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Abstract

For years, large power systems have been predominantly managed using the very well
known synchronous machine on the generation side. With the increasing penetration
of load and generation interfaced by converter-based systems, the conventional syn-
chronous machine is being gradually replaced by these new devices. However, this slow
and steady change of the generation technology has led to side-effects which can affect
to the local stability and, if no remedial action is taken, system-wide stability.

The main objective of this thesis is to understand, expose and overcome the weak-
nesses of converter-dominated grids within a laboratory environment. To do so, a
converter of 10kVA has been built implementing the standard D-Q axis Current Injec-
tion (DQCI) control and, for first time to date, the Virtual Synchronous Machine with
Zero Inertia (VSMOH). Further developments have been made to this control strategy
to implement this theoretical algorithm into a real system.

The solutions proposed in this thesis for converter-dominated grids are based on
the Grid Forming Nodes (GFN) solution. This composition suggests the usage of a
combination of DQCI and Virtual Synchronous Machine (VSM) converters to achieve
stability within converter-dominated grids. However, there is limited understanding
about VSM functioning. Initially, the application of VSM-style converters was proposed
as a natural replacement of the real synchronous machine present in the system without
understanding which are the specific weaknesses that affect to this type of grid. Due to
the aforementioned reasons, this thesis aims to provide a more scientific and rigorous
explanation of why the GFN solution can provide stability for converter-dominated
power systems. Using the converter built, it is possible to recreate scenarios where the

technical challenges involved in power systems can be understood.
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Going from well-established solutions for relatively low Levels of Penetration (LoP),
such as grid-friendly or smart converters, to an insightful explanation of why these
solutions are not valid for converter-dominated grids with high values of LoP. This
thesis puts more emphasis on the latter case, assessing experimentally the GFN solution
for representative scenarios and control strategies used in the converter built explicitly
for this project.

Initially, three experiments are conducted to identify the weaknesses of converter-
dominated grids. During these initial scenarios, it has been found that DQCI converters
behave as current sources from the grid point of view, following an already imposed
voltage signal. As current sources, DQCI converters do not provide effective voltage
regulation. On the contrary, GFN/VSM converters behave as voltage sources behind
an inductance from the grid point of view. Thus, they contribute to the entire grid
stability by assuring the local voltage stiffness. However, further experiments with
unbalanced and non-linear loads have found that this capability is finite and directly
dependent on the equivalent converter filter impedance.

During the execution of the experiments, there have been additional contributions

explained throughout this thesis:

e The virtual resistor technique. Incorporating an additional feed-forward term into
the inner current loop, the stabilizing effect of the parasitic inductor resistance is

simulated. As result, the inner control loop operates in a more stable manner.

e The explanation, implementation and validation of a novel control strategy which
makes the converter operate with variable speed response depending on the grid
events. This adaptive functioning leads to a more robust operation for both the

converter and the grid.

e A new control strategy based on the VSMOH (so called in this thesis as VSMOH+).
Measuring the negative sequence voltage present in the grid, it is possible to add a
compensation term which can provide an almost perfect voltage regulation under

the presence of heavily unbalanced loads.

v



Contents

Acknowledgments ii
Abstract iii
List of Figures viii
List of Tables xii
List of Acronyms and Symbols XV

1 Introduction 3
1.1 Problem definition . . . . . .. .. .. 3

1.2 Background . . . . . . .. ... e 4
1.3 Providing stability in converter-dominated grids. . . . . . . . .. . ... 6
1.3.1 The Grid Forming Nodes solution . . . .. ... ... ... ... 8

1.4 Level of Penetration . . . . .. ... ... ... .. ... ... 8
1.5 Objectives . . . . . . . . e 10
1.6 Structure of the thesis . . . . . . . .. ... ... 11

2 Review of VSC control strategies and Problem insight 17
2.1 Imtroduction . . . . . . . . .. 17
2.2 Review of VSC control strategies . . . . .. .. ... ... ... ..... 18
2.2.1 Virtual Synchronous Machine (VISMA) . . . ... ... ... .. 18

2.2.2  Synchronverter . . . . . . .. .. ... 21

2.2.3  Power Synchronization Control (PSC) . . .. ... .. ... ... 23



Contents

2.2.4  Virtual Synchronous Machine with Zero Inertia (VMSOH) . . . . 25
23 Discussion . . . . ... e 26

3 Design and Implementation of an inverter with a customizable control

strategy inverter 34
3.1 Introduction . . . . . . . . . .. 34
3.2  General description of the 10 kVA inverter . . . . . . . .. ... ... .. 35
3.3 Description of the electrical subsystems installed inside the inverter . . . 36
3.3.1 DCside . . . . . . 36
3.3.2 Semikron box . . . . ... 39
333 Gridfilter . . . . . .. L 41
3.3.4 Precharge and main contactors . . . . . .. ... ... ... ... 45
3.35 Sensorsboard . . . . ... ... 47
3.3.6 dSPACE control box . . . . . ... ... .. ... .. ....... 49
3.4 Implementation of the DQCI control strategy . . . . . .. .. ... ... 50
3.4.1 Main control diagram . . . . .. .. ... L. 50
3.4.2 Monitoring and protection block . . . . ... ... ... .. 51
3.4.3 Design and calculus of the output current loop . . ... .. ... 53
3.5 Implementation of the VSMOH control strategy . . . . . . ... .. ... 57
3.5.1 Main diagram of control . . . . . . ... ... L. 57
3.5.2 Power synchronization mechanism . . . .. ... ... ... ... 58
3.5.3 Droopcontrollers . . . . . . ... .. ... ... 58
3.5.4 Driving the voltage reference . . . . .. .. ... ... ... ... 59
3.5.5 Initialization process . . . . . .. ... L oL 64
3.5.6 Changing the power references . . . ... ... ... ....... 67

4 A solution for power systems with low Level of Penetration, grid-

friendly converters 73
4.1 Introduction . . . . . . . . . . . .. 73
4.2 Definition of the ancillary functions . . . . . .. ... ... ... ... .. 75

4.2.1 Virtual Inertia . . . . . . .. Lo o 75

vi



Contents

4.2.2  Voltage control at the Point of Common Coupling . . .. .. .. 77
4.2.3 Low Voltage Ride-Through . . . .. .. .. ... .. ....... 78
4.3 A slow converter or a fast converter, what is better? . . . . .. ... .. 80
4.4 The inverter with variable response . . . . . . . .. ... ... ... .. 81
4.4.1 Performance evaluation of an inverter with variable response . . 81
4.5 Summary ... 84

5 Understanding the weaknesses of power systems dominated by con-

verters 89
5.1 Imtroduction . . . . . . .. .. L L 89
5.2 Additional ancillary functions necessary for converter-dominated grids . 90
5.3 Experimental setup . . . . . . . ... Lo 92
5.4 Experimental Results. . . . . .. .. .. . o o oL 93
5.4.1 Experiment 1: Level of Penetration experiment . . . . . . . . .. 93
5.4.2 Experiment 2: Loss of Mains experiment . . . . . . .. ... ... 96
5.4.3 Experiment 3: Dynamic performance against a change of load . . 99
5.5 Discussion . . . . ... 104

6 Guaranteeing the stability of converter-dominated power systems fac-

ing unbalanced and non-linear loads 111
6.1 Introduction . . . . . . . . . ... L 111
6.2 Unbalanced Loads . . . . . . .. .. .. .. L 112
6.2.1 Theoretical study . . . . . .. .. .. oL 113
6.2.2 Experimental setup with unbalanced loads . . . . . .. ... ... 120

6.2.3 Experimental results of a converter-dominated grid facing unbal-

anced loads . . . . . . ... o 121

6.3 Non-linear loads . . . . . . . . ... .. 133
6.3.1 Expected values . . . .. ... ... L 133
6.3.2 Experimental setup with non-linear loads . . . . ... ... ... 138

6.3.3 Experimental results of a converter-dominated grid facing non-

linear loads . . . . . . . . . ..o 140

vii



Contents

6.4 Discussion about the obtained results . . . . . . . . ... .. ... ... 149
6.4.1 Unbalanced loads . . . . . . . . . . ... 149

6.4.2 Non-linear loads . . . . . . . . . . . . . 152

6.5 Final discussion . . . . . . . . . . e 154

7 Conclusions & Future Work 161
7.1 General conclusions . . . . . . . . . .. 161
7.2 Main contributions of this thesis . . . . . . . . . ... ... ... .. .. 166
7.3 Future Work . . . . . .. 167

A Publications 171

viii



List of Figures

1.1
1.2

2.1
2.2
2.3
24
2.5
2.6

3.1

3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9

Power system stability according to [9]. . . . . . . ... ... 6
Architecture of the Grid Forming Nodes solution. . . . . . . .. ... .. 9
Schematic of the VISMA control algorithm. . . . . ... ... ... ... 19
Effect of the virtual rotor mass (Extracted from [10]). . . ... ... .. 20
Effect of the virtual damping (Extracted from [10]). . . ... ... ... 20
Control architecture (Extracted from [12]). . . ... ... ... ..... 21
Control architecture for the PSC algorithm. . . . . . ... ... ... .. 24
Control architecture for the VSMOH algorithm. . . . . . ... ... ... 25
Pictures of the 10 kVA inverter with customizable control strategy (front

and side view). . . ... 35
Main diagram of the converter. . . . . . .. .. .. ... .. ... ... 36
DC power supply installed in the converter cabinet (Extracted from [1]). 37
Schematic diagram of the DC switch. . . . . . .. ... ... ... .... 38
More detailed schematic diagram of the DC switch. . . . . . . . ... .. 38
Situation of the capacitor bank and the drivers within the Semikron box. 39
Internal wiring of the Semikron box. [2] . . . . ... ... .. ... ... 40
Single line diagram of the output filter. . . . . . .. .. .. .. ... .. 41
Comparison of the amplitude Bode plot for the grid filter without (left

and with damping resistance (right)). . . . . ... ... ... ... ... 44

3.10 Amplitude bode plot incorporating the boarders for the active damping 44

3.11 Schematic diagram of the precharge and main contactors. . . .. .. .. 47

3.12 Current (left) and voltage (right) sensors used in the inverter. . . . . . . 48

X



List of Figures

3.13
3.14
3.15
3.16
3.17
3.18
3.19
3.20

3.21
3.22
3.23
3.24
3.25
3.26
3.27
3.28

4.1
4.2
4.3
4.4
4.5

5.1
5.2
5.3
5.4
9.5
5.6

Amplification stage of the current/voltage sensor boards. . . . ... .. 48
Main diagram of the converter [3]. . . . . ... ... .. ... ... ... 49
Schematic diagram of the back of the dSSPACE box. . . .. .. ... .. 49
Blocks diagram of the DQCI control strategy. . . . . . . ... ... ... 51
Blocks diagram of the Protection system. . . . ... ... ... ... .. 52
Blocks diagram of the inner current loop. . . . . . .. .. .. ... ... 53
Block diagram of the inner current loop. . . . . . . . .. ... ... ... 54

Bode diagram in amplitude (left) and phase(right) for Rp; = 10mS}

(top) and Rry = 1Q (bottom). . . . ... ... ... ... ........ 55
Bode diagram in amplitude (left) and phase(right) for Rpf = 1002 . . . 56
Block diagram of the VSMOH technique. . . . . . . . . .. ... ... .. 58
Block diagram of the droop controllers. . . . . ... ... ... ..... 59
Block diagram of the block Driving the voltage reference. . . . . . . . . . 60
Block diagram of the block Theta correction for a soft start. . . . . . .. 61
Block diagram of the block DC components removal block. . . . . . . .. 63
Experimental results for the GFN converter during the connection. . . . 65

Converter results for changes in the power reference using the VSMOH

control strategy. . . . . . . . L 67
Synthetic inertia implementation. . . . . . . ... ... 76
Voltage control block according to [6]. . . . . . . .. .. ... ... ... 78
Limits depending on the PCC voltage. . . . . . .. .. ... ... .... 78
LVRT curves for various countries. . . . . . . . .. ... ... ... ... 79
Experimental results of an inverter with variable response. . . . . . . . . 82
Main diagram of the converter. . . . . . ... ... ... . ........ 92
Level of Penetration experiment for the DQCI algorithm . . . . . . . .. 94
Level of Penetration experiment for the VSMOH algorithm . . . . . . . . 95
Lost of Mains experiments using the DQCI control strategy . . . . . . . 97
Lost of Mains experiments using the VSMOH control strategy . . . . . . 99
Load step using only VSMOH converters. . . . . . . . ... ... ..... 100



List of Figures

5.7
5.8

6.1
6.2

6.3

6.4
6.5

6.6

6.7

6.8

6.9

6.10
6.11

6.12

6.13
6.14

6.15

6.16

Load step using a VSMOH converter and a synchronous generator. . . . 101

Zoomed view of the load step with the converter and the generator. . . 102

Representation of an unbalanced load in the sequence components frame. 115
DQCI-controlled converter facing unbalanced loads in the symmetrical
components frame. . . . . ... oL o 116
VSM-controlled converter facing unbalanced loads in the symmetrical
components frame. . . . . .. ... 116
Experiment with unbalanced loads. . . . . . . . . ... ... ... .... 120
Comparison of the expected unbalanced voltage (faded) with the results
obtained (solid) for the DQCI control strategy. . . . . ... ... .. .. 123
Results for 2kW/1.8kW of balanced /unbalanced load under the DQCI
control strategy. . . . . . . ... 124
Results for 2kW/1.8kW of balanced /unbalanced load under the VSMOH
control strategy. . . . . . . . .o 126
Comparison of the expected unbalanced voltage (faded) with the results
obtained (solid) for the VSM control strategy. . . . . . .. ... .. ... 127
Comparison of the expected unbalanced current (faded) with the results
obtained (solid) for the VSM control strategy. . . . . . . ... ... ... 128
Block diagram of the modified VSMOH+ control strategy. . . . . . . . . 129
Comparison of the expected unbalanced current (faded) for the ideal reg-
ulator with the results obtained (solid) for the VSMOH+ control strategy. 131
Results for 2kW/1.8kW of balanced /unbalanced load under the VSMOH+
control strategy. . . . . . . . . L Lo 132
Schematic of the non-linear load . . . . . ... ... ... ... ..... 134
Current demanded from the non-linear load obtained in simulation in
the time (top) and the frequency domain (bottom). . . . . .. ... ... 134
Harmonic content of the current demanded from the non-linear load
obtained in the laboratory using a power quality meter. . . . . . . . .. 135
Equivalent circuit of the linear and non-linear load as a demand in cur-

rent for the fundamental frequency (left) and for the nth harmonic.. . . 135

xi



List of Figures

6.17 Equivalent circuits of the linear and non-linear load connected to the
DQCI-controlled converter for the fundamental frequency (top) and for
the nth harmonic (bottom). . . . . . .. ... .. ... ... ... ...

6.18 Equivalent circuits of the linear and non-linear load connected to the
VSMOH-controlled converter for the fundamental frequency (top) and
for the nth harmonic (bottom). . . . . . .. ... ... ... ... ...

6.19 Experiment with non-linear loads . . . . . . .. ... ... ... .. ...

6.20 Results for 2kW/1.1kW of linear /non-linear load under the DQCI control
strategy. . . . .. L

6.21 Results for 2kW /1.1kW of linear/non-linear load under the VSMOH con-
trol strategy. . . . . . . .

6.22 Modification of the driving the voltage reference block to mitigate har-
monics (framed in purple). . . . . . ...

6.23 Study with the nth harmonic . . . . . . .. .. .. ... ... ... ...

6.24 Surface plot of the Voltage THD (%) Vs linear and non-linear load using
the VSMOH/GBN control strategy . . . . . .. ... ... ... .....

6.25 Limit conditions for THD = 5% (top) and corresponding percentage of

non-linear load (bottom) . . . . ... ... Lo Lo

xii



List of Tables

3.1
3.2

5.1

6.1
6.2
6.3
6.4

6.5

6.6
6.7

6.8

6.9

6.10

6.11

Semikron characteristics . . . . . . . . . . .. L e 41

Grid filter characteristics. . . . . . . . . . . .. 46

Results obtained for the Level of Penetration experiment using the two

control strategies evaluated. . . . . . . ... ..o 96

Expected voltage and current unbalanced using the DQCI control strategy.117
Expected voltage and current unbalanced using the VSM control strategy.118
Expected voltage and current unbalanced using an ideal voltage regulator.119
Result for the unbalanced loads experiment using the DQCI control

strategy. . . . . . Lo 122
Result for the unbalanced loads experiment using the VSMOH control

strategy. . . . . . L oL 125
Result for the unbalanced loads using the VSMOH+ control strategy. . . 130
Expected values of THD for the injected current and the grid voltage

when connected to a stiff grid. . . . . ..o o000 136
Ratings of the elements built as non-linear load. . . . .. ... ... .. 139
Result for the non-linear loads experiment using the DQCI control strategy 140
Results for the non-linear loads experiment using the VSMOH control

strategy . . . .. Lo 143

Harmonic content of the current demanded by the non-linear load . . . 148

xiii



List of Tables

Xiv



List of Acronyms and Symbols

AC Alternating Current

APF Active Power Filter

Cy Converter filter capacitor

DC Direct Current

DNO Distribution Network Operator
DPSL Dynamic Power Systems Laboratory
DQCI D-Q Axis Current Injection

F,. Crossover frequency

GFN Grid Forming Node

HVDC High Voltage Direct Current
IGBT Insulated-Gate Bipolar Transistor
LED Light Emitting Diode

Ly Converter filter Inductor

L s Equivalent leakage inductance
LoP Level of Penetration

LV Low Voltage

LVRT Low Voltage Ride-Through
MIMO Multiple Input Multiple Output
MV Medium Voltage

PCC Point of Common Coupling

PD Proportional-Derivative

PI Proportional-Integral

PLL Phase Locked-Loop

XV



Chapter 0. List of Acronyms and Symbols

PM
PSC

PV
ROCOF
Rey

Ry y
SCR
SFR
THD
TSO
VSM
VSMOH
VSMOH+

Wres

Phase Margin

Power Synchronization Control

PhotoVoltaic solar energy

Rate Of Change Of Frequency

Damping frequency resistor

Equivalent core losses resistance

Short-Circuit Ratio

Synchronous Referenced Frame
Total-Harmonic Distortion

Transmission System Operator

Virtual Synchronous Machine

Virtual Synchronous Machine with Zero Inertia
Enhanced Virtual Synchronous Machine with Zero Inertia

Resonance frequency of the converter filter

xvi



xvil









Chapter 1

Introduction

1.1 Problem definition

In 2018, the relevance of the renewable energies in many countries around the world is
undeniable. Since the beginning of the 2000s, many power systems started to replace
carbon or gas plants by renewable generation for two reasons: reduction in carbon
footprint, and energy independence. For instance, as of 2015, wind energy represents
the second largest form of generation in Europe in capacity terms, with gas being the
largest [1]. In total, 168.7 GW of net installed capacity is based on wind energy in
Europe as of 2017. The PhotoVoltaic (PV) solar energy is experiencing a huge growth
as well. In 2017, the total net capacity of this technology experienced a spectacular
28% increase, reaching a total of 8.61 GW of energy installed in Europe [2].

However, these new technologies give rise to technical challenges. Since wind and
solar energy use converters to produce grid-compliant electricity, every single time a
gas, carbon or oil plant is replaced by a wind or solar farm there is a greater deviation
from the well-understand classical power system. If the aggregated nominal power of
converters connected to the grid is not relevant compared to the total, the implications
and drawbacks caused by these systems are not significant. However, as these converters
begin to represent significant proportions of overall energy mix, conventional tasks
which assure the grid stability, traditionally undertaken and inherently provided by

synchronous generators, must be supplied by the converters.
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Due to the aforementioned reasons, countries with a high amount of renewable
energy are also countries with a high amount of converter-based generation. Thus, they
are gradually transforming from conventional synchronous-dominated power systems,
to converter-dominated power systems. This progression has major implications on
grid stability if the converter-based generation reaches certain level and, if nothing is
done, they can lead to additional costs in the electricity price. In [3], these costs are
calculated for the UK system, reaching up to 3000 m per year due to additional charges
caused by technical constraints in the grid.

In this thesis, these implications will be analyzed and exposed, proposing solutions
to overcome the side-effects of converter-based generation, and, lastly, allowing the

possibility of a technically feasible electric system based solely on converters.

1.2 Background

The evaluation of the side-effects caused by the renewable energy integration has a long
history of studies since it has been a topic of major interest in academia and industry.
The first indication that converters were producing grid instabilities for Transmission
System Operators (T'SO) and Distribution Network Operators (DNO) was the major
drop of the aggregated inertia of the electric system.

If a short-circuit or sudden loss of load occurs in the network, conventional machines
naturally react injecting a current surge. This additional current is created by the
sudden acceleration of the rotor caused by a combination of the mechanical inertia of
the rotating elements of the generator and the loss of electric torque in the stator. This
also contributes to the grid stability since it helps to recover the system from the grid
event avoiding a major cascade failure which could end in the disconnection of a lot of
generators in the neighborhood or, in the worst case, a local or total blackout.

Before TSOs and DNOs realized about this drop in inertia, no duties were demanded
to the renewable generation. Therefore, these wind or solar farms only should inject
the energy produced to the grid. Consequently, no contribution to the grid stiffness
or inertia was required from these producers. In an equivalent way, no reactive power

was required from these systems, causing also local voltage instability and displacing
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these duties to the remaining synchronous generators present in the system. Since,
as it has been mentioned previously, no additional task was required initially to the
renewable energy, the same delegation of responsibilities was applied for other grid
ancillary functions which conventional synchronous generators provided naturally and
at no cost such as inertial response and frequency or voltage regulation.

TNOs and DNOs, witnessing this loss of management of the system, began to eval-
uate the possibility of requiring that converters to provide a set of functionalities which
could help to mitigate the side-effects caused by the converter/renewable generation.
These ancillary functions would be included into the national grid codes, and would be
imposed on new generators connected to the grid (explained more profusely in Chapter
4). Converters performing these additional tasks would be baptized as grid-friendly
or smart-converters. Nonetheless, although there has been a communal effort between
TSOs to perform an homogenization of the grid codes, the exact definition and perfor-
mance of these tasks vary across Europe, making it difficult to manage at continental
level.

Depending on the total nominal power based on converters installed in the specific
electric system of interest, these grid-friendly converters can be the solution to solve
the instability of electric systems where converters and synchronous machine have to
coexist in a stable manner. However, if the number of converter-based generation is
relatively high, grid-friendly converters are only a temporary solution to the problem.
As reference, in [4], one of the first books where the grid supporting functions were
explained, a Level of Penetration (LoP) of 10% is considered high (although this pa-
rameter will be further explained in section 1.4, at this point consider LoP as the
percentage of the total generation based on converters). Therefore, there is a certain
limit beyond which, the application of grid-friendly converters is not practical. It is at
this point where more drastic solutions have to be considered and these grids begin to
be recognized as converter-dominated grids.

Stability within converter-dominated grids is an active area of research, 11 countries
have already hit the objectives for 2020 [5] of 20% of renewable energy [6]. Excluding

hydro power, the vast majority of renewable energy is converter-based. Thus, the vast
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majority of the 20% of renewable power is converter-interfaced. Such systems have,
due to their novelty, not been studied extensively. One of those few ones is a project
realised in Strathclyde University in collaboration with National Grid about the limits

of converter-dominated grids, nonetheless, it is enclosed in the simulation scope [7,8].

1.3 Providing stability in converter-dominated grids

In order to begin assessing the stability of converter-dominated grid, it isalways good
to start from the basics. In his book Power System Stability and Control [9], P. Kundur
states that grid stability is assured for power systems if three main pillars are controlled.
These are depicted in Figure 1.1.

If frequency, rotor angle, and voltage stability are guaranteed, the electrical grid
can be considered stable. Therefore, special emphasis has to be made to these three pa-
rameters. However, the weight and importance of these factors will depend on the type
of electrical grid. If, for instance, a power system is based on synchronous machines,
frequency stability and rotor angle stability play a major contribution. To illustrate
this, equation 1.1 is presented. It defines the active power injected by a synchronous
machine connected to a grid.

E
Pgyne = |‘|X|V|sin5 (1.1)

Power System
Stability

Frequency Rotor Angle Voltage
Stability Stability Stability
Converter-based
Synchronous-based systems systems

Figure 1.1: Power system stability according to [9].
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where E is the voltage set by the machine, V' the grid voltage, X the reactance that
is between them and ¢ is the difference of angle between the machine and the grid.
From equation 1.1, it is straightforward to observe that if the rotor angle is not stable,
6 would be ungovernable and, consequently, the active power. The same can be said
about frequency stability. If sudden changes of frequency were to occur, there would be
jumps or transitory shifts in the difference of angle §, which would create power shifts as
well. These oscillations could potentially drive the synchronous machine to an unstable
region where it would be forced to disconnect. However, the importance of voltage
stability is low relative to synchronous generator-based grids. Since a synchronous
machine behaves as a source of positive sequence voltage, it imposes its nominal voltage
regardless of the grid events. Naturally, if the voltage deviations are large, this would
affect V' in equation 1.1. However, relative to 6, the net change in Pg,,. would be
relatively lower. In other words, for the same variation of driving angle or voltage (Ad
or AV'), the variation in the resulting output power (APgy,.) is much higher for the
case of the driving angle.

Now, moving to the other extreme of the case where a grid is completely based
on converters the importance of these parameters seems opposite. The converter is
a system based on semiconductors which is steady and does not have to respect any
mechanical inertia to inject its energy. Therefore, without considering the internal
stability of the control algorithm and taking into account exclusively the physics of the
generator, this element can deal without major problems sudden changes of frequency
or instantaneous grid angle. However, these elements are especially sensitive to the
voltage noise or weak networks with a low Short-Circuit Ratio (SCR). Conventional-
controlled converters based in the vectorial current control on the D-Q axis (DQCI
converters) use a Phase Locked Loop (PLL) to provide a reference of synchronism
to the system. This subsystem is especially sensitive to the voltage, being prone to
disconnect when the voltage is not stiff or it contains much noise coupled to the main
signal.

