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Summary
Voltage support in weak grids

Local control of grid-connected power electronic
converters

A weak grid refers, in general, an electrical network where the voltage for a local load
is influenced by the current of the load. Therefore, in weak grids the local voltage
quality is often associated with harmonic distortion and unbalance problems due to
non-linear and unbalanced loads. Here a non-linear load denotes a generalization
of electrical devices whose output current to the grid is harmonic, e.g. poorly-
designed ultra-fast electrical vehicle charging stations; and unbalanced loads are
the devices which have unbalanced current injection (absorption) to (from) the
three-phase grid network, e.g. single-phase distribution generation (DG) systems.
Voltage harmonic distortion and unbalance negatively impact sensitive and critical
loads, overload transformers and distributing cables, and bring adverse effects on
generators, e.g. impaired lifetime and reduced output capacity. More significantly,
harmonic propagation can trigger unwanted resonance, risking the stability of the
overall grid system. Meanwhile, it is considered that power electronic loads would
keep penetrating in the grid, making the grid dominated by power electronics in the
future.

Strategies exist using shunt grid-connected converters (GCCs) applied in DGs to
additionally provide local voltage support in low-voltage distribution grids. This
is achieved by injecting anti-phase harmonic and unbalanced components to com-
pensate for the corresponding components introduced by the non-linear and asym-
metrical loads. This, however, is based on the assumption that the non-linear and
asymmetrical load currents are measured, and are therefore known to the GCC.
This thesis focusses on using autonomous GCC systems for additional local voltage
support. In that way, already existing GCC systems, where only local measurements
are available, e.g. photovoltaic (PV) inverters, can be upgraded in software to enable
the local voltage support.

The research addressed in this thesis starts with the feasibility study of using already
existing (communicationless) GCC systems for local voltage harmonic compensation.
This includes proposing a general approach, and pointing out its applicabilities and
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limitations, and validations by experiments. The thesis investigates single-phase
GCCs for compensating grid harmonics, and three-phase GCCs to additionally
reduce unbalanced components.

An impedance-based strategy is firstly proposed for harmonic compensation by
local control of single-phase GCC systems. The equivalent impedance of the GCC
system is designed low for the signals at the multiples of the grid frequency. By
doing so, the grid harmonics that are introduced by the non-linear loads would take
the low-impedance path to the GCC system and thus be compensated. Secondly, a
parallel current and voltage control architecture is developed for the realization of
the low-impedance path, in which the current controller regulates the fundamental
components and the voltage controller takes care of the harmonics. In such a way,
the equivalent output impedance of the closed-loop GCC system is high for signals
at the grid frequency and low for signals at a multiple of the grid frequency. Analysis
indicates that theoretically an almost-zero impedance path can be provided for the
targeted harmonics, however, it is based on the condition that the grid frequency
estimation error is zero. The laboratory experiments show that the local voltage total
harmonic distortion (THD) is reduced from 4.12% to 2.05%, when a low-impedance
path is made available.

A similar impedance-based strategy is extended to the local voltage unbalance factor
correction by three-phase GCC systems. Thus, the low-impedance path is designed
to be available for the grid unbalanced components in addition to the harmonics.
More significantly, a compact convenient method is developed for the realization
of a low-impedance path for the targeted components in the grid. Experiments
(in an emulated weak grid network) on a three-phase GCC system indicate that
on top of the reduction of the per-phase local voltage THD from average 3.7% to
1.8%, the voltage unbalance factor (VUF) is reduced from 0.355% to 0.087% when
the low-impedance path is made available.

Now the power processing capability of a practical converter system is taken into
account. The equivalent impedance of a GCC system for the targeted grid compon-
ents cannot be made arbitrarily low, because compensation of these components
adds up to the system’s root-mean-square (rms) current, thus potentially increases
power loss. The equivalent impedance, including the magnitude and phase angle, is
improved to be adaptive to the power rating surplus that can be used for compensa-
tion. Downscaled experiments in a three-phase GCC system show that the phase
angle of the equivalent impedance plays an important role in the compensation
performance. Additionally, the amount of the local voltage harmonic distortion and
unbalance can be reduced, proportionally to the power/current constraints of the
converter system.

Overall, a methodology is developed in this thesis to perform local voltage support
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in weak grids using control of shunt grid-connected power electronic converters.
By providing an equivalent low-impedance path for the targeted components in the
grid, the unwanted components that are introduced by loads would take the path to
the GCC system instead of to the grid. The methodology presented in this thesis was
originally developed for already-existing power electronic converters that can be
upgraded to provide voltage support. Nevertheless, the results in this thesis can also
be used to design the controller for GCC systems with more flexible objectives, e.g.
improving a GCC system’s immunity to grid harmonic and unbalanced disturbances,
or to achieve oscillation-free instantaneous active power.





Contents

Summary v

1 Introduction 1
1.1 Distribution grid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.1 Impact of voltage distortion . . . . . . . . . . . . . . . . . . . . 2
1.1.2 Conventional compensation in weak grids . . . . . . . . . . . 2
1.1.3 Future grid interconnection . . . . . . . . . . . . . . . . . . . . 4

1.2 Research goal and objectives . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Thesis structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

I Local voltage support
using a single-phase converter 9

2 Modelling and control of single-phase converters 11
2.1 Modelling of the single-phase converter . . . . . . . . . . . . . . . . . 12

2.1.1 Average model of the voltage-source inverter . . . . . . . . . . 13
2.1.2 Equivalent circuit model . . . . . . . . . . . . . . . . . . . . . . 14
2.1.3 Output impedance characteristics . . . . . . . . . . . . . . . . 14

2.2 Analysis of conventional control strategies . . . . . . . . . . . . . . . 16
2.2.1 Current-control based architecture . . . . . . . . . . . . . . . . 16
2.2.2 Output impedance characteristics . . . . . . . . . . . . . . . . 16

2.3 Low-impedance path for harmonics: control realization . . . . . . . . 18
2.3.1 Introduction to resonant filters . . . . . . . . . . . . . . . . . . 19
2.3.2 Parallel current-voltage control architecture . . . . . . . . . . . 20
2.3.3 Closed-loop equivalent circuit . . . . . . . . . . . . . . . . . . 21
2.3.4 Stability criteria based on impedance . . . . . . . . . . . . . . 23

