesis investigates a harmonic sharing scheme to meet the challenge of har-
monic current sharing imbalance. A simple AC microgrid in island mode is developed, consist-
ing of two converters, their individual LCL filters, uneven line impedances and one non-linear
load. In addition, the control system of the microgrid’s converters is developed and elaborated.
It consists of primary control, including current, voltage and droop control, as well as control
measures to achieve harmonic compensation of the capacitor voltage for both converters. This
way, the issue of uneven harmonic current sharing is displayed, as the converter facing the low-
est line impedance supplies the majority of the harmonic load. A virtual impedance-based har-
monic sharing scheme is then implemented in the control system of the converter facing the
lowest impedance, to achieve better sharing of the harmonic load. Specifically, the sharing of
the 1st, 5th and 7th harmonic current component is studied.

The implemented harmonic sharing scheme is displayed with simulation results in a case
study, proving the feasibility of the elaborated control system. The 5th and 7th harmonic cur-
rents are observed to be shared almost perfectly, while the fundamental current sharing is im-
proved substantially, but still has a value 0of 0.033 p.u. in constant offset. This indicates the need
for a secondary control layer in order to update the power references, thus achieving perfect
fundamental current sharing. Additional key performance indicators (KPIs), namely apparent
power, THD and load parameters, are simultaneously monitored to give a broad assessment of
the harmonic sharing scheme. In this case, all KPIs are deemed adequate, resulting in assessing
the harmonic sharing scheme as successful, but with room for improvement in terms of funda-

mental current sharing.
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Three additional cases are displayed to evaluate the control system’s resilience towards cer-
tain system alterations. The first of the three additional cases investigates harmonic compen-
sation of the PCC voltage. Isolated, the scheme is successful, as the THD of the PCC voltage
is lowered from 16.2% to 8.20%. However, the system as a whole is not compatible with this
configuration, ending in inadequate performance of all other KPIs than the THD.

The second of the additional cases studies the effect of implementing opposite droop com-
pared to a conventional droop scheme. The difference in system responses between the two
implementations is observed to be marginally different, with the opposite droop delivering an
improvement of fundamental harmonic current sharing. Specifically, opposite droop achieves a
mismatch in fundamental current sharing of 0.013 p.u., compared to the corresponding number
0f 0.033 p.u. for the conventional droop.

The last of the additional cases simulates the connection of a linear load to the PCC. The har-
monic sharing remains efficient, showing only a decrease in performance for the fundamental
current component. However, the load experiences large ripples. E.g., the voltage has a ripple of
approximately 131V, constituting a suboptimal loading scenario. Hence, as a whole, the control
system is not compatible with connecting an additional linear load between two phases.

Summarized, the harmonic sharing scheme proposed and developed demonstrates efficient
harmonic sharing. However, it has been found that the proposed scheme may reduce its effec-
tiveness when system conditions change substantially. Hence, recommendations for further

work are provided which include enhancing robustness of the harmonic sharing approach.
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Sammendrag

Verden er kritisk avhengig av en overgang fra fossil energi til fornybar energi. Mikronett repre-
senterer en lovende og systematisk tilneerming til & oke péliteligheten i kraftsystemet som hel-
het, samt a lgse utfordringen med & integrere varierende fornybare energikilder inn i det eksis-
terende nettet.

Disse fornybare energikildene, slik som vind- og solkraft, er avhengig av kraftelektronikk,
som representerer seregne egenskaper sammenliknet med teknologien som i hovedsak brukes
i dagens kraftsystem. I dette henseendet har kraftomformeren flere fordeler, blant annet dens
evne til kostnadseffektiv harmonisk kompensasjon. Denne egenskapen kan brukes til 8 mote ut-
fordringen med harmonisk forvrengning i nettet, som er et typisk kraftkvalitetsproblem i mikro-
nett. Hvis det er tilfelle at omformerne i mikronettet har forskjellig linjeimpedans mellom seg og
PCC, vil de dele den harmoniske kompenseringen ulikt, som potensielt kan skade omformeren
som forsyner majoriteten av den harmoniske lasten.

Denne masteroppgaven undersoker et harmonisk lastdelingssystem for & mote utfordringen
med ujevn harmonic stremdeling. Et enkelt AC mikronett i eymodus blir utviklet, bestdende av
to omformere, deres individuelle LCL-filtre, ujevne linjeimpedanser og én ikke-lineeer last. I
tillegg blir reguleringssystemet til mikronettets omformere utviklet og utdypet. Reguleringssys-
temet bestar av primerkontroll, inkludert strem-, spenning- og "droop"-kontroll, i tillegg til reg-
ulering avharmonisk kompensajon for begge omformerne. P4 denne maten blir problemet med
ujevn harmonisk stremdeling vist, siden omformeren som har den laveste linjeimpedansen
mellom seg og PCC vil forsyne majoriteten av den harmoniske lasten. Et virtuell impedans-
basert harmonisk stromdelingsystem blir sd implementert i kontrollsystemet til omformeren
som moter den laveste linjeimpedansen, slik at bedre streamdeling kan bli oppnadd. Spesifikt
blir delingen av den forste, femte og syvende harmoniske stremkomponenten undersokt.

Det implementerte stromdelingssystemet blir fremvist med simuleringsresultater i et cases-
tudie som viser effektiviteten til det utdypede kontrollsystemet. I casen blir femte- og syven-
dekomponenten delt neert perfekt, mens delingen av fundamentalstrom ogsé forbedres betrak-
telig, men ender med en konstant ujevnhet i deling pa 0.033 p.u.. I tillegg blir flere ytelseskri-
terier lagt til (KPIer), neermere bestemt tilsynelatende effekt, total harmonisk forvrengning (THD)
og lastparametre. Disse madles ogsa for & gi en bredere evaluering av det harmoniske stromdel-
ingssystemet. For denne casen blir alle KPIer ansett til & veere tilstrekkelige, noe som resulterer
i en godkjenning av stremdelingssystemet og kontrollsystemet som helhet. Dog méa den funda-
mentale stromdelingen forbedres for at systemet skal fungere perfekt.

Tre ekstra caser blir undersekt for & teste kontrollsystemets evne til & fungere ved et ut-



valg systemendringer. Den forste av disse tre casene ser pa harmonisk kompensasjon av PCC-
spenningen. Ser man bare pa THD-responsen fungerer systemet, i og med at THD blir malt til
a synke fra 16.2% til 8.20%. Systemet som helhet fungerer dog ikke, da responsen til alle de tre
andre KPIer blir ansett som for darlige.

Den andre av de tre ekstra casene implementerer "opposite droop" i stedet for konvensjonell
droop, som er tilfelle i de andre casene. Forskjellen i KPI-respons mellom et system med oppo-
site droop og et med konvensjonell droop méles til & veere marginal, men opposite droop oppnér
noe bedre fundamental stremdeling. Spesifikt oppnar opposite droop en endelig ujevnhet pa
0.013 p.u., mens konvensjonell droop oppnér 0.033 p.u., som nevnt over.

Den siste av de tre ekstra casene kobler en ekstra linezer last til PCC. Den harmoniske stromdelin-
gen observeres til 4 fortsatt veere effektiv, med kun en marginal forverring i deling av den fun-
damentale stromkomponenten. Dog opplever den ikke-lineare lasten store oscillasjoner i sine
parametre. For eksempel males spenningsoscillasjonen til & veere 131 V, noe som representerer
en suboptimal lastsituasjon. Dette vil si at systemet som helhet, slik det er na, ikke er kompati-
belt med en tilkobling av en ekstra ikke-linezer last.

Oppsummert sd fungerer det harmoniske delingssystemet som blir lagt frem godt, med stort
sett effektiv deling av de stramkomponentene som er studert. Dog synker effektiviteten nar sys-
temet blir utsatt for store endringer. Derfor inneholder avslutningsvis denne oppgaven forslag

til videre arbeid som inkluderer 4 oke motstandsdyktigheten til stromdelingssystemet.
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Chapter 1

Introduction

1.1 Background and Motivation

The International Energy Agency (IEA) states in their annual energy projections, the World En-
ergy Outlook 2017, that the world will demand large amounts of energy in the years to come.
Specifically, renewable energy will constitute the majority of the additions in net energy capac-

ity, as depicted in Fig. 1.1.

cas |G
- I 2010-2016
cas [ 2017-2040
Nuclear .
0 20 40 60 80 100 120 140 160
GwW
@® coal @ Gas @ Nuclear Solar PV Wind @ Other renewables

Figure 1.1: Global average annual net capacity additions by type [1].

Furthermore, inspecting Fig. 1.2, the amount of people without access to electricity is decreas-
ing, but still above one billion, as of 2016. Sub-saharan Africa encompasses the majority of the
electricity-less population, with India coming in second.

These statistics clearly present that the demand for renewable electricity is enormous, and
that it will not decrease in the foreseeable future. It is also important to note that wind and

photovoltaic (PV) power constitute the majority of the renewable energy capacity increase. The



Chapter 1. Introduction

Q 2
Q.
(o]
()
= S
o=
L
@ 1
0.5
0
2000 2004 2008 2012 2016
Sub-Saharan Africa India @ SoutheastAsia @ Other Developing Asia @ China

@ Other developing economies

Figure 1.2: Amount of people without access to electricity [1].

technologies affiliated with these energy sources represent separate characteristics when com-
pared to the synchronous generators comprising most conventional power systems of today.
Firstly, wind and PV power are dependent on power electronic interfaces. Moreover, their
production is of an inherent intermittent nature, demanding auxiliary storage solutions to be
flexible in order to meet the load demand. A promising and widely studied power system con-
cept able to meet these challenges is the microgrid. A microgrid typically consists of energy
sources, storage solution(s) and loads, and is connected to the main grid at one or several points.
In addition, they can be operated in a controlled and coordinated manner [5]. Figure 1.3 depicts
a typical microgrid. The internal voltage of the microgrid can be both AC and DC, and a mi-
crogrid operating disconnected from the main grid is termed to be in island mode. This is a
fundamental characteristic of the microgrid, and represents a demanding situation in terms of
stability, as the primary controllers directly regulate the voltage and frequency. For additional
reading of the state-of-the-art of microgrids, the reader is advised to inspect the literature review
provided in Appendix E, which was part of the specialization project mentioned in the preface.

Configuring a power system as a microgrid results in several benefits. These include:

1. Facilitating the implementation and use of renewable energy sources at their original lo-
cation, which relieves the need for extensive transmission systems between the energy

source and consumption, thus also reducing transmission line losses [6].

2. Providing ancillary services to the grid, and meanwhile improving the overall reliability of
the power system by being able to disconnect during faults in the microgrid or in the main
grid [7].
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Figure 1.3: An illustration of a typical microgrid [2].

3. Interoperability, allowing frequent connection and disconnection of sources and loads

while operating according to grid standards [4, 6].

4. Facilitating the use of flexible loads, allowing more precise matching of production and
consumption. This increases the system efficiency and defers the need for grid reinforce-

ments [8].

5. A cost-effective way to facilitate rural electrification, as no main power system is needed

to operate the microgrid [7].

However, several challenges in microgrids must be addressed before their full potential is uti-

lized. Central technical challenges found in the current literature consist of:

1. Designing a protection scheme capable of responding properly to both island and grid-
connected mode. This constitutes a fundamental challenge, as the fault currents between

the two modes of operations are significantly different [9].

2. Avoiding stability issues. The control systems in the microgrid may interfere, causing local

oscillations. Moreover, seamless transition between grid-connected and island mode is

3



Chapter 1. Introduction

challenging in terms of stability [10].

3. Low inertia. As microgrids often consist of primarily inverter-interfaced generation, the
inertia in the system is low compared to the conventional power system. This can lead to

large frequency deviations in island mode [10].

4. Maintaining sufficient power quality [6]. With the increasing use of nonlinear loads in the
distribution system, the presence of low-order current harmonics are becoming a con-

cern, as these harmonics lead to voltage distortions [11].

A cost-effective way to meet the challenge elaborated in the last point, i.e. to provide harmonic
compensation, is to use parts of the available power rating of the converters in the microgrid
for compensation purposes [11]. However, the converters will share the load affiliated with this
compensation unevenly according to the line impedance between the converters and the load.
In turn, this may lead to overstressing the converter providing the majority of the compensation.
To meet this challenge, a harmonic sharing scheme is introduced to share the harmonic currents
evenly between the supplying converters. Developing, presenting and evaluating such a scheme
constitutes the main goal of this thesis.

This introduction provides the motivation for the developed model and issues investigated
in this master’s thesis. The detailed objectives, methodology, main contributions and thesis

outline follow in the subsequent sections.

1.2 Objectives

The objectives of this master’s thesis are:

* To describe the simulated islanded microgrid model and all its components, including
the reason behind the choice of their values, thus allowing subsequent reproduction of

the model for both simulation and experimental purposes.

* To develop and elaborate the primary control, consisting of an inner current control loop,

an outer voltage control loop, and droop control.

* To develop and elaborate the harmonic compensation scheme, including a method of

extracting the value of individual harmonic components.

* To develop and elaborate the harmonic sharing scheme.

4



1.3. Methodology

» To present simulation results verifying the applicability of the elaborated control system

to achieve harmonic sharing.

» To present additional cases, including simulation results, investigating how different sys-

tem changes affect the harmonic sharing scheme.

1.3 Methodology

e The development and elaboration of the microgrid are done by first introducing the entire
structure, providing av overview. Then, each component is handled, introducing their

function and value in the microgrid.

* The control system is developed and elaborated using methods obtained from the current

literature, and used in recent, conventional research.

e The proposed microgrid and complementary control system is simulated using the MAT-
LAB/Simulink environment. Hence, simulations results for the case studies are obtained.

The simulations are run in discrete time with a fixed step time.

1.4 Main Contributions

This work is part of the research project FME CINELDI, which aims to provide an essential scien-
tific effort to solve microgrid technology challenges. Hence, a meticulous effort has been made
throughout this thesis to make the procedure as transparent as possible, allowing subsequent
use in the research project. All parameters have been given, and a complete collection of them
is displayed in Chapter 5. This has been done to ensure correct reproduction of the simulation
model.

Several system configuration properties representing novelty have been identified, together
comprising a combination seemingly underinvestigated in todays literature. However, the mi-
crogrid presented is not of unrealistic nature, rather, it could very well be of practical impor-

tance. The identified configuration properties are:

1. High ratings of the converters. Most of the papers examined test converters rated in the
range of 1-10 kVA. The converters of this thesis are 60 kVA.
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2. Line impedances with R/X ratio equal to 1.43. This ratio is only slightly predominantly
resistive. This gives no clear coupling between electrical quantities, making the droop

control less straightforward.

3. Additional testing of the harmonic sharing scheme. Most of the papers examined that
propose a novel harmonic sharing scheme tests the scheme for one particular load situ-
ation. In this thesis, several cases are added to further evaluate the feasibility of the har-

monic sharing scheme.

4. Relatively high line impedances. However, they are still within reasonable values accord-
ing to CIGRE.

Point number four might constitute the most interesting point, as a non-linear current flowing
through a line impedance leads to voltage distortion. When the current and the line impedance
are high, the fundamental and harmonic voltage drops across the line impedance are substan-
tial. In turn, this leads to severe issues at the Point of Common Coupling (PCC) with regards
to power quality, as the voltage might be lower than allowed and contain substantial harmonic
distortion. It seems little or no work has been done on the field of harmonic sharing where all

the listed points are present, increasing the value of the results acquired in this thesis.

1.5 Structure of the Report

The thesis is organized as follows:

Chapter 2 presents the model of the microgrid used throughout the thesis. The model is de-
scribed component by component, along with relevant background theory and reasons behind
the chosen parameter values.

Chapter 3 elaborates the primary control, consisting of an inner current control loop, and outer
voltage control loop and droop control. Essential background theory is provided, along with
parameter values and tuning procedures.

Chapter 4 elaborates the outer layers of the control, namely the harmonic compensation and
harmonic sharing schemes.

Chapter 5 presents the simulations results for the different cases along with their complemen-
tary discussion.

Chapter 6 draws the final conclusion made from the simulation results obtained.

Chapter 7 lists possibilities for future work.

Appendix A provides supporting material.



1.5. Structure of the Report

Appendix B elaborates the per unit system.

Appendix C contains an example of the MATLAB code used in conjunction with the Simulink
model.

Appendix D contains Simulink model diagrams.

Appendix E contains an overview of the state-of-the-art of microgrids. The text is an excerpt

from the specialization project written in the fall of 2017.






Chapter 2
System Description

This chapter describes the microgrid system investigated in this thesis. This is done by first pre-
senting an overview of the system, introducing the different components. In the subsequent
sections, every component is elaborated, presenting their values and the reason behind the

choice of these values. Note that all values mentioned are collected in a Table 5.1 in Chapter 5.

2.1 Overview

The power system investigated in this thesis is an AC microgrid, depicted in Fig. 2.1. Two voltage
source converters (VSCs) are observed, VSC; and VSC,. The DC side of the VSCs is modeled
as a constant voltage source, while the AC side is connected to the PCC via their respective LCL
filters and line impedances.

R;1 and L; are the parasitic resistance and inductance of the LCL filter’s converter side in-
ductor, respectively. Furthermore, C denotes the filter capacitor, and Ry, and L; are the parasitic
resistance and inductance of the LCL filter’s grid side inductor, respectively. Observe that the fil-
ter values are identical for both filters. Moreover, the line impedance connecting converter 1
to the PCC are termed Ry;je, and Ly;ze,, and the line impedance connecting converter 2 to the
PCC are termed Rpine, and Ly ne,. The non-linear load consists of a connecting inductor, Ly, a
diode rectifier, a smoothing load capacitor, C; and a resistive load, R;.

The microgrid has a simple structure in terms of containing few elements. Limiting the size

of the structure is a deliberate choice, mainly based on three factors:

1. Decreasing the size decreases the complexity, allowing a more thorough explanation of

the approach taken in the thesis.
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2. The chosen configuration, i.e. two converters supplying one load, is a common setup seen
in current literature, e.g. in [12, 13, 14, 15]. Being able to compare the results obtained in
this thesis with literature is valuable, as it helps assess the feasibility and degree of success

of the results.

3. Theresults obtained can be easily extended towards a more complicated microgrid.

VSC,
_l__ 4’<’|} B Ry L L R, L, Rpine; Liine,
W AW\ AN
T i (L
r r | Diode
J_C Ly Rectifier
—|_ N CL% % R,
J
- |
VSC,
_[__ 4@ | Ry L L Ry, L, Riiney Liine
— W AW\ AT
B i [
[ []
PCC

= -

Figure 2.1: Illustration of the microgrid investigated in this thesis.

Furthermore, the microgrid is assumed to be operating in island mode, and issues related to
feasibility in grid-connected mode are regarded as beyond the scope of the thesis. Without
elaborating further, it can be noted that the use of a grid synchronizing scheme, e.g. a phase-
locked loop (PLL), and different control objectives are notable differences between island and
grid-connected mode.