To summarize, in order to assure the stability of power systems dominated by

synchronous generators, more attention will have to be paid to the frequency and
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rotor angle stability. On the contrary, for converter dominated grids, voltage stability
will be the main contributor to the entire stability. Because of the aforementioned
reasons, when a conventional grid is moving on from a synchronous-based system to a
converter-based grid, the importance of the frequency and rotor angle stability to the
entire system stability is being translated to the voltage stability. Having this evidence
clear, special measurements can be taken to guarantee that the voltage is stable and

free of noise coupled.

1.3.1 The Grid Forming Nodes solution

The pursued voltage stiffness can be provided by what has been called Grid Forming
Nodes (GFN) and initially cited in [8]. In principle, just with a replacement of the
internal algorithm, it is possible to transform a converter into a GFN and make it behave
as a source of positive sequence voltage. Consequently, this will mitigate automatically
the lack of voltage regulation and will guarantee the pursued voltage stability to the
nearby converters. These new algorithms are called Virtual Synchronous Machine (or
VSM). However, although the solutions based in the VSM algorithm are several (more
deeply analyzed in Chapter 2), only one of these solutions, the Virtual Synchronous
Machine with Zero Inertia (VSMOH) has been evaluated in this thesis.

The structure of the GFN solution is better illustrated with Figure 1.2. Assuming
the majority of the existent and future converters are controlled using the conventional
DQCI algorithm, only a fraction of the nominal power generated and connected should
behave as GFN to assure the stability of the entire grid. This fraction is defined in [8]

as 10% for marginal stability and 20% as a more realistic value.

1.4 Level of Penetration

In previous sections, the loose concept of Level of Penetration or LoP was introduced
but not explicitly defined. LoP aims to encapsulate the idea of how much demand can
be supplied by converters while maintaining robust and feasible operation. However,
as it will be shown along this section, this idea can be difficult to express in a single

parameter since the particularities of a large interconnected grid can be too expansive
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Figure 1.2: Architecture of the Grid Forming Nodes solution.

for LoP to be condensed in a single number. Thus, several definitions of this parameter
will be explained.

The most straightforward definition of this parameter can be obtained dividing the
total power provided into in two groups: one for all the generators based on converter
systems, and another for the ones based on synchronous generators. If the power of
each group is combined, it is possible to find a percentage or LoP. This is explained in

equation (1.2):

Z’PConv’
LoP(%) =
PO = S ol + 3 [ Poc |

where Pgony is the total active power provided by converters installed in the system,

(1.2)

Psq is the total active power provided by synchronous generators or generators not-
based in converters.

However, this research topic involves the study of large power systems, much more
intricate and complicated than the small-scale recreations performed in this thesis.
Such systems have many particularities in an electric market that evolve to, each time
more, larger and more interconnected systems that exchange energy using high power
rated connections. Although these connections can be done also in AC, usually they
are done in DC due to its higher transmission capacity [4]. Thus, an equation that

would take into account this particularity can be expressed as follows:

Z PConv + HVDCImports

1.3
PDemand + HVDCExports ( )

LoPeyy(%) =
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where Pcony is the power injected based in converters, HV DCrp,ports is the contribution
of power generation from external systems, HV DCggports is the power exported to
other systems and Ppemang 18 the total demand of the system, in watts, regardless of
the energy origin necessary to provide it. This equation is used for many organizations
such as National Grid or Eirgrid [3].

Additionally, according to the evidence found in the experiments conducted in
Chapters 5 and 6, a new equation for LoP is proposed in this thesis. Due to its
relevance to this section, it will be introduced here. For further explanation refer to

the aforementioned chapters or, alternatively to the paper of the author in [10].

(1.4)

P, P
Lot (W) = o Moot T

VA)  YISpqerl+ - Ssa + - Sarn

where Ppgcr and Pgrn are the aggregated active power injected or absorbed from
the system such as; converter-connected generation, energy storage devices or HVDC
systems controlled using the DQCI strategy or regulating as GFN, respectively. Sgrn is
the aggregated rated power of every GFN converter. Spgcr is the aggregated nominal
power of the DQCI-controlled converters and, finally, Sgg is the aggregated nominal

power connected into the system based on real synchronous systems.

1.5 Objectives

Having explained the potential issues associated with the integration of converter-
interfaced generation into large power systems, the main objective of the thesis is
to understand which are the weaknesses of converter-dominated grids and once these
are understood, propose new solutions which will be validated in the laboratory envi-
ronment. If the GFN solution is going to be implemented, experimental assessments
have to be made in order to validate this solution. Part of this work is to choose rep-
resentative scenarios where these aforementioned weaknesses can be exposed providing
evidences of the conclusions obtained.

To perform this task in the laboratory, a customized converter of 10 kVA has been

built and integrated into the microgrid of the Dynamic Power Systems Laboratory

10
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(DPSL) [11]. This converter requires the capability of reconfiguration such that, with-
out any change in the hardware used, the converter can switch its internal control al-
gorithm from one where the system is controlled using the conventional DQCI control
strategy to one where the inverter behaves as a GFN using a style of VSM algorithm.
This functionality allows the realization of experiments such as the evaluation of max-
imum LoP using different control strategies, or the contribution of the GFN solution

to the power quality.

1.6 Structure of the thesis

The project is outlined as following:

Chapter 2 introduces the concepts of Virtual Synchronous Machines and ex-
pose the weaknesses and strengths of different algorithms which can potentially make
the converter to work as GFN. It provides further insights about the problematic of
converter-dominated grid, and which are the specific features of synchronous machines
required to provide absolute stability for this type of grids.

Chapter 3. For the realization of this project a 10 kVA converter has been built
and integrated into the DPSL. This Chapter explains details about its design and
construction including the two logics of control embedded in this converter, the standard
DQCI and the VSMOH.

Chapter 4. As it was explained in the introduction, there is a middle step solution
between synchronous-dominated and converter-dominated electrical grids which can
provide stability to power systems with a relatively low LoP; the grid-friendly convert-
ers. These converters provide some ancillary functions to the grid which are sufficient
to maintain the grid stability. In this Chapter these functions will be explained and im-
plemented in the aforementioned converter providing at the same time two additional
contributions to the thesis; the grid-friendly converter with customizable response and
the virtual resistor.

Chapter 5. In this Chapter several laboratory experiments are described which as-
sess the operation limits of a small-scaled representation of a converter-dominated grid,

evaluating the capability of islanding and the dynamic behaviour of the converter using

11
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the conventional DQCI control strategy and the VSMOH. Also, the GFN architecture
will be evaluated as solution for electrical grids highly dominated by converters.

Chapter 6. Additionally, the GFN solution will be assessed further against, this
time, challenging loads which differ significantly from the previously assumed linear
and balanced loads. The experiments conducted with unbalanced and non-linear loads
provide an insightful and deep understanding of the GFN solution and the measures
necessaries to eliminate or mitigate their side-effects.

Conclusions, further work and main contributions. The project ends with
the key findings of the thesis, evaluating the fulfillment of the objectives previously set

and proposing future work.
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Chapter 2

Review of VSC control strategies

and Problem insight

2.1 Introduction

In the previous chapter, the topic under study in this thesis has been explained, expos-
ing the main weaknesses of converter-dominated grids and which are the main concepts
of the solutions proposed. In section 1.3.1, the so-called Grid-Forming nodes solution
was mentioned and briefly explained as an architecture which can provide the necessary
stability for large converter-dominated grids. These solutions were based on the usage
of converters controlled in a different manner from the conventional vectorial D-Q Con-
verter Injected controlled (DQCI) control. These new algorithms are enclosed within
the Virtual Synchronous Machines (VSM) since partially or totally behave similarly to
a synchronous generator. The variant VSMOH, which provides voltage stability but no
inertia, is investigated in this thesis.

The initial motivation for the creation of these algorithms was the progressive de-
cay of the total inertia present in large power systems due to the replacement of syn-
chronous machines by converter-based generation and the inability of the latter to
mitigate increasing values of ROCOF. Initially, the solutions created were focused on
providing synthetic inertia embedded inside the control algorithm [1-4] (Something en-

closed within the ancillary functions of grid-friendly converters explained with further
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detail in section 4). However, research projects of the University of Strathclyde in col-
laboration with National Grid already identified voltage stability or stiffness as a much
more stabilizing factor than inertia [5].

A possible solution to overcome this was the modeling of a synchronous machine.
This solution can be easily explained and developed since the theory of large power sys-
tems based on synchronous machines is well-established, and so could then be directly
applied to converters.

Nevertheless, the methods used to implement this logic differ severely between au-
thors, from describing a complete model of a synchronous machine to using only the
most critical features. These strategies will be explained in this chapter including a

discussion which includes the strengths and weaknesses of the algorithms.

2.2 Review of VSC control strategies

A lot of work in academia has been done regarding Virtual Synchronous Machines
(VSM). The number of implementations available online has even triggered surveys
about their characteristics and their respective comparisons between them [6]. Since
many models have been proposed, the study done in this chapter will focus on the four

main control strategies enclosed within the VSM techniques.

2.2.1 Virtual Synchronous Machine (VISMA)

The first algorithm shown in academia trying to replicate the behavior of synchronous
machines is the concept so-called by the authors VISMA and presented in [7]. Here,
a full parametrized model of synchronous machine is embedded inside the converter.
Figure 2.1 shows the schematic of the VISMA control strategy. The measurements of
current and voltage are used to compute the real active and reactive power.
Subsequently, the reference signals and the aforementioned computed instantaneous
power values are introduced into a full 5th order electrical model together with a 2nd
order for the mechanical part. This produces a 7th order model to describe completely
the synchronous machine. The controller sets the current references (Iabex) which are

passed through using a hysteresis comparator.
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Figure 2.1: Schematic of the VISMA control algorithm.

However, this control strategy does not provide one of the best features of syn-
chronous machines from the grid point of view. Since the references obtained from the
models are values of currents, it still behaves as a current source. This is later fixed in
the following publication and in [8] it explains how the model implemented is slightly
modified to produce as control outcome the voltage references.

This transformation is vital. Now, the converter behaves as a real voltage source,
and like traditional machines do, provides stiff positive sequence voltage regardless of
the grid events. Since the model is completely numeric, so it is the internal modeled
virtual machine. Consequently, full customization of the internal parameters can be
obtained. This feature is later exploited in [9] and [10] where this model is connected to
a weak and faulty grid. Since traditional parameters which contribute to the inertia like
virtual rotor mass or rotor damping are only numbers inside the synchronous machine
model, this value can be completely configurable to provide more inertia or contributing
with more damping into the system. This is better illustrated in Figures 2.2 and 2.3.

Figure 2.2 shows the different converter response for different values of virtual rotor
mass against a drop in frequency. According to these figures, if this parameter is higher,
the virtual generator will have more inertia, resulting in an increased power support
which leads to a higher overshoots than a lighter one. Figure 2.3 compares two values
of damping virtual rotors. Here, higher damping will lead to fewer power oscillations
which otherwise should be mitigated by the remaining generators present in the system.

Also, as a voltage source, the converter can provide more reliably islanding capa-
bilities (something that is very difficult to obtain in DQCI controlled converters). This

feature is assessed in [10] proving very good results and improving the dynamic response
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Figure 2.2: Effect of the virtual rotor mass (Extracted from [10]).
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Figure 2.3: Effect of the virtual damping (Extracted from [10]).
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of systems where other synchronous machines are present in the system.

2.2.2 Synchronverter

Very similar to the VISMA, the synchronverter concept also attempts to model a syn-
chronous machine, but this time a less complex architecture is detailed inside of the
logic of control. Instead of using a model of 7th order, the synchronverter is based
on the swing equation of traditional machines giving as result a second order model.
This reduces massively the complexity of its implementation maintaining the good fea-
tures of conventional machines such as inertia contribution or voltage regulation. This
simplification removes unnecessary calculations such as instantaneous internal virtual

fluxes into the control algorithm. The control architecture is presented in Figure 2.4.
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Figure 2.4: Control architecture (Extracted from [12]).

where the most relevant parameters are defined as following: D), is the damping coef-
ficient, 0, the rotor angle, 0, is the instantaneous voltage grid angle, 6 is the converter
voltage angle, J is the moment of inertia, e is the resultant electromotive force from
the model which is equivalent to the voltage magnitude imposed by the converter, and,
finally, Pse; and Qe+ are the active and reactive power references. Equations noted as

(7)-(9) in the original paper are the following:
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T, = Myi (i, sin®) (2.1)
e = OM;ifsin® (2.2)
Q = —O©M;is(i,cos0) (2.3)

where T, is the electric virtual torque, My the virtual mutual field inductance and iy
the field current running through the virtual armature of the virtual generator.

As it can be observed from Figure 2.4, the damping characteristics of the virtual
machine (for instance) is maintained and this parameter is completely configurable
thanks to D,. Equally, the inertia is still provided thanks to the moment of inertia
J. Consequently, the resultant control, although still quite complex compared to the
conventional vectorial control or DQCI, is much simpler than the VISMA concept,
maintaining the main features demanded in a virtual synchronous machine. Finally,
since the control algorithm still imposes a voltage magnitude and angle, the converter
can be observed as a voltage source behind an inductance.

So far, the control logic of this strategy has been explained in its most simple terms.
However, this algorithm has triggered many studies in academia looking for further re-
fined models which improve and evaluate its performance during various scenarios. For
instance, from the same authors in [13], the model is refined to allow the synchroniza-
tion with the grid without using any PLL or external grid to pre-synchronize. Also,
the operation is more robust using more stable values of the voltage imposed by the
converter.

A modification of the control structure is presented in [14]. Here, the synchronverter
concept is extended to an HVDC link showing good results. However, the chosen
scenario is not very representative; a converter of 200 MW is inserted in an 800 MW
grid based on synchronous machines. Therefore, the scenario is not very challenging
since it is not a weak grid nor it is the most relevant generator nearby.

Another implementation of the synchronverter can be found in [15] and [16]. In [15],
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a non-linear controller is introduced into the control logic. This regulator provides grid
connection without the intervention of the operator since the transition between grid-
connected and islanding is done very smoothly. It provides a small-signal stability
assessment of the model working as a current source (PQ node) or voltage source (PV
node). Depending on the mode of operation, the internal variables are tuned differently
to provide more stability. In this analysis, here it is taken into account the possibilities
of the synchronverter to regulate voltage and provide stability to very weak grids. A
similar control strategy is followed in [16] where the system is implemented into a

converter hardware very similar to the one used during this thesis.

2.2.3 Power Synchronization Control (PSC)

Although the synchronverter concept provides a simplification compared to the VISMA
control strategy, it still includes some complexity which may be unnecessary for the
converter control. Since an IGBT converter is fully controllable and it does not have
any mechanical inertia or rotating element, a semiconductor-based system should be
able to perform additional tasks which would be unbearable for a physical synchronous
machine such as large grid phase jumps or sudden changes in frequency. Thus, modeling
a synchronous machines seems like limiting the dynamic capabilities of a fully controlled
converter to certain well-known dynamics. On the contrary, only the most interesting
features of this machine should be taken and not necessarily defined by the physics of
a synchronous generator.

One of the main advantages of the VSM algorithms is that it gets rid of the weakest
subsystem inside a conventional DQCI converter; the Phase Locked Loop (PLL). Using
the active power as means of communication, it is possible to get synchronism with the
grid voltage. This method is used inherently by all the synchronous machine and the
PSC algorithm presented in [18] explains in an easy manner how this is implemented in
a converter. Figure 2.5 illustrates better the schematic in blocks of this control strategy.

As it can be observed from Figure 2.5, this control strategy does not model any
of the electrical or mechanical parts of the synchronous machine. It only reproduces

the basic synchronization process that occurs in synchronous machines. Measuring
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Figure 2.5: Control architecture for the PSC algorithm.

the active and reactive power, it is possible to add a regulator to impose a voltage
magnitude and angle at its output.

This control strategy also deals with one of the most problematic events which can
occur in a VSM-controlled converter (and applicable to any of the aforementioned VSM
algorithm). Since now the converter is controlled by voltage and angle, if there is a
short circuit or a sudden increase of the current injected to the grid, the converter will
trip due to overcurrent, otherwise, its own integrity will be compromised. Conventional
synchronous generators can provide briefly a current of up to 5 pu, while IGBT-based
converters can only provide up to 2 pu and on the exchange of some lifespan. For the
PSC algorithm, the current monitor block provides damping of the filter frequency and
limits the amount of current injected to the grid. If an event occurs, this is detected
and the control algorithm automatically switches to a backup standard DQCI control
that is operating all the time in parallel.

Later, in [19], the PSC technique is implemented in an HVDC explaining the cross-
coupling between the active and reactive power with the voltage magnitude and angle
imposed by the converter for both HVDC converters. In other terms, in Figure 2.5, the
active power was controlled by the angle and the reactive with the voltage magnitude.
For weak systems, both magnitudes are mutually dependent and therefore, Multiple
Inputs Multiple Outputs (MIMO) control has to be applied. Although more complex,
the resulting converter performs very well against very challenging scenarios with Short-

Circuit Ratio (SCR) lower than 1.5.
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Additionally, in [19] it also mentions something that still has not been covered by
the previous VSM solutions. So far, PSC and the remaining algorithms have assumed
infinite energy available on the DC bus. Since now the inverter behaves more as a
voltage source, it will inherently provide energy when it is necessary and therefore, if
the grid is weak, the converter will require more DC capacitance in order to store more
energy to mitigate the multiple and frequent oscillations of such electrical grids.

Finally, in [20], the system is evaluated with a different type of weak electrical grid.
Now the weak grid is defined as an electrical grid with low inertia having also a high
chance of disconnection and, therefore, of getting islanded. Here also, a short circuit is

applied whilst being islanded proving its resilience against such events.

2.2.4 Virtual Synchronous Machine with Zero Inertia (VMSOH)

Still, further simplifications and modifications can be done from the PSC algorithm.
First of all, PSC has one weakness. In order to be able to compute the instantaneous
active and reactive power, at least four signals have to be obtained with their respective
noise coupled. Since a small shift in angle can produce a high amount of power, these
signals have to be introduced free from that coupled noise. VSMOH introduces a boxcar
filter (defined and explained in [21]) which has an almost ideal response. Taking the
average signal over a grid cycle, it gets rid of all the unbalanced voltages and harmonics

out of the fundamental one, resulting in a confident measured value of P and Q).
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Figure 2.6: Control architecture for the VSMOH algorithm.

Figure 2.6 shows the control logic of the VSMOH scheme. Once P and ) are filtered,

droop controllers can be applied to the error of power similarly to the PSC algorithms.
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Although, in this case, the regulators only contain the proportional term. Operating
with droops can give weights to generators in the system allowing at the same time a
more robust operation. Although very simple, this configuration provides very good
results against challenging scenarios and it has been chosen as the alternative control
to the standard DQCI algorithm throughout this thesis.

Similar to other VSM algorithms, and as it was already mentioned in the PSC sec-
tion, VSMOH can provide difficult responses against short circuits or sudden changes
of current. As a voltage source, the current is not limited or controlled; therefore, large
inrush currents can occur during these events. However, in this case, the reference [22]
provides methods to accommodate such events. Monitoring the observed dq compo-
nents of the voltage and current measured, it is possible to detect these events and
therefore, actuate putting the converter in self-protection mode. As result, the IGBTs
and the converter integrity will not be compromised. Unlike other VSM algorithms,
this method does not switch to a standard DQCI type algorithm to control the current
but keeps the device in voltage-source mode.

For full internal details about this algorithm and the modifications made for its

practical implementation in this thesis, refer to Chapter 3, section 3.5.

2.3 Discussion

There seems to be a progression in the VSM algorithms. Going from the initial VISMA
concept to the VSMOH control strategy, although all of them provide the necessary func-
tionalities to provide stability within converter-dominated grids, the control logic seems
to have evolved from the most complicated algorithms where a Tth order model of a
synchronous machine was implemented, to the most simple but still effective algorithms
which only take the necessary features of the synchronous machine.

As it was mentioned in the previous chapter, as power systems evolve and progress to
converter-dominated grids, the grid angle stability takes less importance since semiconductor-
based systems do not have to respect mechanical inertias typical from synchronous
machines. Therefore, these dynamics only have to be respected in order to provide

stability to the remaining synchronous generators present in the system. Bringing this
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concept to the most extreme case, if a grid would be 100 % converter based, frequency
and angle stability would be almost negligible since silicon-based converters can easily
do jumps in frequency or angle. These dynamics can be taken as an advantage since
then, converter-based systems could have a step type response against events such as
load step. Furthermore, they could potentially provide power damping to the remaining
synchronous generators in the system and, by a combination of the converter and the
synchronous machine, the voltage at the load would not be altered. These phenomena
are evaluated empirically later along the thesis in Chapter 5 section 5.4.3.

At this point and after having explained the different VSM techniques it is good to
summarise which are the interesting aspects of a synchronous machines that should be

included and really contribute to the stability within converter-dominated grids:

e A synchronous machine is more stable. Due to its regulatory role in the system,
its stability is less compromised than in DQCI converters. This statement will be
observed and proved along the experiments undertaken in this thesis, however,

there are also small-signal studies which confirm these observations [23,24].

o A synchronous machine is a positive sequence voltage source. Synchronous ma-
chine injects their energy as a voltage source. This means that regardless of the
events occurred in the grid, the generator will impose a finite and constant pos-
itive sequence voltage, providing inherently‘ at the same time voltage regulation
capabilities. Consequently, the grid voltage observed by the load will be freer of
noise contributing thus, to the stability of the DQCI converters connected to the

grid and consequently, to the entire grid stability.

o A synchronous machine does not need a source of synchronism. These machines
get its synchronization using active power as means of communication, allow-
ing a more robust operation. This also contributes to the rotor angle stability
which guarantees a safe operation to the remaining synchronous generators of the

system.

As it can be observed, a converter which could provide these three tasks could

contribute to the stability of both the converters and synchronous generators present
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in the system, making it eligible as a solution for converter-dominated grids where a
huge diversity of generators are connected between them. Obviously, this is performed
by a virtual synchronous generator but it seems unnecessary to design a full 7th order
model like for example the VISMA solution to develop these duties. PSC or VSMOH
are simpler solutions which cover the aforementioned functionalities without being so

complex.
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Chapter 3

Design and Implementation of an
inverter with a customizable

control strategy inverter

3.1 Introduction

In order to evaluate the dynamics and transients effects occurred within a converter-
dominated scenario, a converter with customizable control was built in the laboratory.
Once the control design is thoroughly understood, the grid stability can be assessed,
evaluating its constraints, identifying the main internal variables which trigger the
instability and, ultimately, proposing solutions which will be tested in the laboratory.

In this chapter, the construction of a 10 kVA inverter is described. The description
depicted in this chapter starts with a brief summary about the hardware elements used,
paying special emphasis on the subsystems which have been specifically designed and
implemented for this inverter. Subsequently, it continues explaining the logic of control
under study and used in this thesis: the standard vectorial DQCI control strategy and
the VSMOH algorithm.
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Figure 3.1: Pictures of the 10 kVA inverter with customizable control strategy (front
and side view).

3.2 General description of the 10 kVA inverter

The system used, figure 3.2 is presented. It represents in a schematic diagram every
element implemented inside the converter.

Starting from the DC side, the inverter is supplied using a DC power supply con-
nected to a custom-made contactor capable of connecting and disconnecting the DC
voltage (for more details of the DC side see section 3.3.1). The IGBT’s and the DC
input capacitor Ci are contained in a black box from the brand Semikron (further
details in section 3.3.2), connected in series with its output is the main filter (section
3.3.3) and, following, it is the precharge system and the main converter relay (3.3.4).
Finally, the inverter has a step-up voltage transformer in a Delta-Wye configuration
which provides galvanic isolation. The voltages and currents are measured at the main
filter using LEM sensors (specific location, methods used and boards designed for this

purpose are explained in 3.3.5). Finally, signals are collected and used by the logic of
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Figure 3.2: Main diagram of the converter.

control (see section 3.4 or 3.5 depending on the algorithm used) implemented inside

the dSPACE box ( see 3.3.6 for capabilities and constraints).

3.3 Description of the electrical subsystems installed in-

side the inverter

3.3.1 DC side

What has been cited here as DC side comprehends the DC power supply, the DC

contactor, and the DC input resistors, explained as follows:

DC Power supply

The power supply chosen is manufactured by the brand Argantix, KDC series 300-50. It
can provide up to 600 Volts, a maximum of 25 Amps and a maximum power of 15 KW.
It has several measurements incorporated which can be visualized in its display such
as, voltage, current and even the power delivered instantaneously. Also, it incorporates
several protections such as maximum current to protect it from unintended faults or

overvoltage. For the purpose of this project it is used as a constant voltage source.
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Figure 3.3: DC power supply installed in the converter cabinet (Extracted from [1]).

DC Resistors

The DC resistors are needed taking into account how the system has been designed.
These resistances provide three functionalities: first, and mainly, the resistors provide
a reference voltage for the system; since the output transformer used is delta connected
in the converter side, there is no grounding. Second, they divide the single voltage of
600 V into +300 V and -300 V; finally, the resistances also help to dissipate the energy
contained in the DC bus when the system disconnects. Accounting a dissipation time
of less than 15 seconds, the resistors will have a value of 10 k{2 for a nominal power of

10 W.

DC switch

The main functionality of this element is to provide a controllable connection of the
DC bus. However, designing a controllable DC contactor is more challenging than an
AC one. Since the voltage value never crosses the zero, the cable is always energized
and hence, special procedures have to be taken. The schematic of the designed DC
switch is presented in Figure 3.4. The DC switch comprises two sections: the first
section is a pair of mechanical contactors that will provide physical separation between
the cables; the second part it is a controllable IGBT that will behave as a governable
electric switch. Therefore, as it was already presented in Figure 3.2, it is necessary to

drive two signals to connect or disconnect the DC bus.
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Figure 3.4: Schematic diagram of the DC switch.

However, the diagram shown before is a simplified version of the real one shown in
Figure 3.5. Here, it is possible to see the layout of the DC switch with all the sub-
components installed in it and how have been mounted in a heat sink that will help
to dissipate the heat produced in the IGBT and the freewheel diode (later it will be
explained the function of this device).