2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

ix



x CONTENTS

3 Design approach and experimental investigation 27
3.1 Harmonic compensation control . . . . . . . . . . . . . . . . . . . . . 27

3.1.1 Choosing control parameters . . . . . . . . . . . . . . . . . . . 29
3.1.2 Stability given system-parameter deviations . . . . . . . . . . 36
3.1.3 Applicability to a relatively stiff grid . . . . . . . . . . . . . . . 37

3.2 Simulation results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.2.1 Stability given system parameter deviations . . . . . . . . . . 39
3.2.2 Harmonic compensation quality . . . . . . . . . . . . . . . . . 40
3.2.3 Performance under a relatively stiff grid . . . . . . . . . . . . 41

3.3 Experimental investigation . . . . . . . . . . . . . . . . . . . . . . . . 42
3.3.1 Setup description . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.3.2 Impact of non-linear load on the local voltage quality . . . . . 43
3.3.3 Validation of voltage support . . . . . . . . . . . . . . . . . . . 44
3.3.4 Validation of fundamental current regulation . . . . . . . . . . 44
3.3.5 Sensitivity to grid-frequency estimation error . . . . . . . . . . 46

3.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

II Local voltage support
using a three-phase converter 51

4 Decomposition of three-phase systems 53
4.1 Active power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.2 Decomposition of three-phase voltage . . . . . . . . . . . . . . . . . . 54

4.2.1 Harmonic decomposition . . . . . . . . . . . . . . . . . . . . . 55
4.2.2 Symmetrical component decomposition . . . . . . . . . . . . . 56

4.3 Symmetrical components in the stationary reference frame . . . . . . 57
4.3.1 Clarke transformation . . . . . . . . . . . . . . . . . . . . . . . 58
4.3.2 Positive- and negative-sequence components . . . . . . . . . . 58
4.3.3 Zero-sequence component . . . . . . . . . . . . . . . . . . . . . 61

4.4 Active power composition . . . . . . . . . . . . . . . . . . . . . . . . . 62
4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5 Modelling and control of three-phase converters 67
5.1 Modelling of three-phase converter . . . . . . . . . . . . . . . . . . . . 68

5.1.1 Per-phase model . . . . . . . . . . . . . . . . . . . . . . . . . . 68
5.1.2 Symmetrical-sequence model . . . . . . . . . . . . . . . . . . . 69

5.2 Introduction to complex resonant filter . . . . . . . . . . . . . . . . . . 71
5.2.1 Complex transfer function . . . . . . . . . . . . . . . . . . . . . 72
5.2.2 Basic complex resonant filter . . . . . . . . . . . . . . . . . . . 75
5.2.3 Practice with complex resonant filters . . . . . . . . . . . . . . 76

5.3 Symmetrical-component decoupled control . . . . . . . . . . . . . . . 79



CONTENTS xi

5.3.1 Impedance-based strategy . . . . . . . . . . . . . . . . . . . . . 81
5.3.2 Control realization in the stationary reference frame . . . . . . 82
5.3.3 Closed-loop sequence model . . . . . . . . . . . . . . . . . . . 87
5.3.4 Output-impedance characteristics . . . . . . . . . . . . . . . . 89
5.3.5 Stability criterion . . . . . . . . . . . . . . . . . . . . . . . . . . 90

5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6 Verification 93
6.1 Laboratory setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

6.1.1 Grid-connected converter system parameters . . . . . . . . . . 95
6.1.2 Controller parameters . . . . . . . . . . . . . . . . . . . . . . . 96
6.1.3 Unbalanced distorting grid network . . . . . . . . . . . . . . . 97

6.2 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
6.2.1 Description of tests . . . . . . . . . . . . . . . . . . . . . . . . . 98
6.2.2 Power quality improvement . . . . . . . . . . . . . . . . . . . . 99
6.2.3 Grid-connected converter operation analysis . . . . . . . . . . 100
6.2.4 Sequence harmonic spectrum . . . . . . . . . . . . . . . . . . . 103

6.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

III Evolution 107

7 Constrained optimal voltage support 109
7.1 Impedance-based voltage support . . . . . . . . . . . . . . . . . . . . 109

7.1.1 Voltage-harmonic-compensation modelling . . . . . . . . . . . 110
7.1.2 Impedance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
7.1.3 Constrained optimal voltage support strategy . . . . . . . . . 114

7.2 Control realization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
7.2.1 Current controller . . . . . . . . . . . . . . . . . . . . . . . . . . 118
7.2.2 Voltage controller . . . . . . . . . . . . . . . . . . . . . . . . . . 118
7.2.3 Control strategy analysis . . . . . . . . . . . . . . . . . . . . . 120

7.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

8 Validation of constrained optimal voltage support 125
8.1 Three-phase system description . . . . . . . . . . . . . . . . . . . . . . 125
8.2 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

8.2.1 Harmonic and unbalanced grid network . . . . . . . . . . . . 127
8.2.2 Optimal voltage support . . . . . . . . . . . . . . . . . . . . . . 130
8.2.3 Constrained voltage support . . . . . . . . . . . . . . . . . . . 133

8.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

9 Conclusion and recommendation 143



xii CONTENTS

9.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
9.2 Thesis contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

9.2.1 Journal publications . . . . . . . . . . . . . . . . . . . . . . . . 148
9.2.2 Conference publications . . . . . . . . . . . . . . . . . . . . . . 148

9.3 Recommendations and future work . . . . . . . . . . . . . . . . . . . 150

A Symbols and abbreviations 153
A.1 Symbols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
A.2 Subscripts and superscripts . . . . . . . . . . . . . . . . . . . . . . . . 155
A.3 Notation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
A.4 Abbreviations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156
A.5 Constants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

B Voltage-dip compensation 157
B.1 Voltage-dip-compensation control . . . . . . . . . . . . . . . . . . . . 158
B.2 Control analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

B.2.1 Current controller modelling . . . . . . . . . . . . . . . . . . . 159
B.2.2 Voltage-dip-compensation design considerations . . . . . . . 161

B.3 Experimental validation . . . . . . . . . . . . . . . . . . . . . . . . . . 164
B.3.1 Pcc voltage-dip compensation . . . . . . . . . . . . . . . . . . 165
B.3.2 Transient performance . . . . . . . . . . . . . . . . . . . . . . . 166