The DC-side of the converters, represented by a constant voltage source, are assumed to be
connected to an arbitrary power source, e.g. wind, solar or battery, or acombination of these. An
important presumption is that the converters have specific power ratings, but the energy supply
is not a limiting factor. The omission of an energy limit is a simplification, but does not degrade
the results, as the evaluation of the harmonic sharing scheme is unaffected by unconstrained
power conditions.

Also, note that the system is a three-wire system, i.e. there is no neutral wire present. The

grounding associated with the filter capacitor establishes the voltage reference point.
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2.2. Voltage Source Converter

2.2 \Voltage Source Converter

The 2-level voltage source converter (2L-VSC) is used as the VSCs in the system. An example of
this type of VSC is depicted in Fig. 2.2. In the figure, vpc,iny is the DC side voltage, maintained
by the assumed ideal power source. The three converter legs consist of two switches, each of
them coupled with antiparallel diodes. vf]ljc is the line to line voltage output, set to 400 V. i l?‘bc is
the three-phase inverter line current.

The rating of the converters are 60 kVA each, and they are capable of switching frequencies
in the range of 0-6000 kHz.

*abc

abc
Vi -

VDC,inv

Figure 2.2: A detailed view of the VSC.

The type of VSC presented here is ubiquitous in the literature [7, 16], but the main reason for
choosing this topology is the fact that it represents the available hardware to obtain experimen-

tal results in the proposed subsequent work.

2.2.1 Modeling the VSC in Simulink

The VSC utilizes a pulse-width-modulated (PWM) switching scheme, comparing a triangular
carrier waveform with a desired sinusoidal waveform [17]. Implementing this in a simulation
program, such as Simulink, implies limiting the simulation time step to the switching frequency.
Naturally, this limitation extends the length of time domain simulations.

A way to decrease simulation time, while still maintaining sufficient converter dynamic ac-
curacy, is using an averaged model as a VSC. This is used throughout this thesis, with a simu-
lation time step of 50 us. This time step is sufficiently small to provide valid results, also when

using the averaged model of the VSC.

11
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2.3 LCL Filter

As a natural consequence of the transistor switching, all converters will to some degree produce
waveforms containing higher-order harmonics. To address this challenge, a passive filter at the
output of the converter is often installed. It works as a low-pass filter, attenuating the higher-
order harmonics.

The simplest filter in use is an inductor, i.e. an L filter [18]. However, LC or LCL filter topolo-
gies are more common, as they prove to be more efficient in terms of attenuation and cost [18].
The LC filter will provide an attenuation of 40 dB/decade after the cutoff frequency, while the
LCL filter will provide 60 dB/decade [19]. To illustrate these characteristics, they can be observed
in the Bode plot depicted in Fig. 2.3. The transfer functions of the different filters can be found
in App. A.1.

Frequency responses of L, LC and LCL filter.
100 T o T o T o T

-100 3

Magnitude (dB)

-150 - -
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LC filter
LCL filter

_90 — -
135 \ g

-180 -

45

Phase (deg)

-225 - .

D70 bl v il vl el L .
10° 102 104 108 108
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Figure 2.3: Frequency responses of L, LC and LCL filter.

One of the objectives of this thesis is to allow later comparison of acquired simulations results

with experimental results. Hence, the LCL filter values of this simulation model should be iden-

12



2.4. Line Impedance

tical to the ones used in the laboratory. The LCL filter available for experimental testing has
constant inductor and capacitor values, while the parasitic resistances of the inductor are taken
from [20], which is an inductor data sheet. These resistances are in the same order of magnitude

as the ones in the lab. The LCL filter values can be observed in Table 2.1.

Table 2.1: LCL filter values

Parameter L; R;. C L, R;,

Value 500pH 6mQ 50uF 200uH 0.8 mQ
Value p.u. 0.0589  0.0023 0.0419 0.0236 0.0003

1

Resonant frequencies are present between L, and C, and L, and C. These are generally calcu-

lated according to Eq. 2.1:

wl = 1
“’Cl 2.1)
= fres=
2nvILC

For the parameter values given in Table 2.1, the resonant frequencies become:

fL1C =~ 1592 Hz ( )
2.2
fr,c =1007 Hz

Inspecting the calculated resonant frequencies, it is important to note two observations:

1. The resonant frequencies are not close to the switching frequency, which is set to be 6 kHz

in order to ensure that switching frequency harmonics are attenuated.

2. The resonant frequencies are also not close to the highest harmonic order which is com-
pensated in the system, i.e. the 7th harmonic (350 Hz). Similarly, this avoids amplifying

the low-order harmonics being compensated.

2.4 Line Impedance

To determine line impedance values which could be present in actual microgrids, and hence
improve the fidelity of the obtained results, Table 2.2 is used as reference. It depicts typical line
impedance values for different voltage levels, taken from [4].

The table shows the high R/X ratio present in low voltage grids, i.e. the values are valid for

low voltage microgrids. However, lower X/R ratios also do occur: In [21], The Council on Large

13
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Table 2.2: Typical line impedance values for different voltage levels [4].

Type of Line R[Q/km] [Q/km] R/Xratio
Low voltage line 0.642 0.083 7.7
Medium voltage line 0.161 0.190 0.85
High voltage line 0.06 0.191 0.31

Electric Systems (CIGRE) presents a benchmark model with various types of lines eligible for
use in microgrids. One of the line types listed by CIGRE is chosen as the line in this thesis due to
its R/X ratio being close to 1. i.e., not dominantly resistive or inductive. The line is an overhead
type with aluminium conductors, with a size of 4-50 mm?. Per phase impedance values corre-
sponding to 800 meter line of this type is given in Table 2.3, where R;;,. and X, is the line

resistance and inductance, respectively.

Table 2.3: Initial per phase line impedance values of the model microgrid.

RiinelQ] Rpinep-u. XipinelQ] Xipinep-u. R/Xratio
0.3176 0.1191 0.2232 0.0837 1.423

As stated in the objectives, the particular R/X ratio of the line is identified as one of the key
points increasing the novelty in the results acquired in Chapter 5. Moreover, the line impedance
affects the harmonic sharing to a great extent. When the line impedances in a microgrid are
identical, the converters share the harmonic load equally. However, when this is not the case,
and if no measures are implemented, the harmonic sharing will become uneven between the
present converters. This scenario might lead to overstressing of the converter(s) providing the
highest load, which in turn increases the chance of decreased lifetime or malfunction [14].
Uneven line impedances constitute the simulation base case described in Section 5.4. Hence,
the line impedances connecting each converter to the PCC are chosen to be uneven. More ex-
plicitly, Zz;ne, is assigned the impedance values found in Table 2.3, while Z;;,,, is chosen to be

1.5 times larger than Zy;e,. This results in the line impedance values found in Table 2.4.

Table 2.4: Per phase line impedance values of the line connecting converter 1 to the PCC.

Riine,[R2] Riine, P-U. Xiine, [l Xiine, p-u. R/Xratio
0.4764 0.1787 0.3348 0.1256 1.423
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2.4.1 Line Impedance Effect on Stability

Through preliminary simulations, the system stability was observed to be dependant on the line
impedance. The effect can be seen in Fig. 2.4, showing the p.u. voltage at the LCL filter output
for one phase, v,,, when all other parameters are held constant. The system quickly becomes
unstable when the line impedance corresponds to 600 meter line, as shown in Fig. 2.4a, while
it is stable for the 800 meter line presented in the previous section, as shown in Fig. 2.4b. The

reason for the instability is that when the line impedance decreases, both converters will try to

'L‘ .
et

(@) vy, with Z;;;, corresponding to 600 meter line. (b) v,, with Z;;,, corresponding to 800 meter line.

Figure 2.4: A comparison of line impedances displaying stability sensitivity.

Two important consequences of the high line impedances are:

1. Increased voltage distortion at the PCC. The voltage distortion at the PCC is proportional
to the size of the line impedance. This facilitates the interest to investigate the possiblity
of compensating the PCC voltage instead of the capacitor voltage. This is investigated in

case 2, which is founc in Section 5.6.

2. Asubstantial line voltage drop. The voltage drop across the line impedance is proportional
to the line current and line impedance, according to Ohm’s law. If both of these quantities
are substantial, the voltage drop will also be substantial. This might resultin a PCC voltage
below its regulated limits of +10% of RMS [22]. A way to compensate for this is to increase
the voltage reference in the droop controller. This isimplemented in the base case, Section

5.4, and used for all other cases.
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2.5 Non-Linear Load

The non-linear load is a central part of the system setup, as it constitutes the source of the low-
order harmonics penetrating the system. The load implemented in this thesis can be observed
in Fig. 2.1. It consists of a three-phase, six-pulse, full bridge diode rectifier applying DC voltage
to aload, represented by a resistor, R;. A smoothing capacitor, Cy, is also present to decrease the
ripple of the DC voltage delivered to the load. In addition, inductors, L, are installed between
the rectifier and the PCC, which is a conventional practice to avoid direct connection between
the load capacitor and the PCC [23]. The values of the load parameters are given in Table 2.5.
Note that the value of L is found in [20], while the two other components are elaborated in the

subsequent subsections.

Table 2.5: Load Parameters

Parameter Symbol Value
Load side inductor L 120 uH
Load capacitor Cr 1500 uC
Load resistance Ry 2.92Q

The harmonic spectrum of the current corresponding to this kind of load contains harmonics
of orders k = 6n +1, where n is a positive integer [24]. The current drawn by the load, together
with its characteristic harmonic spectrum, can be seen in Fig. 2.5. It can be observed in Fig. 2.5a
that the current waveform is indeed distorted, and that the harmonics present in Fig. 2.5b are
of the orders expected. The 5th harmonic constitutes the most prominent order, with the other
harmonics decreasing in amplitude as their order increases.

The THD of the load currentis 23.1% and thus clearly distorted. This distorted current drawn
from the non-linear load will lead to a distorted voltage waveform at the PCC. Furthermore, a
distorted voltage at the PCC implies degraded power quality for auxiliary equipment connected
to this point. Negative consequences for this equipment include overheating, malfunctioning,
additional eddy current losses, communication system interference and tripping of sensitive
equipment [25]. Hence, it is desireable to decrease the voltage distortion at the PCC as much as
possible. Case 2 in Section 5.6 investigates if this is possible with the control system and model

elaborated in this thesis.

2.5.1 Choosing the Value of the Load Capacitor

The value of the capacitance particularly affects two factors in the system:
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2.5. Non-Linear Load

1. The power factor. The charging of the capacitor represents a reactive power flow, worsen-

ing the power factor.

2. The peak-to-peak voltage ripple of the load voltage. Loads will tolerate different levels of

voltage ripple, depending on their sensitivity.
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(a) The current drawn by the non-linear load. (b) The harmonic spectrum of the load current.

Figure 2.5: The load current and its harmonic spectrum.

Power factor will worsen and voltage ripple will decrease as the capacitor value increases [17].
Hence, choosing the capacitor value is a trade-off between the two. In this thesis, the choice was
made to focus on delivering sufficient voltage quality to the load, i.e. minimizing the voltage rip-
ple to a certain extent. Thus, the effect on power factor is not quantified. Though investigating
the effect of installing power factor correction measures would be interesting, it is considered
outside the scope of this thesis.

The rectified voltage equation is gathered from [17] and shown in Eq. 2.3. In the equation,
vpc denotes the DC load voltage and vy is the line to line voltage of the AC side of the diode
rectifier. In this case, this is the line to line PCC voltage.

3
Upc = ;\/EULL ~1.35v;, =540V (2.3)

Limiting the peak-to-peak DC voltage ripple to 5%, i.e. 27 Volt, the capacitor value is found in Eq.

2.4. ic is the time dependent capacitor current, I, the RMS capacitor current, v, the capacitor
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voltage, and A v, is the voltage ripple allowed.

; :CdvC
¢ dt
C ~ 1500 uF

Note that I, is approximated through visually inspecting the simulated capacitor current.

2.5.2 Modeling the Load Resistor in Simulink

Modeling the non-liner load of the microgrid is a non-trivial task. Most loads are sensitive to
voltage, current and power fluctuations. Consequently, to keep fidelity, a goal is to decrease
these fluctuations.

Through preliminary simulations, several resistor modelling alternatives were tested in Simulink
to investigate their differences. These alternatives include constant power, constant current and
constant impedance. However, none of these modelling alternatives contain any form of mech-
anism to maintain its input parameters. Hence, the final choice of the load is a purely resistive
load modelled as a constant impedance, present in current literature [26, 27]. Specifically, it is a

"series R load" Simulink block, given the settings which are shown in Eq. 2.5.

Upc = 1.35- VL = 540V
(2.5)
Ppc =100 kW

The Simulink block then calculates a constant resistance using the formula shown in Eq. 2.6.
Thus, Ry denotes the load resistance equivalent to the values given in Eq. 2.5.

2

v
R =-2£=2920 (2.6)
Ppc

Observing varying electrical load parameters during preliminary simulations results in an in-
terest of monitoring these parameters in the case studies. A complete overview of the used key

performance indicators are given in Section 5.2.
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Primary Control

In this chapter, the primary control of the converter is developed. Section 3.1 introduces the en-
tire primary control structure, describing all components, while Section 3.2 provides essential
background theory about the reference frame and controller utilized. Sections 3.3 and 3.4 elab-
orates the current and voltage control, and their design procedures, respectively. Lastly, Section

3.5 describes the droop control including the determination of its coefficients.

3.1 Introduction

The cascaded control structure of the primary control can be seen in Fig. 3.1. C;, C, and Cy
denote the open loop transfer functions for current, voltage and droop control, respectively.
Furthermore, i;, v. and i, is the inverter input current, the capacitor voltage, and the converter
output current, respectively. v), is the modulator signal going into the VSC. e, and e, are the
error inputs of the current and voltage control, respectively. P; and Q, represent the calcu-
lated fundamental active and reactive power, respectively, while v} and w; is the voltage and
frequency references of the voltage control loop.

In general, the inverter input current, i;, is controlled via the primary current control loop,
while the outer voltage control loop controls the capacitor voltage, v.. The frequency and volt-
age reference of the voltage control is received by the the droop control. From a control point
of view the structure implies that the grid side inductor, Ly, is regarded as a part of the line
impedance.

Note that the converters in the system are termed as voltage-controlled, allowing more direct
voltage support, suitable for islanding microgrids [11]. Moreover, it is the voltage-controlled

operation that enables the use of droop control for decentralized power sharing [27].
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Figure 3.1: The cascaded control structure of the primary control loops.

3.2 Control in the Synchronous Reference Frame

This section provides essential background theory about the reference frame and controller

used in the control system.

3.2.1 Reference Frames

Control of a three-phase VSC is usually done in either the stationary (af) or the synchronous
(dq) reference frame [4], where both of them represent individual advantages and disadvan-
tages. A visual comparison of the three reference frames is shown in Fig. 3.2, where the natural
reference frame (abc) is included for comparison. It is observed that both reference frames have

orthogonal axes, but the dq-frame rotates with a given angular velocity, w.
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Figure 3.2: A comparison of the three conventional reference frames used for VSC control.
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3.2. Control in the Synchronous Reference Frame

Mathematical transformations are used to achieve the adaptation between the reference frames,
where the Park transformation is utilized to enable the transition between abc and dq [28]. The

amplitude-invariant version of the Park transformation is shown in Eq. 3.1 :

d ) cos(0) cos(0 — %” cos(O + %” a
al=3 —sin(0) —sin(@—%”) —sin(+%”) b 3.1)
1 1 1
o] [ 2 2 2 lle
Park tran;%ormation

In this thesis, the Park transformation and its inverse are used extensively, both in primary con-
trol, harmonic compensation and harmonic sharing. The essence of the transformation is that
by rotating with the fundamental angular velocity of the natural reference frame, the fundamen-
tal d and q quantities of the synchronous reference frame become constant. Also, it is noted that
the 0-component usually can be ignored for the configuration used in this thesis [29]. Further-
more, the constant nature of the d and q component enables several possibilities, e.g. the use of

PI controllers, discussed in the next subection.

3.2.2 Proportional Integral Controllers

The linear proportional integral (PI) controller is widely used in industry and research to provide
tracking of a given reference, often current or voltage. Two equivalent versions of its transfer

function in the Laplace domain is shown in Eq. 3.2.

Gp[(S):Kp'l-i_—TiS:Kp'l‘& 3.2)

T;s S
The proportional part (Kj) adjusts the amplitude of the frequency response, while the integral
part provides an infinite gain at zero frequency. The latter characteristic enables the PI controller
to yield suppression of steady-state errors for DC systems. This makes this controller suitable

for use in conjunction with the synchronous reference frame.

However, when the reference signal deviates from a purely DC signal, steady-state errors are
introduced. Moreover, the PI controller does not eliminate distortion. Nonetheless, PI control is
widely used, and is also the controller used for both primary current and voltage control in this

thesis, as well as in the harmonic compensation scheme elaborated in Chapter 4.
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3.3 Primary Current Control

A single phase representation of the VSC and LCL filter can be seen in Fig. 3.3, where Ufb ¢isthe

abc

inverter output voltage, i l?’bc the inverter output current, and v{

is the capacitor voltage.

- abc - qa

] lbc LZ IQL2 v
AT i AAA

abc
—+ wlc

viabc @ Vcabc —— C

Figure 3.3: Single phase representation of voltage source and LCL filter.

Primary current control, also referred to as inner current control, regulates the current running

cabc

through L, and Ry, namely i"”. Inspecting Fig. 3.3, the following equation is deduced by
applying Kirchoff’s voltage law (KVL) :

abc _ ,,abc abc abc
v =g, tUR UG
diqbc 3.3)
= v = L+ Ry, i+ o

The Park transformation is then used to transform the equation from abc to dq quantities. A
more elaborate explanation of the procedure is found in App. A.2. In addition, the parameters

are transformed to their per unit equivalent according to App. B. These algorithms yield:

WBase
d_(,d _.d .q Ly, pu
li,pu - (vi.pu Vc,pu + a)puLl,puliypu) Rt puBase (3.4a)
R
1,pu
WBase
g (.9 .4 _ .d L1,pu
irpu N (vi'Pu vc’pu wpuLl'puli’pu) RLl,puwBase (34b)
St L.
1,pu

Inspecting Eq. 3.4a and b, the coupling between the d and q axis is evident. A way to mitigate
this issue is implementing decoupling measures, which improves control performance in terms
of dynamic response [30]. In addition, the converter represents a computational delay equating
to [31]:
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1
T.= > Tsw (3.5)

where T, is the switching time. A block diagram of the PI controller, decoupling measures,

delay and the electrical system is depicted in Fig. 3.4.
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Figure 3.4: Block diagram of the primary current control.

Perfect decoupling is assumed. In addition, as the transfer function of the d and q axis are the

same, there is no need to distinguish between them. A general open loop transfer function is

thus:
K WBase 1
.. Ll pu
Gor(s) = [Kp; + —|- ' : (3.6)
Y pt S S+ Rp1,puwBase ST(; +1
Lypu ——
PIcontroller “~———— delay

system

Using Eq. 3.6, the tuning procedure can be elaborated in the following subsection.