The circuit to drive the physical contactors consists of a transistor that amplifies
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Figure 3.5: More detailed schematic diagram of the DC switch.
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the driving voltage signal of 5 V. The amplified signal is now powerful enough to
drive a relay which can drive the contactors. The IGBT switch, on the contrary, is
more complex. First of all, it requires a gate driver to power up the signal providing
optical isolation and, once it is done since it is being used as a controlled switch, it
needs a dedicated circuit to force the IGBT’s gate terminal to be switched off. Also,
it is worth to mention the installation of two additional elements that permit its safe
operation. First, a varistor between drain and source of the semiconductor; thanks to
this device, the transition of voltage between 0V and nominal voltage is done without
unwanted current surges. Secondly, a freewheel diode has been added to the system. In
case of unexpected disconnection of the system, the remaining current from the filter
inductances will be redirected to the resistances installed in the DC bus, protecting the

DC power supply.

3.3.2 Semikron box

This section will describe the performance and internal configuration of the pre-built
converter from the brand Semikron, precisely, the subsystem used for this project is the
model SKS 25F. This subsystem contains the IGBTs, their drivers, the coiling fans for
the heat sink incorporated and the DC input capacitor. Additionally, it contains two
current measurements incorporated, however, in the case of the converter implemented
these have not been used to obtain a more controllable measurement. All these items

are assembled in a black box provided with the connectors necessaries for its control

Capacitor
bank

Figure 3.6: Situation of the capacitor bank and the drivers within the Semikron box.
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Figure 3.7: Internal wiring of the Semikron box. [2]

and operation. The situation of the capacitors and drivers is presented in Figure 3.6.

Going deeper into the internal characteristics and wiring of the box, it is presented
the internal wiring of the VSC is illustrated in Figure 3.7. Here, it is possible to see the
terminals where the DC bus will be connected (UD+ & UD-) and the AC side terminals
(V, U, W) as well as the current measurements. It is important to remark here that,
although in this figure it is represented a diode rectifier, a soft charging circuit for the
DC bus and a DC chopper, these elements do not exist in the specific model that it
has been used.

Following, table 3.1 contains the most important parameters of the system. Al-
though every parameter has to be accounted, the maximum current that IGBT’s can
handle is remarked, including the tolerable overloads and the maximum switching fre-
quency. These parameters are especially critical for the converter design and construc-

tion in this particular application.
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General parameters
Parameter Conditions Values | Units
Irms Maximum current without overload at 5 kHz 31
Tomp=35 C 150% overload, 60s every 10 min 41 A
200% overload, 10s every 10 min 48
Vee Maximum voltage Collector-Emitter 1200 Vv
fsw Advised maximum switching frequency 10 kHz
C; Input equivalent capacity 1410 uF
Voo Max. DC voltage applied to the capacitor bank 800 A%
. Fan, DC power supply 24 A%
Cooling Current Consumption (per fan) 0.11 A
Converter at Pz, Tymp=35 C 550 W%
Losses Efficiency 97 %

Table 3.1: Semikron characteristics

3.3.3 Grid filter

The converter filter is one of the most critical subsystems inside an inverter since these
elements will set the inverter dynamics joined to the control algorithm. As it was
already introduced in section 3.2, the filter has an LCL configuration where the second
inductance is just the leakage inductance of the transformer used.

Adding the equivalent model of a real transformer and all the parasitic resistances
contained in the output filter, the resulting single line diagram is presented in Figure
3.8. Here, the parasitic resistance of the filter inductor Lf has been added as well as
the equivalent leakage inductance of the transformer L;.; and the core losses in the
form of r4.r. Since it is very cumbersome to make the proper measurements to obtain
the values of Ly and 14,5, it has been assumed a value of 0.01 pu for the inductance
and 0.005 pu for the resistance. These values are common numbers for laminated steel

core transformers.

I(s) A A Ve(s) lo(s)

rLf Lf Y1) Lyt trf
E(s) Cf V(s)
Rf
O 0

Figure 3.8: Single line diagram of the output filter.
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Calculation of the main filter inductor

The filter inductor, Lf, assists with the removal of harmonic content. Therefore, it
is vital to choose an inductance high enough that the harmonic content is sufficiently
suppressed to not alter the power quality of the grid, but not too high since this element
contributes to the active and reactive losses of the system.

There is no specific reference value which dictates the value of this element. An
obvious starting point is to limit the amount of ripple in the current injected into the
grid. Nonetheless, no grid code or regulation includes this as an actual requirement,
instead, the only value which can be linked to this is the Total Harmonic Distortion at
the PCC. However, although there are studies that link both parameters ( [4], [5]), it is
very difficult to link those studies for this specific case. Therefore, since by convention
Lf is chosen between 0.1 and 0.2 pu. In this case, a value of 3 mH or 0.18 pu is selected

for this converter. Switching and control frequency is set to 2 kHz.

Calculation of the output capacitor and set up of the resonance frequency

Once the main inductance has been set, the following step is to fix the capacitor value
Cf for the filter. As it is described in [6], the value of this element will depend on

several factors:

e First, and surely most important, the value of the main resonance frequency of the
complete filter. Taking into account the capability to be islanded, the resonance
frequency must be evaluated for the worst case scenario which is without any load

present and connected to the converter. For this case:

Ly + Ltr f
Wres = - 3.1
\\ Lurs LCy (31)

o The robustness of wres against changes in the grid. Since the converter may be
grid-connected, this grid can be changing and the connection or disconnection of

systems on the grid can alter the equivalent inductance of the grid.

e The installed reactive power of the filter. For a higher value of capacitance, this
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will translate into a higher value of reactive energy stored in the filter. Since,
usually, the converters command is to maintain a unity power factor, this reac-
tive power will have to be stored on the converter, subtracting with it from the

converter’s nominal power.

e Lastly, it is important the space available in the cabinet. Because it is initially
intended to have the possibility of being updated incorporating an additional
converter, there must be space available for the present and future elements that

will form the back to back converter.

As a trade-off of all the previously discussed considerations, a value of 8.8uF" has
been chosen. However, since the capacitors are delta connected, the equivalent single
line capacitor is 8.8uF * 3 = 26.4uF. This value situates the resonance frequency at
approx. 7 kHz which falls in a value much higher than the fundamental (50 Hz). This
translates into a reactive power per line of 159 VAr. Multiplying this number by the
three phases, the resulting reactive power allocated in the grid corresponds to a 4.7%
of the nominal power. Number which is used by convention as a trade-off of losses and

reactive provision.

Damping of the resonance frequency

Every filter which consists of an inductance and a capacitor will have a resonance
frequency which has to be considered to avoid instability. To do so, [7] has been used
as a reference since it is a summary and union of several papers that authors have
published about the topic. Also, here it is discussed how an undamped LCL system is
very likely to be unstable. Mainly, there are two solutions that can be used to solve

this problem:

e Active damping. This technique is based mainly on modifying. Two active damp-
ing approaches are henceforth presented. The first one is to tune a digital notch
filter at the resonance frequency. The second method is based on the addition of
a virtual resistance in the filter. Examples of the success of either approach can

be found in the literature [7].
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Figure 3.9: Comparison of the amplitude Bode plot for the grid filter without (left
and with damping resistance (right)).

e Passive damping. Another solution is just to include a real resistance in series
with the capacitance (Rf in Figure 3.8). The effect of this resistance can be easily
shown in Figure 3.9. Here, on the left, a bode plot of the LCL filter designed for
Rf = 0 and, on the right, for Rf = 22(). As it is observed, the resonance peak
of the undamped Bode plot has been eliminated thanks to the addition of the

resistance into the filter.
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Figure 3.10: Amplitude bode plot incorporating the boarders for the active damping
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If possible, always the best solution is the active damping since it does not require
any extra element with the inherent losses that it implies. However, to do so, it requires
a bandwidth high enough to execute the damping signal. Or, in other terms, the
sampling or switching frequency (since the control algorithm is executed only once per
switching cycle) will be at least 2 times higher than the resonance frequency. This can
be better observed in Figure 3.10.

Here, the amplitude bode plot of the undamped designed grid filter is plot and with
it, the borders where the active damping is possible. According to [6], the resonance
frequency must be higher than 10 times the fundamental to avoid any significant har-
monic but, if active damping is going to be used, this value will not be so high that it
cannot be controlled. In Figure 3.10 can be observed that the resonance frequency is
far away from than the control bandwidth (500Hz) and therefore the active damping
cannot be done. For these reasons, an additional 22 ohm/100 W resistance has been
added in series to the capacitor as a compromise between damping and filter effective-

ness. The final amplitude bode plot is shown in the previous plot of the damped filter

response in Figure 3.9.

Main filter inductor

Elem./Param. | Description Values | Units

Lf Nominal value of the main filter inductance 3 mH

TLf Parasitic resistance of the main filter inductor 10 m{?

Asymmetry Variation of the nominal

between phases. | inductance between phases 3 %

Capacitor

Cf Nominal value of the capacitors 8.8 uF

Rey Resistor added for passive damping 22 Q
100 W

Connection Delta connected

Output Transformer

V1 Primary/Grid side, nominal voltage line to line 400 Vrms

V2 Secondary/Converter side, nominal voltage line to line 240 Vrms

Pnom Nominal power 10 kVA

Construction Steel laminated core

Table 3.2: Grid filter characteristics.
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Final filter values

Once the converter installation has been made, the Total Harmonic Distortion (THD)
of the converter output current for a stiff grid has been measured using a power quality
meter. The THD measured has been lower than 2%, validating the filter effectiveness.

To summarize, table 3.2 is presented with the final values of the grid filter implemented.

3.3.4 Precharge and main contactors

This system, with the DC contactor, is another controllable custom-made switch imple-
mented for the converter control. The functions of this subsystem are two: First, it sup-
plies the converter with a controllable switch which provides connection/disconnection

with the grid, and second, it allows a soft-connection of the converter due to the

Precharge Resistance
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Figure 3.11: Schematic diagram of the precharge and main contactors.
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precharge resistors used. Since these resistors limit the amount of current going through
the inductors and the DC bus, this low current provides an initial stage of pre-charge
where all the elements of the inverters are pre-energized (inductances, capacitors and
also the DC bus), avoiding undesirable transients in the current. Naturally, once the in-
verter is fully connected, these resistors are by-passed using another contactor situated
in parallel.

The value of these resistors is a trade-off between two constraints. If the resistance is
low, then the damping effect that these resistances add during the initialization process
would be almost none but, if the value is quite high, then, the current that would go
across them will be so low that the system will take too much time to be energized.
Setting an energizing time of 0.2 seconds and using a model created in Simulink to
recreate the system, it has been simulated that a resistance of 100 ohms and 100 W is
enough to perform the task entrusted.

A schematic of the circuit is shown in 3.11. Here, the internal circuitry of the system
is presented. Both signals are driven to circuits consisting of fast transistors which
power up the signal enough to drive a relay. This relay provides a new amplification
stage on the signal which drives the contactor. As it was requested, if the anti-windup
contactor is open, all the electric current will go through the windup resistors and, if
the contactor is closed, the resistors will be bypassed by the low impedance path that

the controllable switch offers.

3.3.5 Sensors board

A total of three boards are installed in the inverter for control purposes: a three-phase
current sensor board to measure the currents going through in each phase, a three-
phase voltage sensor and a single measurement voltage board to monitor the DC bus
voltage.

Voltage or currents measurements boards are very similar. They both consist, in
their most simple terms, of a transducer connected to an amplification stage. The
differences between them are the number of measurements taken and the sensor used

as a transducer. Therefore, if a current signal wants to be measured, the LA 55-P
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Figure 3.12: Current (left) and voltage (right) sensors used in the inverter.

transducer will be used and if, on the contrary, a voltage is the data to be obtained,
the LV25-P will be the sensor to use. Both transducers from the brand LEM are based
on the Hall effect to provide the measurement with the proper isolation. In both cases,

the signal obtained is contained in the sensor output current.

Gain
Calibration R5
10k R-gain

Voffset
R2

O\ indino-A /'J

Figure 3.13: Amplification stage of the current/voltage sensor boards.

Since a converter is an environment with a high content of electromagnetic noise,
the signals, once obtained from the transducers, must be amplified to make them more
resilient against noise coupling. This amplification stage is common for both boards
and it is presented in Figure 3.13. As it can be observed, it consists of an operational
amplifier in negative feedback with variable gain which also allows the addition of a DC
component of the resulting signal. These variable resistors provide adjust in the gain
and offset of the resulting amplified signal. The output of these amplifiers is directly

connected to the inputs of the dSPACE control box system.
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3.3.6 dSPACE control box

This system is a rackable real-time computer that embeds the whole logic of control.
It gathers data from the sensor boards, processes them and computes them using the

chosen control strategy to produce, as result, the IGBTSs firing signals.

Figure 3.14: Main diagram of the converter [3].

This box consists mainly of a processor board (DS1006 card) which manages several
ancillary cards installed in its motherboard. Its internal configuration can be observed

with the following diagram:

4 N
dSPACE frame

Power N Spare
adapter d places

\_ 7 \\ // < —)
DS5101 DS2002 DS802
DS1006 )
Processor Digital Digital DS2102 PHS Link
Waveform Waveform Waveform Board
board
Output Output Output
board x2 board Board

Figure 3.15: Schematic diagram of the back of the dSPACE box.

The dSPACE box used for this inverter has two DS5101 Digital TTL card specifi-
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cally designed to generate up to 64 PWM signals in 32-bit resolution. Also, it has one
DS2002 card which provides the measurements of up to 32 analog signals, following, the
DS2102 card allows the generation of up to 6 analog signals within a programmable
range of £5V, £10V or 0-10V and a resolution of 16 bits. Lastly, the DS802 card
provides the fiber optical link which is connected to the operator computer. This PC
monitors the system and presents the required information to the user/operator. Also,
it is also responsible for the compiling, building and linking of the Simulink application
into the dSPACE box as well as the data collection to export the results obtained in

the laboratory.

3.4 Implementation of the DQCI control strategy

This algorithm describes the conventional vectorial current control strategy. It is based
on the translation of the rotating phasors abc to a rotatory frame where the vectors
abc seem to be static. Then, these three signals can be controlled directly with a much

higher bandwidth.

3.4.1 Main control diagram

Figure 6.2 represents the main diagram of the DQCI control strategy. Signals shadowed
in green are inputs of the system and in blue, the output of all the control. Framed
in red dashed lines are the later described in section 4.2 the ancillary functions which
are incorporated now in this control diagram. For the explanation of this section, these
can be neglected.

The inputs of the system are the active and reactive power references (Pref and
Qref). Using the already translated to the rotatory frame V'dg, the power references are
translated to current references (Idgref) actuating as inputs of the inner current loop
(see 3.4.3 for further details about the internal design of the control loop). Following,
the modulating signals dabc are produced as an outcome of the control. Finally, they
are modulated and transformed into IGBT firing signals. The source of synchronization
is obtained using a Phased-Locked Loop (PLL) for this control strategy. Internally a
Synchronous-Reference-Frame PLL (SRF-PLL) configuration is used. In parallel to this
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Figure 3.16: Blocks diagram of the DQCI control strategy.

control logic, there is also a monitoring and protection block is constantly operating to

protect the converter from harming scenarios. This block is presented as following.

3.4.2 Monitoring and protection block

This block is continuously running in parallel to the control algorithm, protecting the
converter from dangerous situations where the system integrity can be compromised.
If the inverter enters into a hazardous situation, this block will generate the appropri-
ated signals to the contactors, disconnecting the system and therefore, preventing the
converter from permanent damages. Although this section has been explained here for
the DQCI control strategy, there is also a replica of this block for the later explained
VSMOH control strategy. The block diagram of this block is portrayed in Figure 3.17.

It can be divided into two different subsystems: one which is in charge of monitoring
the system seeking possible dangerous situations; and a second block which, in the case
of any of the alarms being triggered, will drive the right signals to the contactors to

protect the system.

Monitoring check

This block examines any possible situation which can have the potential to damage the

equipment. These situations as follows:
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Figure 3.17: Blocks diagram of the Protection system.

e Vece check. Measuring Vce, the system knows at every moment if the voltage at

the DC bus is between a margin of minimum and maximum.

e Loss of mains check. Obtaining the frequency from the PLL, this parameter is

evaluated to determine if it is situated between the operating margins.

o Qvermodulation check. This check is in charge of monitoring the system in case of
overmodulation, this is made using the resulting output signal of the inner control
loop and computing it to obtain a modulation index. If this index is higher than
2/4/3, the system has entered in overmodulation, losing the linear operation zone

of the converter.

e Vgrid check. Finally, as primary protection, the grid voltage will have to be
between some margins to avoid overcurrents. This protection can be disabled if
the scenarios to evaluate have deliberately low voltages. For instance, scenarios

with unbalanced loads.
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Protection block

The monitoring block produces as output a series of flags which can be used to actuate
with the contactors. Once the situations are identified and the flags obtained, they can
be used to actuate, disconnecting properly the system. Since there are resistances in
the converter, these elements can dissipate the excess of energy once the converter is
disconnected from the grid. Thus, the only consideration to be taken into account in
this block is to follow a correct sequence of disconnection if required. For instance, the
DC contactor will always have to be disconnected electrically before doing physically

with the contactors.

3.4.3 Design and calculus of the output current loop

The inner current loop is presented in 3.18. It is based almost entirely on the con-
ventional vector current control or DQCI. Framed in red-dashed lines, the standard
feed-forward terms are added to the control logic in order to avoid the cross-coupling
between the axis dq. In blue-dashed lines, additional terms have been added to improve

the control response and robustness.

+ PI
Idref regulator
—_—— —— r= ———— '|
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(Lotflaret | gus
. e@Er____ (-
— — — 4 - T
Calculation of (KD dqo to
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E I
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h regulator

Inner current loop

A HIXEL

Figure 3.18: Blocks diagram of the inner current loop.
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Calculus of the output current loop

The plant used to design the PI regulators is set by the output filter dynamics. For
this case, as it was already presented in section 3.2, the inverter makes use of an LCL
filter. Authors in [6] observed that the LCL filter plant can be approximated, for
the regulation calculation purposes, as one unique equivalent inductance, since it sets
the dominant pole of the system that compromises the stability of the system. This
equivalent coil is the sum of the filter inductance and the equivalent leakage coil from
the transformer used. The resulting plant connected with the regulator in a diagram
block has the configuration presented in fig 3.19. Where Lf and Ry s are the inductance
and parasitic resistance of the filter.

The blocks presented in 3.19 can be combined to conform one equivalent single
block. Having defined the plant and regulator, Kp and 7% can be calculated for a
given set of Phase Margin (PM) and crossover frequency (F'¢). This process is done
calculating the values of Kp and T' forcing the magnitude of the equivalent total block
to zero and the angle equal to the requested PM, in degrees, at the crossover frequency

(s =2nFc):

(5°) + (PMg5) + atan (
2rFc

Lf27TFC
TLf

Ty =

(3.2)

(27chTi)\/r% s+ (2nFcLy)?
Kp= (3.3)
1+ (2w FcTi)?

Equations 3.3 and 3.2, are integrated in one block (as it can be observed in Figure

3.18) which calculates the resulting Kp and T for a given set of PM and Fe. This

Idgref Ti s+1
PI(s)= Kp Ti s HG(S)— Ki s+RLf —)
Idq0

Figure 3.19: Block diagram of the inner current loop.
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capability is further exploited in Chapter 4, section 4.4 to produce an inverter with

variable response.

Additional compensations to improve the inner current loop response

Since the inner current loop is the core of the control system, additional terms can be
added to improve its response and stability. There are two additional compensations
added to the logic of control: the first term consists of an advance of two samples on
the rotational frame, balancing with it the wide-known 1.5 to 2 sample delay between
the references and the actuation signals [10].

The second one is a virtual increase of the parasitic resistance Rry. As it will be
assessed in this paragraph, an increase in the parasitic resistance Ry is translated to
a more stable control of the current.

If the open loop gain of the block diagram of Figure 3.19 is obtained, it is possible to

~ 100|
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\ - 120

1 10 100 1x10° 1x10 1x10° 1x10° 1 10 100 1x10° 1x10* 1x10° 1x10

Freg; Freg

10 - n=r
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Figure 3.20: Bode diagram in amplitude (left) and phase(right) for Ry s = 10m$ (top)
and Rz y = 1Q (bottom).
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assess the control loop stability for different values of Ry . Figure 3.20, represents the
bode diagram in amplitude and phase of the open loop gain of the system for a phase
margin of 80 degrees, crossover frequency of 400 Hz and two values of Ry r; The top
diagram corresponds to the measured parasitic resistance of Lf (R = 10m£) and the
bottom one where the same inductance has a fictitious resistance value of Ry ; = 1€).
The differences between both bode plots in the magnitude part are not remarkable,
neither affect to this stability assessment. Paying closer attention to the phase plot,
for the case where Rry = 10mSf2, it is observable a situation close to frequency 1 Hz
where the phase gets closer to the -180 degrees limit. This does not happen in the
case where Rpy = 1€) where there is a higher phase margin, and therefore, showing a
more stable scenario. Although in both cases (due to the PI regulator), both resulting
systems are stable, the scenario where the resistance is higher is more stable thanks to
the additional contribution of damping provided by the larger resistance, reverting into
a more robust control.

However, there are limits using this technique. If, for instance, seeking for further
damping, Ry is increased up to 100§2s, the entire control loop enters into instability.
This can be observed with the open loop presented in Figure 3.21. Here, the -180
degree limit is plotted over the phase response to observe that there are regions over

the crossover frequency (400 Hz) where this limit is exceeded.

R . |

- 100) ‘\

N

AN

3 4 5 6
! 10 100 1x10 1x10 1x10 1x10 1 10 100 1x10° 1x10* 1x10° 1x10°

Frec; Frec;

Figure 3.21: Bode diagram in amplitude (left) and phase(right) for Ry ; = 10052 .

A value of a hundred times the natural one has been included into the control loop
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(Rrs has been measured obtaining a value of 10m£2). As it has been observed in Figure
3.20 (bottom) this compensation term provides good results in the stability assessment
made in this section. Equally, this has been validated in the simulation and the initial

experiments.

3.5 Implementation of the VSMOH control strategy

3.5.1 Main diagram of control

The control strategy used to behave as grid forming node is the Virtual Synchronous
Machine with Zero Inertia (VSMOH), more profusely explained in [8] and [9]. Because
of its simplicity and effectiveness, it has been chosen as the VSM-type algorithm used
in this thesis for the assessment of the GFN solution within converter-dominated grids.
In this chapter, only a short summary of this technique will be presented as an intro-
duction for the reader, paying more attention to the blocks which have been developed
specifically in this thesis for its implementation into a real converter.

The main diagram of a control for this technique is presented in Figure 3.22. The
control starts acquiring the measured currents and voltages, exactly in the same man-
ner as the DQCI control. Later, these signals are translated to pu and the active and
reactive powers are calculated. Since, to do so, it is necessary to combine six signals
at the same time (three currents and three voltages) with their respective six noises
coupled, the measured active and reactive power have to be filtered using boxcar filters
(further explanation about this filter in [11]). Filtering also leads to a control band-
width lower than 50 Hz which has shown as crucial to the VSMOH operation. Once
these signals are filtered and reliable, standard droop controllers can be used to obtain
as result a voltage magnitude and frequency. Finally, during the last stage, several
corrections have to be made to translate this reference into an effective voltage and
angle. The author of this thesis in [13] and presented in section 3.5.4 refers about how

to implement the theoretical concept of VSMOH into a real connected inverter.
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Figure 3.22: Block diagram of the VSMOH technique.

3.5.2 Power synchronization mechanism

One of the main advantages of this algorithm is, as well as the other VSM techniques
explained in Chapter 2, the removal of the PLL. Since there is no dedicated block
to provide the synchronization reference, the converter can have now its own internal
frequency and the deviations of the voltage imposed by the converter from the grid
frequency will result in an increase or decrease of the active power injected to the grid.
This is the same mechanism that governs the behaviour of traditional synchronous
machines (deeply explained in [14]). In their simplest terms it shows that, if the grid
with all their generators connected to it is represented as a single synchronous machine
with a single electromagnetic force, when there is a change in its angular position,
other synchronous machines (virtual or real) will follow it in order to maintain the
synchronism. In other terms, the synchronization process is obtained through power

flow.

3.5.3 Droop controllers

Once the active and reactive power is measured and properly filtered, simple droop

controllers can be applied to set a reference of voltage magnitude and angle. Figure
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3.23 presents the internal diagram of this block.
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Figure 3.23: Block diagram of the droop controllers.

Using the error of reactive power and the droop for the voltage, a reference of
voltage magnitude can be created. Similarly, using the error in active power and the
frequency droop, a shift from the nominal frequency is created which results in the
target frequency of the converter. In essence, this last droop is using the changes in
power as a source of synchronism implementing the power synchronization mechanism

explained in the previous section.

3.5.4 Driving the voltage reference

The main aim of this block is to transform the reference of magnitude and frequency
voltage into modulating signals to finally translate them into IGBT firing signals. The
block diagram of this part is presented in 3.24.

In [8], the previous VSMOH control logic is completely explained, however, as it
can be observed from Figure 3.24, two blocks have been added to fully implement this
control strategy into a real inverter: The Theta correction for instantaneous synchro-
nization and the DC currents removal block. These blocks will be explained in the

following sections.
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Figure 3.24: Block diagram of the block Driving the voltage reference.

Theta correction for Instantaneous Synchronization

The main aim of this block is the correction of the converter instantaneous angle to pro-
vide a smooth connection with the grid before injecting any power. Since the VSMOH
algorithm transforms the converter into an apparent voltage source of power, the con-
nection process to the grid is especially critical. If a specific block to synchronize is not
used huge overcurrents can appear, compromising the converter’s IGBTs. The nature
of these overcurrents can be easily demonstrated with equation 3.4. This expression
quantifies the active power transmitted between two voltage sources.

| VellE]|

P sind (3.4)

where V. is the voltage imposed by the converter, F is the grid voltage, d is the difference
of angle between these two voltages and X is the reactance existent between both
voltage sources. When the VSMOH is initially started, it begins obtaining its reference
of synchronization integrating the initial value of frequency setpoint (50Hz). Although
the converter starts with an instantaneous phase equal to 0, this value does not have to
match with the instantaneous one of the grid. Since, by default, the VSMOH algorithm

does not contain any dedicated block to evaluate the initial difference of angle between
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the converter and the grid § this parameter can take randomly any value, and so will
be the active power transmitted immediately at the moment of connection, resulting
in a high probability of triggering the protections due to over-currents.