B.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

C Harmonic sequence component measurement 169

References 173

Acknowledgements 183

About the author 185



C
H

A
P

T
E

R

1 Introduction

POWER electronic converters, as the name indicates, are a family of circuits that
apply power electronic switches and components to process electric energy. As
a set of this family, grid-connected power electronic converters refer to systems

interfacing the end users and the public grid. To be specific, the grid-connected
power electronic converters in this thesis are the interface between a direct-current
(DC) end user and an alternating-current (AC) low voltage grid network. Examples
are vehicle charging stations which consume active power from the grid, and photo-
voltaic (PV) systems which deliver active power to it. With the increasing pace of
global electrification, the penetration of power electronic converters in the grid is at
an all-time high level. This penetration is estimated to continue in the next 40 years,
and concerns about this trend are stated in [90]. However, the foreseen increasing
application of power electronic converters can also be a remedy to grid problems.

This chapter starts with the introduction of the public grid, that has the problems
that this thesis wishes to tackle. Conventional solutions to these problems are
reviewed. Subsequently, a personal vision on taking advantage of the foreseen
increasing application of grid-interfaced converters for resolving grid problems is
depicted. Next, the research goal and objectives of the thesis are stated, followed by
the structure of this dissertation.

1



2 CHAPTER 1 INTRODUCTION

1.1 Distribution grid

Electricity is conventionally delivered to customers via three stages: generation,
transmission and distribution. In the final state three-phase four-wire configurations
are commonly encountered in the European low voltage grid network because these
can serve a mixture of (low-power) singe-phase and (high-power) three-phase loads.
Typical single-phase loads are most household appliances, e.g. lighting systems,
refrigerators, dish washers, etc. Examples of three-phase loads are fast-charging
stations, induction cooktops, and three-phase motors. In the ideal case the voltage
supply to these loads is expected to be sinusoidal and balanced. However, this is
not always the case in practice [26, 44, 48].

1.1.1 Impact of voltage distortion

Voltage quality problems include harmonic distortion, voltage unbalance, and
voltage dips [44]. Voltage harmonics can impact (distributed) generators, distribu-
tion networks, and all grid-connected users. They challenge the wind generator’s
thermal rating by contributing to additional iron and copper losses, as these losses
are frequency dependent. Excessive cabling power loss and malfunctioning of equip-
ment have been reported due to the presence of harmonics in the power supply [11].
Similar to harmonics, unbalanced voltages cause adverse effects on end users as well.
Temperature rise of induction motors and efficiency reduction of power electronic
rectifiers have been reported in [50,54,59,62]. Due to voltage unbalance, transformer
overloading and capacity limitation of power distribution networks were observed
in [33]. Generators suffer from voltage unbalance as well. The adverse effects for
distributed generators (DGs) include reduced stability margins and deteriorated
performance [66]. Negative impact on wind generators, such as reduced output
power capacity and impaired lifetime, is illustrated in [17, 51, 80].

Direct and indirect financial cost is associated with voltage distortions [11, 25, 42].
All this makes harmonic and unbalanced compensation desirable.

1.1.2 Conventional compensation in weak grids

In a weak grid network, where the grid equivalent impedance at the point of end
users’ common connection is relatively high, the local voltage harmonic distortion
and unbalance are the result of the end users’s specific current waveform and the
upstream grid supply voltage distortions. Thus, compensation strategies vary from
the view point of current and voltage conditioning [77].
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From the user point of view, to comply with standards for grid interconnections
[1, 35] strategies are mainly on mitigating distorted current entering into the grid
network. The current to the grid is improved to be sinusoidal and balanced by ad-
vanced control techniques, as shown in [6, 101] given normal grid supply condition,
and in [18, 38, 39, 55] when the network is distorted. Alternatively, in the presence of
distorting loads an active power filter (APF) is commonly adopted to compensate
for the harmonic [48] and unbalanced current components. The configuration of
this type of APF units is shown in Fig. 1.1 (a). The compensation is achieved by
controlling the APF system to inject harmonic and unbalanced current components
that are in reverse phase to the corresponding components introduced by distorting
loads. As shown [13, 14, 20–23, 29, 31, 36, 37, 68, 75, 79, 100], the net current of the
distorting load and the compensation unit always stays balanced and sinusoidal,
independent of the shape of the load current waveforms. As for voltage condition-
ing, besides passive filters, placing a series unit between the distorted grid network
and the loads, as shown in Fig. 1.1 (b), is commonly encountered for sensitive loads
protection. In [67,72,74,87] the voltage for the loads is compensated to be sinusoidal
and balanced despite of grid supply distortion. The configuration of hybrid current
and voltage conditioning is shown in Fig. 1.1 (c). In [40, 46, 84], both the current to
the grid and the voltage for the loads are improved to be sinusoidal and balanced.

DC link

Grid AC bus Loads

DC link

AC busGrid Loads

(a) (b)

DC link

AC busGrid Loads

(c)

Figure 1.1 Single-line representation of interfacing a DC/AC power converter
system with the grid in (a) parallel to, (b) series with, (c) parallel-series
with the loads.

The conventional compensation strategies based on the configuration in Fig. 1.1
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(a) require external sensors to measure the current of the distorting load [13, 14, 20–
23, 29, 31, 36, 37, 68, 75] or grid [79, 100]. This leads to additional hardware. For this
reason this method is not always convenient when multiple distorting loads are
present in the grid network. As for approaches based on the configuration in Fig.
1.1 (b), the load current rating should be known to the converter for safety reasons,
making the compensator a customized solution. As shown in Fig. 1.1 (c), two sets of
DC/AC converters are required, making it less attractive with respect to hardware
cost.

1.1.3 Future grid interconnection

Mostly, DC sources and batteries are interfaced with the grid following the con-
figuration in Fig. 1.1 (a) [10, 48]. Series-interfaced DGs have been demonstrated
possible in [72]. However, as stated earlier, the series-connected configuration in Fig.
1.1 (b) requires that the load current rating should be known. On the other hand,
the electrical grid consists of voltage-type sources whose voltage characteristics are
mostly predictable [61]. Thus, interfacing a DC source with the grid in shunt is more
convenient than in series. As to the configuration in Fig. 1.1 (c), two sets of DC/AC
converters are required, making it less competitive to the configuration in Fig. 1.1
(a) from the standpoint of hardware cost.