3.3.1 Tuning of the Primary Current Control Parameters

The tuning of the control parameters of the primary current control is done via the method of

pole placement, a conventional algorithm explained in [32]. An elaboration is given below.
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The converter delay is omitted for tuning purposes, as it represents a very small time con-

stant. An approximation of the system in the Laplace domain is then given by:

WBase
c Lpy
H.(s) = = R
+a S+ puWBase
Lpu (3.7)
WBRase Rypu®Base
—> C = , aA=

To acquire control parameter values, the standard second order characteristic polynomial equa-

tion is used, as given in Eq. 3.8.

D(s) = 2 +2pWocs + Woc (3.8)

where p determines the damping ratio and w,. determines the bandwidth. A conventional rule
of thumb is to set this bandwidth a decade lower than the switching frequency. This allows
a necessary bandwidth between the current controller and the switching frequency, as the re-
sponse naturally cannot be faster than the physical switching. Still, having a high current control
bandwidth is desireable to achieve the quickest response feasible. Furthermore, to determine

the controller parameters, the closed loop response is developed as follows.

Kii) c GoL(s)
Gor, (8) =|Kpi+—||——|, Gcr(s) = 3.9a
or.(s) ( =) Gew=770 (3.92)
Ger (5) Kycs+Kjc (3.9b)
fr— S) = .
CLe s2+s(a+Kyc) +K;c
Comparing Eq. 3.8 and the denominator of Eq. 3.9b, K;; and K;; become:
20Woc—a
Ky; = PWoc
. © (3.10)
oc
Kij=—
c
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values found in Table 2.1, the current control parameters become:

Choosing p; = 1.1 to get a well damped response [32], w, =

and inserting for the filter

Kpi=1.125
(3.11)
K;; =1930

The gain and phase margins of the open loop response are shown in Fig. 3.5 to verify the fea-

sibility of the tuning. Note that the bode plot depicts the frequency response of the open loop
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3.4. Primary Voltage Control

transfer function of Eq. 3.6, i.e. the delay is included. A rule of thumb for the margins is 6 dB
and 45° for the gain and phase margin, respectively [33]. The gain margin is infinite, as the phase
response is never below 180°. Furthermore, the phase margin is 45.6°. Hence, the rule of thumb

for both margins are found to be satisfied with the given tuning.

Bode Diagram
Gm = Inf dB (at Inf rad/s) , Pm = 45.6 deg (at 7.28e+03 rad/s)
T HRRRR T T Ty Ty

150

Magnitude (dB)

-100 MR M | M M C il M

Phase (deg)

107 10° 10' 102 10° 10
Frequency (rad/s)

Figure 3.5: Gain margin (Gm) and phase margin (Pm) of the open loop current control response.

3.4 Primary Voltage Control

The primary voltage control of the converters aims to control the capacitor voltage, v., thereby
establishing the voltage and frequency of the system. This control loop is slower than the current
control, allowing the current control to respond to fast transients. This relieves the voltage of
unnecessary voltage spikes. In addition, having a difference in response speed between the
current and voltage control is necessary to decouple them.

By inspecting Fig. 3.3, Eq. 3.12 can be derived from Kirchoff’s current law (KCL) :
:abc _ :abc | :abc (3.12)

=07+ i

Similarly to what was done in primary current control, the Park transformation is used to trans-
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Chapter 3. Primary Control

form Eq. 3.12 from abc to dq. A more elaborate explanation of the procedure is found in App.
A.3. In addition, the parameters are transformed to their per unit equivalent according to App.
B. These algorithms yield:

d _|(.:d .d q WBase
Uc,pu = (li,pu - lo,pu + Uc,puwpuCpu) ( Scpu ) (3.13a)
vd = (17 0yl Co) [ 2285 (3.13b)
opu = \Vi,pu o,pu c,pupu~pu Scpu .

In a similar manner as in primary current control, decoupling of the d and q axes is imple-
mented. Moreover, the current control loop represents a delay for the voltage control. This delay
can be approximated to a first order low-pass filter (LPF) with a time constant corresponding to
the current control bandwidth:

1
Woc

Toq = (3.14)

Consequently, the primary voltage control, decoupling measures, delay and electrical system to
be controlled are depicted in Fig. 3.6.

. Prima .
PI controller Decoupling currenitycontrol Electrical system

d*
cput

. Prima .
PI controller Decoupling cuyoniconrol  Electrical system

Figure 3.6: Block diagram of the primary voltage control.
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3.4. Primary Voltage Control

Perfect decoupling is assumed. In addition, as the transfer function of the d and q axis are
the same, there is no need to distinguish between them. A general open loop transfer function

for the voltage control is thus:

Kiv).wBase ) 1 (3.15)

Gor(s) = (K vt
p S C pus Teq s+1
— ~—
Plcontroller  system innerloop

Using Eq. 3.15, the tuning procedure can be elaborated in the following subsection.

3.4.1 Tuning of the Primary Voltage Control Parameters

The voltage controller parameters are tuned in an identical manner as the current controller,
with the main difference between the two being the system transfer function. Moreover, the
delay represented by the current control loop is omitted during tuning. This is due to T4 being
relatively small compared to the time constant of the voltage loop.

An approximation of the system in the Laplace domain becomes:

Ho(s) b 1 1
S)=—=—=
v s Cs  Cpu g
WBase (316)
WBase
e b =
Developing the closed loop response:
Kiy\ (b Gor(s
Gor,(s) = (va + i) (—), Ger(s) = oLty (3.17a)
s S 1+ Gop,
> S) = .
CLy s2+ sbKp, + Kiyb
Comparing Eq. 3.8 and the denominator of Eq. 3.17b, K, and K;, become:
2
Kpy = PWoy
WD (3.18)
K, =22
12% b

The bandwidth of the voltage control is typically chosen a decade lower than the current control
bandwidth. This is done to decouple the two control loops.
Hence, choosing w,, = %, pv = pi = 1.1, and inserting for filter values found in Table 2.1,

the voltage control parameters become:
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K,y =0.1388
(3.19)
K;, =26.16
The gain and phase margins corresponding to the voltage control loop, including delay, can be
seen in Fig. 3.7. The gain and phase margins are infinite and 64.7°, respectively. As for the

current control, these margins are within the rule of thumb set by [33].

Bode Diagram
Gm =-Inf dB (at 0 rad/s) , Pm = 64.7 deg (at 761 rad/s)
100 ————r T T ;

[
o

Magnitude (dB)
o

-50

-180 B SRR ISR NI S ST N U T S S S T O A VT S S U=
10" 102 103 10* 10%
Frequency (rad/s)

Figure 3.7: Gain margin (Gm) and phase margin (Pm) of the open loop voltage control response.

3.5 Droop Control

The Distributed Energy Resources (DERs), i.e. production units, of a microgrid need to be coor-
dinated in a proper manner to establish optimal power sharing between them. This is conven-
tionally done in either a centralized or decentralized manner. In short, the centralized approach
involves close proximity of the inverters and high-bandwidth communication [4]. However, in
a microgrid, generators and loads might be separated by several kilometers, indicating the in-
creased aptitude of a decentralized approach.

The far most applied decentralized technique is based on droop control. This concept can
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3.5. Droop Control

be viewed as virtual inertia, imitating the real inertia of the synchronous generators, which com-
prise the foundation of the conventional power system. The principle of the primary response
of the conventional power system involves balancing power at the loss or gain of system fre-
quency [10]. This characteristic also forms the basis of conventional droop control, which in-
cludes power-frequency (P-f) droop, and reactive power-voltage (Q-V) droop. The characteristic
droop equations are given in Eq. 3.20, and illustrated in Fig. 3.8. For the P-f droop, w and w;.f
are the system frequency and system frequency reference, respectively. m; is the P-f droop co-
efficient, while P, and P, are the measured fundamental active power and active power refer-
ence, respectively. For the Q-V droop, Vand V;.r are the capacitor voltage and capacitor voltage
reference, respectively. n; is the Q-V droop coefficient, while Q; and Q,.r are the measured

fundamental reactive power and reactive power reference, respectively.

w:wref_mi(Pl_Pref)

(3.20)
V =Vier = ni(Q1— Qref)
w A \Y A
Wref - mi Vref : N
> >
P Pref Q Qref

Figure 3.8: Characteristic graphs of conventional droop control, adapted from [3].

However, conventional droop is based on the fact that high voltage lines have a low R/X ratio,
as was shown in Table 2.2 in Section 2.4. This characteristic gives the P-f and Q-V coupling. Low
voltage grids, on the other hand, generally have high R/X ratio. A way to alter the droop control
to be compatible with this type of grid is by use of "opposite droop", where the power-voltage
(P-V) and reactive power-frequency (Q-f) couplings are utilized. This yields the following equa-

tions:

V =Vier —m;i(P1— Prey) 3.21)
W =Wref +Ni(Q1— Qref)
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Chapter 3. Primary Control

Investigating how the opposite droop affects the performance of the harmonic sharing is of in-
terest, as the R/X ratio of the line impedances used in simulations are 1.43. This was shown in
Section 2.4. Hence, opposite droop is implemented in case 3 in Section 5.7.

Whether conventional or opposite droop is utilized, determining the variables of the droop
equations is a significant task. The determination of the different variables is dealt with in the

following subsections.

3.5.1 Power Calculations

The power delivered from the converters, P and Q, are calculated by using the measurements
of i, and v.. However, these quantities contain harmonics. Therefore, the calculated power is
low-pass-filtered to obtain the fundamental power components, P; and Q;, used in the droop

control. Fig. 3.9 shows the scheme.

LPF
vfbc P — P,
—_—
Power
- ab lculati
l;z c calculations 0 0,

Figure 3.9: The power calculation and filtering scheme.

In order to decouple the droop control from the primary control loop, the low-pass-filters are
tuned to be slower than the voltage loop. Simultaneously, the droop response cannot be too

slow. Through simulations, a suitable bandwidth and corresponding time constant is found:

wg=10rad/s (3.22a)
Ty;=0.1s (3.22b)

3.5.2 Determining Active and Reactive Power References

Microgrid control is often divided into several control layers, namely primary, secondary and
tertiary control [10]. This scheme is often referred to as hierarchical control. In this thesis, only
issues related to primary control is considered. However, a task of the secondary control layer is
to provide the active and reactive power references, P;.r and Q,.f, to the droop control. This is

often done with the help of low bandwidth communication infrastructure [34].
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3.5. Droop Control

P;er and Q. r would then be updated according to the power flow in the microgrid. When no
secondary control layer is present, these references must be set manually. For the simulations

performed in this thesis, the following procedure has been executed to set the references:

1. Adjust P;.r and Q. to a level where each converter approximately delivers its rated ap-

parent power, 60 kVA.
2. Observe the system response.

3. If the system is stable and the converters approximately deliver their rated power, keep

the power references. If not, adjust the references and repeat point 2.
This procedure resulted in the following power references:

Pref =50 kW
Qref =22kVAr (3.23)

= Sconv = \/ P?ef + Q%ef ~59.2kVA
3.5.3 Tuning of Droop Coefficiencts

The converters of a microgrid should be controlled to share the total load of the system in pro-
portion to their respective power rating. This implies that the droop coefficients of converter
i, n; and m;, are inversely proportional to the power rating of their respective converter [35].

Hence, the droop coefficients should satisfy:

ﬂlsl = I’leg =..= nnSn (3.24a)
m181 = mgSg =..= mnSn (3.24b)

Since the power ratings of the two converters are identical (60 kVA), the droop coefficients of the

converters are also identical:

n=n=n (3.25a)

ml = mZ =m (325b)

Nonetheless, determining the value of the droop coefficients, namely n and m, is a non-trivial

task. The system’s stability margin decreases with droop coefficient increase until instability
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Chapter 3. Primary Control

occurs [36]. To choose optimal droop coefficient values requires a dynamic model of the entire
microgrid, which is a comprehensive task and defined as outside the scope of this thesis.
Hence, the droop coefficients have been chosen according to the following relation, found

ine.g. [37]:

_ Wmax—Wmin _ Aw

_ _ (3.262)
pmax Pmax
= chmax - Vc,min — AVC (326b)
Qmax Qmax

Allowing a deviation of 1% and 10% for frequency and voltage, respectively, yields the following

coefficients:

Aw  0.01-w;

n= = =6.28-107° (3.27a)
Pax 50000
AV, 0.1-V
m=—5 = Base _ 1 28.1073 (3.27b)
Qmax 30000

The droop control elaboration ends the chapter of primary control. The control measures in
this chapter do not compensate or share harmonics inherently. This gives the foundation for
the next chapter, which elaborates the harmonic compensation and sharing scheme used in

this thesis, together with the essential background theory.
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Chapter 4

Harmonic Compensation and Sharing

Schemes

This chapter explores the later utilized schemes of harmonic compensation and sharing. In
particular, Section 4.1 sets the chosen schemes in perspective by comparing them with other
methods in their respective fields. Furthermore, Section 4.2 presents background theory, in-
cluding theory about harmonics, sequence characteristics, the harmonic extraction technique
utilized and virtual impedance. In 4.3, the harmonic compensation scheme is elaborated, while
4.4 presents the harmonic sharing scheme. Finally, Section 4.5 concludes the chapter by provid-

ing an overview of the complete control structure used to obtain simulation results in Chapter 5.

4.1 Introduction

The traditional way to limit harmonics in a power system is by the use of passive or active filters
[11]. However, these filters represent an additional cost for the utility. A cost-effective way to
meet this challenge is by using the available power rating of the power electronic interfaces in
the microgrid for harmonic compensation purposes [11].

Two common schemes for harmonic compensation are either by the use of PR controllers in
the aB-frame or PI controllers in the dg-frame [10]. In the PR-based scheme, PR controllers in
the form of band-pass filters are tuned to the desired harmonic frequency to be mitigated [38].
In this way, all other frequencies are attenuated, allowing the tracking of the desired harmonic
frequency to zero. In the PI-based scheme, the Park transformation together with low-pass fil-
tering are exploited to extract the amplitude of the desired harmonic frequency. This frequency

can then be tracked to zero by the use of PI controllers [39]. The latter method is used in this
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Chapter 4. Harmonic Compensation and Sharing Schemes

thesis, and elaborated in Section 4.3.

If mismatched line impedances are present in the grid, the harmonic compensation load will
be shared unevenly. A harmonic sharing mechanism must thus be implemented to allow the
harmonic load to be shared evenly. The use of virtual impedance to achieve harmonic sharing
is ubiquitous in the literature [16, 40, 14, 15, 41, 42, 13], as the virtual impedance allows shaping
of the control output impedance. In this way, the line impedances can be compensated to be
equal, resulting in even harmonic sharing. In the field of virtual impedance used for harmonic
sharing, a variety of different solutions have been published in the literature. Among these are
harmonic droop [14], adaptive virtual impedance [41], resistive-capacitive virtual impedance
[13] and resistive-inductive virtual impedance [42]. The last method is implemented in this

model, and hence elaborated in an individual section, namely Section 4.4.

4.2 Selected Background Theory

This section gives the basic concept to interprete harmonics, as well as introduce the sequence
characteristics of harmonics. Furthermore, the utilized harmonic extraction technique is elab-

orated. Finally, the concept of virtual impedance is introduced and discussed.

4.2.1 Harmonics and Total Harmonic Distortion

A non-linear load will draw a distorted current waveform. Basic Fourier analysis states that a
periodic nonsinusoidal waveform f(¢), such as distorted current, can be decomposed into its

fundamental and harmonic components [17]:

is() =i () + ) isn(2) (4.1)
h#1

The total amount of distortion in the current or voltage waveform can be quantified by the index
named total harmonic distortion (THD) [17]. Taking current as an example, the formula for THD

is shown in Eq. 4.2:

THD=100- (4.2)

y (M)Z
h#1 Iy

Eq. 4.2 implies that a THD of zero means a waveform only consisting of the fundamental har-
monic, while a non-zero value of THD implies the presence of additional harmonic components
in the waveform. Thus, the definition allows the THD value to exceed 100%. Note that THD will
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be the primary measurement of harmonic distortion throughout this thesis.

4.2.2 Sequence Characteristics of Harmonics

The sequence characteristics of harmonics is not a conspicuous feature, but is of eminent nature
for the schemes of both harmonic compensation and sharing used in this thesis. Therefore, an
overview of the phenomenon follows.

Imbalance in a three-phase system can be represented by a combination of positive, nega-
tive and zero sequence components. Similarly, the different harmonic orders can be categorized
in sequences by their rotation relative to the fundamental component’s rotation [23]. A selec-
tion of harmonics, their sequence and their rotation relative to the fundamental component is

given in Table 4.1.

Table 4.1: Sequence and rotation characteristics for a selection of harmonic orders.

Type of sequence Harmonic order Rotation

Positive 1st 7th 13th With fundamental
Negative 5th 11th 17th Against fundamental
Zero 3rd 9th 15th No rotation

Recall that the 5th and 7th harmonic are the harmonic orders to be compensated and shared
in this work. Furthermore, it is observed that these harmonics have different sequence charac-
teristics. This is taken into account in the harmonic extraction technique elaborated in the next

subsection.

4.2.3 Multiple Synchronous Reference Frames

Multiple synchronous reference frames (MSRFs) are used to extract the amplitude of a selected
harmonic component in a given electrical quantity, e.g. current or voltage [40]. The scheme
goes by several other names, e.g. harmonic synchronous reference frames [29] and multiple
reference frames [39]. Similarly to what is done for the fundamental component, the Park trans-
formation is utilized. The difference in an MSRF-context is that the angle input to the trans-
formation corresponds to one specific harmonic order. Hence the name of the method, which
indicates the use of several synchronous reference frames, namely one for each harmonic or-
der. A more thorough explanation of the harmonic extraction procedure, based on [43], is given

below.
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In a balanced three-phase system, the periodically varying phase values can be represented

by a single rotating vector, as shown in Fig. 4.1.

b-axis , -C

a-axis

c-axis

Figure 4.1: A single rotating vector representing the periodically varying phase values

The instantaneous harmonic voltage vector of arbitrary order n can be represented identically:

(4.3)

2nm 2nm
Van = k- )

Van - sin(na) + Upy sin(na - T) + Uy sin(na + 3

where the explanations of the various parameters of Eq. 4.3 are presented in Table 4.2.

Table 4.2: Explanation of parameters in Eq. 4.3.

Parameter (s) Explanation

Van Instantaneous vector constructed by 3-phase harmonic voltages
Van> Vbn> Ven Instantaneous harmonic phase voltages

k Transformation constant

a Phase angle of v, (in radians)

n harmonic order (integer multiple of fundamental harmonic)

It follows from the nature of the transformation that the instantaneous vector will be 3/2 times
the amplitude of the individual phase voltages [44]. Hence, the transformation constant, k, is
chosen to be 2/3. This yields:

Van = Vpkn - cos(nwt —na) (4.4)

where V), is the n'" order peak harmonic voltage (Vjr/n), and nwt is the angle of n'" order

harmonic in radians. Inspecting Eq. 4.4 it is shown that setting wt = a results in the instanta-
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neous voltage vector, v;,, becoming a DC quantity, namely V)r,,. Thus, a method for measuring
the presence of an individual harmonic has been shown, more explicitly the measurement of its
peak value.