For the aforementioned reasons, it is necessary to add an additional control in
the block Driving the voltage reference which will manage this situation accordingly.
Looking again at equation 3.4, it is observed that, if the difference of angle between the
converter and the grid is zero, there will not be any current flowing and, therefore, the
connection process would start in the smoothest manner. To do so, it is necessary to
create an initial voltage identical to the obtained from the measurements. This process

is done using the block diagram presented in Figure 3.25.

[fo > _ 4
Phase diff | N
. | Instantaneous meas. > elay >
Vabe "1 meas. angle > N Theta_
corr
Engage
Precharge

Theta correction for a synchronization

Figure 3.25: Block diagram of the block Theta correction for a soft start.

First, using the voltage measured, the instantaneous angle is obtained computing
the arctan of the a and  components of the grid voltage (as result of using the Clarke
transform in the measured voltages Vabe and translating them into V). Although this
method is very sensitive to any noise present in the grid, it is a fast, computationally
light and therefore efficient for this purpose since it is only used during the connection
process. Once the instantaneous grid angle is obtained, a phase difference, measured in
samples, is calculated between the angle that the converter initially attempts to drive
(J fo) and the grid angle. While the system is pre-charging, the sample and hold block

is transparent for the control logic. Once the initialization process (explained with
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higher detailed in 3.5.5) activates this flag (ending with it the initialization process),
the last value of delay obtained is maintained until a new connection process is started.
The function of the last block is the implementation of the previously calculated delay
into [ fo giving, as result, a corrected instantaneous angle which matches the grid one.

The functionality of this block is later assessed within the laboratory in section 3.5.5.

Voltage correction to reduce DC currents

The objective of this second correction is the removal of the DC components which
may appear passing through the converter side of the transformer. Depending on the
converter filter and the configuration used, DC currents of different nature can appear.
If these components are not removed, the transformer used can enter into saturation,
losing its linear operation and distorting the resulting currents injected into the grid.
For the case of the inverter built during this project, the converter uses a Delta-Wye
transformer to connect to the grid, DC components can appear on the converter side
of the transformer due to asymmetries between the different elements of the filter, tiny
unbalances on IGBT devices or timing errors derived from the discretization in time of
the PWM signal. If the inverter would be transformerless, the DC currents would still
exist but this time they would flow into the network.

These phenomena do not happen when DQCI algorithm is used since the main
variable of control of the system, in that case, is the current. Because the open loop
gain is high at frequency 0 (see bode plot in Figure 3.9), the control is very responsive
to these DC components removing them without further development. However, in
the VSMOH case, the main variable of control is the voltage and therefore, it is not
straightforward to remove these undesired currents. Figure 3.26 represents the block
diagram of this control.

Figure 3.26 depicts a dedicated control in charge of eliminating the DC components
of the current. Starting from the instantaneous value for the measured current, these
signals are introduced to a boxcar filter similar to the ones used for the main control
of the system. As result, the averaged value of the instantaneous current over a period

is obtained, i.e. the DC component of the signal. The error between this averaged
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Figure 3.26: Block diagram of the block DC components removal block.

signal and the reference is calculated and regulated by a PI controller which provides
a deviation of voltage. Finally, in the case of the presence of zero sequence in any of
the deviation produced, this is also removed. As result, the aforementioned deviation
is added to the voltage initially produced by the main control algorithm (see Figure
3.24), removing the current DC components.

The most challenging part of this block is tuning properly the PI regulator. Since the
control variable is an averaged value, a minimum of one entire cycle has to be respected
to obtain an updated measurement. This, following Nyquist theorem, translates to a
maximum bandwidth for this control of 25 Hz, forcing it to be very slow. Accounting
this, the regulator gains can be then calculated in the same manner as it was already
described for the DQCI control in section 3.4.3. The plant and the control diagram will
be the same as the ones presented in Figure 3.19 and the equations 3.3 and 3.2 are also
valid. However, now the crossover frequency must be set to a value lower than 25 Hz.
For this thesis, regulator gains were calculated fixing a crossover frequency of 15 Hz
and phase margin of 75 Hz. Both values are a trade-off between the necessary stability
and speed response. In the same manner as the previous section, this functionality is

assessed experimentally in section 3.5.5.

63



Chapter 3. Design and Implementation of an inverter with a customizable control
strategy inverter

3.5.5 Initialization process

As it has been mentioned in this chapter, the connection process for the now GFN/VSMOH
converter is especially critical since now its behavior is very similar to a voltage source
behind an impedance. Thus, the connection to the grid must be controlled properly to
not provoke any overcurrent. Figure 3.27 presents the results of some critical variables
of the system during the connection process. From top to bottom, the following signals
are presented: the voltages measured in the converter side V., the currents injected
to the grid I, the references of active and reactive power with their respective real
measured outputs (unfiltered), Prcf/Peony and Qref/Qcony and the estimated frequency
from the logic of control fy. Following, a plot of the grid voltage against the modu-
lating signal Vyp./dape is presented for illustration’s sake. Continuing, the deviation
components to be added for the DC currents removal are shown and, below, the delay
adjustment necessary, in samples, to provide a soft start. Finally, the logic signals to
drive the five different switches distributed inside the converter are presented.

At t = 0, the converter is completely disconnected from any energy source. At
t = 1s, the connection procedure starts engaging the main contactor of the converter
(refer to Figure 3.2 for the exact localization of each contactor/switch), connecting the
converter to the grid through the precharge resistors, and pre-charging filter elements
and the DC bus. At ¢t = 1.4s, the DC switch is engaged, providing physical connection,
but it is not until 300ms later (when the DC IGBT is activated providing electrical
connection) that the DC bus is fully connected and its voltage rises to its nominal
value. Even before the connection process would start, the DC currents removal block
and the delay adjustment have been working constantly in parallel, providing updated
values to add to the driving voltage. However, it is not until the IGBT pulses are
activated at t = 2.52s that these two components are applied previously to a reset of
the internal PI regulator incorporated in the DC currents removal block. Observe the
zoomed view of Vabe/dabe and how, at the moment of engaging the pulses, the phase
difference between the driving voltage and the grid angle is almost zero, permitting a
smooth connection.

Because of the aforementioned reset applied to the regulators, the resultant DC
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Figure 3.27: Experimental results for the GFN converter during the connection.
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components previous to the activation of the pulses are 0 and, it is at this moment
when the DC compensation terms are effectively being applied to the driving voltage,
trying to remove the observed DC components. However, at this point the converter
is still connected to the grid by the precharge resistors, resulting in an ineffective
regulation. This situation is corrected when, at ¢ = 3, the last precharge contactor is
engaged, bypassing these resistors and completing the connection of the converter to
the grid. At this moment, DC components converge to 0, removing effectively the DC
currents present in the system. It is also at this moment when the last value of the
delay adjustment block is held until a new connection procedure is started.

During the experiments, it has been observed that the most sensitive moment is
when the precharge resistors are bypassed (the last contactor to engage) and the sys-
tem is fully energized. This is observable also in the results presented here since, at
approximately ¢ = 3s, when this contactor is activated, and despite the phase shift
applied to the driving voltage, there are short transients which reach up to 10 Amps.
Theoretically, this current should be zero as it was already explained in section 3.5.4,
However, due to the wrong deviations created from the DC currents removal block and
applied to the converter’s driving voltage before the last contactor was engaged, these
currents are present in the system for some time. This settling time will depend on
the dynamics calculated for the DC current removal control loop. In this case, for a
crossover frequency of 15 Hz, this settling time is 1 second.

Naturally, the connection procedure has limitations. As it has previously explained,
the synchronization is achieved by measuring the instantaneous value of the grid voltage
phase. If this signal contains harmonics, the value obtained could not be stable enough
to synchronize with the grid, therefore, as requirement for the specific implementation is
that the grid voltage must be clean from harmonics at the moment of connection. Once
the synchronization is achieved, these do not produce a major harm to the stability of
the system (something confirmed in Chapter 6).

If the converter is going to be connected to a point where the grid is weak or contains
harmonics, the arctangential PLL installed here can be replaced for more robust PLL

architectures such as: The conventional Synchronous Reference Frame PLL (SRF-
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PLL) or the Dual Second Order Generalized Integrator PLL (DSOGI-PLL). Since this
experiment only aims to validate the correct functioning of the initialization routine,

this study has not been included in this thesis.

3.5.6 Changing the power references
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Figure 3.28: Converter results for changes in the power reference using the VSMOH
control strategy.

In order to validate the operation of the converter controlled using the VSMOH
strategy, an additional experiment showing changes in the active and reactive power
reference is presented in this section. The results shown in Figure 3.28 continue in
the time from the ones presented in the previous section. Starting at approximately
t = 3.2s, the converter is fully connected to the grid and the DC currents removal block
is still creating little deviations to correct the measured DC components. At approxi-
mately ¢t = 3.5s, a step of 3 kW is applied to the reference of active power. Following
the power synchronization mechanism explained in section 3.5.2, the system increases

its frequency to displace its voltage angle. After some transients caused by the DC
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removal block, the system satisfies the requested command and the frequency returns
to its nominal value. At approximately ¢ = 4s, an additional request of 5 kVAr in
reactive power is demanded. This time, the control logic reacts by increasing the con-
verter voltage magnitude and, as it can be observed, after new transients, the requested
power is obtained. However, since the converter voltage magnitude has increased to
provide this reactive power, the active power also increases transiently (observe again
equation 3.4, if V, increases, P rises as well). Thus, the driving frequency has to be re-
duced temporarily to reduce the driving angle and match the reference of active power
set. Although the situation is completely solved by the control logic, it shows a cross-
coupling between the reactive and the active power. At ¢t = 5s the command of reactive
power returns to 0 and, at t = 5.5s, the active power does the same. In both cases, the
system reacts in a similar manner with opposite signs.

In reality, the converter can provide a response against load steps on the active or, if
necessary, reactive power. Since, either the converter nor the control algorithm contains
any inertia, the response could be more similar to the step commanded. However,
the synchronous machine present in this experiment creates oscillations in power that
are compensated by the VSMOH converter. This feature is more deeply explained in

Chapter 5 section 5.4.3.
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Chapter 4

A solution for power systems
with low Level of Penetration,

grid-friendly converters

4.1 Introduction

The concept of grid-friendly converters (similar to the term ’smart converter’ in Amer-
ica) appears as a natural consequence of the progression of converter-connected gen-
eration into large electrical systems. Conventional power plants provide, by default,
functions which support the grid with the necessary stability to allow a robust opera-
tion. Therefore, when practically the entire generation was dominated by synchronous
generators, there was no need to explicitly demand these tasks or even mention them.
Since the proportion of these converters were very low, this responsibility could be dis-
placed to the remaining synchronous generators connected to the grid. However, with
the gradual progression of renewable energy and its inherent change in the generator
device, fewer machines have to compensate for the lack of stability functions of an
increasing number of converters connected to the grid.

The need of these functions can be better observed with historical cases where noth-
ing was done ending with disastrous consequences [1]. By 2005 the aggregated nominal

power of wind energy in China was 1.3 GW. In that year, the Chinese government
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drove a new normative to establish the first grid code (GB/Z 19963-2005). However,
this code was not compulsory, it was used more as a reference, and thus, generators
ignored it. This lack of regulation led in February 2008 to the disconnection of 598
generators, losing 840 MW of power in the district of Jinquan. The next month, a
similar fault disconnected 1000 MW followed by an additional one the next day in a
different region. In order to mitigate this cascade of failures, in 2011, the operator cre-
ated a new grid code, much more ambitious than the previous, now demanding these
ancillary functions for new generators and having to request an updated performance
to a certain number of wind farms with retroactivity.

Luckily, European TSO’s realized about the lack of controllability before the sys-
tem would become unstable. Thus, they began to demand new converters additional
functionalities apart from the mere injection of the energy produced. The term which
collects the totality of these tasks is called ancillary functions or grid-supporting func-
tions. Equally, converters providing these functionalities are called grid-friendly con-
verters (also called smart inverters in America).

As it should be expected, first TSO’s demanding these tasks were the ones which
reached sooner high levels of penetration of renewable energy in the system such as:
Denmark [3], Spain [4], and UK [5]. However, although nowadays the majority of the
European TSO’s request these grid supporting functions, there is no consensus between
them about the demanded performance or even which is the set of tasks that should be
requested. As result, there are a lot of differences between grid codes among countries.
Nonetheless, to some extent disparity is required. The demanded performance will
not be the same if a converter is connected for instance to Germany than to Ireland.
Germany is a very large grid with multiple energy producers in the system and highly
interconnected with their neighbor countries. As a whole, it is a much more stable
network than Ireland which is much more isolated from the European grid and it is
a relatively small grid compared to, for instance, UK or aforementioned Germany. In
order to keep the system stable, the performance demanded in smaller grids will be
more challenging than in the large ones.

The tempos in North America have been completely different than in Europe. Since

74



Chapter 4. A solution for power systems with low Level of Penetration, grid-friendly
converters

the level of penetration of the vast majority of the states in the USA has not been very
high (by 2016 only 5.55% of the energy production came from wind farms [5]), there
has not been any actual commitment to establish a set of rules or standards. It has
not been until early 2018, that it has just been approved the new IEEE 1547 standard
for Grid Integration of Distributed Energy Resources. This document intends to be
a reference for converter manufacturers, TSOs and Distribution Network Operators
(DNO’s).

This chapter begins with a definition of the ancillary functions, describing their main
features. Following, there is a discussion about the need for designing fast converters to
perform the aforementioned tasks and how this requirement clashes with the converter
and grid stability. Later, an inverter with a customizable response is presented as
solution to achieve an even more grid-friendly converter. Finally, an experimental

assessment of this solution is done in the laboratory.

4.2 Definition of the ancillary functions

As it was already mentioned in the previous section, the ancillary functions are difficult
to enumerate since there is no agreement between TSO’s and DNO’s about which
are the main functionalities that must be requested. Therefore, the work done in
this chapter focuses on the most common ones, usually present in the majority of the
European grid codes. Nonetheless, these are only a fraction of the demanded tasks and
they have been accounted here due to its complexity and the issues relative to their

implementation.

4.2.1 Virtual Inertia

In conventional power plants, the inertia is only present when there is some event on the
grid such a sudden disconnection of the load. If this incident occurs, the synchronous
machine loses temporarily some of the electromagnetic torque, causing a small accel-
eration in the generator rotor due to the accumulated kinetic energy in the rotor. As
consequence, the actual production of electrical energy will decrease briefly, providing a

contributing factor to the frequency regulation and thus, to the grid stability. Naturally,
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the more machines are connected to the system, more inertia will be provided, there-
fore more contribution to the transient stability. On the other side, since converters
are static systems, they do not provide inherently any inertia. Consequently, with the
gradual removal of synchronous generators and its substitution by converter-systems,
fewer elements of the system provide this stability factor, leading to an electrical grid
with lower inertia.

Countries with high levels of penetration are beginning to face the problems entailed
in electrical grids with low inertia. Eirgrid in Ireland is already facing some of these
problems. In their stability studies it is assumed a ROCOF (Rate Of Change Of
Frequency) of more than 2 Hz/sec and a level of penetration of more than 50%. This
is a very high number for a country-sized electrical system. As a reference, in the UK,
National Grid has a license obligation to control system frequency at 50 Hz with a
margin of 0.5 Hz.

In an attempt to mitigate this increasing ROCOF, the request of a virtual or syn-
thetic inertia has been a subject under study among academia. Furthermore, some
European grid codes have started to write preliminary drafts about its regulation,
thereby, including them in future grid codes modifications. The Spanish grid operator,
Red Electrica de Espana, outlined a draft of these tasks which will be used as reference
for this chapter [6] [7]. Its block diagram is described in Figure 4.1.

The virtual inertia block consists of a derivative controller which acts with frequency
variations, providing as output a shift in active power. In the aforementioned draft,

it is expressed the need for an adjustable gain K, of value between 0 to 15 sec. The

This function

L is disabled if | AP inerti
Vo_med is nertia
<0.85 pu

Saturation to
Dead band +10% of Pnom

Inertia emulation

Figure 4.1: Synthetic inertia implementation.
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response time should be less than 50 ms to provide a AP of 5%. The virtual inertia
block will have a limited action to a maximum of 10 % of active power and it can last
for 2 sec. Finally, it will have a dead-band of +£10mHz. Although this is the block
which has been used in the experiments and simulations, it is worth to explain with
further details the problems implementing this ancillary function.

In order to obtain a true inertia it is necessary to execute, immediately as the fault
occurs, a shift in the active power injected. As soon as there is some delay until the
power drift is present, its effectiveness in the grid stability reduces, getting quickly to
the point where the virtual /synthetic inertia has a counter-productive effect increasing
the ROCOF values [14] (with 5 ms of delay, the inertia does not contribute positively
at all).

The problem using this block is that it requires some time to obtain a reliable value
of frequency, typically this measure takes several cycles (10-13 cycles/200-260 ms). If
in an attempt to reduce this value this time is reduced, the frequency will not be very
stable, and consequently, the derivative term can apply random strong shifts of active
power contributing to a further instability.

To summarize, since this inertia cannot be applied when it is exactly needed, it
is not a true natural inertia, and the effects of this contribution are only observed as
an additional perturbation along the grid. Therefore, it should not be named virtual

inertia but short/fast frequency response.

4.2.2 Voltage control at the Point of Common Coupling

Since initially converters injected solely the energy produced, they could only provide
active power. With the increased level of penetration, it was necessary more generators
which would supply reactive power to maintain the voltage magnitude between some
margins. Therefore, grid-connected converters were required to supply reactive power
too according to the levels of voltage which they would operate. Here, since there is
a huge disparity between TSO’s, the same document [6] is used as a reference for this
function. Its block diagram is presented in 4.2.

This function consists of an open loop control that will change the value of the reac-
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Figure 4.2: Voltage control block according to [6].

tive current depending on the error of voltage in the PCC. The error will be multiplied
by a customizable constant (K) that will be executed with a time constant T. The
actuation will be limited for the values Qmax and Qmin. These two limit values will
change depending on the instantaneous PCC voltage according to the graph in Figure

4.3.

A Reactive
current (p.u) Q

2

T >
i Voltage in the
¢ PCC(pu.)

-

-0.6
0.9

Figure 4.3: Limits depending on the PCC voltage.

4.2.3 Low Voltage Ride-Through

Using the voltage control described in the previous section, this function also demands

a certain resilience to the converter against faults. Therefore, an inverter-based genera-
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tion has to be capable of riding through voltage dips without disconnection. Moreover,
now these systems have to contribute to the voltage recovery during the fault (asymmet-
rical or symmetrical). The demanded dynamics for this function are usually presented
in graphs commonly known as Low Voltage Ride-Through (LVRT) curves. In order to
achieve successfully this task, the converter performance against a voltage dip will have

to be above the LVRT curve. Figure 4.4 shows several LVRTSs for different countries.

] e ¢ # 4 ¢ ¢ s s % s s s s s s s s e s s e s s s s e e e s e e st
. : _ Germany ‘
~ 07 - Denmark - - .~ ... Spain . . ..
3
C
= . . . US-FER( .
0.45 5 ) x S <R R R R
0‘3 . v, 7 . TR .................. ......
02 Vi J . S PSR E L E PN E RS E T EE D
0015 07 1.5 3
Time (s)

Figure 4.4: LVRT curves for various countries.

Depending on the chosen grid codes, these graphs can be as challenging as being
capable of tolerating and recovering up to a full short-circuit (0 pu) like the German grid
code. However, if the fault is asymmetrical, unbalanced currents would be demanded
from the loads. For this case, the requested response from the converter for these voltage
curves according to the grid codes would be a balanced production of reactive power
capable of returning the voltage level to nominal values. Nonetheless, this requirement
is, to some extent, too limp. If there is a lack of voltage sources in the grid and
therefore, a shortage in voltage regulation, converters should also contribute to the
grid stability producing unbalanced currents which would maintain the voltage levels
between nominal values across the three phases.

In any case, continuing with the keynote followed along this chapter, the Spanish

grid code will be used as reference for future experiments.
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4.3 A slow converter or a fast converter, what is better?

It is quite intuitive to think that any converter capable of executing control strategies
at high speeds will be much more responsive against any event or desired performance,
and therefore, it will be much more equipped with all the tools necessary to develop
any high-level command. This converter bandwidth is defined by two main parameters;
the IGBT switching frequency and the crossover frequency of the inner control loop.
Thus, usually, trying to maximize the converter performance, these values tend to be
designed as high as possible.

On the contrary, there is evidence enough to think that, if there is no fault or
transitory effects on the grid, it is more convenient for the grid to design the inner
current loop of the converter with a very low bandwidth [8]- [10]. This low bandwidth
will result in a slow response against any change of the current references. Due to
the lack of speed on the inner control loop, this strategy has a net averaging effect
over the events occurred on the voltage or current signals, responding to these in a
much smoother manner than a faster, more nervous control. As result, the system will
have a long time response on the exchange of a much more robust operation, especially
when connected to weak systems where the voltage quality of the grid is poor, and
the voltage transients are frequent. As an illustrative example, the converter with a
low bandwidth would behave similarly to a generator with a high stiffness, mitigating
possible dangerous overshoots and swings in power that a faster control could provoke.
As reference, some studies suggest, if this would be possible, a control bandwidth of
less than 5 Hz to get a robust system [10].

Nonetheless, it is necessary to remember that, although in the permanent regime
converter may be designed to be slow, the previously explained ancillary functions
demand a fast response against events on the grid. As an example, the Low Voltage
Ride-Through curve, presented in Figure 4.4, explains how the system has to react
against a voltage drop in less than, between 0.15 and 0.6 seconds, depending on the
country where the inverter is installed. Therefore, both requirements enter into conflict
with each other.

As solution for this, the converter with variable speed response is proposed here.

80



Chapter 4. A solution for power systems with low Level of Penetration, grid-friendly
converters

4.4 The inverter with variable response

Obviously, a converter cannot be slow if a fast dynamic has to be fulfilled. However, if it
would be possible, the best behavior in order to make the converter most grid-friendly
possible would be as follows; When there is no event in the grid it would have a lower
bandwidth, however, if any event is recognized, the ancillary functions will require a
fast bandwidth to respond with speed enough to fulfill the requirements.

Using the conventional DQCI control strategy already explained in 3.4.3, the an-
cillary functions can be supplied installing additional control blocks which will provide
shifts in the power references (see Figure 6.2 for a detailed diagram). This author
in [11] explained the capability of auto-designing the internal converter dynamics in
high detail. For a defined crossover frequency (F¢) and phase margin (PM), equations
3.2 and 3.3 were used to calculate the regulators and embedded in a parameter file
that was run before the control and the converter begin to operate. Nonetheless, this
functionality was only available before the system was connected and injecting power
to the grid, therefore, its response could not be changed live. Assuming the fault detec-
tion, the author in [12], exploits this functionality further, allowing the reconfiguration
of the internal regulator gains dynamically by changing PM and F'c¢ when needed. If
the control notices a change in these values, the regulator gains will be recalculated to
satisfy the new dynamics. As a result, the converter will have flexible dynamics, ideal
for both the grid and the converter.

In [11] this calculation was done before the converter was connected to the system
but in [12], both equations have been included inside the logic of control. Therefore,
every single time PM, or F¢, are changed, a new set of T% and Kp that satisfies these
new values are calculated automatically and updated into the controller providing this

dynamic behavior.

4.4.1 Performance evaluation of an inverter with variable response

As it was initially discussed in the introduction of this chapter, the aforementioned
flexible behavior has been put into analysis implementing this control in the converter

used for this thesis. Essentially, this control strategy is very similar to the standard
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Figure 4.5: Experimental results of an inverter with variable response.

vectorial or DQCI control already explained in 3.4. However, now, the regulator gains
(Kp and Ti) are now extracted as variables that are recalculated in case of any grid
event. The results of this strategy are presented in Figure 4.5. The graphs shown from
top to bottom are as follows: phase voltages (Vabc), current voltages (Iabc), the active
power reference and the real one extracted from the measured signals (Pref/Preal); the
reactive power reference and the real one (Qref/Qreal), the phase margin (PM), and
the crossover frequency of the inner current loop (Fc).

Initially, the experiment starts injecting energy into the permanent regime with
a command of the active power of 2 kW and a crossover frequency of 100 Hz. At
approximately 2.1 seconds, a change in the demand of reactive power from the trans-
mission/distribution system operator side is executed. After approximately 200 ms,
the system begins to inject a total of 2 kW of active power and 2 kVAr of reactive
power. At 3 seconds, a symmetrical fault occurs, causing a voltage drop to 0.85 pu
for 1.25 seconds. The converter recognizes this event as a fault and the PCC voltage

regulation demands more reactive power to overcome this event. As it was already
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explained in section 4.2.2; in case of a voltage dip, the inverter has an open loop which
reacts against it providing a certain amount of reactive power. This quantity will be
conditioned by the graph presented in 4.3. In this case, for illustrations sake, this gain
has been calculated so that, for a 15% voltage dip, an additional 2 kVAr are injected
(AQ PCC reg = 2kVAr).

This additional step at 3 seconds of reactive power is executed immediately, but,
since now there is an event in the grid and these functions have to be executed much
faster, the crossover frequency is increased to 300 Hz. In order to do so, the gains from
the PI regulators are recalculated internally using equations (3.3) and (3.2) without
observing any effect on the effective energy injected. As result, for the same step of
reactive power ( both were intentionally calculated to have 2 kVAr in magnitude), the
step commanded from the grid is much slower than the one created by the ancillary
function, confirming with it the conditioned behavior of the system depending on the
events occurred on the grid.

According to [4], it is required from the generators to respond against this event in
less than 150 ms. Since the first step takes 200ms to be satisfied and the second 50ms, if
F'c would not change from 100 to 300 Hz when it is necessary, this requirement would
not be fulfilled. Thus, the system would not be eligible for connection to the grid.
Now, thanks to the customizable behavior, and without having changed any actual
hardware in the system, the inverter responds 150 ms faster than before, making it
fully compliant with the regulation. For simplicity, only the regulation of the PCC
voltage function has been explained but, of course, the same procedure could be done
with the remaining ancillary functions. Furthermore, a new set of F'c and PM could
be chosen for each ancillary function without any problem as long as this flexibility
does not compromise the system stability.