In addition to the expectation that DC/AC power electronic converters will keep
penetrating the grid [90], the author believes that they will be mainly interconnected
with the grid following the configuration in Fig. 1.1 (a). As noted in Subsection
1.1.2, the shunt systems are usable for harmonic and unbalanced compensation.
Responsibility sharing for voltage quality improvement has been recommended by
Council of European Energy Regulators (CEER) [11, 25]. Therefore, it is foreseen
that in the future a grid support agreement will be established between the end
users and the grid operators. It will cover services like harmonic compensation,
unbalanced correction and other grid concerns [44], and the service suppliers would
be financially compensated, just like it is done for selling electricity to the grid
nowadays.

1.2 Research goal and objectives

Weak grids, by definition, are grid networks whose equivalent impedance for the
end users at the point of common connection (pcc) is relatively high. Because of
distribution cabling, the voltage quality is normally deteriorating along the feeding
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line and is worst at the feeder end [90]. Thus, this thesis investigates strategies for
local voltage support in weak grids because they are most affected by distorting loads.
Secondly, the research scope is on shunt grid-interfaced power electronic converters
instead of series or shunt-series interfaced ones given their already mentioned
advantages. Therefore, this thesis is focused on investigating strategies of shunt
grid-connected converters, abbreviated as GCCs, for local voltage support in weak
grids.

Control strategies exist, that incorporate voltage support with shunt GCC systems
in DGs. This is achieved by additionally injecting anti-phase harmonic [13, 14, 20,
22, 36, 79] and unbalanced components [21, 23, 29, 31, 37, 68, 75, 100] to cancel the
corresponding components introduced by distorting loads. This, however, is based
on the assumption that the non-linear asymmetrical load current is known by meas-
urements to the GCC. This leads to external sensors, particularly not straightforward
when multiple distorting loads are present, which is a severe drawback. This has
motivated the research direction in this thesis to develop control strategies based on
only local measurements.

Early ideas based on local voltage measurements for harmonic compensation can be
dated back to 1997. In [4], a strategy was formulated of using a shunt GCC system
to damp the harmonics that are introduced by distorting loads. However, that
system was used for attenuating harmonic propagation only, and no active power
generation or unbalanced-component compensation was mentioned. With the wide
applications of GCC systems and in view of the drawback of conventional solutions,
local strategies of GCCs for harmonic and unbalanced compensation have received
increasing attention. These approaches exploit the disadvantage of a weak grid
by inducing a harmonic/unbalanced voltage over the grid (line) impedance that
compensates the local voltage harmonic/unbalanced distortion. As a result, the local
voltage quality is enhanced. However, limited research has been carried out on how
to correct the unbalanced components and harmonics at the same time. For instance,
compensation of fundamental symmetrical components is addressed in [86], the
zero-sequence component in [71, 73], and the harmonic compensation in [64, 99].
Secondly, discussion of the local voltage unbalanced-component compensation is
mostly carried out in the synchronous reference frame, making it not straightforward
for the application of harmonic-component compensation. More importantly, most
discussions do not take into account the converter’s practical current rating, and
do not show how to use its limited rating for optimal harmonic and unbalance
reduction.

In view of the limitations of the existing solutions, the research questions that this
thesis is to tackle are formulated as follows.

1. First, is it possible to compensate the local voltage harmonic components in
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weak grids, utilizing (shunt) grid-connected power electronic converters when
using only local current and voltage measurements?

2. Second, if the answer to the first question is yes, how to realise it by local
control?

3. Third, if the answer to the first question is yes, is it possible to extend the
solution for local voltage unbalanced component compensation, and how to
again realise that by only local control?

4. To make the strategy applicable to converters of different power ratings, how
to optimally support the local voltage including harmonic and unbalance
components, constrained by a practical converter’s current rating?

5. Last but not least, how to verify the control strategies by experiments in
conventional grid-connected power electronic converters?

Therefore, the research goal of this thesis is to develop and validate generic local
control strategies of grid-connected power electronic converters that can provide
voltage support in weak grids. Here, local control refers to the fact that no com-
munication between the GCC and the neighbouring grid/loads is required, which
differs from the conventional strategies reviewed above. Moreover, the developed
strategies are to be generically applicable for conventional single-phase and three-
phase grid-connected power electronic converters. Specifically, a converter’s current
rating is taken into account. Of course, active power regulation is still the primary
objective of the GCC systems.

1.3 Thesis structure

The research of this dissertation is addressed in three parts. The organization of the
thesis is shown in Table 1.1.

Table 1.1 Organization of the local control strategies of grid-connected power
electronic converters throughout the thesis.

Chapter Analysis Modelling
and control

Validation by
experiments

Harmonic compensation 2 2 3
Unbalanced compensation 2, 4 5 6
Constrained optimal

2, 4 5, 7 8
compensation
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Part I: Modelling and control of single-phase GCC

This part introduces the theory and practical realization of using a single-phase
grid-connected converter system for harmonic compensation.

Chapter 2 answers the research question #1 & #2. It introduces the basic theory of a
proposed generic impedance-based strategy and the corresponding control realiza-
tion. A closed-loop-converter mathematical model is derived for the illustration and
analysis of the proposed control strategy.

Research question #5 concerning harmonic-component compensation is addressed
in Chapter 3. A case study is performed in this chapter on a laboratory single-phase
system. It firstly evaluates the stability when interconnecting the system to a grid
network, and, secondly, it quantifies the harmonic-compensation performance of
the proposed strategy.

Part II: Modelling and control of three-phase GCC

Three-phase systems are a combination of single-phase systems. The first chapter in
this part discusses basic decomposition and transformation theory of three-phase
systems, providing the underpinning for the modelling in Chapter 5.

Chapter 5 provides a solution to research question #3. The modelling of a single-
phase GCC system is reused for the three-phase GCC system. A three-phase control
realization is presented to extend the proposed impedance-based strategy in Chapter
2 for grid unbalanced-component compensation.

Research question #5 concerning unbalanced-component compensation is addressed
in Chapter 6. A three-phase laboratory setup is realized for the evaluation of the
proposed local strategy to achieve local unbalanced-component compensation.