As v, now is a DC component, all other components with their individual frequencies will
rotate with a motion relative to the frequency of v;,,. In addition, the sequence characteristics of
harmonics must be taken into account. Taking n=5 as an example, this implies the fundamental
frequency components appearing at a rotational speed of w; + ws = wg. Hence, in this case,
the fundamental frequency component will appear as a ripple waveform on top of the non-
alternating value of the 5th harmonic, together with all other frequency components. Fig. 4.2
depicts how a selection of harmonic frequencies is relative to the 5th harmonic when using a

MSRF for the 5th harmonic. [43].

Ist
1ith

Sth

7th

17th 13th

23th

I » [req.[Hz]
0 300 600 900

Figure 4.2: Relative frequency of a selection of other harmonics when extracting the 5th har-
monic.

In order to filter away the ripple components, the signal is sent through a low-pass filter. Op-
timally, after filtering, the remaining signal which is to be processed is the DC peak value of
the particular harmonic quantity. A complete illustration of the elaborated harmonic detection
mechanism for an arbitrary harmonic of order, h, can be observed in Fig. 4.3. Starting from the
left in the figure, a sinusoidal voltage is transformed to the synchronous reference frame of order
h. As elaborated, this results in the hth harmonic order becoming a DC quantity, VZ;]m’ and the

other harmonic components appearing as ripple in the form of ) uﬁf},u. These components
n#h

are then filtered through a low-pass filter, resulting in only the voltage of the desired individual

q

pu’

Another frequently used harmonic extraction alternative is using individually tuned band-

. d
harmonic order, namely v,

pass filters. This is regularly done in the a -frame, due to its simple implementation. Further-

more, operating in the af3-frame relieves the control system of the additional computational
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Park
transformation LPF
abe L IR T v
Vpu hpu " e npu | ,pU
——slabc S
hwt ol dq q q q
w
Vh,pu+ n;hvn,pu Vh, pu

Figure 4.3: An illustration of the harmonic detection mechanism elaborated in this section.

burden involved in the trigonometric calculations of the Park transformation. However, the
individual tuning of the band-pass filters are prone to lowered efficiency in a system with fre-
quency changes [38], such as the droop-based microgrid investigated in this thesis. Moreover,
delay issues are more prominent when using band-pass filters [24]. These two arguments make

the use of MSRFs viable, and legitimizes their presence in the control system of this microgrid.

4.2.4 Virtual Impedance

Virtual impedance is frequently used to alter the output impedance of converters [12]. Conven-

tionally, the concept of virtual impedance can be divided into two structures [16]:

1. Inner virtual impedance, where the virtual impedance is added directly to the modulator

signal coming from the primary current control.

2. Outer virtual impedance, where the voltage control reference coming from the droop con-

troller is modified.

With reference to Fig. 3.1 in Section 3.1, the two virtual impedance structures are illustrated in
Fig. 4.4. In this figure, output current has been used as an example, although several alternatives
exist [16]. The structures depicted are also the ones used in the harmonic sharing scheme in this
thesis. In the figures, vy is the voltage corresponding to the output current, i,, and the virtual
impedance, Zy;.

Virtual impedances have numerous applications, where [16] lists four main categories:

1. Active stabilization.
2. Power flow control.
3. Faultride-through.
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4. Harmonic/unbalance compensation.

The work in this thesis belongs to the last category. More specifically, virtual impedances are

used to share the harmonic load evenly between several converters. An elaboration displaying
the principle follows.

vy Z;q 1 Vir ZV] iy
C L = YSC i C M YSC it
1 1
P v, P Ve
Power calc. Power calc.
[9] and filtering |._ Q and filtering |._
(a) Inner virtual impedance scheme. (b) Outer virtual impedance scheme.

Figure 4.4: Nllustration of inner and outer virtual impedance loops.

Let Fig. 4.5 be a simplified equivalent circuit of the two-DER microgrid, at harmonic fre-
quencies. Zj,,, and Zj,,, represent the output impedance of converters 1 and 2, respectively,
where both of them consist of the converter output inductance, X;,, and the virtual impedance
of the particular converter, Zy;. Moreover, Zy;,e, and Zy;,., represent the line impedance be-
tween the filter capacitor point of each converter and the PCC. Recall that X}, is also regarded
as a part of Zy;,e, as stated in Section 2.4. Lastly, i, is the harmonic currents injected by the

non-linear load.

ZLine 9t ZLine 2

Figure 4.5: A simplified equivalent circuit of the microgrid at a harmonic frequency of order h.

From Fig. 4.5 it can be deduced that the harmonic load current will be equally shared among
the converters if the following equation is fulfilled [14]:

ZInv1 + ZLinel = ZInvg + ZLineg

(4.5)
= X1, +2Zvi + ZLine, = X1, + Zv1, + ZLine,
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Moreover, when the DGs have the same rated power, a term coined harmonic ratio can be used

[12] to describe the ratio between them:

_ Zlnm + ZLin61

= (4.6)
Z[n 173 + ZLineg

Ry,

Naturally, when Ry, = 1, the harmonic load will be shared evenly.

4.3 Harmonic Compensation Scheme

The harmonic compensation scheme utilized in this thesis can be termed selective harmonic
compensation, referring to the scheme’s individual treatment of harmonics. The scheme is cat-
egorized as harmonic voltage compensation, as the harmonic presence in the voltage is the pa-
rameter which is compensated. Furthermore, in this thesis, the 5th and 7th harmonics are the
specific orders compensated, and they are implemented in parallel.

Fig. 4.6 depicts an overview of the general compensation procedure for a harmonic order,
h. It is based on using MSRFs, elaborated in Section 4.2.3 to extract the harmonic voltage am-

dq

plitude of a specific harmonic, v This voltage is then tracked to zero by the use of PI con-

h,pu’
trollers. The controller gain is then transformed inversely, multiplied by its base value, thus
becoming vgbc . It is then added to the modulator signal coming from the primary current
,comp
control, namely vl‘\lfc . This results in v%2¢, being sent to the VSC to be synthesized by the PWM
scheme.
Park Inverse Park V](flbc
transformation 4 4 LPF d d transformation
Vggz‘ Vh,pu n;hvn’pu vh,pu toi\ €
——abc - Pl dq abc abc abe
vh,comp,pu vh,comp + Veonv
Base >
ool wt dg - - - 'Q 1 Pl wt abc |
@ Vh’pu+ Y;’vn,pu Vh,pu +() €h F

Figure 4.6: An overview of the harmonic compensation scheme.

The bandwidth of the low-pass filters, together with the PI controllers, determine the response
speed of the compensation. For the tuning of the LPFs, two factors have been taken into account

when determining the bandwidth:

1. Too high bandwidth will make the harmonic controllers interact with the primary voltage

and/or current control, leading to instability.

2. Too low bandwidth will lead to a slow response and the need for high controller gains.
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According to these factors, the filter bandwidth of the harmonic compensation has been set to

the same value as the low-pass filter in the droop control, such that:

wpe=10radl/s = Tp.=0.1s 4.7

This is done for all low-pass filters used for both harmonic orders, i.e. the 5th and 7th, in the har-
monic compensation scheme. Moreover, the gains for the PI controllers are found in a perturb-

and-observe manner. They are equal for both the 5th and 7th harmonic compensation:

Kys = Kpy7 = 150
e (4.8)
Kis =K;7=10

With the harmonic compensation scheme elaborated, it is suitable to present the harmonic

sharing scheme. This is done in the following section.

4.4 Harmonic Sharing Scheme

In this thesis, harmonic sharing is defined as the sharing of the harmonic currents between
the converters of the system. In this control system, only the converter facing the lowest line
impedance, namely converter 2, implements the harmonic sharing scheme. This is because the
virtual impedances are based on the difference between the line impedances. Thus, the addition
of the line impedance difference to converter 2 will result in even harmonic sharing. Most often,
the line impedance difference is not known, thus this assumption represents a simplification.
Furthermore, the harmonic sharing is implemented for the 1st, 5th and 7th harmonic.
Referring to the two virtual impedance structures explained in Section 4.2.4, the harmonic
sharing scheme in this thesis utilizes both inner and outer virtual impedances. The sharing of
the fundamental current component is done with an outer virtual impedance loop, while the
sharing of the 5th and 7th harmonic components is done with an inner virtual impedance loop.
The reason for this is to avoid the extra measure needed if the 5th and 7th harmonic virtual
impedance would be injected in a similar manner as for fundamental virtual impedance. This

measure is summarized in a bullet point below.

e Compensation matrices must be utilized to transform the 5th and 7th harmonic into fun-
damental frequency quantities [29, 39]. These matrices take both the plant and the main
controllers (droop, voltage and current) into account. Transfer functions mapping the dy-

namics between droop, voltage and current control, as well as the plant, have not been

41



Chapter 4. Harmonic Compensation and Sharing Schemes

developed in this thesis, representing a challenge in terms of determining the compensa-
tion matrices. Thus, instead, the harmonic virtual impedances have been implemented

in inner virtual impedance loops, which does not require compensation matrices.

However, both the inner and outer virtual impedance loop use the same virtual impedance
structure. As shown in Fig. 4.4 of Section 4.2.4, this structure is dependent on the output cur-
rent measurement. In addition, to be able to share the harmonic current selectively, the selected
harmonic order of the current must be extracted. This is done identically to the harmonic com-
pensation scheme using MSRFs.

The structure of the utilized virtual impedance scheme is illustrated in Fig. 4.7. Starting
from the left, the output current, zg’,g;, is transformed into the DC magnitude of a particular
harmonic order, h, by the use of MSRFs, elaborated in Section 4.2.3. Then, the extracted DC

dq

value, i i, p " is multiplied with the virtual impedance. In addition, decoupling is included in the

form of i* o, pu on LV 1,pu- Similar decoupling is done while elaborating current control in Section

pa
VI,h,pu

quantities by the use of an inverse Park transformation, resulting in v

, are then transformed to abc

dq
VIhpu

3.3. The Voltages corresponding to the virtual impedance, v
. The equations

corresponding to the scheme are given in Eq. 4.9.

Virtual impedance

Park Inverse Park
transformation ) LPF transformation
-abc f id + Zld f
Lopu hpu ' e npu |
—_—> abc dq
abc
Wi
—>
wt dg wt abc
hot i1+ 3l
h,pu i npu

Virtual impedance

Figure 4.7: An illustration of the harmonic sharing scheme for an individual harmonic order, h.

-d
Jd _id g N Lyi,pu dlh,pu nw I 4
Vi, - Vi,
VLhpu = "hpu P WBase dt WBase P hpu 4.9)
.q .
4 9 R . Lyvipu dlh,pu N hw L i
= Vi, Vi,
VI,h,pu h,pu pu Wpase At W Base PU%h,pu

Note that the extracted current will not be completely ripple-free, as the low-pass filter only

attenuates the harmonics above the cut-off frequency, they do not mitigate them entirely. In
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4.4. Harmonic Sharing Scheme

reality, the signal will also contain noise, which the derivative action will amplify. Hence, several
techniques to work around this issue have been developed. One of them is inserting a low-pass
filter after the derivative controller, filtering out the majority of the noise [16]. As seen in Fig.
4.7, this is done for this scheme, as its implementation is fairly simple. However, this method
may introduce high voltage spikes in systems consisting of non-linear loads with a high slew
rate [45].

Moreover, the extensive use of transformations in both the harmonic compensation and
sharing scheme is computationally demanding, which is a significant drawback. A way to ad-
dress this challenge is by use of efficient multiple reference frames (EMRFs), utilized in [29, 39].
The implementation of EMRF for this control system is outside of the scope of this thesis and is

thus not applied. However, it is included in the recommendations for further work in Chapter 7.

4.4.1 Calculation of Virtual Impedance

Since the filter inductances are equal for both converters, and converter 2 is where the virtual

impedance is implemented, Eq. 4.5 becomes:

ZLinel = ZLinez + ZVIg
(4.10)
= Zv1, = ZLine, — ZLine
Recalling that the virtual impedance scheme utilized is based on the knowledge of the line
impedance, the following calculation of Ryj ,, and Lyj p, in Eq. 4.10 results in the virtual

impedance values shown in Eq. 4.11.

(4.11)
Ly1pu=Lopu—L1pu =0.0419 p.u. = 0.1116 Q

4.4.2 Trade-off Between Sharing and THD

Adding a virtual impedance to the control loop of a converter leads to an increase in THD [35, 40,
46, 42]. Hence, there is a tradeoff between harmonic compensation and voltage distortion. This
trade-off is kept in mind when evaluating the efficiency of both the harmonic compensation

and the harmonic sharing implemented in the case studies found in the next chapter.
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4.5 Complete Control Structure

The implemented control measures, both in this chapter and the previous one, have been elab-
orated more or less isolated. To give an overview, a complete control structure, consisting of all
control measures, is depicted in Fig. 4.8. Red denotes the primary control structure, green the
harmonic compensation, and blue the harmonic sharing. As mentioned earlier, i;, v, i, are
the inverter output current, capacitor voltage and output current, respectively. As seen in the
figure, these are the three measured quantities. Furthermore, P; and Q; are the fundamental
active and reactive power, respectively, allowing the voltage reference, v, and frequency refer-
ence, w; to be synthesized in the droop control, C;. C; and C, denotes the primary current and
voltage control open loop transfer functions, respectively.

Moreover, the inner virtual impedance loops are represented by Zy, ,, while the outer vir-
tual impedance loop is represented by Zy,. These two loops produce their respective voltage,
vy, corresponding to the virtual impedance of their harmonic order. Cy, is the harmonic com-
pensation scheme, adding its output to the current control output, resulting in the modulator

signal sent to the converter, vcopyp.-

Vyr Iy
Z
VI

Ve +&J_ €y Cv i+ € Ci +b Veony VSC d T jio m
L

vC
* P 1 Vc
Ve C Power calc.
@ d Q, and filtering |_
lO

Figure 4.8: The complete structure of the control system, including primary control, harmonic
compensation and harmonic sharing.
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Chapter 5
Case Studies

This chapter displays the different cases investigated, along with simulation results and discus-
sion. The chapter starts by briefly introducing the investigated cases. Then, key performance
indicators are presented in Section 5.2, while Section 5.3 presents all simulation model param-
eters in a table. Moreover, the base case and the 4 additional cases are presented in Sections 5.4
to 5.8.

5.1 Introduction of the Case Studies

The base case introduces the system without harmonic sharing in order to display the uneven
sharing of the harmonic currents. In addition, the voltage reference is increased to compensate
for the voltage drop across the line impedance, and thus supply the desired voltage amplitude
at the PCC.

In case 1, the harmonic sharing schemes for the three selected harmonic orders (1st, 5th and
7th), are enabled one by one to evaluate the efficiency of their independent harmonic sharing
scheme. The KPI responses of case 1 is subsequently used as the basis for comparison for the
other cases.

Case 2 aims to compensate the harmonics at the PCC instead of the capacitor voltage. The
THD of the PCC voltage is observed to be high, resulting in the interest for this case. First, har-
monic compensation is enabled to see if compensation is achieveable. Furthermore, the har-
monic sharing schemes are enabled one by one to see how they affect the KPIs.

Case 3 implements opposite droop instead of conventional droop, particularly to investigate
the difference in fundamental current sharing between the two droop schemes.

Case 4 adds a linear load between two phases in order to see how this affects the KPIs, and
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Chapter 5. Case Studies

especially to check whether the values of the load parameters are acceptable.

As can be seen, a single system alteration has been done in each of the cases 2-4. Limiting
the number of alterations in each case to one is done to evaluate the effect of the particular
alteration. In addition, key takeaways are included in a case summary at the end of each case to

provide an overview of the results.

5.2 Key Performance Indicators

Key performance indicators (KPIs) are defined to be able to quantify and compare the results
obtained in the different simulation cases. The KPIs and the rationale behind them are summa-

rized below.

1. Apparent powers: S; and S». The apparent powers of the converters reflect how much
they are supplying, compared to their rated power. The apparent powers are calculated
using filtered active and reactive power. Thus, this KPI will only be able to quantify the
apparent power supply affiliated with the fundamental harmonic component. Hence,
studying the apparent power is not suitable for evaluating the effect of current sharing

for harmonic components other than the first order.

2. THD of compensated voltage. The trade-off between harmonic sharing and THD is ex-
plained in Section 4.4.2. Hence it is interesting to see how the sharing measures affect the
THD. It should also be noted that only one of the phases is inspected, as the THDs of the
phases are approximately equal. When this is not the case, the difference in THD between

the phases is investigated.

3. Harmonic current differences: is,-i1,. This denotes the difference in harmonic current,
of order n, between the two converters, i.e. iz, — i1,. It quantifies how well the harmonic
sharing is working for a particular harmonic current component. If this value is zero, the

converters are sharing the harmonic current of this order perfectly.

In the current literature, different parameters have been used to quantify harmonic shar-
ing. Among these are harmonic power [47, 14], harmonic reactive power [48] and har-
monic currents [11, 26]. The latter is chosen for its simplicity. However, the harmonic
currents extracted for comparison are subject to low-pass filtering. The filter does not
attenuate the high-frequency harmonics completely, resulting in ripple in the output sig-

nal of the filter. This ripple will lead to a weak coupling to other harmonics, representing
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a disadvantage. Nonetheless, using harmonic or reactive power would lead to the same

disadvantage, as their calculation is also subject to low-pass filtering [14, 48].

4. Load parameters: vpc, ipc and Ppc. The load parameters are monitored to see how large
impact the harmonic sharing has on the load, as well as how the alterations made in the
other cases affect the load. As discussed in Section 2.5, a focus is to limit the ripple seen
by the load. Recall that the capacitor was designed to limit the ripple to 27 V. Furthermore,
the load should be supplied with its designated voltage and power, namely 540 V and 100
kW, respectively.
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5.3 System Parameters

One of the objectives of this thesis is to acquire simulation results which can later be used for
comparison with laboratory results. To ease reproduction of the simulated microgrid and its

control system, all parameters elaborated up to this point are collected in Table 5.1.

Table 5.1: System parameters.