Naturally, this techniques has limits, mainly on the values of F'c and PM that can
be set. These limits are determined by the switching and sampling frequency of the
converter which set the maximum rate of operation. By convention, the maximum
Fc obtained in an inner current loop is about seven times less than the switching

frequency. For this particular case, this frequency is 5 kHz which translates into a
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maximum crossover frequency of 714 Hz. However, it has been observed empirically in
the experiments conducted that the converter can fall into the instability region if this
value is higher than 500 Hz, being this its limit. To confirm a safe operation of the
converter across the desired values of Fc and PM, a stability assessment must be done

to confirm that for the limit values, the system does not enter into instability.

4.5 Summary

In this chapter, a grid-friendly converter has been presented, describing the precise
meaning of what grid-friendly is and some detail about the additional functions re-
quired in some countries where converters are beginning to take, already nowadays, a
significant level of penetration. It has also been presented the most common set of an-
cillary functions including the misleading term of virtual/synthetic inertia (see section
4.2.1). Finally, it also has been presented an even further grid-friendly functionality
which can provide the best response according to the converter and the grid needs to
maintain the overall stability.

The set of functionalities presented along this chapter fail in a crucial element, all
of them are based in a DQCI control strategy. Thus, they do not provide Grid Forming
capabilities like the ones demanded (and explained in section 1.3.1) such as angle or
voltage stability to create a stable converter-dominated grid. Since these smart or
grid-friendly converters would be still working under a DQCI control, they still would
behave as current sources in a grid with a poor voltage grid stiffness being this the main
weakness of such power system. Thus, they contribute to the power system stability
but with limited effectiveness.

Nonetheless, after having read this chapter the most natural question is; how much
grid-friendly converters can we install until the stability is compromised again? which
solutions can we take if the Level of Penetration increases to guarantee the stability of

a converter-dominated grid?. The answer to these questions are in Chapter 5.
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Chapter 5

Understanding the weaknesses of
power systems dominated by

converters

5.1 Introduction

In the previous chapter, the grid-friendly/smart converters were explained as a solu-
tion to maintain the grid stability in power systems where the level of penetration of
converter-based generation is relatively low. However, quantifying and defining what
is "low” is very difficult since it depends on a huge number of variables. Some of them
are: The neighboring generators, the equivalent line impedance between the converter
and the stiff source voltage, the own stiffness of the grid or even another variables like
the number of generators available in the system have to be addressed. An example of
this last case is on the Orkney islands. There, it exists a high proportion of renewable
energy leading to a high value of LoP. However, its number of generators is limited
and therefore, every system including the non-renewable or not converter-based must
remain connected in case of any grid event [1].

Thus, in order to answer properly and give an exact number, this question has to
be addressed in a case by case basis and, even so, it is very complicated. As a reference,

in [2], one of the first books where the grid supporting functions were explained, a level
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of penetration of 10% is considered high; value which has been widely exceeded in the
countries where, primarily thanks to the wind energy, there is a growing number of
power generation based on converters.

Some studies, taking into account several premises, have tried to quantify which is
the limit when the ancillary functions are not a solution to provide grid stability. These
studies, made on the simulation scope, set these limits between 40% and 60% [3],
depending again on a huge number of variables such as the capacity factor of the
generators, their technology, the situation of these in the grid, etc. However, although
it seems quite clear that is very difficult or almost impossible to provide an exact
number, it is also clear that there is a limit where these ancillary functions are not
effective as solution anymore, exposing power systems to multiple catastrophic risks.

This chapter attempts to evaluate and assess which are the events or variables of
the system that trigger the instability of power systems when converter-generation is
not only a minority fraction of the system (like the previous chapter), but they are the
primary source of energy. To do so, strategic scenarios are recreated in the laboratory
to expose the weaknesses of actual converter systems, proposing solutions to achieve,
in the end, a stable 100% converter-based power system based on the GFN solution

explained in Chapter 1 section 1.5.

5.2 Additional ancillary functions necessary for converter-

dominated grids

In Chapter 4, it was observed that the definition of an exact number and specific
performance of the so-called grid supporting functions or ancillary function is vague
and they are defined depending on the T'SO which requires them, having a high disparity
between countries. In any case, since there is a limit for converters where the system is
facing or it is close to a complete black-out, it seems that these tasks are not covering
the number of functions provided by a synchronous machine, or these tasks are not well
defined.

In reality, synchronous machines contribute to the stability with additional func-
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tions, not explicitly mentioned in any ancillary function or grid code but critical at this
level of penetration. First, they behave as voltage sources behind an inductance. This
simple fact has tremendous implications throughout the complete grid stability. As it
was already explained in Chapter 2, conventional controlled converters behave as cur-
rent sources, not voltage, having a passive role in the system and following the voltage
imposed by the remaining synchronous generators. Within converter-dominated grids,
only a minor fraction of the generators (the remaining synchronous machine connected
to the system) may provide voltage regulation, resulting in a weaker voltage stiffness.
Since conventional-controlled converters are especially sensitive to the voltage quality
and its noise content, the entire power system can be compromised if nothing is done.

Second, synchronous machines provide synchronizing torque/power. Against a sud-
den change of frequency created by a grid event, some of the synchronous generators
can suffer a sudden change of the instantaneous angle at the connection terminals.
Following the well-known swing equation for synchronous generators, a sudden vari-
ation of the active power injected to the grid will occur and, as it was explained in
Chapter 3 section 3.5.2, following the power-synchronization mechanism, the remain-
ing synchronous generator will pull to make the singular synchronous machine to stay
in synchronism. In a 100% converter-based grid, this is not an issue; since there are no
rotating elements or inertias to respect in this case, converters can do instantaneous
changes of their voltage angles if needed as long as the voltage stiffness is assured.
However, if there is only a tiny amount of synchronous generators in the system, they
will need some synchronizing torque to remain connected in case of any grid event. If
converters fail to provide this service, the number of generators that can actually sup-
ply synchronizing torque may be too low. Consequently, the remaining synchronous
machines will suffer of rotor angle instability having now a higher probability of dis-
connecting against a grid event (higher as higher is the level of penetration)and with
it the remaining DQCI converters. Within DQCI-converter-dominated grids, only a
minority of elements in the system are actually contributing to the grid stability, thus,
losing some of the remaining synchronous generators of the system which supplies them

does not seem like a good idea. Finally, this provides evidence that more synchronizing
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torque must be supplied from converters to assure the requested rotor angle stability
that synchronous generators need.

Converters can provide this synchronizing torque whenever they make use of any of
the control strategies explained in Chapter 2 classified as Virtual Synchronous Machine
or VSM. As soon as these control strategies get rid of the PLL to obtain a reference
of synchronism, they automatically need the power synchronization mechanism which
underpins the creation of synchronizing torque. However, this torque can be delivered
with different profiles depending on the specific VSM control strategy used.

Although these are theoretical indications of what are the weaknesses of converter-
dominated grids and why the ancillary functions cannot provide an unlimited stability,
it is necessary to recreate an experiment in the laboratory where these evidence can be
confirmed. Additionally, an attempt to evaluate the maximum tolerable level of pen-
etration for a converter-dominated grid will be addressed. These results are extracted
from the conference paper presented by the author in the 16th Wind Integration Work-
shop in Berlin [4].

5.3 Experimental setup

The system used as a converter-dominated power network is presented in Figure 5.1.
This can be observed by the ratings of the synchronous set and the converter installed.
Alternatively, from the equation 1.4 in Chapter 1 the LoP of this network can be
computed obtaining a value of 81%. Value much higher than the 10% already considered

as high in previous references [2].

400 Vrms |-l
10 kVA
DQCI
or
VSMOH
controlled
inverter
2.2 kVA Synchronous

Machine

Figure 5.1: Main diagram of the converter.
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Although in Figure 5.1 the converter has been represented as a current source, this
is only valid if the converter is controlled using the conventional DQCI algorithm. This
symbol has to be replaced by a voltage source if the VSMOH control strategy is used.

The scenario recreated consists of a synchronous set consisted of a motor and a gen-
erator with a rated power of 2.2 kVA representing the aggregate power of the remaining
synchronous generation, a configurable load bank of 10 kW, and the tailor-made con-
verter of 10 kVA with exchangeable algorithm explained in Chapter 3 representing the
aggregate power of the converter-based generation.

Being more exact, although the synchronous generator has a rated power of 2.2

kVA, the motor can only provide 1.5 kW, thus, its active-power limit value is this last.

5.4 Experimental Results

5.4.1 Experiment 1: Level of Penetration experiment

In this chapter and the previous one, it has been mentioned the incapability of DQCI
converters to produce their own grid and how PLLs make the inverters to behave as
passive systems in the grid. Also, it has been cited that countries with a high level
of penetration of converter-based generation are facing problems, triggering several
studies in academia with industrial collaboration ( [3], [5], [6]). These evaluations aim
to calculate which is the limit value where power systems can face complete instability
by the lack of management on the grid. However, there is no experimental assessment
which evaluates the key variables of the system or why there is such a limit. However,
it is straightforward to think that this assessment cannot be complete without an
experimental validation which is the main subject under study during this experiment.
The simulation study made in [3] initially predicted a maximum level of penetration
of between 40 and 60 %, depending on the variables. This value will be assessed and
additionally, a comparative experiment with the chosen VSMOH algorithm behaving as
GFN will be made.

In order to compute a maximum level of penetration, the experiment cannot simply

set some values and observe if the grid is stable. The experiment has to go through
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a process similar to the one followed by a grid blackout. This procedure is explained
as follows: The evaluation starts with the scenario presented in Figure 5.1 having all
the elements disconnected. Then, the synchronous set is connected in islanded mode,
building its own voltage and frequency. Following, the loadbank is connected with a
load of approximately 700 W. The synchronous generator, as the voltage source that
it is, satisfies this demand easily since this value is lower than the 1.5 kW which is
able to supply. Later, the converter connects to the grid created (it does not matter
which is the algorithm used), producing 500 W. This liberates the synchronous set and
now it only has to produce the remaining 200 W of power to keep the balance between
production and demand. Next, the demand is increased to 1200 W. Automatically, the
synchronous generator reacts again increasing its production up to 700 W whilst the
converter remains to inject 500 W. A new step in the converter active power is then
executed injecting a total of 1000 W. This, again, liberates the synchronous set from

injecting power. This procedure is repeated until the system becomes unstable or the

maximum load has been reached in the load bank.

LoP experiment (DQCI algorithm)
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Figure 5.2: Level of Penetration experiment for the DQCI algorithm

Figure 5.2, presents an excerpt of the experimental results obtained using the

DQCI control strategy. From top to bottom it is presented the voltages magnitude
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for every phase(Vabcrars), the Total Harmonic Distortion (THD) and the unbalance
of these voltages in percentage, the active power produced by the synchronous machine
(Pyen)and the contribution of power supplied from the converter (Peony). The unbal-
ance and THD are presented here to confirm that the power quality is not affected
during the experiment since these scenarios suppose to evaluate extreme conditions.
Naturally, in order to be able to compare both control strategies, the previously

explained process has been repeated for the VSMOH algorithm and its results are pre-

sented in Figure 5.3, presenting the same signals.

LoP experiment (VSMOH algorithm)
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Figure 5.3: Level of Penetration experiment for the VSMOH algorithm

Figure 5.2 and 5.3 show unexpectedly similar results. For both scenarios, the con-
verter is supplying power to the load almost entirely for the maximum value of the load
bank. In addition, the power quality has not been compromised. Taking as reference
the grid code from National Grid in UK [7], here THD is limited to 5% and the unbal-
ance lower than 3%. Observing the extracted results, these values are never exceeded
in any case confirming the grid is stable and clean.

At this moment, the equations already presented in Chapter 1 section 1.4 can
be used for the calculation of a Level of Penetration for the particular case of this

experiment. In that section, three equations were represented: LoP (equation 1.2),
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LoP.;, (1.3) and the new proposed in this thesis as LoP.on, (1.4) which takes its
meaning as result of the conclusions extracted from this experiment. Table 5.1 shows

the resulting values using the three different formulas.

Level of Penetration obtained
LoP (eq 1.2) | LoPeyy (eq 1.3) | LoPeony (eq 1.4)
DQCI 97 % 97 % 81.6 %
VSMOH 99.3% 99.3% 81.92 %

Table 5.1: Results obtained for the Level of Penetration experiment using the two
control strategies evaluated.

Since there is no HVDC in this experiment, LoP and LoP,.,), give identical results.
In both cases, the number obtained is very close to 100%. These values produce an
unexpected result, the amount of active power generated by the synchronous machine
is not the main contributor to the grid stability; instead, it is the natural regulation
capability of the synchronous machine which, imposing a voltage and a frequency ref-
erence, provides the stability to the grid. In other terms, the main grid stabilizer of
this grid is the synchronous machine just because it is connected to the grid behaving
as a voltage source. Thus, the main variable which dictates the stability of a grid is not
the active power that is being supplied by the synchronous generators, it is the rating
in kVA of the synchronous set. Therefore, this is the variable which must be taken into
account to define a proper level of penetration. This is the reason why a new equation
of LoP has been suggested in this thesis encapsulating this idea in the definition of

LoP,,,, and reducing the level of penetration to 81%.

5.4.2 Experiment 2: Loss of Mains experiment

Since the previous experiment gave a surprising value close to 100%, a logical question
is what would happen if the scenario becomes literally a 100% converter-based grid.
Additionally, the capability of islanding for both strategies can be evaluated. The
results of this experiment using both algorithms are presented in Figures 5.4 and 5.5.

In both scenarios, the following signals are plotted: the instantaneous grid voltage

(Vabe, the currents injected by the converter (Iabceony), the currents supplied by the
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Lost of Mains experiment (DQCI)
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Figure 5.4: Lost of Mains experiments using the DQCI control strategy

synchronous generator (/abcgey,); then, in the same plot the active power supplied by the
converter and the machine (Ppony and Pyey,) drawn in dark and light blue respectively,
and finally the frequency obtained from the converter’s PLL in the case of the DQCI
experiment, or the internal estimated frequency from the control algorithm in the case
of the VSMOH control strategy.

The results obtained for the DQCI control (Figure 5.4) begin with both generators,
converter, and machine connected to the scenario created and feeding together a load of
approximately 3.5 kW; 3 kW supplied by the converter and the remaining 0.5kW by the
synchronous generator. At 7.3 sec the synchronous set is disconnected from the system,
leaving the converter isolated with the load. Initially, the converter remains injecting
power to the load and, after an initial overshoot, the reference returns to the previous
value before the fault occurred. However, at this moment, it is only the converter the
one which is injecting current and thus, it is the only one which is producing a voltage
in the grid. This fact causes a conflict in the control algorithm which eventually results
in the disconnection of the converter.

Analyzing what has triggered the converter disconnection it is evident that, at
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t = 7.3s, the control algorithm enters into conflict since it needs a synchronization
reference to operate but this is obtained measuring the grid voltage that is also pro-
duced by the DQCI algorithm. Eventually, this conflict gives as result a fast random
increase or decrease of the grid frequency. For the case plotted in Figure 5.4, from the
moment when the synchronous generators disconnect, frequency continues decreasing
until approximately 7.7 sec. At this moment, the frequency goes lower than 45 Hz, a
value which is set in the protection system as the limit for under-frequency (see section
3.4.2), disconnecting the converter from the system.

The waveforms shown in Figure 5.4 are very clear, smooth and free of noise because
the load applied, linear and balanced. For the same reason, after the synchronous
generator disconnects, the converter manages to stay connected up to 0.3 seconds,
longer than what usually a DQCI would be capable of. Under the presence of much more
challenging loads, events like the disconnection of the entire synchronous generation
would have provoked a much faster degradation of the power quality and the resilience
of the grid. Later, in this thesis (Chapter 6) unbalanced and non-linear loads are
explored.

It is worth remarking that the event cannot be fixed if droop slopes are added to the
control logic. If these would have been applied, against a drop in frequency, the con-
verter would react injecting more active power executing primary regulation. However,
from the moment the synchronous generator is disconnected from the system, the re-
sulting power system turns into a grid exclusively sourced by converters. Therefore, the
power synchronization mechanism which underpins the primary regulation is not valid
anymore and an increase in P,,,, would only provoke an increment of the converter
output current, increasing with it the load voltage. The opposite effect is observable
on the load voltage when the synchronous generator disconnects. From that moment,
the voltage reduces slightly due to the absence of synchronous generator current.

The same scenario is replicated for the experiment using the VSMOH algorithm
(Figure 5.5). Here, at approximately 4.67 sec, the generator disconnects again, letting
the converter isolated. In this case, since the VSMOH technique operates the converter

as a real voltage source when the machines disconnect, only an almost unnoticeable
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Lost of Mains experiment (VSMOH)
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Figure 5.5: Lost of Mains experiments using the VSMOH control strategy

oscillation is observed on the load voltage (a thin line has been overlapped to detail the
moment when the disconnection occurs).

From the moment the converter is the only generator and is able to supply the
load with robustness, the grid is completely being fed by converters, achieving a true
and feasible level of penetration of 100%. Additionally, the power quality has not been
affected and the differences of voltage pre and post-fault are almost none, proving that

a converter-controlled with VSMOH can build its own grid if it is necessary.

5.4.3 Experiment 3: Dynamic performance against a change of load

Taking a closer look at the moment when the synchronous machine disconnects in Fig-
ure 5.5 it is possible to observe that, in order to maintain the voltage between terminals,
the converter reacts naturally increasing the output current, providing the power pre-
viously supplied by the synchronous generator without any transitory event. This step
in current occurs naturally and thanks to that, the step does not suffer any oscillation
typical from the synchronous generators. This behavior represents a significant advan-

tage in terms of transitory events and motivates an additional experiment to confirm
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and exploit this advantage.

The scenarios under study which will face a load step are two. In the first scenario a
single VSMOH-controlled-converter, forming its own grid, is connected to the load bank
(scenario 1); for the second case an additional synchronous generator will be connected
in parallel and both will be connected to the load bank (scenario 2). This time the
VSMOH will act as a reference node and the synchronous machine will connect to it

using the power synchronization mechanism.
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Figure 5.6: Load step using only VSMOH converters.

Figure 5.6 presents the scenario when only the VSMOH converter is connected to the
load bank. In this figure, the active power injected by the inverter is represented facing
a load step. Since the generator has no physical inertia to respect, its dynamics are
mainly set by the control strategy embedded in the converter. As it has been mentioned
in the introduction, the particularity of the VSMOH algorithm is the lack of an inertia
that other VSM strategies have (this is the reason why it is called VSM Zero Inertia).
Thus, with no inertia from the physical side and no inertia from the control strategy,
the response in active power against a load step can be as ideal as the extracted from
the results in Figure 5.6. Technically speaking, this square-shaped response is better
than the one traditionally provided by a synchronous generator (see Figure 2.2 for an

example of the latter) because it does not introduce power oscillations into the system.
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However, in reality, VSMOH do have some ”inertia”. Paying attention to its control
algorithm, the boxcar filters embedded in its control introduce a delay of between one
to half grid cycle (depending on the settings of the filter) since they need this time to

compute the filtering. This will be better observed in the second scenario.
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Figure 5.7: Load step using a VSMOH converter and a synchronous generator.

Figure 5.7 shows the active power signals of the VSMOH-controlled converter, the
synchronous generator, and the sum of both for the second scenario for later illustra-
tion’s sake. As it can be observed, before the load-step is applied, the converter and
the synchronous machine are supplying power to a load of approximately 1kW. At 0.4
sec, a load step is executed in the system. Evaluating the response of both scenarios
against the load step, it is obvious that the responses are quite different with respect
to the first scenario where only the VSMOH converter was the only generator.

When the load step is executed, this load change automatically introduces a sudden
drop of the voltage at the point where the measurements are taken (this is common
for both scenarios). This voltage drop is caused by the parasitic elements inside the
converter filter demanding a slightly higher value of reactive power when the load is
increased. Because during this initial time the boxcar filters are still not aware of the
load step, the net power injected suffers a small decrease.

Using droop control in the synchronous machine, it is possible to set which is the
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contribution of the synchronous machine against the load step. For this case and in
order to improve the explanation, this droop has been set high (46% for the synchronous
machine and 3% for the converter) to maximize the machine response against the load
step (it deliberately goes from a contribution of almost zero before the load step to
nominal power after the event).

However, many events occur during the first 200 ms which are not shown in Figure
5.7. Therefore, a zoomed view of the same load step is represented in Figure 5.8. The
dynamics present during the load step have also been divided in this figure in three
stages for a better understanding.

Stage 1 only lasts for roughly 10 ws (this is just an estimation). Immediately
after the load increase, both generators react automatically as the voltage sources that
they are providing power to the load. The actual value of active power injected depends
solely on the equivalent inductance of both generators. In the case of the converter, this
value will mainly depend on the main filter inductor (Lf) whereas in the synchronous
set this value will correspond with the direct axis transient reactance (Xd'). The arrows
present in Figure 5.8 close to the mark of stage 1 represent the actual values of both
generators during this initial stage.

Throughout the stage 2, two events are happening at the same time. From the
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Figure 5.8: Zoomed view of the load step with the converter and the generator.
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converter side, the boxcar filter contained in its algorithm is beginning to process the
new value of active power and the new grid angle. This takes approximately 20 ms,
exactly the time needed to process one grid cycle. Additionally, the exponential shape
of this part of the signal is a clear evidence of this too. During this time, the syn-
chronous generator is regulating the grid, compensating for the lack of power provided
by the VSMOH converter. This energy comes from the physical inertia contained in
the rotating machine. Furthermore, it seems that the synchronous generator could
contribute with even more energy to the system but, since, as it was mentioned before,
at this moment it is regulating the system, its contribution is limited. This can be
evaluated by paying special attention to the signal and observing that it corresponds
to second-order response truncated. The aforementioned events can also be confirmed
realizing that the two shaded areas are approximately equal.

After 20 ms have passed, the boxcar filters have produced an updated set of their
internal signals. At this moment stage 3 begins, VSMOH is fully engaged and the
converter takes its master role into the system as a voltage regulator (or an oscillating
node in other terms) making use of its fast internal droops calculation. From this
moment it compensates any power oscillation and will maintain a stable value of active
power observed by the load. The synchronous generator, on the other side, will begin to
attempt counteracting the load step using its prime mover which has a relatively slow
response compared to the converter. The dynamics of the governor and how VSMOH
compensates can be better observed in Figure 5.7.

From stage 3 the converter is capable to compensate any power divergences in the
grid to maintain a stable value of Pyep, + Peony. The resulting signal corresponds clearly
to something very similar to the square-shaped step from the first experiment. These

signals confirm several pieces of evidence:

o VSMOH can correct power deviations. Due to its almost lack of inertia compared
to the dynamics of the prime mover, the converter is now free to inject power
at any moment without having to respect certain inertias or lag caused by the
control algorithm used or the specific VSM strategy used. This fact permits

the converter to act as a compensator for the remaining elements of the system,
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correcting its deviations.

e Although this evidence can be contained in the previous one it deserves a sepa-
rated mention, VSMOH can provide synchronizing torque. As it has been observed
and demonstrated in Figure 5.6-5.8, VSMOH provides the energy necessary to
compensate power oscillations. Consequently, it inherently provides synchroniz-
ing torque to the remaining synchronous machines in the system contributing
to the entire grid stability. Furthermore, since this torque is delivered instanta-
neously, worse events in the grid are avoided contributing further to the system

stability, its robustness, and its resilience.

o These features are unique for the VSMOH control strategy since this algorithm is
the only one which does not contain any inertia or at least one so short that can
be negligible. Thanks to its lack of inertia, the converter capabilities can be truly

exploited, increasing the generators speed and responsiveness as it is demanded.

5.5 Discussion

From the results obtained in the Level of Penetration (LoP) experiment, it can be
observed that an almost 100 % converter-based production can be achieved with the
standard DQCI algorithm as well as with VSMOH in a very idealized environment.
Nonetheless, these results are caused by the lack of impedances between generators
and loads. Since the elements of the experiment are connected between lines with low
electrical impedances, the corrections in voltage which the synchronous generator has
to realize in order to keep the stability are very seldom. This is something which is
very difficult to demonstrate in the laboratory since there is no equipment necessary
to corroborate it. However, the experiments have been translated to the simulation
scope done in [3], obtaining similar results and confirming that the resulting level of
penetration for any scenario has strong dependences with the inductances situated
between generators and loads. Special emphasis must be made to the synchronous
generator impedance, or more specifically the direct axis transient reactance (Xd'),

since it will set the machine capability to impose its voltage to the neighboring elements
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of the system providing more grid stiffness for lower values of Xd'. Since Xd' is lower
as higher is the rating of the synchronous machines both sentences may be considered
as equivalent.

However, from the Lost of Mains (LoM) experiment, it has been observed that
some synchronous generation has to be always connected imposing a reference of fre-
quency and voltage for the DQCI converters connected to the grid. From the LoP
experiment it also can be extracted that the stability and the power quality of the grid
remain unaffected by the lack of active power generated by the synchronous machine.
Therefore, there is no connection between the active power generated by synchronous
machines and the level of penetration limits nor there is any limit when the power
quality at the load is compromised. It is the nominal rating of the machines connected
to the grid which provides and contributes to this limit, since this value will indicate
how much capability the grid has to compensate diversions of voltage and/or frequency
out of the nominal values. Thus, a correct definition of the level of penetration must
take into account, not the active power generated by synchronous generators (Pyep),
but the nominal rating of the machines connected to the grid (Sge,) whether they are
actually injecting power or not. Therefore, for the case analyzed on this project, the
definition LoPen, (see section 1.4) is the most consistent since it takes into account
the cited dependence and, additionally, the fact that a converter operating as GFN, it
stills contributes positively to the LoP value.

Throughout these experiments, it has been mentioned, observed and remarked that
one of the main contributions which synchronous machines supply to the grid stability
is derived from its master role in the system. In other terms, since they impose a
voltage and frequency, they can act as active regulators of the system; something that
does not happen in DQCI converters. Therefore, if the conventional control algorithm
installed in the inverters is replaced by one which makes the converter to behave as
a true voltage source of power like conventional generation do, more converter-based
generation is possible without compromising the network stability nor the power quality.