Part III: Constrained optimal local voltage support

The previous two parts are dedicated to creating a virtual low-impedance path
for grid harmonic- and unbalanced-component compensation, while keeping the
impedance high for fundamental balanced components. In Part III, the power
processing capability of a practical GCC system is taken into account.

Research question #4 is addressed in Chapter 7. The three-phase decomposition
theory in Chapter 4 and modelling in Chapter 5 are reused in this part. A general
impedance-based optimal harmonic compensation strategy is presented, and a
control realization framework is developed.
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Experimental validation is provided in Chapter 8. This validation answers research
question #5 concerning constrained optimal harmonic/unbalanced compensation.
The three-phase system applied in Chapter 6 is reused for this validation.

Closing

Chapter 9 gives the main conclusions, an overview of the contributions and recom-
mendations for future research.
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Local voltage support
using a single-phase converter
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2 Modelling and control of
single-phase converters

GRID harmonics are defined as voltage or current components whose frequen-
cies are integer multiples of the grid frequency [61]. Because their prin-
cipal frequencies are much lower than the switching frequency of a grid-

connected (power electronic) converter (GCC), switching behaviour dynamics can
be ignored when modelling harmonic interaction between the GCC system and the
grid network. Therefore, in this Chapter linear averaged models are applied for
modelling of pulse-width-modulation (PWM) voltage-source inverters (VSIs).

Besides average linear models, equivalent circuits are employed in this chapter to
model a closed-loop GCC system. This has two main reasons. Firstly, it simplifies
the representation of a given two-port complex circuit while retaining the essential
electrical characteristics at the terminals. Secondly, as addressed in Chapter 1, the
GCC system is to be applied to a distorted grid network for voltage support. The
equivalent-circuit approach allows for convenient stability [76] and steady-state
performance analysis. Two commonly-applied equivalent circuits are the Thévenin
circuit and the Norton circuit. The former one, which represents a linear network
by a voltage source in series with an impedance, is preferred for the modelling of a
GCC system used for grid-forming [32]. The latter one, which models a GCC system
as a current source in parallel with an impedance, is a natural fit for modelling of a
GCC system applied in distributed generations (DGs). As stated earlier in Chapter 1,
this thesis focuses on GCCs that are applied for direct current to alternating current

This chapter is based on [93, 96, 98].

11
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vs

LCL filter

Vdc

v∗s
PWM Controller

VSIDC
supply

pcc

Grid

Loads

Cf

L1 L2

io vpcc

Figure 2.1 Diagram of a typical single-phase GCC system.

(DC/AC) or (AC/DC) power conversion. Therefore, the Norton circuit is more
convenient, and thus is used for the modelling and discussion of all the closed-loop
GCC systems in this chapter.

This chapter starts with the representation of a single-phase GCC system. The
system’s frequency response characteristics to the harmonic disturbances from
the point of common connection (pcc) are addressed. Next, conventional control
strategies of GCCs (applied for active power conversion) are reviewed. An analysis
is performed for the GCCs based on these control strategies. Following that, a
localised communicationless solution is proposed for the control of GCCs. A virtual
low-impedance path is provided that is to compensate for grid harmonics. A
parallel current and voltage control architecture to realise the low-impedance path is
introduced, and an equivalent-circuit model of the corresponding closed-loop GCC
system is derived for the control analysis.

2.1 Modelling of the single-phase converter

A typical diagram of a conventional single-phase GCC system, e.g. a photovoltaic
(PV) inverter [38,101], is shown in Fig. 2.1. This type of system is basically composed
of six main parts: a DC supply, a voltage-source inverter (VSI), a power LCL filter for
attenuation of switching-frequency harmonics, a measurement network for detecting
the output current and voltage, a platform to execute a control algorithm, and a
PWM module. This section elaborates on the modelling of the open-loop GCC
system in Fig. 2.1; the closed-loop GCC system modelling will be detailed in the
next two sections.
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2.1.1 Average model of the voltage-source inverter

Q2 Q4

Q3Q1

Vdc

Phase A Phase B

vs
B

A

g1

g2 g4

g3

PWM
v∗s

g1 · · · g4

Q2

Q1Vdc

vs

g1

g2

Vdc

PWM
v∗s

g1, g2

(a) (b)

Figure 2.2 Two commonly-applied topologies of single-phase VSIs: (a) three-
level H bridge topology; (b) two-level half bridge topology.

Figure 2.2 shows two commonly-applied topologies of single-phase VSIs, where in
(a) a two- or three-level voltage is created by a H-bridge topology [5] and in (b) a
two-level voltage is created by a half-bridge topology. Other VSI topologies, e.g.
multilevel converters as in [56, 63] are out of discussion in this thesis, because the
H-bridge and half-brige topologies are the most commonly used in grid applications
due to their simplicity [30]. The switching frequency of the VSI in either topology
is normally far higher than the grid harmonic frequencies of interest. Thus, the
switching-frequency harmonics are ignored when modelling the frequency response
of the VSI output voltage (vs) to the set-point of the pulse-width-modulator (PWM)
(v∗s ). Moreover, an assumption is made that the DC supply voltage, Vdc, is a constant.
Therefore, linear averaged models become applicable. With reference to Fig. 2.2 we
have

vs(s) = v∗s (s)H1(s), (2.1)

with
H1(s) = e−sTd . (2.2)

Above, Td is a delay that depends on the implementation of the PWM scheme
and the switching frequency [24]. In a closed-loop GCC system where a loop is
formed by a controller, this delay together with the control delay would add to the
delays in the system loop gain, and thus challenges the stability of the whole system.
System stability discussions will be covered in subsection 2.3.4. The open-loop GCC
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system in Fig. 2.1 is represented as in Fig. 2.3 for the convenience of the following
modelling.

Cf

L1 L2

io vpcc

vs
H1(s)

v∗s

VSI
Grid

Loads

pcc

Figure 2.3 Model of the open-loop single-phase GCC system in Fig. 2.1.