Model parameters Control parameters
Parameter Symbol Value Parameter Symbol Value
. Proportional gain of
AC-side inverter voltage Vir 400V the current PI controller  XPi 1.125
Integral gain of the
System frequency bil 50 Hz voltage P1 controller K;; 1930
Sy Proportional gain of
DC-side inverter voltage Vbe 750V the voltage PI controller Ky 0.1388
Integral gain of the
Rated power Sn 60 kVA voltage PI controller Kiy 26.16
Rated RMS output current Iy 100 A P/f droop coefficient m 6.28-107°
Switching frequency fsw 6 kHz Q/V droop coefficient n 1.28-1073
Bandwidth of
Inverter side filter inductance L; 500 uH ancwidth o wp 0.1rad/s
all low pass filters
. . Proportional gain of the
L, parasitic resistance Ri, 6 mQ harmonic PI controllers Kps,7 150
. . Integral gain of the
Filter capacitance C 50 uF harmonic PI controllers Kis,7 10
Resisti
Grid side filter inductance Ly 200 uH esistive Ry, 0.1588 O
virtual impedance
. . Inductive
L, parasitic resistance Ry, 0.8 mQ virtual impedance Lyg 0.1118 Q

Line resistance between

converter 1 and the PCC Riine, 0.4764Q

Line reactance between

converter 1 and the PCC Xiine, 033480

Line resistance between

converter 2 and the PCC Riine,  0.3176 Q

Line reactance between

converter 2 and the PCC Xiiney 022320

Load side inductor Ly 120 uH
Load capacitance Cr 1500 uF
Load voltage Vbe 540V

Power set to be

drawn from the load Ppc 100 kW
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5.4. Base Case: No Harmonic Sharing

5.4 Base Case: No Harmonic Sharing

The purpose of the base case is to introduce the initial system where primary control and har-
monic compensation is implemented, but harmonic sharing is not yet enabled. This way, the
demand for harmonic sharing is displayed. However, during preliminary simulations, the con-
verters were seen to supply far below their rated power, Moreover, the DC load voltage was ob-
served to be far below its rated value of 540 V. Hence, the voltage reference of the converters is
increased from 400 to 470. The exact value of this increase was found through observing the
load voltage while increasing the reference voltage step-wise.

The enabling of harmonic compensation and voltage reference increase are according to
Table 5.2.

Table 5.2: Enabling specifications for the base case.

t=0s t=0.5s t=1.0s

Only primary control Harmonic compensation Voltage reference
implemented enabled adjusted
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Apparent Powers

Fig. 5.1 shows the apparent powers of the two converters. The system is seen to be stable and
responsive. At t = 0 s, neither the harmonic compensation nor the voltage adjustment are en-
abled. The converters supply well below their rated power of 60 kVA, as stated earlier. Further-
more, converter 2 supplies more power than converter 1, as it is connected to the lowest line
impedance.

At t = 0.5 s, when the harmonic compensation is enabled, the apparent power of both con-
verters are observed to rise marginally. As elaborated when presenting this KPI, this rise has
to do with the fundamental components coupling to the other harmonics. Moreover, the re-
sponses are observed to be relatively slow, due to the low pass filters affiliated with apparent
power calculation.

Att=1s, thevoltage reference is adjusted, and the power supplied rises substantially for both
converters. At this point, converter 1 is still operating below its rated power, while converter 2
supplies more than its rating allows. This scenario illustrates the main unwanted consequence
of uneven harmonic sharing; one converter is now operating above its capability, while the other
is not. However, converter 2 is only operating 1.25 kVA above its rating. One could argue whether
this is substantial enough to have a quantifiable effect on the converter. Nonetheless, the issue

of uneven sharing is displayed, allowing the harmonic sharing enabling in case 1 to be assessed.
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Figure 5.1: Apparent powers of both converters for the base case.
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5.4. Base Case: No Harmonic Sharing

THD

Fig. 5.2 depicts the THD response of the capacitor voltage for the converters in the microgrid.
At t = 0 s, harmonic compensation is disabled, resulting in a certain harmonic distortion in the
capacitor voltage. The value is, however, still below the Norwegian grid code limit of 5% [22].
Hence, the demand for harmonic compensation of the capacitor voltage is not really present.
This is because the distortion of the capacitor voltage is only due to the current running through
the converter side inductor, which is relatively small. A far larger distortion is present at the PCC

voltage, due to the line impedance, which is the rationale for case 2.
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Figure 5.2: Base case capacitor voltage THD of phase a for both converters.

At t = 0.5 s, the harmonic compensation measures are implemented. The efficiency of the har-
monic compensation scheme is depicted, as the THD levels clearly decrease. Taking converter

1 as an example, the THD is observed to decrease from 3.49% to 1.28%.

However, a high transient spike in the THD occurs at the moment of enabling. This is sub-

optimal, as it might harm connecting loads. On the other hand, if the harmonic compensation
is assumed to always be on in an operating system, this would not be an issue. The spike is due
to the integral part of the PI controllers. Fig. 5.3 shows the PI controller output for the 5th har-
monic compensation loop for converter 1. From t = 0 to t = 0.5, the extracted harmonic voltage
component is accumulated, resulting in a high PI gain when the harmonic compensation is en-

abled. This indicates that the harmonic compensation measures should be enabled before any
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loads are connected, or that the integral part of the controllers should be reset at the moment of

enabling.

——d-component
——g-component

Pl output
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Time [s]

Figure 5.3: PI controller output of converter 1 for the 5th harmonic component.

When the voltage reference is changed at t = 1 s, another transient spike occurs in the THD.
This is however due to the rise in current. Nevertheless, steady-state conditions show that the
voltage reference rise does not affect the THD much. Furthermore, to evaluate the harmonic
compensation in a more detailed manner, FFT analysis results are presented in Fig. 5.4. It is ob-
served that the compensated harmonics of the 5th and 7th order are almost entirely mitigated.
In addition, it is noted that some harmonic orders other than the expected ones are present,
such as the 4th and 6th harmonic in Fig. 5.4b. This is due to the FFT analysis being based on a
fundamental frequency. This frequency is regularly changed by the droop control, resulting in

the issue of determining the exact value of it. Hence, these low value harmonics are disregarded

in the evaluation.
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(a) Harmonic sprectrum at t = 0.4 s. (b) Harmonic spectrum att=0.9s.

Figure 5.4: Harmonic spectrum of capacitor voltage before and after harmonic compensation.
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Harmonic Current Differences

Harmonic current differences for this case are shown in Fig. 5.5. At t=0s, when only the primary
control is active, the uneven sharing is evident for all the three displayed harmonic orders (1, 5,
7). The situation is worsened for the 5th and 7th harmonics when their compensation scheme
is implemented at t = 0.5. This displays how the harmonic compensation deteriorates the cur-
rent sharing of these harmonics between the converters. Furthermore, it allows the harmonic
sharing scheme enabled in the next case to display its efficiency.

Moreover, the voltage rise at t = 1 s is observed to exacerbate the current sharing for all three
displayed harmonics. This is due to the increased power supplied by the converters, which

implies higher current, and hence, a slight increase in the current differences.
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Figure 5.5: Base case difference in converter output current for the 1st, 5th and 7th current
component.

53



Chapter 5. Case Studies

Load Parameters

Fig. 5.6 depicts the load parameters for this case. At t = 0 s, voltage and power are observed to
be be below their preferred values of 540 V and 100 kW, respectively.

When harmonic compensation is enabled at t = 0.5 s, the values are approximately constant,
but the ripple increases considerably. However, the voltage ripple is still only measured to be 15

V, well within the set limit of 27 V.

Increasing the voltage reference at t = 1 s increases the ripple slightly, and manages to deliver

the desired output parameters to the load.
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Figure 5.6: Load parameters for the base case.
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Case Summary

* This case displays the initial system where primary control and harmonic compensation

is implemented, but before the harmonic sharing scheme is enabled.

e Apparent powers behave as expected, resulting in a final steady-state showing the un-
wanted consequence of uneven harmonic sharing, where converter 2 is supplying 1.25

kVA above its rated power.

e THD is seen to decrease from 3.49% to 1.28% when the harmonic compensation scheme

is enabled, which proves the feasibility of the scheme.

e Harmonic current differences are observed for all three selected harmonic orders, display-
ing uneven harmonic sharing. The individual current differences at the final steady-state

are 0.065, 0.060 and 0.018 for the 1st, 5th and 7th harmonic current, respectively.

 After the voltage reference increase att = 1 s, vpc and Ppc obtain their intended values
of 540 V and 100 kW, respectively, at steady-state. This allows evaluation of the effect of
harmonic sharing in the next case. In addition, the voltage ripple values is observed to be
15V, well within its designed limit of 27 V.
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5.5 Case 1: Harmonic Sharing

This case represents a central objective of the thesis, namely to present simulation results veri-
fying the applicability of the elaborated control system to achieve harmonic sharing. The virtual

impedance loops for the different harmonic components are enabled according to Table 5.3.

Table 5.3: Enabling specifications for case 1.

t=0s t=1.0s t=2.0s t=3.0s
. . Harmonic sharing for Harmonic sharing for Harmonic sharing for
Harmonic compensation enabled, . .
. . the fundamental current the 5th harmonic current the 7th harmonic current
no harmonic sharing enabled L o L
component initiated component initiated component initiated

Note that the steady state condition observed after the voltage reference rise in the previous case

is a suitable basis to assess the harmonic sharing scheme. This is due to the following reasons:

1. One converter is supplying above its rated power, comprising the demand for harmonic

sharing.

2. Harmonic compensation is working, allowing an evaluation of the dynamics between this

scheme and harmonic sharing.

3. The uneven harmonic sharing for all three assessed harmonic orders are present, display-

ing the main issue investigated in this thesis clearly.

4. The load has adequate parameters, which allows for an investigation into whether the

harmonic sharing worsens the situation or not.

In the base case the voltage reference rise was done by adding 70 V to the base voltage in the
Simulink model, not updating the base voltage itself. However, in this case, the voltage base
value itself is changed, and the remaining system parameters change slightly due to this. This
leads to marginally altered KPI values, but all trends are the same, thus not affecting the evalua-

tion done in the base case and this chapter.

56



5.5. Case 1: Harmonic Sharing

Apparent Powers

The period of t =0 s to t =1 s in Fig. 5.7 represents the steady-state acquired in the base case,
where the difference in supplied power is measured to be 2,6 kVA. Then, when the fundamental
harmonic sharing is applied at t = 1 s, the supplied power of both converters is observed to drop.
Simultaneously, the difference between them decreases, and converter 1 starts to supply slightly
more of the load, resulting in a supply difference of 0.4 VA. This implies that the fundamental
harmonic sharing has worked to a certain extent: It is able to decrease the difference, but not
perfectly. Furthermore, the total power delivered has decreased substantially, reflected in the
response of the load parameters discussed later in this section. A way to mitigate this issue
could be to once again raise the voltage reference, as was shown to work in the base case.

The initiation of the current sharing for the 5th and 7th harmonic, att=2 sand t =3 s, respec-
tively, does not affect the apparent powers much. A slight decrease is observed in the supplied
power from both converters, but the difference between them is practically unchanged. As dis-
cussed earlier, this is due to the calculation of the apparent power being based on filtered active
and reactive power.

In addition, it is noted that a similar limited enhancement of reactive power sharing is re-
ported in [49], where it is also indicated that a secondary control layer is needed to update the
droop control power references in order to achieve perfect reactive power sharing. This is trans-
ferable to this result, as apparent power is a product of reactive power. Moreover, as mentioned
in Section 3.5, only control at the primary layer is implemented in this thesis. Hence, adding a

secondary control system is part of further work listed in Chapter 7.
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Figure 5.7: Apparent powers of both converters for case 1.
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THD

Fig. 5.8 shows the THD response as the harmonic sharing schemes for the different harmonic
orders are activated. At t = 1 s, when the fundamental current sharing is enabled, no persistent
effect is observed. This is due to the fact that the outer virtual impedance loop used for the fun-
damental current sharing only alters the voltage reference with a fundamental voltage. Hence,
the THD is relatively unaffected.

However, when the harmonic sharing is enabled for 5th and 7th harmonic order, att=1s
and t = 2 s, respectively, the THD of converter 2 rises. This is sensible, as the harmonic sharing
scheme is implemented for converter 2. Furthermore, the THD rise shows the trade-off between
THD and harmonic sharing, explained in Section 4.4.2.

The steady state THD measured at t = 3.9 s is 1.29% for v, of converter 1, and 3.97% for v,
of converter 2. Hence, no THD is above 5%, i.e. the THD levels are according to regulations.
As the harmonic sharing schemes only lead to a minor rise, they are evaluated as successful in

terms of having a limited aggravating effect on the THD.
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Figure 5.8: Case 1 capacitor voltage THD of phase a for both converters.
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Harmonic Current Differences

Fig. 5.9 verifies the capability of the implemented harmonic sharing scheme. The sharing
scheme for the fundamental harmonic current component, enabled at t = 1 s, improves the
sharing, but only to a certain extent. The difference is reduced from 0.072 p.u. to 0.033 p.u.,
i.e. there is room for improvement. One reason for the suboptimal performance is the droop
scheme. Recall that in this case, conventional droop is used on a system where line impedances
are mostly resistive. This implies a partly successful power sharing, which is what is shown here,
as well as in the apparent power response. This line of thought builds the interest in looking at
the system response when opposite droop is implemented. Hence, case 3 investigates the ef-
fect of using an opposite droop configuration instead of the conventional one used in the other
cases. In addition, as mentioned when discussing the apparent power response of this case, a
secondary control layer to update the droop should be present in order to achieve perfect fun-
damental current sharing. Thus, case 3 will investigate if opposite droop improves the sharing,
but it is not expected to achieve perfect sharing, due to the lack of a secondary control layer.

However, it is observed that the sharing of the 5th current component component is almost
perfect, while the sharing of the 7th current component is completely achieved. These results
are in compliance with the limited success of the fundamental current sharing. The reason for
this is that the sharing of the 5th and 7th harmonic current component is only weakly coupled
with the droop control (due to the low pass filtering), while the fundamental current and appar-
ent power sharing is directly dependant on droop control. Hence, the lack of secondary control
layer does not affect the sharing of the 5th and 7th harmonic current much.

The results achieved here corresponds to a central objective of the thesis, namely to present
simulation results verifying the applicability of the elaborated control system to achieve har-

monic sharing.
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Figure 5.9: Case 1 difference in converter output current for the 1st, 5th and 7th current compo-

nent.
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Load Parameters

Fig. 5.10 shows a similar trend for the load parameters as for the apparent powers. During the
interval of t =0 s to t = 1 s, the parameters are at their desired values of 540 average value and
100 kW, as mentioned in the previous case. Moreover the voltage ripple is only 15 V, well below
the set threshold of 27 V.

Then, at t = 1 s, when the fundamental harmonic sharing is enabled, all three load param-
eters drop. Specifically, the voltage and power is observed to drop to the average values of ap-
proximately 530 V and 95 kW, respectively. This is because the voltage corresponding to the
fundamental harmonic sharing scheme is subtracted from the initial voltage reference. Hence,
the new voltage reference is lower, and an offset from the preferred conditions of 540 V and 100
kW is observed. However, the offset is not substantial, and as discussed when presenting the ap-
parent power response, a voltage reference rise could mitigate this issue. Moreover, the ripples
of the parameters are observed to be fairly constant, maintaining acceptable ripple values.

The other harmonic sharing schemes, initiated at t = 2 s and t = 3 s, marginally exacerbate
the load parameters. Hence, as a whole, the harmonic sharing scheme implementation preserve

the desired conditions for the load parameters in a satisfying manner.
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Figure 5.10: Load parameters for case 1.
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Chapter 5. Case Studies

Although the harmonic compensation and sharing schemes are working, it is important to
note that the PCC voltage is heavily distorted. This can be observed by investigating the THD
of the PCC voltage, depicted in Fig. 5.11a. At t = 3.5 s, when all harmonic sharing measures are
enabled, the THD of the PCC voltage is measured to be 15.65%. The FFT analysis of Fig. 5.11b

enlightens the issue further, depicting the same pattern seen earlier, but with a higher presence

of all harmonics.
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(a) THD of the PCC voltage (b) Harmonic spectrum at t = 3.5 s.

Figure 5.11: THD of PCC voltage and harmonic spectrum of PCC voltage.

The heavy distortion of the PCC voltage represents a suboptimal situation for auxiliary equip-
ment connecting to the PCC. Hence, it is of interest to investigate if it possible to compensate
the PCC voltage with the current model and control system. This is done in the following case,

namely case 2.
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5.5. Case 1: Harmonic Sharing

Case Summary

This case displays the applicability of the harmonic sharing schemes, assessing the har-

monic orders shared individually.

The apparent powers show an initial difference for 2.6 kVA, being reduced to 400 VA af-
ter the enabling of fundamental current sharing. In addition, the power supplied by both
converters drop at the time of enabling for all three harmonic orders, where the funda-

mental current sharing enabling leads to the most substantial drop.

The THD of converter 2, where the virtual impedance is implemented, is observed to rise
when the current sharing of the 5th and 7th harmonic is enabled. The THD is 3.97% at the
final steady-state, still below the regulated limit of 5%.

All three harmonic current differences decrease, veryfying the applicability of the har-
monic sharing scheme. However, the fundamental current sharing goes from 0.072 to

0.033, indicating successful scheme with a certain room for improvement.

The load parameters are observed to drop at the enabling of all three sharing schemes,
where the fundamental current sharing scheme leads to the most substantial drop. How-

ever, the values are still regarded as acceptable for the load to function properly.
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Chapter 5. Case Studies

5.6 Case2: Harmonic Sharing and PCC Voltage Harmonic Com-

pensation

As stated in Section 2.5, having a distorted PCC voltage results in several substantial disadvan-
tages for auxiliary loads connecting to the PCC. This issue forms the basis for the interest in this
case, where the harmonic compensation is allocated to the PCC voltage. The goal of the case
is to investigate if the THD of the PCC voltage can be improved by this simple reallocation, but
also to see how the other KPIs react to this control system change.

The reallocation of harmonic compensation is done by simply injecting a measurement of
the PCC voltage to the harmonic compensation scheme, instead of the capacitor voltage mea-
surement done in the other cases. The scheme will then try to track the 5th and 7th harmonic
component of the PCC voltage to zero.

A clear disadvantage of this scheme is the dependence of a PCC voltage measurement. In a
real-life microgrid, this type of measurement is not necessarily present or easy to obtain, due to

the following reasons:

1. The PCC can be far away from the converter and its control system, representing the need

for communication infrastructure to transfer the measurement signal.

2. Measuring PCC voltage represents an extra measurement, i.e. extra measuring equip-

ment, and thereby increased cost.

Alternatively, the PCC voltage can be calculated when the line impedances are known. How-
ever, as the line impedances will change with time due to aging, weather, etc., the line impedance
values need to be updated to provide the correct calculation of the PCC voltage.

During preliminary simulations, the time for steady-state to occur increased in this case.

This resulted in a different enabling specification scheme, found in Table 5.4.