This change of behavior can be obtained using any of the VSM control strategies.

However, as it has been tested in the last experiment, VSMOH converters not only can
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replace synchronous generators in terms of stability contribution. They can provide,
if they have the energy necessary in the DC bus, even better performance than these
machines, removing power oscillations, providing synchronizing torque and smoothing
any transient in the grid.

This ideal response and power regulation are in this case exclusive from the VSMOH
algorithm. Other VSM control strategies use a synchronous generator model and there-
fore, they are attached to the dynamics of these machines. Thereby risking power os-
cillations in the grid via virtual rotor oscillations which have to be mitigated by the
remaining regulators of the system or power system stabilization devices. Account-
ing that within DQCI converter-dominated grids this synchronizing torque is almost
nonexistent, this advantage can take a pivotal role in the system since this algorithm
not only does not demand this synchronizing torque but also contributes positively to
it.

Obviously, in this chapter, it has been evident that no conventional ancillary func-
tion can provide the services which this kind of grid need and thus, converter-dominated
grids where the Level of Penetration is quite high have to be assessed in a completely
different way. As soon as the lack of active regulators in the system can compromise
the system stability, conventional grid ancillary functions cannot fight the excursions
suffered in the grid. However, it is very difficult to estimate what is a low level of
penetration and what is high, and thus, when the ancillary functions are an effective
solution and when they are not. Since the study made here is intended to be extended
for high interleaved networks with an almost number infinite of variables this task is
even more complex. However, according to the experiences obtained in the laboratory
during the experiments, it can be considered that from a LoP..,, of 50%, solutions
enclosed within converter-dominated grids should begin to be introduced in order to
keep the grid stable. This number must be taken with precaution, it must not be taken
as a technical limit (this is the 81% that was observed in section 5.4.1 in the most
idealized experimental conditions). It must be taken as the starting point from which
VSM-type converters have to begin to be installed into the system to guarantee the grid

stiffness and therefore, the stability of the entire grid. As a reference, Eirgrid the TSO
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in Ireland, has already put its network to 50-60 % with DQCI converters providing
ancillary functions; therefore, depending on the size and characteristics of the electric
grid under study this limit is set between 50 and 81%.

Finally, it is worth remarking that often frequent stability is taken as the main
variable to assess the robustness of the grid. Usually, system operators tend to think
that against the imminent loss of inertia, the network can suffer huge and fast diversions
so violent that can end in a complete black-out. As result, many efforts have been done
to quantify and measure the instantaneous ROCOF or even mitigate its drop using
the synthetic or virtual inertia. This search for a higher inertia is correct in a system
primarily based in synchronous machines where, without inertia, the generators can
suffer from rotor angle stability. However, as it was already mentioned in section
1.1, as the proportion of converter-based generation increases, the grid stability is less
dependent of the rotor angle stability. Furthermore, the artificial methods for the
creation of virtual or synthetic inertias have been demonstrated useless (see Chapter
3). In the last experiment, it has been explained that what traditionally has been
called inertia should more precisely defined as synchronizing torque or at least more
focus should be taken into this parameter as a very relevant contributor to the stability

within converter-dominated grids.
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Chapter 6

Guaranteeing the stability of
converter-dominated power
systems facing unbalanced and

non-linear loads

6.1 Introduction

Chapter 4 and 5 have focused on how to achieve absolute grid stability explaining several
solutions depending on the level of penetration of the specific grid. These investigations
and all known public domain studies to date assumed linear and balanced loads on the
demand side. However, this is not true in a high, complex and interleaved electrical grid
with multitude types of demand such as; power electronic devices, electrical vehicles
chargers, constant power loads, compact fluorescent or LED lighting to cite some of
them. Taking into account the progression of converter-based systems into the grid,
if a replacement of the technology generation is going to be done substituting the
conventional DQCI algorithm by the GFN solution, it is worth to study how these
new algorithms will react against real loads that do not demand such ideal currents.
Since, as it has been explained along this thesis, converter-dominated grids present a

shortage of voltage regulation, any load which does not demand a perfect balanced
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and linear current can potentially have a very distorting potential into the grid voltage
signal. Therefore, in this chapter, using the converter already built, several converter-
dominated scenarios will be recreated to assess the response of both strategies under
the presence of unbalanced and non-linear loads, evaluating its impact into the grid

stability and the power quality to, ultimately, propose solutions to mitigate them.

6.2 Unbalanced Loads

Many events can trigger an unbalanced phase in the electric grid at the transmission
or distribution level. From switching on a simple kettle on the consumer side to large
single-phase railway supplies, both elements, and for different reasons, can lead to an
uneven voltage magnitude between phases.

This, in principle, is not a major problem in a conventional electrical grid where
generation is dominated by synchronous generators. These machines, in the presence of
unbalanced loads or voltages, reacts inherently as sources of positive sequence voltage.
Consequently, they will naturally supply the necessary unbalanced current to, if not
remove, at least mitigate the unbalance on voltage. However, this uneven generation
will be done in the exchange of some stress on the generator bearings due to the ripples
in the active power production (at twice the grid frequency) and torque. This stress will
be present in the form of vibrations which magnitude will increase with the unbalance
current injected into the grid.

Within conventional grids, the natural contribution of the synchronous machines to
the voltage stiffness tends to be enough to maintain its homogeneity among electrical
phases. However, its voltage capability is limited and there are cases, even nowadays,
where still there is voltage unbalance in the grid, particularly at the ends of long rural
Medium Voltage (MV) lines. These events are also fairly common at the distribution
level and when a voltage unbalance is detected, DNO’s can attempt to redistribute the
loads between phases in order to maintain the voltage balance [1]. In rare cases, and
only in low and medium level voltages, singular voltage regulators based on small tap
changers are installed [2]. These devices adjust the specific phase voltage magnitude

varying the tap changer of a singular phase making a slight increase/decrease of the
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voltage magnitude to stay in range. Naturally, this improves the unbalance voltage
from the customers perspective but does not address the aforementioned second order
ripple problem.

However, nowadays these unbalanced loads have been even more present with the
possibility of installing rooftop PV generation or small wind turbines on the household
property. Due to the stochastic and intermittent nature of the emerging PV or wind
generators, very fast power shifts can occur, leading to swings in the voltage magnitude
of a singular phase and, thus, producing unbalanced grid voltages. Naturally, these
events can be so transitory that single phase voltage regulators cannot be capable to
even detect them.

Translating these events into a converter-dominated grid where there is a shortage
of voltage regulation, the potential impact of an unbalance production and its conse-
quences require careful consideration. Since the vast majority of converters are DQCI
controlled, these systems will behave as sources of positive sequence currents, not volt-
age, regardless of the grid event (as it was already described in Chapter 2). Thus,
against an unbalanced load, they do not provide, by default, negative sequence current
injection. Since voltage magnitudes have to stay always balanced, this task is displaced
to the remaining synchronous generators in the system. Within an almost 100% DQCI-
controlled-converter-based scenario, an unbalanced energy production between phases
simply may not be possible; compromising with it the grid voltage balance.

In order to have a reference about the maximum tolerable limit which has to be
respected, the voltage unbalanced has been limited to 3%. This value is common among
several TSOs in Europe [3], [4], [5] as an upper limit. However, normally this value is
limited to 2% as mean 10 minutes RMS value according to EN-50160 standard, and
the IEC 61000-2-12 [6] [7] for LV and MV. It is set at 3% as the highest punctual value.

6.2.1 Theoretical study

Unbalanced loads are present in the system when the current demanded by the three-
phase system is not even. Under the presence of such load, if any of the phases are

not correctly sourced injecting the requested uneven current for each phase, the voltage
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of converter-dominated power systems facing

magnitude between phases will be unbalanced. Translating this scenario to sequence

diagrams, this reduction or increase in

any singular phase current will be observed as

a finite voltage on the negative sequence, in addition to the positive sequence voltage.

To start the analysis, the unbalanced load will be translated to the sequence frame.

Assume Rp as the equivalent resistance that represents the balanced load across the

three phases and R as the resistance that is coupled in parallel to only one of the phases

(see Figure 6.1a) therefore, creating the unbalanced load scenario. This scenario can

be represented in its matrix form as (6

[Vabc

where [R}

1).
|- (7] [ra] o)
SRy ||R; 0 0
0 3Rg 0 (6.2)
0 0 3Rp

where V. is the voltage observed by the loads and the converter in the Point of

Common Coupling (PCC). Then, it is possible to translate these equations to the

sequence frame using the symmetrical components transformation matrix:

1 1 1 1 1 1

1
A=11 a a2|land A =211 &2 ¢
1 a?2 a 1 a a2

Then equation (6.1) can be translated

A7V V| = A7 [R] A A7 1)

v

into the sequence diagram [8]:

(6.3)

(6.4)

] 1]
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R Ry Ry
_ 1
where [ROJF_} =A"" [R} A= 3 [fo 1 o
Ry Ry 4
RiRp —3Rp
d Ri=——"7-—+2R Ry=—"—"7—
MmN T R R, P T R R,

Equation (6.4) can be simplified since zero sequence load currents and voltages
occur in Wye connected systems, however, for the case of this project a delta-Wye
winding transformer is used, therefore zero sequence is inherently removed. Expanding

the remaining two equations the result is presented as follows:

V+ = R1[+ + R()I_
V_ = R()I+ + Ri1_ (6.5)

Equation (6.5) shows how an unbalanced load can be seen, translated to the com-
ponents frame, as an equivalent circuit for each component where there are a resistor

and a cross-coupled term. This term can be represented as a dependent voltage source.

See Figure 6.1

Va © |3RB|

V; © 3Rp

]

Figure 6.1: Representation of an unbalanced load in the sequence components frame.

Having the loads already translated to the sequence frame, it is necessary to know
how to represent the generators which will be represented in the microgrid. For every

scenario created in the following experiments, the same physical converter will be used.
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However, different control strategies are used and thus, different behaviours will be
observed from the grid’s perspective. As it will be confirmed later, this takes on vital
importance under the presence of unbalanced loads. DQCI converters, for instance,
behave as a source of positive sequence current since they impose an active and reactive
power reference following the voltage signal imposed by other generators present in the
system under a current control loop [9]. On the contrary, VSMs algorithms behave as
sources of positive sequence voltage, setting its own voltage reference regardless of the
grid events.

Once the equations of the unbalanced loads in the sequence frame (6.5) and the
theoretical behaviour of the converters working under the DQCI and VSM algorithm
are understood, a circuit diagram of a converter connected using the DQCI or VSM

control strategy can be obtained. This is represented in Figure 6.2 for the DQCI

Ly o R |4 Ly o R
V.

I, Vi ~

er 2 e

(a) (b)

Figure 6.2: DQCI-controlled converter facing unbalanced loads in the symmetrical
components frame.

Ly o R L Lr 1 R 1
V. V.

Eco+ Rol_ CD vi_ Roly @)

(a) (b)

Figure 6.3: VSM-controlled converter facing unbalanced loads in the symmetrical com-
ponents frame.
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case and 6.3 for the VSM. Following the principle of superposition, since there is no
action on the negative sequence component, current sources (DQCI converter) can be
replaced by open circuits and voltage sources (VSM converter) by short-circuits. Io+
is the positive current source of the DQCI converter, Ec+ is the positive sequence
voltage source of the VSM inverter and Ly, Ly_ are the positive and negative sequence

converter impedance which, for the particular case of a converter are the same.

Balanced Unbalanced loads
loads
OW | 600 W | 1.2 kW | 1.8 kW | 2.4kW
0w N/A | N/A | N/A | N/A | NJA
N/A | N/JA | N/A | N/A | N/A
0 0 0 0 0
2 kW
0 18.7 27.3 32.14 35.3
0 0 0 0 0
4 kKW
0 11.5 18.8 23.7 27.3
0 0 0 0 0
6 kW
0 8.3 14.3 18.7 22.2
0 0 0 0 0
8 kW
0 6.5 11.5 15.2 18.7
Iunbal Iunbal Iunbal Iunbal Iunbal
Vunbal Vunbal Vunbal Vunbal Vunbal
(%) (%) (%) (%) (%)

Table 6.1: Expected voltage and current unbalanced using the DQCI control strategy.

Additionally, knowing the resulting schematic, it is possible to calculate the ex-
pected amount of voltage and current unbalanced at the PCC depending on the algo-
rithm used. To do so, the number of possible combinations of balanced and unbalanced
loads is delimited to a finite number. For the DQCI-controlled inverter case, equations
(6.5) can be used replacing I, = I¢,+ and I_ = 0 where I¢,+ corresponds to the
nominal value of the current necessary to supply the balanced load at nominal voltage
(1 pu). Having obtained V,, V_ and Iy, I_, a voltage and a current unbalance in

percentage can be calculated as the ratio between the negative and the positive com-
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ponent. Table 6.1 shows the predicted values for a finite number of scenarios. These

configurations match the corresponding scenarios which will be experimentally assessed

in section 6.2.3. 'N/A’ are scenarios where the calculations get a division by zero. The

values used for these calculations are: Viuse, = 400 RMS, Sp,s.=10 kVA, Lf=0.15 pu.

For the VSM case, the calculation to obtain the predicted values of V, and V_ is

different. First, the currents I,p. must be calculated to compute a new resulting I

and I_ taking into account Ly in the circuit.

|Bae] = |R] |Lune] (6.6)
jwL; + (3Rp || Ry) 0 0
EE 0 jwL;+3Rp 0
0 0 jwL;+3Rp

where E,. is the voltage imposed by the converter bridge. Following a similar procedure

Balanced Unbalanced loads
loads
OW | 600 W | 1.2 kW | 1.8 kW | 2.4kW
0w N/A | N/A | N/A N/A | NJ/A
N/A | N/A | N/A | NJA | NJA
0 22.9 37.1 46.7 53.7
2 kW
0 1.5 3.1 4.6 6.1
0 12.9 22.6 30.1 36.1
4 kW
0 1.5 3 4.47 5.8
0 8.93 16.1 22.1 27
6 kW
0 1.5 2.9 4.4 5.7
0 6.83 12.5 17.4 21.6
8 kW
0 1.55 3 4.3 5.6
Iunbal Iunbal Iunbal Iunbal Iunbal
Vunbal Vunbal Vunbal Vunbal Vunbal
(%) (%) (%) (%) (%)

Table 6.2: Expected voltage and current unbalanced using the VSM control strategy.
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as in equations (6.3-6.5), a new matrix [RQH_} can be computed. Knowing a VSM
controlled converter behaves as a positive sequence voltage source (Ec+ = 1pu, Eg— =
0), the currents Iy and I_ can be obtained. Finally, the voltage observed by the VSM-

controlled converter at V can be obtained since:

Vi| =By | juLs 1] (6.7)

The expected results are presented in table 6.2. Here it can be observed how the
short-circuit introduced by the VSM technique in the negative sequence offers a low
path impedance which leads to a reduction of the voltage unbalance. However, there
are still cases where the unbalance exceeds the limit of 3%.

Therefore it is straightforward to think which is the amount of unbalanced current
necessary to remove completely the negative sequence voltage operating as an ideal

voltage regulator. The set of equations (6.5) can be used again for this purpose since

Balanced Unbalanced loads
loads
OW | 600 W | 1.2 kW | 1.8 kW | 2.4kW
0w N/A | N/A | N/A N/A | N/A
N/A | N/A | N/A | N/A | NJ/A
0 23 37.5 47.4 54.6
2 kW
0 0 0 0 0
0 13.1 23.1 31 39.5
4 kW
0 0 0 0 0
0 9.1 16.7 23.1 28.6
6 kKW
0 0 0 0
0 13 18.4 23.1
8 kW
0 0 0 0
Iunbal Iunbal Iunbal Iunbal Iunbal
Vunbal Vunbal Vunbal Vunbal Vunbal
(%) (%) (%) (%) (%)

Table 6.3: Expected voltage and current unbalanced using an ideal voltage regulator.
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an ideal regulator shall force V+ = 1pu and V— = 0. Replacing these variables I+ and
I— can be found to obtain a resulting expected voltage and current unbalance. These
values are presented in table 6.3.

Note the small differences between the resulting values of unbalanced current for the
VSM technique in table 6.2 and the ones for the ideal regulator presented in table 6.3.
This provides an insightful connotation; a small shortage of the unbalanced current can
lead to excessive levels of voltage unbalance. Another possible explanation is vector
error, or in other terms, an error in the phase of the I— applied, even if the exact

amplitude may be correct.

6.2.2 Experimental setup with unbalanced loads

A schematic diagram of the system used for this project is shown in Figure 6.4. This
scenario is very similar to the already described in the previous chapter for another
experiment with the singularity that, in this case, it adds the capability of applying
unbalanced loads of up to 2.5 kW to the microgrid. Full details of the internal converter

values and the synchronous generator can be found in the appendix.

400 Vrms |-l
Microgrid |
10 kVA 2.4 kW
setup for the VSMOH Unbalanced
VSMOH/GFN - - controlled load
mode I =7 inverter
algorithm 2.2 kVA Synchronous 10 KVA Loadbank
Machine (Balanced Load) = _
400 Vrms L1
Microgrid 5 4
setup for the 1oKvA < 24kW
DQCI S 8 controlled Umblilsgced
algorithm & =<y inverter
2.2 kVA Synchronous 10 kVA Loadbank
Machine (Balanced Load) - =

Figure 6.4: Experiment with unbalanced loads.

Depending on the control algorithm used for the converter, the synchronous set
has a different role in this scenario. If the converter is operating in GFN/VSM mode,
the machine is just required for an initial synchronization with the grid. Once it is
synchronized, the synchronous set can be disconnected and the converter will remain

islanded creating its own grid, and able to supply the load totally by itself. Since the
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experiments that follow this project start with the converter being completely islanded,
the synchronous set is represented in dashed lines in Figure 6.4. On the contrary, DQCI
converters will compulsorily need, at least, a minor proportion of synchronous gener-
ators in the system to stay grid-connected [9]. Therefore, the performance evaluation

will be assessed taking into account the synchronous generator is still connected.

6.2.3 Experimental results of a converter-dominated grid facing un-

balanced loads

Another variable to take into account during the experiments is the proportion of un-
balanced /balanced present into the system. The converter response and the capability
to mitigate these faulty scenarios will not be the same if, for instance, the system
is facing 0kW/1.8kW of balanced /unbalanced load than if the converter is supplying
6kW /1.8kW of balanced/unbalanced loads. If the vast majority of the energy involved
in the experiment is balanced (6kW/1.8kW case), the voltage will suffer less distortion.
Therefore, the task of regulating this voltage balance will be easier in that case than if
the energy involved into the experiment is completely unbalanced (0kW/1.8kW case)
where the grid voltage will suffer deep sags in magnitude. However, as it has been
observed in tables 6.1 and 6.3 this effect takes more or less weight in the resulting
voltage unbalance depending on the algorithm used. For the DQCI case, this propor-
tion between the balanced and the unbalanced load is crucial, due to its equivalent
open circuit on the negative sequence, the resultant unbalanced voltage relies predomi-
nantly on the load characteristics. For the VSMOH, the equivalent short-circuits offers
a low impedance path which smooths the dependence between the resulting unbal-
anced voltage and the proportion of balanced/unbalanced loads. As result, for the
same unbalanced load, the resulting expected voltage unbalance has similar numbers

for different values of balanced loads.

DQCI algorithm

Table 6.4 contains the results of the unbalanced experiment under the DQCI control

strategy for a variety of balanced and unbalanced loads. Cells noted with "UNS’ are
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scenarios when the converter is marginally stable. ’OUT’ are scenarios when the nomi-
nal power of the synchronous machine is lower than the actual unbalanced load, leading
to the disconnection of; first the synchronous generator and, with it, the own converter.
Finally, 'N/A’ are conditions that can not be recreated with this strategy since DQCI
converter cannot operate without loads.

As it was mentioned before in section 6.2.2, during these scenarios there are two
generators: the synchronous machine and the converter. Since DQCI converters are the-
oretically incapable of providing negative sequence current, the most reliable strategy
to follow in case of an unbalanced load is to start with the DQCI converter supplying
almost a 100% of the linear load and, at that moment, apply the unbalanced load.
Thereby, before the unbalanced is applied, the synchronous machine gets almost idle
in terms of energy production and, thus, it will have the highest margin to regulate
the voltage. However, because the synchronous generator is present in the experiment

and it is the one which is providing in its majority the unbalanced current, the values

Balanced Unbalanced loads
loads
OW | 600 W | 1.2 kW | 1.8 kW | 2.4kW
0w N/A | N/A | N/A | N/A | NJA
N/A | N/A | N/A | NJA | N/A
1 7 14 20
2 kW UNS
0.9 2.1 3.4 5
0.9 6.5 13
4 kW UNS ouT
0.8 2.3 3.7
1
6 kW 0.0 UNS UNS ouT ouT
0.9
8 kW 0.9 UNS ouT ouT ouT
Iunbal Iunbal Iunbal Iunbal Iunbal
Vunbal Vunbal Vunbal Vunbal Vunbal
(%) (%) (%) (%) (%)

Table 6.4: Result for the unbalanced loads experiment using the DQCI control strategy.
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40 -

Unbalanced load (pu) 00 Balanced load (pu)

Figure 6.5: Comparison of the expected unbalanced voltage (faded) with the results
obtained (solid) for the DQCI control strategy.

are shown in table 6.4 do not match with the ones of table 6.1. This comparison can
be better observed in Figure 6.5 where the expected and resulting unbalanced voltages
are presented with the aforementioned limit of 3%.

The difference of the unbalanced current provided by the ideal generator in table 6.3
and the ones registered in the laboratory is approximately the amount of unbalanced
current injected by the synchronous machine. In any case what it is clear is that table
6.4 shows a system with a poor resilience and, for many setups, the microgrid is inviable.
Note for instance the unstable case where 6kW of linear load and only 9% of the load is
unbalanced (600W). This scenario led to an unstable situation where the synchronous
machine was ineffective at regulating the voltage.

A reference scenario where 2 kW of balanced load with 1.8 kW of unbalanced load

will be used in this section in order to provide an insightful comparison of the algorithms
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Figure 6.6: Results for 2kW/1.8kW of balanced/unbalanced load under the DQCI
control strategy.

presented in this paper. Figure 6.6 shows a higher detailed picture of this scenario using
the DQCI control strategy.

In this figure are presented, from top to bottom, the voltages observed by the
converter (expressed here as Vg but equivalent to V. in section 6.2.1), currents injected
by the converter (Iu.), active power (P) and the voltage/current unbalance. As it can
be observed, although the voltage seems to be consistent, the current is only a 20%
unbalanced; a value which is far from the expected 47.4%. Actually, taking into account
the distortion present in the current injected (this may be caused by an interaction
with the -1 order harmonic [16]), this value may be misinterpreted by the unbalance
calculation process. In any case, the shortage of unbalanced current leads to a voltage
unbalance of 5%, exceeding the tolerable limit of 3%.

Additionally, it is worth to mention the 2nd order harmonic ripple on the active
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power signal. In this case, since there is a significant amount of voltage unbalance
present in the system, part of this oscillation is caused by the voltage itself and the
remaining is due to the unbalanced current. This ripple has to be considered for a real
system connected to the grid which has a limited amount of collected energy in the DC
bus. Therefore, DC capacitors and voltage will have to be controlled fast enough that

these swells do not affect the converter normal operation [16].

VSMOH algorithm

The main feature of the VSMOH algorithm is the imposition of a voltage value regard-
less of the grid conditions. Opposite to other VSM algorithms, the VSMOH control
strategy uses exclusively the synchronization mechanism of the traditional synchronous
machines [19,20]. Additionally, the boxcar filtering removes all unbalance and makes

the voltage source completely stable during an unbalanced load situation, whereas a

Balanced Unbalanced loads
loads
OW | 600W | 1.2 kW | 1.8 kW | 2.4kW
6.7 46.7 65.5 72.2 77.5
(V"%
1.1 2 4 5.6 7.3
3.4 21.7 36.9 46.9 53.7
2 kW
0.5 1.5 3.2 5) 6.6 b
1 13 24.1 32.4 38.6
4 kW
0.4 1.2 2.6 4 5
1.8 8.4 16 22.5 27.7
6 kKW
0.4 1.2 2.6 4 b
2 6.85 12.9 18.2
8 kW ouT
0.45 1 2.2 3.4
Iunbal Iunbal Iunbal Iunbal Iunbal
Vunbal Vunbal Vunbal Vunbal Vunbal
(%) (%) (%) (%) (%)

Table 6.5: Result for the unbalanced loads experiment using the VSMOH control strat-
egy.

125



Chapter 6. Guaranteeing the stability of converter-dominated power systems facing
unbalanced and non-linear loads

synchronous generator rotor will actually be perturbed by a small amount due to the
second-order transfer function response of a physical rotor. Table 6.5 shows the results
of the converter using the VSM/GFN algorithm against unbalanced loads.

The results obtained in this table show a microgrid much more stable than the
previous one. This leads to more setups where the converter not only remains connected
but also is able to regulate, to some extent, a lot of the unbalances present in the
system. The representative scenario where 2kW /1.8kW of balanced/unbalanced loads
were applied is presented in Figure 6.7. Although this has been already commented
in Chapter 3, it is worth to mention again that the converter contains a Delta-Wye
transformer and this is the reason why, although the unbalanced load is applied to
a single phase, the observed currents contain two of the phases with more amplitude

instead of only one.
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Figure 6.7: Results for 2kW/1.8kW of balanced /unbalanced load under the VSMOH
control strategy.
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Translating these numbers to percentage results in a 47.3% of unbalanced load.
Since the resistances are linear loads, the current injected by the converter for a perfect
regulation has to be equally unbalanced (this number also matches with the expected
results for an ideal regulator in table 6.3) and, as it can be observed in fig. 6.7 and table
6.5, the measured unbalanced is 46.9%. This value is also very close to the predicted
46.7% from table 6.2. This comparison can be extended to every scenario finding in
all of them very similar values with respect to the predicted previously not only on the
currents but also in the resulting voltage unbalance. Again, this can be better observed
presenting a surface plot of the expected and resulting values of unbalanced voltage
from Table 6.2 and 6.5 ()Figure 6.8).