2.1.2 Equivalent circuit model

The LCL filter, formed by the converter-side inductor L1, the filter capacitor C f ,
and the grid-side inductor L2 in Fig. 2.3, are assumed to be linear. Therefore, the
converter output current (io) related to the pcc voltage (vpcc) and the set-point of the
PWM is described as

io(s) = −
1

Zo(s)
vpcc(s) +

k(s)H1(s)
Zo(s)

v∗s (s), (2.3)

with

k(s) =
Zc(s)

Zc(s) + Z1(s)
, (2.4)

Zo(s) =
Zc(s)Z1(s)

Zc(s) + Z1(s)
+ Z2(s). (2.5)

Above Z1, Zc and Z2 are the impedances of the converter-side inductor, the filter
capacitor and the grid-side inductor, respectively. This allows the model in Fig.
2.3 to be simplified to the equivalent circuit in Fig. 2.4. Here the gain k(s) and the
equivalent impedance Zo(s) are respectively called the GCC system’s natural gain
and output impedance, since they are determined by the LCL filter parameters, as is
obvious from (2.4) and (2.5).

2.1.3 Output impedance characteristics

The frequency response of the converter system output current to the disturbances
from the pcc voltage is described by the natural impedance Zo(s), as is shown in
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v∗s Zo(s)
k(s)

io vpcc

H1(s)

Grid

Loads

pcc

Figure 2.4 Circuit equivalent model of the open-loop single-phase GCC system
in Fig. 2.3.
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Figure 2.5 Sketch of the frequency response of the open-loop GCC system output
impedance and the natural gain.

Fig. 2.4. As implied by Fig. 2.3, it is expected that in the low-frequency range
(where the fundamental grid frequency fg is located) the two inductors in the LCL
filter are dominant. Therefore, the GCC system’s output impedance is inductive
in this frequency range, as is sketched in Fig. 2.5. Because of the resonances
between the filter capacitor and the converter-side and grid-side inductors, a spike
(at the resonant frequency of the LCL filter, fLCL) and a notch are visible in the
magnitude response in Fig. 2.5, correspondingly causing dramatic changes in the
phase response. In the high-frequency range ( where the PWM switching frequency
fsw is located) the grid-side inductor is dominant and the system’s output impedance
becomes inductive again, as depicted in Fig. 2.5. Not surprisingly, as implied by
(2.4), the open-loop system’s natural gain k(s) acts as a second-order low-pass
filter, which indicates the principle of the attenuation of harmonics at the PWM
switching-frequency ( fsw). The frequency response of the gain is sketched in Fig.
2.5.
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Consequently, it is expected that in an open-loop GCC system the fundamental com-
ponent of the output current would not be in phase with the pcc voltage. Moreover,
the open-loop system is predominantly inductive and susceptible to low-order har-
monic disturbances from the grid network. Therefore, as indicated by the dashed
block in Fig. 2.1, a control algorithm is usually applied to remedy this.

2.2 Analysis of conventional control strategies

Usually a GCC controller monitors the system’s output current and pcc voltage in
real time and accordingly generates a control action (the input of the PWM v∗s ), as
indicated by the dashed block in Fig. 2.1. This section analyses the conventional
control strategies of GCC systems that are applied to DC/AC power conversion.
The analysis starts from the control architecture of these strategies, after which
a general circuit applicable to the description of this type of control strategies is
derived.

2.2.1 Current-control based architecture

Figure 2.6 shows two commonly-used control diagrams applied to DC/AC power
conversion in GCC systems. In these strategies firstly a reference (i∗o ) is formulated
and then a wide-band current controller is utilised to reduce the difference between
the reference and the system output current. Depending on the specific application
of the GCC, the current reference is composed of only fundamental components
which are formulated via a phase-locked loop (PLL), as is done e.g. in PV inverters
[18, 39, 101], or additionally with harmonic components that are derived via a
harmonic extractor from the non-linear load current [13, 14, 36].

2.2.2 Output impedance characteristics

The characteristics of GCCs using the conventional current control architectures
from Fig. 2.6 are analysed in this subsection. The PLL in such a system is normally
designed to be insensitive to disturbances from the pcc voltage [12, 45]. Thus, the
output of the PLL is assumed to be decoupled from the pcc voltage, and therefore
time invariant for modelling purposes. Moreover, the non-linear load current in
Fig 2.6 (b) is regarded as static and thus independent of the pcc voltage. Hence, in
both cases the current reference is modelled to be decoupled from the pcc voltage.
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v∗s Current

controller

i∗o

CC(s)

io

vpcc
PLL

harmonic
extractor

Non-linear
load current

0

(b)

(a)

Figure 2.6 Conventional current control architecture with grid synchronization
for (a) active power regulation (b) additional non-linear load harmonic
current compensation.

Accordingly, the conventional control strategies in Fig. 2.6 is generalized as

v∗s (s) = (−io(s) + i∗o (s))CC(s), (2.6)

where i∗o is the generalised arbitrary current reference, CC(s) is the transfer function
of the current controller in Fig. 2.6, and v∗s (s) is output of the controller that is used
as the input for the PWM.

By association of (2.6) with the open-loop GCC system model in Fig. 2.4, it is
found that under conventional current-control based strategies (in Fig. 2.6) the
dependency of the converter output current on the pcc voltage can be represented
by an equivalent circuit, as is shown in Fig. 2.7.

It can be seen from Fig. 2.7 that the current controller (CC(s)) introduces a virtual
impedance, as highlighted by dashed lines, that is in series with the system’s natural
output impedance Zo(s). In order to maintain a good current reference tracking
performance, the magnitude gain of CC(s) is normally designed to be high at both
grid fundamental and harmonic frequencies [13, 14]. Hence, it can be expected that
the characteristics of the equivalent output impedance of the current-controlled GCC
systems in Fig. 2.6 are:

• The impedance is high at the fundamental frequency.

• The impedance is high at harmonic frequencies.

As is addressed in Chapter 1, the GCC system is intended to be connected to a grid
network (with harmonic loads). Consequently, under this type of control strategies
in Fig. 2.6 (a) the harmonic components of all the non-linear load current would
take the path to the grid; in Fig. 2.6 (b) the harmonic components of the unmeasured
non-linear load current would take the path to the grid too. As a result, in either Fig.
2.6 (a) or Fig. 2.6 (b) the grid current and the pcc voltage are distorted.
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io vpcc

i∗o Zo(s)

CC(s)k(s)H1(s)

Grid

Loads

pcc

Figure 2.7 A circuit-equivalent representation of the GCC systems regulated by
the conventional control strategies in Fig. 2.6.