Table 5.4: Enabling specifications for case 2.

t=0.5s t=4s t=7s t=10s
Harmonic sharing =~ Harmonic sharing Harmonic sharing
Harmonic compensation for the fundamental for the 5th harmonic for the 7th harmonic
initiated current component current component current component
initiated initiated initiated
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5.6. Case 2: Harmonic Sharing and PCC Voltage Harmonic Compensation

Apparent Powers

Fig. 5.12 shows a clear increase in apparent power for both converters when the harmonic com-
pensation is enabled at t = 0.5 s. Both converters start operating above their rating of 60 kVA, a
scenario which can not persist if the converters are to avoid deterioration. In a real life micro-
grid with installed protection mechanisms, the converter would probably be decoupled from
the system to avoid damage. In addition, the ripples of the converters are approximately 5 kVA,
and therefore substantially larger than the corresponding ripple value of approximately 0.5 kVA
shown in case 1. The ripple delimits the evaluation of harmonic sharing, but by investigating
the numbers constituting the graph, the difference is observed to be the same as in the previous
case. That is, approximately 2.6 kVA.

At t = 4 s, when the fundamental harmonic sharing is enabled, the response is similar to
the ones observed in the previous cases: The power of both converters drop, and the sharing
improves. However, in this case, both converters are still operating above their rated power.

The current sharing for the 5th harmonic component is enabled at t = 7 s. This results in a
major increase of approximately 20 kVA in supply for both converters. Simultaneously the ripple
of S; increases, while the ripple of S, decreases, indicating a peculiar dynamic in the system.
This dynamic is also present when the sharing scheme of the 7th harmonic is initiated at t = 10
s. This enabling, however, leads to a drop in power supplied.

The results observed are not satisfying. The converters are constantly operating above their
rated power, and show a behave differently compared to case 1, where the apparent power re-
sponse is deemed adequate. Moreover, the harmonic sharing schemes of the 5th and 7th har-
monic are clearly affecting the system in undesireable ways. This dynamic is also illustrated in

the following KPI evaluations.
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Power [VA]

o
w

8.5

7.5

~

55

0 2 4 6 8 10 12 14 16 18
Time [s]

Figure 5.12: Apparent powers of both converters for case 2.
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5.6. Case 2: Harmonic Sharing and PCC Voltage Harmonic Compensation

THD

Fig. 5.13 depicts the THD response of the capacitor voltage of the converters, as well as for the
PCC voltage. The compensated voltage, i.e. the PCC voltage, is the main focus, but the other
responses are also worth noting. Hence, they are included.

Att=0.5s, harmonic compensation is enabled, and the THD of the PCC voltage drops from
16.2% at t = 0.4 to 8.20% at t = 3 s. Simultaneously, the THD of the respective capacitor voltage
rise to approximately 40%.

The effect is not substantially changed when the fundamental harmonic current sharing is
enabled at t = 4 s. However, when the 5th harmonic current sharing is initiated at t = 7 s, a clear
difference in the THD response of the capacitor voltages of the converters is observed. The THD
of converter 1 increases, while the THD of converter 2 decreases. The effect is exacerbated when
the 7th harmonic current sharing is enabled at t = 10 s. The final THD of these voltages is not
important in this case, as the focus is on the THD of the PCC voltage. However, their response
strengthens the impression made from the other KPIs, namely that the inner virtual impedance

loops are not working according as intended.
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Figure 5.13: Case 2 capacitor and PCC voltage THD for both converters.
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Chapter 5. Case Studies

Harmonic Current Differences

Fig. 5.14 shows a clear difference in the response between the fundamental harmonic sharing
and the other two. The former sharing scheme, enabled at t = 4 s, works to an extent similarly
to the one observed in the two previous cases: The current sharing is improved, but not per-
fect. However, when the current sharing of the 5th harmonic is enabled at t = 7 s, the harmonic
sharing for all three harmonic orders are aggravated. The current sharing of the 5th harmonic
deteriorates the most, going from 0.2 p.u to -1.3 p.u. To clarify, this means the harmonic current
supplied by converter 1 is 1.3 p.u. larger than the harmonic current supplied by converter 2.
This clearly shows that the harmonic sharing for the 5th harmonic is not working.

Furthermore, approximately the same response is observed at t = 10 s, when the current shar-
ing of the 7th harmonic component is initiated. The difference is that this initiation improves
the 5th harmonic current sharing slightly.

An important aspect to notice in this result is that the harmonic sharing based on an outer
virtual impedance scheme, namely the fundamental current sharing, works. It is the inner vir-
tual impedance loops which are not compatible with the harmonic compensation of the PCC
voltage, resulting in entirely undesired responses of the 5th and 7th harmonic current sharing.
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Figure 5.14: Case 2 difference in converter output current for the 1st, 5th and 7th current com-
ponent.
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5.6. Case 2: Harmonic Sharing and PCC Voltage Harmonic Compensation

Load Parameters

Fig. 5.10 shows a clearly unacceptable loading situation from the second the harmonic com-
pensation is enabled at t = 0.5 s. The ripples of all three load parameters increase substantially,
representing a clear operational risk to the load. Specifically, at t = 19 (steady-state), the current
ripple is measured to be approximately 48.1 A, the voltage ripple is 137 V and the power ripple
is 54.5 kW. Moreover, the average voltage and power is 578 V and 116 kW, respectively.

This loading situation is inadequate, and helps deduce the conclusion that moving the har-
monic compensation to the PCC voltage is not possible with the current control system; mea-

sures must clearly be taken to simultaneously reduce the ripple of the load parameters.
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Figure 5.15: Load parameters for case 2.
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Case Summary

e This case moves the harmonic compensation scheme to the PCC voltage in an effort to

evaluate if this is feasible without making any additional system changes.

* The apparent powers are observed to constantly operate above their rated power, as well
as containing increase ripple compared to case 1. The fundamental current sharing leads
to a drop in power supplied, while the 5th and 7th harmonic sharing schemes lead to in-
crease and decrease in the power supplied, respectively. Hence, the outer virtual impedance
loop responsible for the fundamental harmonic current sharing is compatible with the
system alteration, while the inner loops for the 5th and 7th current sharing are not com-

patible with the change.

e THD of the PCC voltage is observed to decrease from 16.2% to 8.20%. Isolated this indi-
cates a successful implementation of PCC voltage, but as observed in the other KPIs, the

system as a whole is not compatible with the alteration.

e The harmonic current differences follow the same trend as for the apparent power: The
fundamental current sharing leads to better performance, while the 5th and 7th current
sharing schemes exacerbate the performance, further emphasizing the incompatibility of

the inner loop virtual impedance scheme with this control system alteration.

e The load parameters show the clearest signs of incompatibility with the system alteration
done in this case. The voltage and power ripples are measured to be 137 V and 54.5 kW,
respectively. This loading situation is inadequate, and must be improved if the system is

to be compatible with PCC voltage harmonic compensation.
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5.7. Case 3: Harmonic Sharing and Opposite Droop

5.7 Case 3: Harmonic Sharing and Opposite Droop

This case investigates how an opposite droop scheme affects the performance of the harmonic
sharing. A specific point to evaluate is if the opposite droop improves the fundamental har-
monic sharing. In theory it should marginally improve the sharing, as explained in Section 3.5,
due to the line impedance being of a mostly resistive nature. However, as stated in case 1, to
achieve perfect apparent power and fundamental current sharing, a secondary control layer
should be present to adjust the power references. As no such control layer is utilized in this
thesis, perfect sharing is not expected for the opposite droop either.

To be able to evaluate opposite droop, it has been implemented in the simulation model
according to Eq. 3.21. In addition, the droop coefficients have been tuned according to Eq. 5.1.

No additional alterations have been done.

Aw  0.01-w _4
n= - =1.04-10 (5.1a)
Qmax 30000
AV, 0.1-V,
m=—< - Base _ 7 68.1074 (5.1b)

" Poax 50000

The enabling specifications are identical to the ones in case 1, shown in Table 5.3.
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Chapter 5. Case Studies

Apparent Powers

As observed in Fig. 5.16, the opposite droop scheme leads to a stable and responsive system.
Fromt=0stot=1s, only the harmonic compensation is enabled in addition to primary control.
The difference between the supplied apparent power is measured to be 11.3 kVA in this time
interval, substantially higher than the difference observed for the same time interval in case 1,
namely 2.6 kVA. Hence, the opposite droop is more affected by uneven line impedances in terms
of obtaining adequate apparent power sharing. In addition, converter 2 is measured to operate
3.75 kVA above its rating, which is more than 1.25 kVA measured in case 1.

Furthermore, when the fundamental current sharing is enabled at t = 1 s, the difference is
reduced to 2.1 kVA. This is also considerably more than for case 1, where the corresponding
number is approximately 0.4 VA. Thus, the opposite droop scheme has a higher need for a sec-
ondary control system eliminating this offset, than the conventional droop.

The current sharing schemes of the 5th and 7th component are initiated att=2 s and t =
3 s, respectively. They show a similar effect as in case 1: Decreasing the power output of both

converters slightly.
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Figure 5.16: Apparent powers of both converters for case 3.
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5.7. Case 3: Harmonic Sharing and Opposite Droop

THD

THD dynamics are displayed in Fig. 5.17, showing a very similar response compared to case 1.
Specifically, that the effect on the THD is marginal when the fundamental harmonic sharing is
enabled at t =1 s, but the THD of converter 2 rises when the 5th and 7th harmonic current shar-
ingis enabled at t =2 s and t = 3 s, respectively. Again, this is according to theory, as discussed in
Section 4.4.2.

The steady state THD measured att = 3.9 s is 1.32% for v, of converter 1, and 3.77% for v,
of converter 2. These values are very similar to the corresponding numbers of case 1. That is,
1.29% and 3.97%. This quantifies the similarity to case 1, leading to the same conclusion: The

THD response of the opposite droop is acceptable.
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Figure 5.17: Case 3 capacitor voltage THD of phase a for both converters.
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Harmonic Current Differences.

Inspecting Fig. 5.18, the harmonic current sharing responses in this case show several similari-
ties with case 1. Nonetheless, a difference is observed in the fundamental current sharing.

During the interval of t =0 s to t = 1 s, when only the harmonic compensation is enabled,
converter 2 supplies 0.21 p.u. more than converter 1. This is considerably more than the cor-
responding number of 0.08 observed in case 1. When the fundamental sharing is enabled at t
=1 s, the number falls from 0.21 to. 0.013 p.u.. This number is less than the equivalent num-
ber of 0.033 p.u. in case 1, indicating that the control system acquires better fundamental har-
monic sharing when implementing opposite droop rather than conventional droop. And, as
mentioned, a secondary control system would help achieve perfect fundamental current shar-
ing.

Furthermore, the 5th and 7th harmonic current sharing enabled at t =2 s and t = 3 s, respec-
tively, responds more or less identically with case 1: The sharing obtained is almost perfect.

Summarizing, opposite droop leads to worse fundamental current sharing than conven-
tional droop, but the fundamental harmonic sharing scheme is also more effective. With re-
gards to the sharing of the 5th and 7th current component, the two droops schemes show a very

similar and desired response.
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Figure 5.18: Case 3 difference in converter output current for the 1st, 5th and 7th current com-
ponent.
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5.7. Case 3: Harmonic Sharing and Opposite Droop

Load Parameters.

The load parameter response of this case, shown in Fig. 5.19, also show a very similar to the
results in case 1. However, some differences are present.

In the interval of t=0sto t=1s, it is observed that the voltage and power are not at their de-
sired values of 540 V and 100 kW, respectively. Specifically, their average values are measured to
be 533 V and 97.8 kW. This implies that the voltage reference would have to be adjusted slightly.
The need for an adjustment is not unexpected, as the droop is now based on a P-V coupling,
compared to P-fin conventional droop.

Furthermore, the voltage and power ripples are similar to the ones in case 1, namely ap-
proximately 15 V and 5 kW, respectively. They are observed to reduce slightly as the 5th and
7th harmonic sharing schemes are enabled at t = 2 s and t = 3 s, respectively, but the effect is
marginal.

The assessment of the load parameter condition becomes the same as for case 1: The har-
monic sharing scheme implementation preserves the desired conditions for the load parame-

ters in a satisfying manner, also when utilizing opposite droop.
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Figure 5.19: Load parameters for case 3.
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Case Summary

e This case investigates how an opposite droop scheme affects the performance of har-
monic sharing, and how the scheme performs compared to the conventional droop used

in the other cases.

* The difference between the apparent powers is seemingly greater before any sharing is
enabled, than in case 1. That is, 11.3 kVA in this case compared to 2.6 kVA. Furthermore,
converter 2 operates 3.75 kVA above its rating at this point, 2.5 kVA more than in case 1,

posing a larger risk to the converter in terms of overheating/damage.

When fundamental current sharing is enabled, the sharing is improved, leading to a sup-
ply difference of 2.1 kVA. This is also more than in case 1, where the corresponding number
is 0.4 kVA. The enabling of the 5th and 7th sharing decreases the supplied power from both

converters marginally, similarly to what was observed for case 1.

e The THD shows a more or less identical result as case 1, where the THD was observed to
rise to 3.97% for converter 2. In this case, the rise is measured to be 3.77%. Hence, only a

marginal difference between the two cases.

e Harmonic current differences of the 5th and 7th harmonic are observed to be equal to case
1, while the fundamental current sharing response is different. In this case, this current
difference is seen to drop from 0.21 to 0.013 p.u., compared to the corresponding numbers
0f 0.072 and 0.033 in case 1. Hence, the harmonic compensation leads to a worse funda-
mental current difference for this case than case 1, but the fundamental current scheme

also shows higher efficiency than case 1.

e The load parameters are slightly below their designated values before the enabling of the
harmonic sharing schemes. Furthermore, the enabling results in the same trends as ob-
served in case 1: The fundamental current sharingleads to a higher drop in values than the
5th and 7th sharing schemes. However, the drop is not substantial, resulting in acceptable

load parameter values also for this case.
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5.8. Case 4: Harmonic Sharing With Additional Single-Phase Linear Load

5.8 Case4: Harmonic Sharing With Additional Single-Phase Lin-
ear Load

This case studies the effect of adding a single-phase linear load between phase a and phase b.

The alterations to the simulation model comprise of:
1. Reducing the power drawn by the non-linear load from 100 kW to 70 kW.

2. Adding a purely resistive load between phase a and b, set to draw 30 kW.

Hence, the total load of the system is still 100 kW, providing a suitable basis for comparison

with case 1. The enabling specifications of this case can be found in Table 5.5.

Table 5.5: Enabling specifications for case 4.

t=1s t=2s

Harmonic sharing schemes

for all three harmonics Additional load added
enabled

Note that the droop scheme is once again of a conventional type. This makes this case identical

to case 1, apart from the change in load situation.
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Chapter 5. Case Studies

Apparent Powers

Fig. 5.20 shows the apparent power response of this case. From t=0s to t = 1 s, a scenario
similar to the steady-state of case 1 is observed, apart from the converters supplying less. This
is expected, as the non-linear load is only drawing 70 kW at this point. The difference between
their supply is measured to 2.0 kVA, less than the corresponding number in case 1, which is 2.6
kVA.

Furthermore, all harmonic sharing schemes are enabled at t =2 s. This also leads to a similar
response as seen in case 1: The sharing of the apparent power is improved, but not perfect,
where the difference in sharing is measured to be approximately 0.2 kVA att=1.9s.

The major change from case 1 occurs when the additional load is added at t = 3 s. In steady
state, at t = 2.9 s, the average values of S; and S, are measured to be 58.5 kVA and 58.2 kVA,
respectively. This yields a difference of 0.3 kVA, which means the additional load has not affected
the apparent power sharing to a great extent.

However, the ripple of the apparent power of both converters are observed to increase con-
siderably. At t=3.9 s, the ripple of the apparent powers supplied by converter 1 and 2 are 2.3 kVA
and 2.7 kVA, respectively. This indicates that the auxiliary linear load is affecting the system in a

suboptimal way, as evident from the assessment of the subsequent KPIs.
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Figure 5.20: Apparent powers of both converters for case 4.
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5.8. Case 4: Harmonic Sharing With Additional Single-Phase Linear Load

THD

The THD of the capacitor voltage is generally lower for this case, as seen in Fig. 5.21. This is
expected, as the harmonic current drawn from the non-linear load now is 70 kW, compared to
100 kW in the other cases. Nonetheless, for the time interval of t = 0 s to t = 2 s, the response is
similar to cases 1 and 3. The THD of converter 1 is higher than the THD of converter 2 due to
the virtual impedance scheme in converter 1. That is, the trade-off between harmonic sharing
and THD is evident.

At t = 2 s, when the linear load is added, the THD of converter 1 rises while the THD of
converter 2 falls. Simultaneously, their ripple is reduced. Note that this is the THD of phase
a, which is one of the two phases the linear load is connected between. Hence, a change is
expected, and is observed in this response. The change is limited, and the overall THD response

is thus regarded as acceptable, also when the linear load is added.
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Figure 5.21: Case 4 capacitor voltage THD of phase a for both converters.
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Harmonic Current Differences

Inspecting, Fig. 5.22, several trends are evident. In the interval of t=0s to t=1s, only harmonic
compensation is enabled, displaying the need for harmonic sharing. Att =1 s, the harmonic
compensation is enabled, and the type of response seen in case 1-3 is again observed: The shar-
ing of the fundamental current component is improved, but still has a constant offset from zero.
Furthermore, the sharing of the 5th and 7th harmonic current component is close to perfect
(zero), with a slight constant offset for the 5th. The sharing of these two components are almost
entirely unaffected when the linear load is added att=2s.

However, the fundamental current sharing rises when the linear load is added. As seen in
the apparent power response, the power supplied by the converters rises at this point. This
is equivalent to higher current drawn from the converters, which increases the impact of the
uneven line impedances. That is, the converter facing the lowest line impedance, i.e. converter
1, will supply most of the linear load. Moreover, this leads to a strengthened trend of uneven
fundamental current sharing, and that is what is observed when steady state conditions are

acquired after t=2s.
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Figure 5.22: Case 4 difference in converter output current for the 1st, 5th and 7th current com-
ponent.
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5.8. Case 4: Harmonic Sharing With Additional Single-Phase Linear Load

Load Parameters

The load parameters of this case are observed in Fig. 5.23. Remark that these load parameters
are still the ones of the non-linear load. During the interval of t =0 s to t = 1 s, when only the
harmonic compensation scheme is enabled, the voltage and power is measured to be 577 V and
78 kW, respectively. This is a deviation from their intended values of 540 V and 70 kW. As in the

other cases, a voltage reference adjustment could mitigate this issue.

At t = 1, when the harmonic sharing is implemented, the value of all load parameters drop.
As this scenario is identical to the one observed after t = 3 in case 1, observing an equal response

is expected.

Moreover, when the linear load is added at t = 2 s, the ripple of all load parameters increase
substantially. The ripples are measured to be 31.2 A, 131 V and 34.6 kW for the current, voltage
and power respectively. This scenario is unacceptable for the load, and will lead to decreased

lifetime or malfunctioning.
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Figure 5.23: Load parameters for case 4.