In Figure 6.8 there are small differences between the expected unbalanced voltages
and currents which can be caused by small measurement errors. However, the trend
and the limit points where the resulting unbalanced voltage reaches the limit of 3% are
very similar. To confirm the validation between the prediction and the results 6.9 is

presented too. This figure represents the expected and resultant values of unbalanced

Unbalanced load (pu) 0o Balanced load (pu)

Figure 6.8: Comparison of the expected unbalanced voltage (faded) with the results
obtained (solid) for the VSM control strategy.
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Figure 6.9: Comparison of the expected unbalanced current (faded) with the results
obtained (solid) for the VSM control strategy.

current. Both plots are practically identical confirming that a VSM controlled converter
behaves as an equivalent positive sequence voltage source of power.

However, there are still cases where the converter is unable to keep the unbalance
present in the system lower than 2 or 3%. Actually, every scenario where the unbal-
anced load is equal to 1.8 kW or higher has resulted in values which exceeded the
voltage unbalance limit imposed by the majority of TSOs of 3%. A discussion about
this contradiction can be found in section 6.4.1. In any case, table 6.5 shows a system
that is capable to regulate the voltage but can not, by default, mitigate completely the
unbalanced scenario. If an enhanced voltage regulation is necessary, it is possible to
explore further the VSMOH capabilities designing a specific control to regulate unbal-
anced voltages. The details about this technique and its results are explained in the

following section.

128



Chapter 6. Guaranteeing the stability of converter-dominated power systems facing
unbalanced and non-linear loads

VSMOH+ algorithm

The control design for this improvement over the actual VSMOH algorithm starts re-
suming the work done in Chapter 3, section 3.5.4. In this section the final commanded
voltage magnitude and angle are transformed into IGBT firing signals, however, some
modifications had to be made to make these commands practical in a real converter.
Now, an additional improvement presented thereupon makes a further modification over
the VSMOH algorithm; now to mitigate the unbalanced scenarios obtained improving
the voltage regulation capabilities of the original VSMOH algorithm (VSMOH+). Fig-
ure 6.10 shows these aforementioned changes. In red dashed lines, it is framed the
specific alterations made over the block Driving the voltage reference (explained with
further detail in [10] and section 3.5.4).

Theoretically, as it was presented in section 6.2.1, an ideal generator E would be

able to impose a negative sequence voltage or current to remove the finite voltage at

Inputs of the block
Driving the voltage
reference for the VSMOH+

(V] vd '

[

|

|
\I’—Vq I vdq - Vabc @

SPWM

Vabe(dg-)
f [freq g Correction of angle | ofix
red 9797 for synchronization

Correction of
labc voltage for DC
currents removal

Vabc pco

Figure 6.10: Block diagram of the modified VSMOH+ control strategy.
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Balanced Unbalanced loads
loads
OW | 600W | 1.2 kW | 1.8 kW | 2.4kW
24 35 61.3 72.3 83.5
ow
0.2 0.2 0.2 0.3 0.2
5.6 20.9 37.8 49.2 57.4
2 kW
0.1 0.2 0.2 0.2 0.2
1.6 13.3 25.3 35 42.3
4 kW
0.1 0.2 0.2 0.2 0.2
1.9 8.9 17.3 24.9 30.9
6 kW
0.2 0.2 0.2 0.1 0.2
2 7.15 14.2
8 kW ouT ouT
0.2 0.1 0.2
Iunbal Iunbal Iunbal Iunbal Iunbal
Vunbal Vunbal Vunbal Vunbal Vunbal
(%) (%) (%) (%) (%)

Table 6.6: Result for the unbalanced loads using the VSMOH+ control strategy.

V_ under the presence of unbalanced loads. Since the VSMOH control strategy behaves
as a voltage source, it is possible to alter the control in such way that the converter
is able to provide, if necessary, a negative sequence voltage, permitting the complete
mitigation of unbalanced scenarios.

Obtaining the sequence diagrams of the voltage measured from the converter in the
rotatory dq frame (Vype(dq—)), it is possible to design a dedicated control loop which
objective is to remove any negative sequence voltage at the PCC. The outcome of this
control is a signal called Fdg— which corresponds to the necessary negative sequence
voltage driven by the converter to mitigate the unbalance. Following, a customized
dq0 to abc block combines the original voltage product of the standard VSMOH control
algorithm, Fdqg+, with the negative sequence command Fdq— from the unbalance
mitigation control. Combining Fdg+ with Edg— and translating the resultant signal
from the dq0 rotatory frame to abc, the converter driving voltages (Eabc) are produced.

Lastly, these signals are modulated to create the IGBT firing signals.
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The results of the VSMOH+ algorithm for the unbalanced scenarios are presented
in table 6.6. Here, the obtained values of unbalanced voltage for any scenario are equal
or below 0.3%, even during heavily unbalanced conditions. This is caused because
the VSMOH+ converter behaves very similar to the ideal voltage regulator. In fact,
it is possible to compare in a surface plot the values of unbalanced current expected
from Table 6.3 from the ideal regulator and the ones obtained from Table 6.6 for the
VSMOH+ in Figure 6.11, finding that both are very similar.

Another interesting comparison can be done between the measured current unbal-
ance for the VSMOH and the VSMOH+ control strategy. This can be done observing
these values in Table 6.6 and Table 6.5. It is noticeable the small differences in value
between them. However, these tiny variations lead to a very positive effect on the
net voltage balance. For instance, for the aforementioned case of 2kW/1.8kW of bal-
anced /unbalanced scenario(see Figure 6.12), if the VSMOH strategy is used, a 46.9% of
unbalanced current is measured whilst the VSMOH+ increases this value up to 49.2%
unbalanced. Accordingly, 2.3% difference has caused a voltage unbalance reduction
from 5 to 0.5%. This provides evidence of the magnitude of the small alterations made

by the dedicated negative voltage removal control to the final driving voltage and how

100
80

60

Unbal,___ (%)

0.8

0.1 0.4
0.2

Unbalanced load (pu) 0 o Balanced load (pu)

Figure 6.11: Comparison of the expected unbalanced current (faded) for the ideal
regulator with the results obtained (solid) for the VSMOH+ control strategy.
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Figure 6.12: Results for 2kW/1.8kW of balanced/unbalanced load under the
VSMOH+ control strategy.

this small modification has produced a notorious reduction on the voltage unbalance.
Therefore, it does not seem to be necessary to install any further hardware to perform
this enhanced control.

Comparing also the values obtained from unbalanced current and voltage with the
ones of the ideal generator in table 6.3, VSMOH+ produces a slightly higher amount
of unbalanced current than the expected. Since VSMOH+ algorithm objective is to
remove completely the unbalanced voltage, the small asymmetries present between the
grid filter elements across the three phases are also taken into account in the control

loop and removed. As result, a slightly higher amount of current unbalance is produced.
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6.3 Non-linear loads

The loads nature is also changing on the demand side. Typical linear resistive loads
such as light bulbs are being replaced by solid-state devices which have an initial power
stage that transforms the AC voltage to DC or simply operate producing non-linearities
on the grid. As individual load, these elements do not represent any harm to the system,
however, the aggregate power of these elements plus the latent progression of electric
vehicle chargers into the system can lead to disturbances into the grid voltage. Either a
passive rectifier from the low power digital load or an active converter from an electric
vehicle charger, both elements demand non-linear currents which contains harmonics
out of the fundamental. The harmonic content of any of these systems will depend
on its nature and control method. In any case, if the demand of such currents is high
enough, generators may be not able to cope with the demanded current, affecting to the
grid voltage signal and, in consequence, to the Total Harmonic Distortion (THD) of the
grid voltage. This parameter is key for this study and it will be used along this section
since the vast majority of the European grid codes of Transmission System Operators
(TSO) do not tolerate a higher value of THD in the grid voltage than 5% [4,5] and 8%

at the customer level [6].

6.3.1 Expected values

A non-linear load is by definition, any load which demands a current not proportional
to the voltage applied. Naturally, this comprises a wide variety of elements, from a
simple diode to complex power stages which need passive or active converters to operate
properly. For the purpose of this study, a 6 pulse non-linear load like the one presented
in Figure 6.13 has been used. It consists of a three-phase passive rectifier attached to
a coil and a variable resistor. However, there are many types of non-linearities (and
consequently, many types of non-linear loads). This non-linear load has been chosen
due to its highly distorting characteristic and simplicity. Nonetheless, the following
analysis is still valid for any type of non-linear load as long as the demanded current
has a periodic response.

The aforementioned load has been simulated in Matlab/Simulink [17] and its de-
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Figure 6.13: Schematic of the non-linear load

mand in current has been plotted in Figure 6.14. As it can be observed it does not
have the shape of a sinusoidal wave. However, if a spectrum analysis is made (see the
bottom of the same figure), its harmonic content can be observed, having significant
harmonics with relevant magnitude at every 6n+1 order of the fundamental one.

This simulation has been correlated with the measurements taken in the laboratory
using a PQ-meter. The results plotted in Figure 6.15 present the THD of the current

demanded showing similar results. The only remarkable difference is the magnitude of

i
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Figure 6.14: Current demanded from the non-linear load obtained in simulation in the
time (top) and the frequency domain (bottom).
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Figure 6.15: Harmonic content of the current demanded from the non-linear load
obtained in the laboratory using a power quality meter.

its harmonics which is slightly less than the simulated one.

Knowing the harmonic content of the current demanded, the non-linear load can be
expressed as a linear combination of demand in current for each harmonic. Then, the
individual effects caused by this demand can be evaluated individually and combined
to compute the resulting effect on the Total Harmonic Distortion (THD) of the grid
voltage. This analysis is represented in Figure 6.16 where a combination of linear and
non-linear load are present in the grid and shown as a demand in current. Also, the
grid impedance Lg is represented here since, as it will be seen later in this chapter, this

impedance is necessary for the circuit analysis.

+ +
Ve, 2 fLy Q) 1 Q) In, Ve, 2rnfL, Q) INIn

Figure 6.16: Equivalent circuit of the linear and non-linear load as a demand in
current for the fundamental frequency (left) and for the nth harmonic.
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For the fundamental frequency (left side of the figure), the linear load is represented
in conjunction with the part of the non-linear load which demands a current at specif-
ically grid frequency. On the right, it is represented the current demanded from the
non-linear load for the harmonic n. Since the linear load does not demand any current
out of the fundamental, here it is represented as an open-circuit.

Therefore, the net effect of the voltage observed by the converter (V) can be seen

as the sum of the voltages present at any harmonic as long as the load demands it:

Ve=Voy +Veg + Ver + Veyyoo = > Ve (6.8)
6n+t1

If a proper voltage regulation is required, V. will have a THD of zero. In order to
obtain this value, every harmonic demanded from the non-linear load will have to be
supplied with opposite sign contributing positively to the current THD injected by the

converter. However, the exact number and magnitude of each harmonic demanded is

Linear Non-linear loads
loads
oW 1.1 W | 2.3 kW | 3.4 kW | 4.5kW | 5.6kW
2.2 2.3 2.8 3 3.5 3.9
oOwW
0 29.2 28.5 28.1 27.8 27.1
2.2 2.3 2.6 3 3.4 3.8
2 kW
2 10.2 15.3 18 19.6 20.3
2.2 2.4 2.6 3 3.4 3.8
4 kW
2.2 5.6 10 12.7 14.8 16
2.2 2.3 2.6 3.2 3.4 3.9
6 kW
1.9 3.2 6.6 9.2 11 12.5
2.2 2.3 2.6 2.9 3.4 3.8
8 kW
2 2.2 5.2 7.4 9.1 10.5
THDy | THDy | THDy, THDy | THDy | THDy
THD; | THD; | THD; THDy THD; | THD;
(%) (%) (%) (%) (%) (%)

Table 6.7: Expected values of THD for the injected current and the grid voltage when
connected to a stiff grid.
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difficult to calculate.

Contrarily to the unbalanced experiments where a theoretical calculation was per-
formed previous to the experiment, here, it is possible to connect the load to a stiff grid
for every scenario where each one of them contains a certain value of the non-linear
and linear load. This stiff voltage source will actuate as an ideal regulator. Then, the
currents which satisfy the non-linear load will be characterized making use of a power
quality meter to obtain a resulting current and voltage THD (since the grid is not an
ideal generator and therefore contains some harmonics) for each case. Following, the
same process will be followed when, instead of a stiff voltage, the converter will be
the main generator of the system working with the DQCI algorithm and the VSMOH.
Table 6.7 contains the registered values of THD currents by the stiff grid to achieve a
successful voltage regulation including the grid voltage’s THD. As it can be observed,
the levels of TH Dy never exceed 5%.

Theoretically, similarly to the previous experiment with unbalanced loads, if the

2 fLy V.

1

T Ic, 2 fL, CD i CD Ing

o — D CD Ing

Figure 6.17: Equivalent circuits of the linear and non-linear load connected to the
DQCI-controlled converter for the fundamental frequency (top) and for the nth
harmonic (bottom).
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Figure 6.18: Equivalent circuits of the linear and non-linear load connected to the
VSMOH-controlled converter for the fundamental frequency (top) and for the nth
harmonic (bottom).

DQCI strategy is used under the presence of non-linear loads, the converter will actu-
ate providing only positive sequence current, ignoring any other harmonic out of the
fundamental one and, following the principle of superposition, behaving as an open
circuit in any harmonic out of the fundamental. On the other hand, the GFN/VSM
algorithm should impose a positive sequence voltage at 50 Hz and, following again
the principle of superposition, behaving as a short-circuit in any harmonic out of the

fundamental. Both behaviors are represented in Figures 6.18 and 6.17.

6.3.2 Experimental setup with non-linear loads

The setup for this experiment is very similar to the already presented in the previous
section replacing the unbalanced load by a non-linear load.

The schematic of the non-linear load connected here was already presented in Fig.
6.13. It consists of three-phase diode rectifier VUO 62-16NO7 from the brand IXYS

[18] in combination with an inductance of 16 mH and a load bank which permits the
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Figure 6.19: Experiment with non-linear loads

modification of the current demanded from this load. The ratings and main parameters

of these elements are presented in Table 6.8.
Although, as it will be observed later, this configuration is very disruptive, it is
typical of an input power stage in any digital device and it is used due to its great

performance (on the DC side) and the low cost of its elements.

Diode Rectifier
Elem./Param. | Description Values Units
If Maximum forward current 63 A
Vf Voltage forward 1.7 \%
Visol Maximum reverse voltage 2500 \Y
Main Inductor
Lpc Inductance of the non-linear load 16 mH
11, max Maximum current tolerable by Lpc 20 A
Loadbank
VRivaa Maximum voltage applied 700 \4
IR,yu Maximum current applied 15 A

Table 6.8: Ratings of the elements built as non-linear load.
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6.3.3 Experimental results of a converter-dominated grid facing non-

linear loads
DQCI algorithm

Standard DQCI control theory has two major difficulties here. First, it makes the con-
verter to behave as a source of positive sequence current, hence, it cannot impose a
voltage reference at its connection point. Second, this algorithm needs a synchroniza-
tion reference which is usually provided by a PLL, being this block very sensitive to the
noise present on the measured signal. If too much noise is present in the grid voltage,
PLL can enter into instability compromising the stability of the whole converter.

The resulting THD values using the converter operating under the DQCI control
strategy are presented in table 6.9; here "UNS’ means the converter lost its stability and
had to disconnect and 'OUT’ means the system disconnected because the synchronous

generator was overloaded.

Linear Non-linear loads
loads

oOw 1.1 W | 2.3 kW | 3.4 kW | 4.5kW | 5.6kW

2.6 3.3 ouT ouT ouT ouT
oOw

0 27.1

0.6 2.7 ouT OouT ouT ouT
2 kW

0.3 7.7

0.8 UNS ouT ouT ouT ouT
4 KW

0.6

0.7 ouT ouT ouT ouT ouT
6 kW

0.8

0.8 ouT ouT ouT ouT ouT
8 kW

0.9

THDy | THDy | THDy, THDy | THDy | THDy
THD; | THD; | THD; THD;y THD; | THD;
(%) (%) (%) (%) (%) (%)

Table 6.9: Result for the non-linear loads experiment using the DQCI control strategy
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Table 6.9 presents a system very sensitive to the non-linear loads. Due to the
incapability of the DQCI control to face any load that is non-linear, it cannot contribute
to the stability in any way and hence, the vast majority of the scenarios led to a scenario
where the synchronous generator has to face a load higher than its nominal power.
Consequently, it has to disconnect, forcing with it the disconnection of the converter.

Taking the case where 1.1 kW non-linear load is present as a reference, the values
shown for the observed THD grid voltage are very good but here, again, the main
stability contributor is the synchronous generator, not the converter. This can be
corroborated by comparing the THD value of the current injected with the expected one.
Converter injects a current with a 7.7% of THD when 10.2% was expected. However, the
voltage THD is still between operational margins. Furthermore, it has only increased
0.5% compared to the stiff voltage.

On the contrary, if the linear load exceeds 2 kW, since the non-linear load is so
high and the DQCI converter cannot provide voltage regulation, the PLL suffers from
voltage distortion losing the synchronism. As result, the whole system enters into the
instability region and has to disconnect.

The situation where 2kW /1.1kW of linear /non-linear load was being supplied using
the DQCI control strategy is depicted in Figure 6.20 for further evaluation. From
top to bottom are plotted: The observed grid voltage from the converter Vgp. (which
corresponds to the voltage point at V. in the previous theoretical analysis), the current
injected from the converter, I,;., the active power injected by the converter, P, and
the THD coefficient for the observed grid voltage and the current injected. As it can
be observed, the scenario is already marginally stable. Due to the voltage sensitivity of
the PLL built in the converter, this system is becoming incapable of providing a voltage
reference. Consequently, there are swings in power between the synchronous generator
and the converter observable through P. However, since the synchronous set is acting

in island mode and it can regulate the voltage accordingly, the voltage distortion is low

(2.7%).
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VSMOH algorithm

Theoretically, voltage source behaviour plays a big advantage in facing this type of
loads. Its rigid voltage-source provision against any load, regardless of its nature,
provides a voltage regulation effect to the network which contributes positively to the
system stability. These scenarios and their corresponding THD values are presented in
Table 6.10.

Table 6.10 presents a much more resilient system where the converter only trips
because it gets overloaded (the sum of the linear and non-linear loads is higher than
the converter nominal power). However, the power quality gets progressively distorted
and almost as soon as the non-linear load present in the microgrid is more than 1.1
kW the observed THD grid voltage gets higher than the 5% limit. Therefore, VSMOH

control strategy presents some weaknesses which will be further discussed in section
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Figure 6.20: Results for 2kW/1.1kW of linear/non-linear load under the DQCI

control strategy.
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6.4.2.

Observing the measured THD values with the expected ones from table 6.7, it is
possible to observe that when the THD stays between operational margins (<5%), the
difference of THD between the current injected by the converter and the expected one
are minor. However, for instance in the scenario where 2kW /5.6kW of linear/non-linear
load is present in the microgrid, VSMOH controlled-converter injects a current with a
THD of 12.9% when 20.3% were expected resulting in a distorted voltage with a THD
of 16%, a value which exceeds widely the 5% limit.

To compare the results with the DQCI control strategy, the same scenario where
2kW/1.1kW of linear/non-linear load is connected by the VSMOH converter is pre-
sented in Figure 6.21. Here, the distortion of the observed grid voltage becomes more
evident than in the DQCI case and this translates to an increased THD value of 4.6%.
Comparing this scenario with the same for the DQCI algorithm, it is curious to ob-

serve that, although the resulting grid voltage THD in the DQCI case is lower than

Linear Non-linear loads
loads
oOwW 1.1 W | 2.3 kW | 3.4 kW | 4.5kW | 5.6kW
2.6 5.4 9.8 13.5 16.6 19.3
ow
0 26.3 23.6 22 20.6 19.5
0.6 4.6 8.5 11.6 14 16
2 kW
0.3 8.7 11.5 12.7 12.9 12.9
0.8 3.6 7 9.7 11.8 13.3
4 kW
0.6 4.5 7 8.1 8.7 9.3
0.7 2.8 5.6 7.6 8.9 ouT
6 kW
0.8 2.6 4.1 5.5 6.7
0.8 2.4 4.4 ouT ouT ouT
8 kW
0.9 1.9 3.6
THDy | THDy | THDy THDy | THDy | THDy
THD; | THD; | THD; THDy THD; | THDy
(%) (%) (%) (%) (%) (%)

Table 6.10: Results for the non-linear loads experiment using the VSMOH control
strategy
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Figure 6.21: Results for 2kW/1.1kW of linear/non-linear load under the VSMOH
control strategy.

in the VSMOH one, the converter provides better regulation when the latter is used.
Observing the current injected THD in both cases, the VSMOH provides a current
with a higher THD. Hence, contributing more to the voltage stiffness. The reason why
the DQCI case provides better results is caused by the presence of the synchronous

generator in this scenario and its good performance as voltage regulator.

VSMOH+ algorithm

It is tempting to think that, similarly as it was done in section 6.2.3 for the unbalanced
case, making use of the voltage behavior of the VSMOH algorithm, it would be possible
to design a specific control in charge of mitigating the harmonics contained in the grid
voltage. This further modification over the previous one made for unbalanced loads is

presented in Figure 6.22.
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Figure 6.22: Modification of the driving the voltage reference block to mitigate
harmonics (framed in purple).

This control evaluates the harmonic content of the grid individually and it has a
dedicated control loop which objective is to remove the specific harmonic adding com-
pensation terms at the final converter voltage. First, it has a block which evaluates the
magnitude and phase of the specific harmonic to analyze. The resulting magnitude is
driven as the measured signal to the PI regulator which sets the magnitude necessary
to remove the harmonics present in the grid. Following, the phase compensator recon-
structs the signal into a sine wave incorporating the phase previously measured in the

nth harmonic analyzer. Finally, all the resulting signals are combined and incorporated
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into the driving voltage.

This technique is enclosed within the Active Power Filters (APF). As it can be
observed, theoretically, n control loops should be incorporated in parallel to mitigate
the possible harmonic content present in the grid. However, this action is limited by
the sampling frequency. For instance, for the case of the converter built for this thesis
where 2 KHz is used as sampling and switching frequency. Following Nyquist theorem,
it would possible to control up to the 20th harmonic. However, in reality beyond the 7th
harmonic, the block in charge of extracting the phase and magnitude cannot provide a
correct measurement to the control loop. This is the reason why only the 5th and 7th
harmonic control loop are presented in Figure 6.22.

Unfortunately, when this control has been integrated into the converter, the results
have been unexpected. All the scenarios presented previously have ended into a dis-
connection of the converter due to overcurrents. The explanation of this can be seen
clearly as follows. The equivalent circuit of the scenario where this control strategy is
used and a combination of linear and non-linear load at the nth harmonic is present
together with the harmonic content of the current spectrum using a stiff grid. Both
plots are presented in Figure 6.23. As it can be observed, the equivalent effect is the
incorporation of a voltage at the nth harmonic which creates a current of opposite sign
to the one demanded from the load. If both currents would be the same, the resulting

voltage at V., would be zero, being this the aim of this control.

(Il Harmonics =} 2018-03-22, 10:51
$L1 THD 280%
2mnfL V. ims 5,46 4

In R 10
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Ec, 2enfL, O = h --------------------------------------- :

1 5 9 13 17 21 25 29 33 37

Figure 6.23: Study with the nth harmonic
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Taking a look now to the power quality meter measurement (plot on the right of
Figure 6.23), focusing only in the voltage magnitude and one harmonic, there seems
to be among other a 7th harmonic which has a magnitude higher than 10%. Ignoring
the angle component, this would mean that, if the converter acts as a perfect voltage
regulator it would have to produce a current at the 7th harmonic which will have a
magnitude of 10% (for the sake of this explanation its value will be approximated to
10%) of the fundamental one. In other terms, if the load requires 10 Amps at 50 Hz it
will require 1 Amps at 350 Hz. As it will be explained as follows, this implies several
difficulties.

The problem centers into the two impedances represented in Figure 6.23 between
the converter and the load (L; and Ly). If 10 Amps would be required at 50 Hz and
also at 350 Hz the voltage that should be forced for the fundamental frequency (n=1)at
FE7 would be:

FEi = (XlLf —i—Xng)Il (69)

where X1j, s and X1, corresponds to the converter and grid reactance at the funda-
mental frequency respectively and I; to the current demanded at 50 Hz. For the 7th

harmonic (350 Hz) the equation is very similar:

E; = (X7Lf + X7Lg)I7 (610)

where X7p, ; and X7, corresponds to the converter and grid reactance at the funda-

mental frequency respectively and I7 to the current demanded at 350 Hz. And also:

7*(X1Lf+X1Lg):X7Lf+X7Lg (611)

Equations 6.9-6.11 show that for the same current, since the reactance value relies on
the frequency, E7 has to be 7 times higher than F,, generalizing this for any harmonic

1:

En =nE, (6.12)

147



Chapter 6. Guaranteeing the stability of converter-dominated power systems facing
unbalanced and non-linear loads

Although equation 6.12 is obvious, it needs to be put into this context to con-
tinue the explanation. Now, characterizing the harmonic content from using the power
quality meter it is possible to obtain table 6.11 with the magnitude of every harmonic

contained in the current demanded.

n=1 (50Hz) | 5 7 |11 |13 | 17 | 19
100% 14% | 12% | 8% | 6% | 5% | 4%

Table 6.11: Harmonic content of the current demanded by the non-linear load

Knowing equation 6.12 and the magnitude of the harmonics, it is possible to esti-
mate (ignoring the angle component of the harmonics) which is the magnitude of the

converter voltage which will have to be imposed in order to achieve voltage regulation.

oo
E=> n-Iy j(X1, + X1z, (6.13)

n=1

where F is the voltage imposed by the converter, n is the specific harmonic under study
and I, is the magnitude of the current demanded by the non-linear load (their values
as it was mentioned, are in table 6.11). As it can be observed from equation 6.13,
the factor of n in this equation makes E value very high. Obviously, this is partially
mitigated by the fact that as the harmonic order gets higher its magnitude is lower,
however, the n factor in the equation is much higher making the converter prone to the
disconnection.