2.3 Low-impedance path for harmonics: control real-
ization

Contrary to the conventional control strategies of GCCs, the system’s output im-
pedance is proposed to be reshaped low for grid harmonic components. This is to
provide a low-impedance path to current harmonic components that are introduced
by distorting loads. On the other hand, the output impedance at the fundamental
frequency should be kept high for precise regulation of the active power transfer.
By doing so, the measurement of the non-linear load current, as depicted by a
dash-dotted line in Fig. 2.6 (b), can be eliminated. In this way, a conventional PV in-
verter, where the measurement of the pcc voltage and the output current are a must,
can therefore be employed for non-linear load harmonic compensation through
upgraded software.

To this end, we desire to reshape the frequency response of the Norton circuit in Fig.
2.7 as follows:

• The current source contains only the fundamental component;

• The output impedance is high for signals at the grid fundamental frequency;

• The output impedance is low for signals at the grid harmonic frequencies.

A control scheme is presented in this section to realise the aforementioned desired
frequency response features of the closed-loop GCC equivalent circuit. Because
of its demonstrated convenience, a Norton equivalent circuit of the closed-loop
GCC system is derived for harmonic interaction analysis. We start from a brief
introduction to the concept of resonant filters, which are used to shape the frequency
response of the closed-loop GCC system.
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2.3.1 Introduction to resonant filters

Resonant filters originate from LC circuits and are used as band-pass filters for
picking up components at particular frequencies in complex signals. The periodic
nature of the utility grid makes resonant filters applicable and therefore, are widely
applied in controller design for GCCs [18, 23, 57]. A harmonic resonant filter that
is used to regulate the fundamental component or one of its harmonics can be
generalized as

Cres,n(s) =
s

s2 + 2ζnω1s + (nω1)2 , (2.7)

where ζ is the damping factor and n ∈ N is an integer for selecting the harmonic
signal of order n. In the above, ω1 is the centre resonance angular frequency of the
filter for regulating fundamental components, which is normally the nominal grid
frequency. Hence, we have

ω1 = 2π f̂g, (2.8)

with f̂g being the (estimated) nominal grid frequency.
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Figure 2.8 Bode plot of the resonant filter Cres,1(s) centred at the nominal grid
frequency, f̂g = 50Hz, using different damping factors.

The Bode plot of (2.7) with different damping factors is shown in Fig. 2.8. It can
be seen that the peak magnitude always occurs at the centre frequency, with zero
phase shift, independent of the damping factor. As is clear from Fig. 2.8, the lower
the damping factor, the higher the magnitude and as a consequence, a narrower
passband. Theoretically, an infinite magnitude gain can be obtained when the
damping factor is zero, as implied by (2.7). Note that as highlighted in Fig. 2.8,
the resonant filter acts similarly to a first-order low-pass filter (−20dB/Decade) for
signals at high frequencies. Hence, besides magnifying a signal at the resonant
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frequency, the resonant filter picks up other signals simultaneously, which could
negatively impact a closed-loop GCC system’s stability when applying it in controller
designs. Discussions on stability will be addressed in subsection 2.3.4.

2.3.2 Parallel current-voltage control architecture

Figure 2.9 shows the architecture of the proposed control scheme. Similar to tra-
ditional strategies in Fig. 2.6, a PLL is applied in the current control loop for a
fundamental (fund.) reference (ref.) generation. Distinctively, in parallel to the
current controller, the proposed strategy includes a harmonic (harm.) voltage con-
troller where the measured pcc voltage is added in order to also adapt the controller
output (as the input of the PWM in Fig. 2.1). It is worth mentioning that only local
measurements are applied in the control architecture in Fig. 2.9. Hence, no externally
placed sensors are required for the GCC system and thus the control strategy is a
localised and communicationless approach.

i∗1

Cv(s)

Ci(s)

-1

io

vpccv∗s
fund. current controller

harm. voltage controller

PLL
fund. ref. generation

Figure 2.9 Proposed control architecture.

Fundamental current controller

A resonant filter centred at the grid fundamental frequency in parallel with a propor-
tional gain is applied for the current controller to regulate the fundamental converter
output current. Thus, the transfer function of the current controller in Fig. 2.9 is

Ci(s) = Kp + KrCres,1(s), (2.9)

where Kp is the proportional gain and Kr is the series resonant-filter gain with
Cres,1(s) as defined in (2.7) with n = 1. The proportional gain is added for stability
considerations; an explanation of how to choose it will follow in the next chapter.
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Figure 2.10 Sketch of the magnitude response of the fundamental-current and
harmonic -voltage controllers in Fig. 2.9 (when Nh = {3, 5, 7}).

Harmonic voltage controller

The harmonic voltage controller in Fig. 2.9 is constructed by paralleling a set of
resonant filters in (2.7) whose centre frequencies are positive integer multiples of
the grid frequency. The controller’s overall transfer function is given by

Cv(s) = Kress ∑
n∈Nh

Cres,n(s), (2.10)

where Nh is the set of grid harmonic orders to be compensated, and Kress is a
series gain for the bank of resonant filters. Note that the fundamental harmonic
component is not included here (1 /∈ Nh) in order not to interfere with the control of
the fundamental converter output current.

Figure 2.10 shows the sketch of the magnitude response of the fundamental current
and harmonic voltage controllers. It can be seen that the two resonant controllers
complement each other at different harmonic frequencies. The benefits of doing so
is illustrated by means of an equivalent model of the closed-loop GCC system in the
next subsection.

2.3.3 Closed-loop equivalent circuit

In this subsection an equivalent model is derived of the GCC system depicted in Fig.
2.1 using the control architecture in Fig. 2.9. Similar to the modelling of conventional
current-controlled GCCs, the coupling between the pcc voltage and the fundamental
current reference is ignored. Thus, the control law in Fig. 2.9 is written as

v∗s (s) =
(
i∗1(s)− io(s)

)
Ci(s)− vpcc(s)Cv(s), (2.11)
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with i∗1(s) being the fundamental current reference, which is calculated by the PLL
in Fig. 2.9. Associating the control law in (2.11) with the open-loop converter-system
model in (2.3), we find that the closed-loop output current is related to the pcc
voltage and the fundamental current reference by

io(s) = −
1

Zcl(s)
vpcc(s) + kcl(s)i∗1(s), (2.12)

with

kcl(s) =
Ci(s)k(s)H1(s)

Zo(s) + Ci(s)k(s)H1(s)
, (2.13)

Zcl(s) =
Zo(s) + Ci(s)k(s)H1(s)

1 + Cv(s)k(s)H1(s)
. (2.14)

kcl(s)

Zcl(s)

i∗1

io vpcc Grid

Loads

pcc

Figure 2.11 Norton equivalent circuit of the closed-loop GCC system using the
proposed control architecture in Fig. 2.9.