81



Chapter 5. Case Studies

Investigating the PCC voltage

To further shed light on the effect of the linear load, the PCC voltage is investigated. Fig. 5.24a
shows the clear deterioration of the voltage amplitude of phases a and b, while Fig. 5.24b depicts
the difference in THD that occurs when the linear load is connected at t =2 s.
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Figure 5.24: The PCC voltage waveform and THD for case 4.

Moreover, investigating the FFT analysis of the PCC voltage is of interest. The harmonic spec-
trum before and after the addition of the linear load can be observed in Fig. 5.25. According
to theory, the unbalance between the phases leads to the presence of triplen harmonics [13].
To mitigate and share the most prominent harmonic of a triplen character, namely the 3rd, an
additional harmonic compensation and sharing loop could be implemented. A similar design
as used for the 5th and 7th would suffice.

Mag (% of Fundamental)
Mag (% of Fundamental)

0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
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(a) Harmonic spectrum att=1.9s. (b) Harmonic spectrum at t = 2.9 s.

Figure 5.25: Harmonic spectrum of PCC voltage before and after addition of linear load.
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5.8. Case 4: Harmonic Sharing With Additional Single-Phase Linear Load

Case Summary

This case studies the effect of adding a single-phase linear load between phases a and b.

The ripples of the apparent powers become 2.3 kVA and 2.7 kVA for the two converters
when the linear load is added. This represents a considerable increase compared to the

corresponding numbers of 0.6 and 0.4 kVA in case 1.

The THD changes marginally when the linear load is added, and the THD response is thus

regarded as acceptable for this case.

The sharing of the 5th and 7th harmonic component is practically unaffected by the addi-
tional load, but the fundamental current sharing is slightly exacerbated. This is expected,
as the fundamental current drawn increases at this point, and the impact of the uneven

impedances is hence strengthened.

The load parameters experience a considerable rise in ripple because of the addition of
the linear load. The individual ripple values for the current, voltage and power are mea-
sured to be 31.2 A, 131 V and 34.6 kW, respectively. This loading situation represents an
inadequate scenario for the load, resulting in the system as a whole being uncompatible
with the addition of a linear load. Furthermore, the presence of a substantial third har-
monic in the voltage is identified, due to unbalance of the phases. The scenario implies
the demand for harmonic compensation and sharing of this harmonic if the system is to

be resilient to phase imbalance.
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Chapter 6
Conclusion

Harmonic distortion is a typical power quality issue in microgrids, but the inherent ability of
its power electronic converters represent a cost-effective approach to mitigate the issue. How-
ever, if the line impedances of the microgrid are uneven, the converters will share the harmonic
load unevenly, constituting a demand for a harmonic sharing scheme in the converter control
system(s).

This master’s thesis has approached this challenge by first modeling and developing a mi-
crogrid model together with the control system of its two converters. Then, the control sys-
tem feasibility and its harmonic sharing scheme has been evaluated by the use of simulation
results obtained in the MATLAB/Simulink environment. Furthermore, three additional cases
have been explored, each one representing a distinct system alteration.

Evaluating the harmonic sharing scheme in case 1 clearly illustrated a functional scheme,
able to improve all three harmonic orders evaluated. All four KPIs were satisfied, verifying the
applicability of the scheme. However, the fundamental harmonic component was observed to
keep a constant offset, indicating the need for a secondary control layer. Furthermore, case 2 ex-
plored harmonic compensation of the PCC voltage. The THD was found to decrease remarkably,
showing a successful harmonic compensation. Nonetheless, the three remaining KPIs were not
satisfied, resulting in evaluating the system as a whole to be incompatible with this system alter-
ation. This highlights the relevance of assessing all the proposed KPIs. Case 3 investigated the
use of opposite droop instead of the conventional droop utilized in the other cases. It was found
that the initial difference in supplied power was worse with opposite droop, but that the funda-
mental current sharing proved to be more effective for this scheme. Morever, all KPIs proved to
be satisfied, resulting in the control system to be deemed compatible with an opposite droop
implementation. Case 4 looked at the implementation of a linear load between phases a and b

at the PCC. The system’s KPIs were acceptable, apart from the load parameters, where the rip-
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Chapter 6. Conclusion

ple increased substantially. Hence, the system as a whole was deemed uncompatible with the
connection of an additional linear load at the PCC.

The obtained simulation results lead to the conclusion that the harmonic sharing scheme
modeled and developed provides satisfactory responses. However, the system reduces its effi-
ciency when substantial system alterations are implemented. Hence, improvement of the con-
trol system robustness is one of several recommendations for further work listed in the next

chapter.
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Chapter 7
Recommendations for Further Work

The microgrid model and its control parameters have been displayed explicitly to allow easy
reproduction of the system and its results. Furthermore, several recommendations for further
work has been mentioned throughout the thesis. The complete list of recommendations is given

below.

1. Carrying out real-time hardware-in-the-loop simulations with the simulation model, to
prove/disprove its feasibility and stability [50] in an environment representing additional
fidelity [51].

2. Developing a state space model for the entire control system. This would allow a finer
tuning of the harmonic compensation and ease investigation of the dynamics between the
different control layers. In addition, it would allow investigating the stability boundaries

of the system, in turn enriching the analysis.

3. Testing the system with only inner virtual impedance loops or only outer virtual impedance
loops, and investigating the performance of the different schemes. As discussed in Sec.
4.4, transformations of the extracted harmonic values are needed to accomplish an outer
virtual impedance scheme for all three harmonics, but the implementation would save
computational effort and make the system more compatible with PCC voltage harmonic

compensation.

4. Expanding the microgrid with more converters and more loads to evaluate interoperabil-
ity. Furthermore, testing the system for fallouts of both source and load to study how

resilient its system stability is in this kind of scenario.
5. Using converters with different ratings to test robustness of the droop scheme.
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Chapter 7. Recommendations for Further Work

. Testing the control system with different virtual impedance configurations. E.g. capacitive

or negative virtual impedance, or a harmonic droop scheme [14].

. Including a secondary layer control system. As many cases show demand for frequent
voltage reference adjustment, updating the power references and/or the voltage reference
by the use of a secondary control system is an area of interest. In addition the secondary
control layer will help achieve better apparent power and fundamental current sharing
[49].

. Implementing harmonic compensation and sharing for the 3rd harmonic, making the sys-

tem more robust against phase unbalance.

. Testing the system when the non-linear load has an individual control system, ensuring

adequate input to it, to see if the system is compatible with this type of load.
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Appendix A

Supporting Material

A.1 Filter Transfer Functions

The transfer functions for the L, LC and LCL filter are given in this section.

A.1.1 L Filter

G(s)—io— ! (A.1)
B i SLi+R '
A.1.2 LCFilter
Note that the capacitor parasitic resistance is omitted.
v 1
Gre(s) = — (A.2)

Vin T 2LC+sCR+1

A.1.3 LCL Filter

Gron(s) = —= = !
LeL B Uin B 83L1L2C+ SZC(LZRLl +LiRip+s(Ly+ Lo+ CRLlRLg +Rr1+Rro)+ R+ Rpo

(A.3)
A.2 Primary Current Transformation
Using KVL on Fig. 3.3, the starting equation is:
Fabc
D0 = Ly S Ry, 4 700 (a4)
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Equation A.4 is identical in the a§-frame:

dit?
P = Ll—dlt + PRy, + 2P (A.5)
The relation between a8 and d g is:
xP = x4 (A.6)
Concequently, using the chain rule, Eq. A.4 in the SRF is:
d di} d d d
0 = Li— =+ R, = joLip + 5 (A7)

Transforming to per unit quantities and treating both axes separately, yields:

7d
Ly 41
—d ,pu Lpu 24 >q =>d
vy = +1i; Rp —Wyyl1 pyi! +0 (A.8a)
L,pu WBase dt i,pu’L1,pu pu=Lputipy c,pu
¥q
L1 py 4
-{q,pu pu L,pu >q 2d -
phPr = +1i! Ry +wy, L1, puii  + 0 (A.8b)
! WBase dt i,pu’FLpPU putt P Lpu opu

Subsequently transforming into the Laplace domain and rearranging gives the form illustrated

in Fig. 3.4:

WBase
2d _ (-d —~d 2q Ly, pu
li’pu N (vi'pu B vc,pu + wpuLl'pulirpu) RLl,puwBase (Aga)
S P
WBase
2qg _ [(-q ~q 2d L1,pu
lirpu - (Ui'pu B Uc,pu B wpuLl'puli’pu) RLl,puwBase (Agb)
St e
A.3 Primary Voltage Transformation
Using KCL on Fig. 3.3, the starting equation is:
Z-’qbc — Z-’abc + ;-’abc (A.10)

1 o [

Equation A.10 is identical in the a -frame:
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A.3. Primary Voltage Transformation

bl (A.11)

The relation between a and dq is:

1P = xddp-jex (A.12)

Concequently, using the chain rule, Eq. A.10 in the SRF is:

dﬁfq , ~dq _ 2dq  2dq
C P - JwCv." =i,  +1i, (A.13)

Transforming to per unit quantities and treating both axes separately, yields:

dﬁf >4 _2d | T

C P -wCv; =i, +1, (A.14a)
av] vy =

C—<+wCvd =71 +i] (A.14b)

dat

Subsequently transforming into the Laplace domain and rearranging gives the form illustrated
in Fig. 3.6:

~d (2 2d ~q WBase
Uc,pu = (li,pu - lo,pu + Uc,pua)puCpu) ( SCpu ) (A.15a)
-q _ [(zq 2q >d WBase
Ve,pu = (li,pu ~loput Vc,PuwPuCPu) ( Cpu ) (A.15b)
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Appendix B
Per Unit System

It is practical to convert the system parameters into per unit values. This is done using the

following base quantities:

V2 Vg 3
VBase = EVLL’ Igase = \/EIN» ZBase = In ase’ SBase = EVBaseIBase (B.1)
ase

Note that Iy is the nominal RMS current and V; is the line-to-line voltage. The given impedance

quantity also implies frequency dependence, as shown in Eq. B.2.

ZBase 1
Lase= ——, CBase= (B.2)
WBase WBaseZBase
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Appendix C

MATLAB’ Code

In this appendix, example MATLAB code for running the simulink model used for case 1 is pro-
vided.

1 %% Simulation Values

> Ts = 5e—5;% Simulation step

+ %% Enabling and step times

¢ %Enabling

7 enableHC = 1;

s enableVI = 1

9 enableVI_5 = 1;

10 enableVI_7 = 1;

12 %Steptimes

13 StepTime_HC = 0;

11 StepTime_VI_1 = 1;

15 StepTime_VHI = 2; %vi5
16 StepTime_VHI7 = 3;

18 %% Base values

9 v_line2line = 470;

20 voltageBase = sqrt(2/3)*v_line2line;

21 S_Base = 60000;

22 currentBase = 2/3xS_Base/voltageBase;

23 impedanceBase = voltageBase/currentBase;
2« wBase = 2xpix50;

»; L_Base = impedanceBase/wBase;

2 C_Base = 1/(wBaseximpedanceBase) ;
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27 fsw
28 Vdc

6000; %switching frequency
750; %Converter DC voltage

30 9% Impedances

32 %L1C
33 filterInductor = 500e-—6;
31 filterCapacitor = 50e—6;

35 filterResistor = 6e—3;

37 %L1

s3s X_L1 = filterInductor*wBase;
39 X_Llpu = X Ll/impedanceBase
10

a1 %L2

22 filterInductor2 = 200e—6;

13 filterResistor2 = 0.8e-3;

44
15 %LCL Filter

w6 L_pu = filterInductor/L_Base;

47 L2_pu = filterInductor2/L_Base;

s R_pu = filterResistor/impedanceBase;
1 R2_pu = filterResistor2/impedanceBase;

50 C_pu = filterCapacitor/C_Base;

52 %% Power References for each inverter
53 P_ref_1 = 55000;
51 Q_ref_1 = 22000;
55 P_ref_2 = 55000;
s6 Q_ref_2 = 22000;

58 % Current controller

6 %Based on pole placement, using the approach in "Tuning of control loops

61 %for grid—connected..." by Santiago et. al.

63 %I'he dominant pole has L/R as time constant

a_plant = wBase*R_pu/L_pu;

:1

5 c_plant = wBase/L_pu; %Dominant pole given by c/(s+a)

66 %Calculate the small time constant based on fsw
57 T_small = 0.5%(1/fsw);
s W_0i = 2xpi*fsw/10;%1/10 of the switching frequency
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6o Tho = 1.1; %Chosen > 1 to get a well damped system.
70 Kp_i = (2*rho*w_0i — a_plant)/c_plant;
7 Ki_i ((w_0i)~2)/c_plant;

73 %Bode plots

ns = tf(’'s’);

75 cPlant = c_plant/(s + a_plant)=1/(1+s*T_small);
7 ¢cPI = Kp_i + Ki_i/s;

77 c_openLoop = cPlant=cPI;

7s margin (c_openLoop)

s %% Voltage controller

81

s b_plant = wBase/C_pu;

83 W_Ov = w_0i/10; %Bandwidth of the voltage controller
g1 Tho_v = 1;

o5 Kp_v = 2+xrho_v+w_0v/b_plant;

s Ki_v = w_0vA2/b_plant;

s7 T_eq = 1/w_0i

89 %Bode plots

o0 s = tf(’'s’);

91 vPlant = b_plant/(s)*1/(1+s*T_eq);
92 VPI = Kp_v + Ki_v/s;

93 v_openLoop = vPlant*vPI;

9+ margin (v_openLoop)

96 %% Droop Coefficients

97m = 0.5*%2xpi/50000;%0.5 Hz change after a load change of 50000 W.
s n = 0.1xvoltageBase/30000;% 10% change in voltage when Q is changed with 30000 VAr.
99 powerFilterBandwidth = w_0v/10;

100 powerFilterTimeConstant = 1/powerFilterBandwidth;

101

102 %% Line impedances

103 %CIGRE: nr. 3: 4x50 (3%50), Rph = .397, Xph = .279

s R_line_inv_1 = 0.397x1.2;

s R_line_inv_2 = 0.397+0.8;

106

07 X_line_inv_1 = 0.279%1.2;

s X_line_inv_2 = 0.279%0.8;

109

1o L_line_inv_1 = X_line_inv_1/wBase;
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1 L_line_inv_2 = X_line_inv_2/wBase;

112

s L_line_inv_1_pu = L_line_inv_1/L_Base;

14 L_line_inv_2 _pu = L_line_inv_2/L_Base;

e TPU1 = R_line_inv_1/impedanceBase;
17 TPU2 = R_line_inv_2/impedanceBase;
ns XxPU1 = X_line_inv_1/impedanceBase;
9 xPU2 = X_line_inv_2/impedanceBase;

21 R_h = (L_pu + rPU1 + xPUl + L2_pu)/(L_pu + rPU2 + xPU2 + L2_pu);

123 %% Load parameters
122 C_L = 1500e—6;

25 L L = 0.12e-3;

26 R_.LL = 0.520e-3;

128 %% Harmonic PI parameters

129 Kp_vb = 150;
130 Ki_vs = 10;
131

132 Kp_v7 = 150;
133 Ki_v7 = 10;

135 LPF_harm = 10; %Bandwidth

137 %% Virtual Impedances
138 r_pu_VI = (I‘PUl—l‘PUZ);
139 L_pu_VI = (L_line_inv_1_pu-L_line_inv_2_pu);

120 VI_timeConstant = 0.1;
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Appendix D
Simulink Diagrams

The following subsections contain the Simulink model diagrams needed to reproduce the model.
In Section D.1, the complete simulink model is presented. In addition, the components of the
microgrid is highlighted, as well as the subsystems containing the different parts of the con-
trol systems. The subsequent sections in this appendix display the insides of these subsystems.
Namely, the primary current and voltage control subsystem structures are shown in sections D.2
and D.3, respectively. The droop control subsystem is shown in Section D.4. Moreover, the har-
monic compensation subsystem structure is shown in Section D.5, while the harmonic sharing

subsystem structure is located in Section D.6.
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Appendix D. Simulink Diagrams

D.1 Complete Model
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Figure D.1: An overview of the Simulink model.
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D.2. Primary Current Control Model

D.2 Primary Current Control Model
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Figure D.2: The primary current control subsystem structure.
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Appendix D. Simulink Diagrams

D.3 Primary Voltage Control Model
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Figure D.3: The primary voltage control subsystem structure.
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D.4. Droop Control Model

D.4 Droop Control Model
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Figure D.4: The droop control subsystem structure.

107



Appendix D. Simulink Diagrams

D.5 Harmonic Compensation Model
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Figure D.5: The harmonic compensation subsystem structure.
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D.6. Harmonic Sharing Model

D.6 Harmonic Sharing Model
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Figure D.6: The virtual impedance subsystem structure.
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Appendix E
Excerpt From Specialization Project

The following document is an excerpt from the specialization project the author wrote in the fall

of 2017. The excerpt is collected in its entirety from [2].
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2 State-of-the-Art of Microgrids

This chapter will supply a definition of microgrids, explain the standard elements
that comprise a microgrid, shortly look at both island and grid connected modes of
operation, delve into control methods for microgrid operation and also provide an
overview of benefits and disadvantages in the field of microgrids.

2.1 Definition

The concept of microgrids was introduced in the technical literature in [7] and [§]
as a means to overcome several emerging challenges related to the integration of
distributed generation. These challenges include the increase of power electronic
interfaces and control of these, but also barriers regarding new economical models
and regulatory issues [7]. Since then, microgrids have been subject to much research,
with a rising interest in recent years due to its ability to integrate intermittent energy
sources such as solar into the grid.

There is no single definition in relevant literature of what a microgrid is. Several
variations exist, but the one established by the Conseil International des Grandes
Réseaux Electriques (CIGRE) will be used for further exploration of the microgrid
concept:

Microgrids are electricity distribution systems containing loads and dis-
tributed energy resources, (such as distributed generators, storage de-
vices, or controllable loads) that can be operated in a controlled, coor-
dinated way either while connected to the main power network or while
islanded [9)].

This definition indirectly establishes the inherent flexibility of microgrids, as all the
Distributed Energy Resources (DERs) mentioned can provide fast response in case
of e.g. grid instability, power outage, power shortage and overproduction.

It should also be emphasized that the microgrid structure is deployed on the
distribution level of the electricity transmission system, i.e. at a low voltage level.
IEC 60038:2009 defines low voltage (LV) as 1000 V and under for AC systems [10].
Hence, this voltage interval is most relevant for microgrids.

Also note that the CIGRE definition sets no defined time scale for island opera-
tion, but supplements their definition by stating that a microgrid should be able to
work in island mode for more than a few minutes [9].

Figure 4 illustrates the microgrid concept additionally and provides a reference
for the elaboration of its components following in the next Section. The AC bus of
this illustration is directly connected to residential loads, reflected in the line to line
voltage of 400 V of the AC bus.
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Figure 4: A basic microgrid consisting of generation, storage and loads.

2.2 Standard Elements

Referring to the definition given in the previous chapter, the components comprising
a microgrid are given in this Section. The reader is advised to use Fig. 4 for
illustrative purposes.