This study has shown that, although theoretically a harmonic compensation is
possible, this technique is very difficult to develop since it can put the converter in
risky situations where the DC bus voltage does not have enough value to set a value so
high at the output of the converter bridge. However, these results will be later discussed

in section 6.4.2 where possible solutions and mitigation techniques are explained.
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6.4 Discussion about the obtained results

6.4.1 TUnbalanced loads

The experiments made along this chapter can produce several conclusions which can
help to understand the behavior of converters depending on the control strategy used
in each case. For instance, the DQCI converter implemented has shown a poor perfor-
mance against unbalanced load being very sensitive to them and prone to disconnect
as soon as the unbalanced loads cannot be supplied by other generators. However, un-
expectedly they have provided a small amount of negative sequence current when none
was predicted. This unbalanced current production is caused by the limited bandwidth
of the internal control dynamics. DQCI converter’s objective is to achieve an active
and reactive power command. To do so, it implements an inner current control loop
with a finite bandwidth. If this bandwidth would be high enough to fully mitigate
the 2nd order harmonic perturbation created by the unbalanced scenario, the inverter
would be able to react fast enough against it and therefore, it would behave as an ideal
positive sequence current source. On the other hand, if the control bandwidth would
be lower than 50 Hz, the regulators would not be able to observe the perturbation and
they would not react to counteract it, giving as result a much higher negative sequence
current component on the expense of losing some controllability. Since, in this case,
the control bandwidth is 200 Hz, only some of this 2nd order harmonic signal gets into
the internal variables of the inner control loop. As result, some unbalanced production
is obtained but much lower than the necessary to mitigate the faulty scenario. This
result is also consistent with the ones presented in [21].

Additionally, it was observed in the experiments that the Phased-Locked-Loop
(PLL) system implemented inside the DQCI control strategy is very sensitive to these
unbalanced scenarios, destabilizing the converter and finally leading it to the discon-
nection. However, if the conventional Synchronous Reference Frame PLL (SRF-PLL)
is replaced by advanced PLL configurations, the converter tolerance to the unbalanced
scenarios can be much improved. For instance, the Double Second Order Generalized

Integrator PLL (DSOGI-PLL) has already provided very good results for unbalanced
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scenarios [15], improving vastly the converter resilience against these events. However,
although the converter could stay connected to the grid, it would remain playing a pas-
sive role, displacing (mostly) the responsibility to mitigate the faulty scenario to the
remaining synchronous generators connected in the system. This would concentrate
a significant amount of mechanical stress in structural and rotating elements of the
generator. Consequently, this accumulated fatigue damage would lead to higher main-
tenance costs, discouraging present and new synchronous generators to connect to the
grid, promoting with it an even higher absence of active regulators in the system [16].
This detriment on voltage regulation could be mitigated by dividing the voltage mea-
sured into the positive and negative sequence and then, implement a dedicated negative
sequence control capable of injective negative sequence current. However, this has been
left for future work.

Regarding the experiments using the VSMOH control strategy, it seems that (com-
ing back to the analysis made in Figure 6.3), the VSM/GFN converter permits the
continuity of I,, in the negative sequence circuit. This shortcircuit causes only a small
voltage of V_ which leads to a visible unbalanced voltage. V_ value will depend on the
current injected into the positive sequence and the impedance of the converter. Since
the only controllable parameter from the converter side is Ly its value will dictate the
converter capability to force a stiff voltage reference. In other words, if a converter
is intended to work as GFN, the equivalent impedance of the converter grid filter will
have to be reduced as much as possible. This may be achieved by reducing the filter
inductance as long as the harmonic content of the current injected does not increase
substantially. If this reduction is simply not possible or further voltage regulations are
required, the explained VSMOH+ algorithm can be used as a solution to mitigate the
faulty scenario. Imposing a voltage on the negative sequence reference frame, (Ec_)
this control strategy counteracts the current I,, created by the cross-coupled term Rgly.
Naturally, for lower values of Ly, lower magnitudes of E¢_ will be required to remove
the negative sequence voltage.

To perform this control strategy the only requirement necessary is to have a linear

operation margin enough to impose a voltage slightly higher than the usual. In order
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to provide the voltage support against the unbalanced scenario, the specific control
reacts increasing the voltage of the specific faulty phase. To be able to perform this
task, it requires a DC voltage high enough that the converter does not enter into PWM
over-modulation and, thus, losing the linear operation mode. Although this margin has
not been found significantly high, this has been the reason why in table 6.6, for the
case of 8kW/1.8kW of balanced/unbalanced load, the converter using the VSMOH+
algorithm disconnected and using the standard VSMOH (observe table 6.5), it did not.

Another important factor to consider is the dimensioning of the DC bus. Through-
out the experiments, the DC bus has always been considered as an almost infinite source
of power since it has been supplied by a high-performance DC power supply. However,
a real converter may be connected to a limited source of DC energy. For instance, a grid
side connected converter from a wind turbine with a fully rated back-to-back converter
has a limited energy available in the DC bus. In this case, the energy collected by the
DC capacitors and available to be injected into the grid is directly dependent, in its
majority, on the wind resource available and the rectifier-side converter performance.
Consequently, if VSMOH or VSMOH+ control strategies are going to be used into a
real system, the DC buses may need some resize or even the addition of external en-
ergy storage elements such as super-capacitors or batteries depending on the converter
response required.

Finally, in order to extend the GFN solution to large complex electrical grids, it
is necessary to think about how these solutions will be implemented in a real system
which is dynamic and has to be designed with a certain resilience against any event.
The studies done using GFN converters, including this, have considered a singular
GFN converter which provides the stiff voltage needed. However, if for any reason, the
GFN converter would have to disconnect, at least the local stability would be highly
compromised. Naturally, this responsibility can not be left to only one generator, thus,
at least two of them must be connected at the same time providing these ancillary
services. Consequently, two converters would attempt to impose both their own voltage
reference creating possible conflicts in the network. This scenario is especially critical

if VSMOH+ is being used since this algorithm provides an active response against
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the presence of negative sequence voltage. However, this action can be also limited by
introducing a gain smaller than 1 between the measured signal and the error calculation
or just transform the PI regulator into a proportional regulator operating in open loop.

This last case is equivalent to establish a droop control.

6.4.2 Non-linear loads

During the experiments undertaken along section 6.3.3 the weaknesses of the DQCI
algorithm have been exposed, showing that this control strategy tends to be unstable
when noisy grid voltages are present because of the PLL sensitivity to these signals.
This may be enhanced with the aforementioned DSOGI-PLL structure or any other
configuration which includes a filter inside. However, there may be possible implications
due to the time response of the filter into the entire converter stability. Additionally,
some tuning can be done in the PLL dynamics to face systems very prone to noise.
There is evidence [22] which shows that a reduction in the PLL’s internal PI gains can
lead to a more stable converter in the exchange of some transient performance. This
adjustment can be possible depending on the Short Circuit Ratio (SCR) of the grid to
which the converter is connected and the nominal power of this.

On the other hand, VSMOH experiments have shown that, although the converter
behaves as a stiff source of positive sequence voltage, there are limitations in terms of
voltage regulation when the system is facing non-linear loads. This is caused by the
impedance Ly and its increasing reactance value when the harmonic order increases. As
it was explained in the VSMOH+ section, for every increase in the harmonic order, the
current gets divided by this same factor, subtracting capability to regulate the voltage
at V..

Since no further action has been considered it is interesting to calculate which is the
maximum limit in the percentage of non-linear load which the microgrid can tolerate
to stay with a grid voltage lower than 5%.

Figure 6.24 shows the values of table 6.10 in a 3D plot. A plane at 5 % shows here the
boundary conditions where the system reaches this limit value of THD. The intersection

of both planes can be found and plotted on top of Fig 6.25. These boundary points
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Figure 6.24: Surface plot of the Voltage THD (%) Vs linear and non-linear load using
the VSMOH/GBN control strategy
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Figure 6.25: Limit conditions for THD = 5% (top) and corresponding percentage of
non-linear load (bottom)
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can be approximated to a straight line which equation can be found and consequently
translated into percentages of non-linear load (bottom of the same plot). As it can be
observed, the non-linear percentage curve has an asymptote that also can be calculated
as operating limit. The result is 17.35% which is the percentage of non-linear load for a
converter filter inductance of 0.18 pu to stay viable within limits for any value of linear

load present in the system.

6.5 Final discussion

The value previously obtained in section 6.4.2 must be taken as the most favorable
of the cases since, extrapolating the results obtained in the microgrid where the only
generator in the system, the converter, was operating under the VSMOH control strat-
egy. Therefore, the entire energy was being supplied with active voltage regulators.
Extending this analysis to large grids, this would mean that all the generators of the
system would behave as voltage source, something that is very unrealistic. Thus, this
value is a boundary that, for sure, must not be exceeded in any kind of grid if specific
measures to suppress the harmonics are not considered. Since basically, any digital
device demands a more or less disruptive non-linear current, to limit its amount to
17.35% of the total load demonstrates the distorting capability of these loads in the
system and the magnitude of the problem for which future large grids have to entail.

Similarly to the unbalanced case, the impedance L seems to be the main factor for
the converter capability to regulate the grid voltage. However, for the unbalanced case,
this can be overcome by the specific control implemented in the VSMOH+ algorithm,
however, this option, as it was explained in section 6.3.3 is not recommended for the
non-linear load, at least for the case shown in this thesis.

If the harmonic mitigation is mandatory, all the efforts should focus on reducing

the value of L. Three solutions in order to reduce its value are suggested here:

o L reduces its value with power. Since for different converters L has similar values
in per unit, this inductance gets smaller with the nominal power of the generator.

This would justify a delegation of these duties to the large generators present
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and connected to the grid since they have smaller impedances and therefore, they

have more capability to mitigate the harmonics present in the grid voltage.

o Use Modular Multilevel Converters (MMC) as Active Power Filters (APF). Due
to its structure, MMCs can produce a voltage that does not require much filtering,
having a net Ly very low (in some cases it can be even zero). This provides them
with a higher capability to compensate harmonics in addition to its well-known
performance under unbalanced loads. This fact makes them ideal candidates for

voltage regulation [11]- [14].

e Encourage the usage of linear loads. As it has been observed the proportion
of linear and non-linear load play also a role in the system. This is caused by
the damping effect that these loads have in the system. Linear loads, or more
specifically, resistive load provide a natural damping to the system which helps
to mitigate any transitory event, therefore, they should be encouraged or, if not,
demand from the operation loads which do not request a disruptive current as

the one presented in Figure 6.19.
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Chapter 7

Conclusions & Future Work

7.1 General conclusions

Converter-dominated grids is a topic with a growing interest for both academia and
industry. From small industrial microgrids to large country-sized electrical grids, con-
verters are playing a pivotal role in contemporary networks taking the role of primary
generators system at the expense of the traditional synchronous machines. With this
change, stability studies have been triggered due to the awareness of an alarming loss of
inertia of large electrical systems where the renewable energy, and hence the converter
proportion, is not negligible.

This thesis provides a better understanding of converter-dominated grids behaviour,
proposing scenarios where their main weaknesses have been studied and exposed. Once
these are understood, several solutions to achieve a feasible and robust power system
where the generation is solely based on converters have been explored, proposed and
validated in the laboratory.

In order to perform representative scenarios along this thesis, a converter of 10
kVA has been built on purpose (further details in Chapter 3). This system has the
particularity of allowing the change of the control logic embedded in it. Thus, it can
operate as the conventional vectorial current control named along this thesis as D-Q
axis Current Injection (DQCI). Or, on the other hand, it can work under the logic of

control named Virtual Synchronous Machine with Zero Inertia (VSMOH). Being in this
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thesis the first case, to date, where this algorithm has been implemented into a real
converter. Special modifications over the theoretical algorithm have been developed
to make its implementation viable. These changes have been explained and validated
experimentally.

During the construction of this converter two additional contributions have been
made. First, the improvement of the basic DQCI control algorithm dynamics due to the
creation of a virtual parasitic resistor in series with the filter inductor. And secondly,
the design and experimental validation of a novel control technique based on the stan-
dard DQCI which provides the converter with a distinct feature. A controllable speed
response depending on the grid events. Due to this adaptive reaction, the robustness
of the converter and the grid are mutually benefited (both contributions are explained
in Chapter 3).

With the aforementioned converter already built, it is possible to recreate a converter-
dominated grid into the laboratory. To do so, the 10 kVA converter is connected to a
small controllable synchronous set of motor-generator rated in 2.2 kVA. Just connecting
both generators supplying power to a load has provided interesting outcomes described
as follows.

In this first experiment, it was understood that the main weakness of converter-
dominated grid was the lack of voltage regulation, or more precisely, the lack of voltage
stiffness. Since conventional-controlled converters behave as current sources, they are
incapables of providing the necessary voltage regulation to the system, leading to a
progress weakening of the grid voltage signal.

Because of the aforementioned reasons, the active contributors to the stability
within converter-dominated scenarios are the voltage source of the system; the syn-
chronous machines. Behaving as voltage sources, these generators can correct any
deviation from the pure and balanced sinusoidal grid voltage signal. Taking into ac-
count this, the expressions traditionally used for the parameter Level of penetration
(LoP) fail encapsulating this idea since they take into account the active power pro-
vided by the synchronous machine. Consequently, another contribution to this thesis

is a new formula of LoP (LoP,.,). This expression aims to gather that the factor to

162



Chapter 7. Conclusions & Future Work

evaluate is not the active power injected by the synchronous machine, instead, it is the
nominal power of the generator since this parameter quantifies the capability of the
synchronous machine to regulate the voltage at its terminals.

Understanding that converter-dominated grids suffer from shortage of voltage reg-
ulation, the solution is straightforward. Transform the converters in a way such they
behave as voltage sources of power, not current sources. Then, former synchronous
machines could be replaced by this new type of converter.

This transformation from the grid point of view can be done by just replacing the
control algorithm embedded in the converter and replace it by any of the techniques en-
closed within the Virtual Synchronous Machine (VSM). As its name already advances,
these algorithms base, totally or partially, on mimicking the behavior of a synchronous
machine. Thanks to this new control, these VSM-controlled converters are observed as
positive sequence voltage sources, contributing now to the voltage stiffness.

Extending this idea within to large-power systems dominated by converters, the
term Grid Forming Node (GFN) has been coined in academia as the strategic nodes
in a power system where the voltage signal integrity (or grid stiffness) is assured, usu-
ally making use of converters controlled by the aforementioned VSM control techniques.
Once these points supply the necessary voltage stiffness, others DQCI/standard-controlled
converters can follow this signal reference leading to a system which can work in a stable
manner.

Additionally, it has been observed that, if the VSMOH control algorithm is used
among the VSM-techniques, further regulations can be done. The VSMOH control
algorithm has a special particularity, it has zero inertia. Due to this feature, it can
exploit the control capabilities of silicon-based devices which do not need to respect any
physical inertia like synchronous machine do. Thus, it can provide power with the best
possible dynamics against events as typical as a load step. An additional experiment
in Chapter 6 has been conducted to evaluate the VSMOH converter capabilities to
improve the dynamics of the grid as a whole, proving that it is capable to mitigate any
power oscillation caused by the neighboring synchronous generators present in the grid

thanks to the provision of synchronizing torque/damping. As result, a clean voltage
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signal without oscillations is observed by the load allowing the possibility to improve
the stability of the grid even further than using real synchronous generators.

However, so far, it has been understood that the main weakness of converter-
dominated grids is the lack of voltage regulation but there has not been evidence of this.
Additionally, the GFN architecture suggests a drastic solution, the replacement on the
control algorithms of many nodes of a high interleaved electrical system. Something
that is difficult to assume for engineers and managers of such complex grids. Because
of both reasons, additional experiments have been conducted in the laboratory along
Chapter 6. These scenarios are set under the premise that it is necessary to evaluate
the risks of an electrical grid that is not only changing on the generation but also on the
demand side. To date, all the studies which assess the GFN solution assume linear and
balanced loads on the demand side. Since, as it has been mentioned before, converter-
dominated grids are electrical networks which suffer from voltage regulation shortage,
it is advised to evaluate the sensitivity of this new type of architecture against loads
which can demonstrate the lack of voltage regulation of converter-dominated grids.
These are unbalanced and non-linear loads.

For the unbalanced case, a deep analytical study has been undertaken. The assess-
ment has included the calculation of the theoretical response of the converter computing
the expected unbalanced current and resulting grid voltage unbalance for the DQCI and
the VSMOH control strategies. Later, the predicted values have been confirmed in the
laboratory. This assessment has shown the sensitivity of the DQCI converter to this
type of loads as well as its very limited capability to mitigate this event without fur-
ther modifications. VSMOH, on the contrary, has proved to be a much more resilient
generator with finite contributions to the correct voltage regulation. Additionally, the
theoretical calculation presented along Chapter 6 and its following practical validation
confirm that the DQCI-controlled converter can be modeled as a positive sequence cur-
rent source and the VSMOH-controlled converter can be replaced as a positive sequence
voltage source.

If further regulation is necessary in the presence of unbalanced loads, an improved

version over the actual VSMOH control strategy has been purposed and validated in
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this thesis with experiments (named VSMOH+ in Chapter 6). This control exploits
the voltage source behavior of the VSMOH algorithm in order to remove completely
any voltage unbalance. This is made by incorporating a specific control loop which
measures and eliminates the negative sequence component present in the grid.

For the non-linear loads, a much more practical approach has been taken. Taking
as a reference a stiff grid, it is possible to characterize the necessary currents demanded
to achieve a voltage regulation within limits measuring the Total Harmonic Distortion
(THD) of the current injected and the grid voltage for any scenario. Knowing how
a correct regulator behaves, it is possible to compare the response of the DQCI and
the VSMOH algorithm under each combination of linear and non-linear loads. DQCI
converter has proved to be especially susceptible to this type of loads. This is caused
by the PLL sensitivity to a polluted grid signal with harmonic content. VSMOH on
the other side has behaved as a very resilient source of energy showing almost no
scenario where the converter disconnects. However, it has been remarked the limited
capability to regulate voltage within limits due to the reactance of the converter main
filter inductor and its increasing value with the harmonic order.

A similar approach with the VSMOH+ technique has been explained to remove the
harmonic content caused by the non-linear loads. Creating a dedicated control loop for
every individual harmonic, it should theoretically be possible to remove every harmonic
content from the grid providing the demanded current at the specific frequency in
phase and magnitude. However, in this case, this action is very limited due to two
reasons: First, there is a limited bandwidth available which depends on the sampling
and switching frequency, conditioning the maximum harmonic order that is possible to
regulate. And secondly, the voltage necessary to drive that current to the non-linear
load is so high (due to the aforementioned increasing value of the filter reactance with
the harmonic order) that the converter gets out of the linear operation due to lack
of DC voltage margin. According to the results obtained it has been calculated that
a maximum of 17.65% of nonlinear loads must be present in the grid to remain the
microgrid within limits. This value must be taken as an absolute maximum under the

most ideal conditions since 100% of the generators were voltage sources contributing
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to the stability. However, taking into account the number of actual and future loads
which demand a non-linear current, this experiment has demonstrated the distorting
potential of non-linear loads, raising the awareness of how these type of loads may be

limited in weak power systems.

7.2 Main contributions of this thesis

e The weaknesses of converter-dominated grids have been exposed and understood.
Throughout this thesis the experimental assessments conducted confirm that
converter-dominated power systems lack of voltage requlation. Solutions enclosed
like GFN have proven to be effective for this type of grid but with some lim-
itations directly dependent on the equivalent filter impedance of the converter

filter.

e In this thesis, it has been presented, explained and validated a novel technique
based on the conventional DQCI control strateqy to operate with adaptive speed
response. Depending on the grid conditions, the converter can provide a slow or a
fast response. As result, the converter and the grid are mutually benefited leading
to a more stable operation of both of them. See Chapter 4 for more details about

this solution.

o The virtual resistor. Based on an stability assessment, it has been proven how the
parasitic resistance of the main filter inductor contributes to the stability of the
entire inner control loop. A feed-forward compensation in the inner current loop
was developed to simulate the presence of a larger value of this parasitic resistor

than the real one, leading to a plant which is easier to control.

o Further development and refinement of the VSMOH control strategy to behave
better as local voltage regulators. Several modifications have been made along
this thesis of the initially theoretical algorithm VSMOH. First, two blocks have
been added to make the algorithm practical into a real converter; One block
which is charge of eliminating the DC current present in the grid, another one

to permit the immediate synchronization with the grid voltage. Later, a second
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modification have been done to face mitigate the side-effects caused by unbalanced
and non-linear loads. For the unbalanced loads, this solution has been validated
experimentally, however, for the non-linear loads this additional modification has
only been purposed and explained since it has not been possible validating it due

to limitations in the converter built.

o VSMOH converters can replace synchronous machines in terms of voltage regu-
lation but, due to its lack of inertia, it also can provide at the same time power
compensation. Consequently, any power oscillation present in the grid is miti-

gated.

o The effects of non-linear loads have been investigated. It has been observed that
at a relative low levels, DQCI converters are very sensitive to the harmonics
demanded from this type of loads, tampering the internal operation of its PLL
and forcing them to disconnect. On the contrary, VSMOH has proven to be much
more resilient with limited contributions to the voltage regulation, again, this

contribution is directly dependent with the equivalent converter filter impedance.

7.3 Future Work

This project triggers many questions that still have to be solved and can be the start

point for future work, some of them are exposed as follows:

e GFN solution using two VSM converters. The GFN solution is based on a master-
slave configuration where the master VSM imposes a reference of voltage magni-
tude and angle which other converters can follow. In a real implemented power
system, this task can not be performed by just one generator. If this unique
GFN would have to disconnect, the entire microgrid would be highly exposed to
a blackout. Thus, in a real power system, more than one generator will have to
act as master trying to impose a voltage reference. This can lead to conflicts

between them which can lead to swings in the grid voltage.

e Following with the previous point it can be that in real grids solutions like
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VSMOH+ may be too restricted for large power systems. Forcing the negative
sequence removal can be correct in a single master configuration but if two dif-
ferent converters would operate as VSMOH+, small differences in the negative

sequence measured (for instance) could lead to voltage swings.

e Throughout the experiments, the DC bus has always been considered as an almost
infinite source of power since it has been supplied by a high-performance DC
power supply. However, a real converter may be connected to a limited source
of DC energy. For instance, a grid side connected converter from a wind turbine
with a fully rated back-to-back converter has a limited energy available in the DC
bus. In this case, the energy collected by the DC capacitors and available to be
injected into the grid is directly dependent, in its majority, on the wind resource
available and the rectifier-side converter performance. Consequently, if VSMOH or
VSMOH+ control strategies are going to be used into a real system, the DC buses
may need some resize or even the addition of external energy storage elements such

as super-capacitors or batteries depending on the converter response required.
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Publications

1. L. Reguera Castillo, A.J. Roscoe, ”Experimental stability assessment of converter-
dominated electrical grids”. presented at the 16th Wind Integration Workshop, Berlin,
Germany, 2017.

Abstract:

With the inclusion of renewable generation into the electrical grid, traditional fossil-
fueled plants based on synchronous generators have been gradually replaced by convert-
erbased systems, controlled using the standard vectorial current control (DQCI). From
the grid point of view, this control strategy makes converter behave as current sources
that inject power to the grid but have limited magnitude or angle voltage regqulation.
The shortage of this task implies a detriment of the stability of key parameters for a
stable grid, exposing the system to huge diversions of frequency and voltage. Ultimately,
this can make generators to disconnect, compromising with it the stability of the whole
system thanks to a cascade failure. However, as it will be seen in this paper, it is pos-
sible to transform the converter into a real regulating voltage source changing just the
control algorithm. Thanks to this change, same converters can create now reference
nodes (also called grid building nodes) in the grid which DQCI converters can follow.
This scheme would allow the possibility to a robust system based completely on convert-
ers. This scenario is object of test in this paper where a power quality and stability

assessment s conducted in the lab.
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2. L. Reguera Castillo, A.J. Roscoe. ”Experimental validation of a novel inertia-less
VSM algorithm”. presented at the IEEE Innovative Smart Grid Technologies North
America, DC, United States, 2018.

Abstract:

For years, grid phenomena such as voltage stability, loss of inertia, voltage dips,
etc. have been managed by well established solutions. Such solutions include on load
tap changing transformers, and synchronous generators. Now, the increased penetra-
tion of load and generation interfaced by converter based systems has demanded changes
in the way the grid is managed. If the aforementioned issues are not considered, local
instability can lead to system-wide instability. One possible solution for the majority
of these issues is to change the control logic of the converter, modifying it from the
standard vectorial output current theory (DQCI control) to one where the traditional
synchronous generator is emulated. These solutions are based within the so called Vir-
tual Synchronous Machine or VSM algorithms. Among them, the so-called Virtual
Synchronous Machine Zero Inertia (VSMOH) has been implemented in this paper. Due
to its simplicity and efficacy, it has been chosen for experimental testing and analysis.
The process to implement the VSMOH algorithm in the lab will be explained; with partic-
ular emphasis in the connection process since, with the VSMOH algorithm, the converter
becomes a true voltage source, and this procedure can be particularly challenging. An
explanation of the blocks added to provide this soft connection will be explained. Addi-
tionally, another experiment showing the behavior of the system against changes in the

power references will be shown.
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3. L. Reguera, A. Lazaro and A. Roscoe, ”"Experimental analysis of a fully compliant
grid inverter with controllable response,” presented at the IEEE 12th International
Conference on Power Electronics and Drive Systems (PEDS), Honolulu, HI, 2017, pp.
1,167-1,171.

Abstract: This paper continues on from previous work where a grid connected in-
verter with ancillary functions was explained, designed and simulated. In this paper,
the project will continue implementing the converter in a microgrid; experiments have
been conducted to evaluate the performance and fulfillment of a grid code compliant
inverter. Before, the system had the capability of changing, automatically, the internal
converter dynamics. Now, these functionalities have been exploited further and the it is
able to adapt its response speed even when the system is already connected and injecting
power to the grid. This characteristic makes the converter not only fully compliant
with the most common grid codes of Spain, Denmark and the UK but also dynamic
depending on the grid situation. As a result, the converter is more grid-friendly and

easily customized and at the same time improves the stability of the converter itself.
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