2.2.1 Distributed Energy Resources

DERs in the context of microgrids can be viewed as a common term for all small-
scale entities capable of supplying power. This means that DERs includes storage
systems capable of supplying power. The term is often divided into two subordinate
terms, namely Distributed Generation (DG) and Energy Storage Systems (ESSs).
Examples of DG are renewable energy sources such as wind turbines, PV arrays, and
small-scale hydro power, but also non-renewable energy sources such as reciprocating
engines and gas turbines [11], [12]. Typical ESSs are several diffent types of battery
technology, supercapacitors and flywheel storage [13].

Two particular DERs attracting extraordinary focus in the world today, in the
process to assess the environmental challenges mentioned in chapter 1, are PV and
battery storage. Combining the volatile nature of solar production with the ability
of battery units to provide flexibility, comprises an energy system that can elude the
relatively unpredictable nature of the sun. This way, DG and ESS can approximate

6



the functionality of conventional energy sources as coal, gas and even hydro, at least
for a limited amount of time.

Another salient feature of most DERs, is their extensive utilization of power
electronic converters. These converters are deployed to enable the interconnection
of DERs to the microgrid as well as the main grid.

A much used type of converter is the Voltage Source Converter (VSC) [14]-[17].
It is also called Voltage Source Inverter (VSI), as it most often inverts production
side DC into grid side AC.

2.2.2 Loads

Loads in a microgrid are often divided into two types: fixed and flexible [18]. The
former is, as the name states, fixed, and offers no flexibility with regards to power
flow control. These loads can be viewed as critical, i.e. they should be prioritized
during standard operating conditions. Examples of such loads include banking sys-
tems, semiconductor industries, hospitals and data centers. In this sense, the micro-
grid provides uninterruptible power supply (UPS) funcionality, which is a beneficial
feature of the microgrid concept [12].

Microgrid power balancing/frequency stability in island mode can be a chal-
lenging task, due to low inertia in systems with power electronic interfaced DG
[19]. Demand response should be emphasized to ease this challenge. This implies
shedding loads to help maintain power balance.

Demand response will not only allow for additional flexibility in the microgrid,
but can also optimize dispatch of DG and ESS [20]. The loads categorized as flexible
fill this role as they are curtailable and/or deferrable and thus represent the load
side flexibility with regards to control.

2.2.3 Point of Common Coupling (PCC)

The microgrid bus is often connected to the main grid at one single point, although
the provided definition by CIGRE does not include this characteristic. This single
point is referred to as the Point of Common Coupling (PCC). The connection to the
grid, which is of a binary nature, can be realized with circuit breakers, solid-state
switches or power electronic [19], where the preferred switchgear in microgrids is
a switch [11]. In standard operation, surplus energy of the microgrid should flow
towards the grid via the PCC. Similarly, when the microgrid is experiencing energy
deficiency, it should import the needed power from the main grid to maintain power
balance.

Microgrids that do not inhibit a PCC are called isolated microgrids, as they have
no connection to a main grid and operate continually in island mode [19].



2.3 Voltage Configuration

Having established the standard elements of a microgrid, a fundamental question
regarding interoperability arises. How can components of both AC and DC at
different voltage levels be interconnected in a microgrid? The answer is often to
establish a common DC or AC bus to interconnect all elements. An illustration of
a typical AC and DC microgrid can be observed in 5.

Both technologies inherit advantages and disadvantages, meticulously investi-
gated in [11]. There is also a possibility to have no common voltage bus and operate
AC and DC distribution lines separately. This is called a hybrid AC/DC microgrid
[11].

As there is no common global voltage level for manufactured electrical com-
ponents, elements connected to the AC or DC bus in a microgrid must have an
additional power electronic interface if their output voltage and/or frequency does
not match the bus voltage and frequency. This implies a loss of inertia compared
to the traditional grid, where synchronous generators act as a premier protection
mechanism against sudden load or production [18]. This is part of what is regarded
as primary control, and is elaborated in Section 2.6.

The choice of an AC or DC system is not evident as both configurations dis-
play both benefits and disadvantages that will not be investigated in this report.
Summarized, the DC system configuration might be preferred, as it features a low
system cost, simple structure and fewer power electronic converters compared to its
AC counterpart [12]. The main advantage of choosing an AC configuration seems to
be the seamless connection to the system’s loads, as no converter is needed between
them and the supplying AC bus.

2.4 Modes of Operation

Microgrids have two modes of operation, namely island mode and grid connected
mode. Both modes have individual characteristics, especially with regards to control.

2.4.1 Island Mode

Island mode is defined as the mode when the microgrid operates without connection
to the main grid [7]. A significant change in a load could be critical as the load can
constitute a substantial part of the total load if the microgrid is small. The same
apply to the fallout of a production unit. This characteristic is different from the
main grid, where singular load and production changes usually only affect the grid
stability marginally, and the control system is designed thereafter. This difference
between microgrids and the main grid is important to bear in mind when designing
the control system of the microgrid [21].
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Figure 5: Illustration of typical AC and DC microgrids.

2.4.2 Grid Connected Mode

In grid connected mode, the microgrid must synchronize its frequency phase angle
with the main grid. This is commonly done with a Phase Locked Loop (PLL), which
is further described in section 2.6.1.

During this mode the microgrid has the opportunity to provide ancillary services
to the grid, e.g. active and reactive power compensation, and harmonic compen-
sation [21]. Moreover, it has the opportunity to import power from the main grid
in case of power shortage internally in the microgrid, representing a safety net if
the internal control system of the microgrid fails. Microgrids should however be
designed to be able to sustain themselves [22].

2.5 Fault Characteristics

The protection scheme of the traditional power system is based on a unidirectional
current flowing from the main grid towards the fault location [23]. This current is
referred to as the short circuit current, and the corresponding protection scheme is
designed with the magnitude of this current in mind. Relatively simple measures
consisting of overcurrent relays, fuses, circuit breakers and reclosers can be deployed
to isolate the fault location and maintain ordinary grid operation [23]. The different
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protective entities are coordinated to ensure that the protection device closest to
the fault location trips first, minimizing consequences of the fault.

Deploying a microgrid structure implies the presence of several production units
and thus bidirectional power flow. It also implies very different scenarios during
grid connected and island mode operation with regards to protection. When grid
connected, a large short circuit current will flow from the main grid, allowing for the
conventional protection devices to function properly. However, the current flowing
towards the fault from nearby DG units has a chance of disturbing the coordination
between protection devices, leading to a larger isolated area than necessary [12],
[24].

During island operation, fault currents of the order of magnitude that conven-
tional protection schemes are designed for, are not present [24]. This is due to the
inherent fault current limitations of power electronic converters of about 2-3 p.u. of
their rated current [12]. As such converters are close to ubiquitous in microgrids, it
must be taken into consideration when designing a microgrid protection scheme.

The mentioned characteristics implies a worst case scenario in island mode of
faults occurring, implicated power balance and frequency, but no fuses blowing as
they are dimensioned for higher fault currents than the ones present. The entire
microgrid operation is then in danger of collapsing, highlighting the need for a
responsive protection scheme.

Due to the shown challenges of microgrid protection, specific features must be
kept in mind when designing the microgrid protection scheme. The following features
are considered necessary [23]:

1. The microgrid must respond to faults in both the distribution system and
internal faults.

2. The microgrid must be isolated as quickly as possible during faults in the main
grid, allowing for normal microgrid operation and affecting the main grid to a
minimum degree.

3. An internal fault in the microgrid should be isolated affecting the rest of the
microgrid to a minimum. This implies isolating as small a part as possible.

4. The protection of the consumers in the microgrid must be a top priority.

As assessing protection solutions is not within the scope of this report, the indi-
cated challenges are not evaluated any further.

2.6 Control

Traditionally the approaches to control the power system, i.e. the measures taken
to ensure stable operation, can be illustrated by two opposite strategies: centralized
and decentralized [25]. The centralized control configuration in its purest form
relies on communication between one central controller and all controllable units

10



in the power system. This demands extensive Information and Communications
Technology (ICT) infrastructure between the controller and the units to enable fast
response to changes. On the contrary, the decentralized approach bases its structure
on local control where no controllable entities communicate directly with any other
unit, but base its control on measurements of local quantities [26].

The massive, interconnected power system of Norway today stretches across
the entire nation, making a centralized approach unsuitable. Simultaneously, a
fully decentralized approach will have trouble coping with the level of dynamics in
the system; A power outage in the north of the country might not trigger needed
measures in the south. The solution is a mixture of the mentioned power system
approaches where a hierarchical control strategy is implemented, namely consisting
of a primary, secondary and tertiary control level [12], [19]. These control levels
differ in their speed of response and their use of ICT, and is widely seen as the
approach of choice for microgrids as well as for the main grid [12], [19], [21], [22],
[27]. A description of the levels can be adopted as in the following subsections, where
primary control is divided into two segments [27]. This level is also more elaborated,
as secondary and tertiary control has limited relevance for the simulations done in
this report. In addition, the work planned for the master thesis will not be relevant
for the two upper layers.

Figure 6 show the different control layers and their role in controlling the micro-

grid.
S i)
c[€/kWh] M § 4Y b I Vi E518 eHoley
services
Optimal o v T I grid parameter N
Power Flow ST estimation 2| | - inertia emulation
" secondary Gontrol 7 Ul z 2| | - power oscilation
tem:aryI control 2| | damping
contro P ) primary G| | -island operation
P, ¢ €| | - unbalance
nt 0 control o =
o n <| | compensation
1l

|

Figure 6: The different control layers of a microgrid [21].

2.6.1 Primary Control

Primary control is also called local or field control [25]. The tasks of this control
level comprise of converter output control, power sharing mechanisms and island
detection [19], which are all tasks of critical nature to microgrid stability. This
implies the need for a fast response time in the scale of milliseconds [22]. Figure 7
provides an example of the structure of primary control.

As converter output control and power sharing control utilize separate techniques,
it is purposeful to introduce them separately.
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Figure 7: Typical structure of primary control [21].

Converter output control

This control structure typically consists of an outer voltage control loop and an inner
current control loop [19], which can be identified in Figure 7. The most frequently
used reference frames for implementing linear current controllers in three-phase sys-
tems are either the dq synchronous reference frame or the stationary reference frame
(ap) [21]. Controllers associated with these reference frames, and the natural refer-
ence frame, can be found in Table 1 [19].

Table 1: Reference frames used in converter control and its associated controllers

19].

Reference frame ’ Associated controller
Synchronous (dq) | Proportional Integral (PI)
Stationary (af3) Proportional Resonant (PR)
Natural (abc) PI, PR, hysteresis, dead-beat

Inspecting Fig. 7, several essential characteristics of converter output control using
the dq frame is observed:

1. abc quantities are transformed into dq quantities to be able to conduct regular
PI control.
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2. The strong coupling between the d and q axes is mitigated by cross coupling
and feed-forward of the grid voltages. This is a standard procedure to improve
control performance in terms of dynamic response [16].

3. The phase angle of the voltage frequency is extracted to be ensure that the
converter is in phase with the grid voltage. This procedure is known as Phase
Locked Loop (PLL).

In brief, the role of the converter output control is to track its reference quantities
of voltage and current, and in addition ensure damping of any oscillations occurring

19].

Power sharing control Although a microgrid consisting of only one converter is
possible, e.g. with a small scale hydro unit (with no power electronic interface)
and an ESS utilizing a converter, most microgrids will consist of several power
electronic converters. This implies a need for some sort of technique to coordinate
the power sharing between them, which is either done in a centralized (with ICT)
or decentralized manner (without ICT).

The centralized techniques used to coordinate parallel converters can be catego-
rized into four different types. These are centralized control, master-slave control,
average-load sharing or circular-chain controls [28]. All these techniques do however
depend upon close proximity of the inverters and high-bandwidth communication
channels to function properly [21]. These characteristics severely degrade the value
of a centralized power sharing strategy for microgrids, where loads and generators
in principle can be separated by several kilometers. In addition, the technique has
an inherent weakness in its dependecy on ICT; If communication fails during island
mode, the microgrid operation will collapse [19].

The decentralized technique is based on droop control algorithms. It utilizes
measurements of local parameters and fixed droop characteristics to control the
exchange of active and reactive power [27]. The concept of droop control can be
viewed as virtual inertia, imitating primary control of traditional power systems
having synchronous generators directly coupled to the grid. When an unbalance
occurs in such power systems, the inertia of these generators balances the power
at the loss or gain of system frequency. This characteristic is the basis of conven-
tional primary control, called active power/grid frequency (P/f) droop control [29].
This characteristic coupling, in addition to the coupling between reactive power and
voltage, comprise the inertia mimicked by microgrid droop control. Typical droop
characteristics for an inductive network can be observed in Fig. 8.

However, it is important to note that this coupling can be done because the
transmission grid primarily is inductive. The distribution system, including micro-
grids, is primarily resistive, limiting the efficiency of implementing this type of droop
control [22]. Resistive networks imply a stronger coupling between active power and
voltage, and frequency and reactive power, respectively [29]. This leads to P/V
control instead of P/f.

Furthermore, conventional droop control has several additional disadvantages. These
are identified in literature:
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Figure 8: Typical droop characteristics of frequency and voltage in an inductive
network [25].

1. Average values of P and Q are used, leading to limited transient performance
and issues with stability [19].

2. It does not take load dynamics into account, thus running a risk of failure in
the case of abrupt or large change of load [19].

3. No ability of black start if the system collapses [19].

4. Tt does not take into consideration the rating of the DER units, leading to the
possibiliy of uneven power sharing and overstressing smaller units. Additional
techniques, e.g. virtual impedance, must then be implemented [30].

5. It does not take into account harmonic components injected by nonlinear loads.
Additional techniques must then be implemented. Virtual impedance is also
a valid measure to mitigate this problem [19].

6. It is based on a coupling between system frequency and loading conditions,
making it unable to impose a fixed system frequency [19].

7. Voltage is not a defined global variable. Hence, reactive power sharing can
prove difficult to implement, in addition to circulating reactive current occur-
ring [31].

Summarized, the task of the droop control is to adjust converter output control when
unexpected changes in voltage and frequency occur. This means that the reference
values of the converters are set by the the droop functions given in eq. (1). In this
example, for an inductive network.

W= Wyef —Mi(P — Pey) 1)
V= V;“ef - nz(Q - Qref)
As mentioned, other power sharing techniques do exist. However, due to the limited
scope of this report, they are not discussed in detail.
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2.6.2 Secondary Control

Secondary control can be thought of as control on a management level [25]. This is
also referred to as the microgrid Energy Management System (EMS) as its responsi-
bility is to safeguard the reliable, secure and economical operation of the microgrid
in both grid connected and island mode [19]. Its responsibility includes optimizing
the dispatch of the microgrid, taking into account criteria like electricity market
prices, grid security and optimization of local production with regards to efficiency
[25].

To decouple the secondary level from the primary level of control, the response
is slower. Furthermore, the secondary level reduces bandwidth of communication
by using sampled measurements. Lastly, the slow response allow enough time for
complex calculations [32].

2.6.3 Tertiary Control

Tertiary control can be regarded as control on a grid level. This level controls the
flow of power between the main grid and the microgrid. Moreover, this level sets set
points for microgrid production and behaviour based on demand of the microgrid-
connected power system [19].

Tertiary control is also responsible for coordination in the case of several micro-
grids interacting with each other, and can be considered part of the main grid [19].
During islanding this level is naturally nonexistent, as there is no grid interaction.

2.7 Benefits and Disadvantages of Microgrids

Evaluating the elaborated microgrid characteristics in this Chapter, it is evident that
microgrids inherit both advantages and represent challenges. This Section provides
an overview of these, and has the function of introducing the choice of the next
Chapter.

2.7.1 Benefits

1. Facilitating the implementation of DERs. As mentioned in the Introduction,
microgrid deployment is an effective way if integrating the rising number of
renewable DERs [27], [33], facilitating the development of a low carbon society.

2. Improved reliability of supply. Reliability is normally evaluated with regards
to system and customer interruption frequency using indices such as SAIFI
and SAIDI [18]. In the case of transmission line outage, deploying a microgrid
structure can improve the mentioned indices as a microgrid can enter island
mode and thus function normally until the utility grid is functioning properly
again [18], [33]. In effect the microgrid can then be viewed as a Uninterruptible
Power Supply (UPS), often deployed today at critical loads such as hospitals
[12].
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3. Improved resiliency against extreme events. With extreme weather intensifying
in both occurrence and strength due to global warming, the traditional utility
grid faces recurring challenges regarding resiliency. Allowing microgrids to be
supplied by local loads during these extreme events heightens the resilience of
the entire system [18].

4. Lower alternative costs. Implementing DERs comes with a lower construction
and deployment time and cost than the alternative, i.e. transmission and
distribution of remotely produced energy [18].

5. Alleviate stress on the existing grid. Microgrids can provide flexibility in terms
of stress to the existing grid, e.g. by supplying the grid during peak hours [33].

6. Increase feasibility of rural electrification. Microgrids can provide electricity
to areas which are not feasible for the main grid to supply, either due to cost
or difficult geographical locations [18].

7. Ancillary services provided by power electronic devices. Most power electronic
devices are self-commutated, i principle allowing the devices to provide a cus-
tomized voltage phase and amplitude. This is in fact the functionality of a
Static Synchronous Compensator(STATCOM). As microgrids usually consist
of several power electronic devices, this opens up the possibility of comprehen-
sive reactive power regulation and power quality conditioning [18], [34].

2.7.2 Disadvantages

1. Transition between island and grid connected mode. The microgrid testbeds of
the world have had severe difficulties in transitioning seamlessly between the
modes of operation [33].

2. Protection system response. The protection system responding to both island
and grid connected mode in a optimal manner has proven to be very challeng-
ing [12].

3. Coordination between entities. Coordinating the elements of a microgrid be-
comes additionally difficult when taking factors such as power balance, com-
ponent failure rates, load profile and weather forecast into account [19].

4. Bidirectional power flow. The standard for distribution feeders and transform-
ers is a unidirectional power flow. Changing this can lead to issues regarding
protection ("tripping”) coordination, undesirable circulating currents, fault
current distribution and voltage instability [19].

5. Exact mathematical modeling. Conventional modeling of transmission systems
comprise of balanced conditions, inductive lines and relatively small immedi-
ate fluctuations in production and load [19]. This is often not the case for
microgrids, thus models need to be reevaluated.
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6. Low inertia. The absence of synchronous generators in microgrids with a high
number of power electronic devices imply a deficiency of inertia. This means
the system does not have an inherent premier stability mechanism and must
implement one to avoid large frequency deviations or, in worst case, system
collapse [19].

7. Power quality. Several challenges related to power quality arise in microgrids.
A selection of the most imminent of these challenges are elaborated in Chapter
3, including presence of low and high order harmonics as well as voltage sag.

All challenges listed are areas of extensive research and clearly has the potential of
additional elaboration. However as the scope of this report is limited, the choice of
further investigation is in the field of power quality in microgrids.
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