Equivalently, the model in (2.12) can be represented by a Norton circuit shown
in Fig. 2.11. As is clear from (2.14), the current controller, represented by the
transfer function Ci(s), appears in the numerator of the impedance polynomial
and the voltage controller transfer function Cv(s) in the denominator, which leaves
much freedom for shaping the frequency response of the closed-loop GCC system’s
equivalent output impedance. The fundamental harmonic component should not be
included in the voltage controller (1 /∈ Nh) in (2.10), as indicated by (2.14) because it
would reduce the closed-loop system equivalent output impedance for signals at
the grid fundamental frequency.

As is sketched in Fig. 2.10, the magnitude of the current controller Ci(s) is high at
the fundamental frequency and, complementarily, the gain of the voltage controller
Cv(s) is high at selected harmonic frequencies. Subsequently, Fig. 2.12 sketches the
magnitude response of the closed-loop GCC system’s equivalent output impedance
using the proposed scheme. As highlighted, the output impedance is increased
at the fundamental frequency while lowered at the selected harmonic frequencies.
Hence, a virtual low-impedance path is created for harmonics, which is in agreement
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Figure 2.12 Sketch of the magnitude response of the closed-loop GCC output
equivalent impedance Zcl(s) and the converter’s natural impedance
Zo(s).

with the desired frequency response features of the GCC system that are addressed
at the beginning of this section.

2.3.4 Stability criteria based on impedance

On top of providing a low-impedance path for harmonic components, stable op-
eration should be ensured when connecting the closed-loop GCC system to the
grid network. This section elaborates on the criteria applied for the assessment of
stability.

kcl(s)

Zcl(s)

i∗1

v′g

pcc

io vpcc
Z ′g(s)

Figure 2.13 Representation of the closed-loop GCC system connected with the
grid at pcc.

Figure 2.13 shows the diagram of the closed-loop GCC system in Fig. 2.1 connected
to the grid at the pcc. The grid network is represented by its Thévenin circuit [76]
and the closed-loop converter system by the Norton equivalent presented in Fig.
2.11. In Fig. 2.13 Z′g(s) and v′g(s) are the grid network equivalent impedance and
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voltage supply seen at the pcc. Hence, the current from the GCC system to the pcc
in Fig. 2.13 can be written as

io(s) = i∗1(s)
kcl(s)Zcl(s)

Zcl(s) + Z′g(s)
− v′g(s)

1
Zcl(s) + Z′g(s)

. (2.15)

Substituting (2.13) and (2.14) into (2.15), after some rearrangement we have

io(s) = (i∗1(s)
Ci(s)k(s)H1(s)

1 + Cv(s)k(s)H1(s)
− v′g(s))

1
Z′g(s)

1
1 + Zcl(s)/Z′g(s)

. (2.16)

It is possible to demonstrate that a transfer function represented by the summation
or multiplication of two transfer functions is stable, if both these two sub-transfer
functions are stable. The network to the right of the pcc in Fig. 2.13 is assumed stable
under both open-loop and short-circuit conditions; namely, the terms v′g(s) and
1/Z′g(s) in (2.16) have no unstable poles. We can ascertain that the GCC’s natural
gain k(s) is stable due to the presence of parasitic resistances in the LCL filter (see
the expression of k(s) in (2.4)). Moreover, the fundamental current reference i∗1(s) is
assumed time invariant thus stable following a conventional PLL design [81]. As
is clear from (2.9), the current controller Ci(s) does not contain any unstable poles.
Hence, under these conditions, the current io(s) in (2.16) is stable if and only if:

1. The transfer function Cv(s)k(s)H1(s) satisfies the Nyquist stability criterion;

2. The ratio of the closed-loop converter-system equivalent impedance to the
equivalent impedance of the grid network, Zcl(s)/Z′g(s), satisfies the Nyquist
stability criterion.

Apart from stable operation (when applying the control strategy in Fig. 2.9 to a
nominal GCC system), it is desired that the GCC system remains stable under (slight)
parameter deviations. Thus, modulus margin, as a measure to generalize the gain and
phase margins [16], is applied to describe the robustness of the closed-loop GCC
system to parameter variations. The modulus margin of the first stability condition
is defined as the minimum distance of the Nyquist curve of Cv(s)k(s)H1(s) in (2.16)
to the critical point, (−1, 0) in the complex plane. It is denoted as and calculated
from

Mv = min
0≤ω<∞

|1 + Cv(jω)k(jω)H1(jω)| . (2.17)

Similarly, the modulus margin of the second stability condition in (2.16) is denoted
as and calculated from

Mi = min
0≤ω<∞

∣∣∣1 + Zcl(jω)/Z′g(jω)
∣∣∣ . (2.18)
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To differentiate the distance from the Nyquist curve to the critical point in stable and
unstable situations, the modulus margin in (2.17) and (2.18) is modified, resulting in

M′v =

 min
0≤ω<∞

|1 + Cv(jω)k(jω)H1(jω)| stable

− min
0≤ω<∞

|1 + Cv(jω)k(jω)H1(jω)| unstable
(2.19)

M′i =


min

0≤ω<∞

∣∣∣1 + Zcl(jω)/Z′g(jω)
∣∣∣ stable

− min
0≤ω<∞

∣∣∣1 + Zcl(jω)/Z′g(jω)
∣∣∣ unstable.

(2.20)

These criteria will be used in the next chapter to firstly help to choose the controller
parameters and secondly to assess the robustness of a GCC system with the proposed
control architecture in Fig. 2.9.

2.4 Summary

This chapter has elaborated on the concept and design consideration of a control
strategy for single-phase GCC systems that allows it to sink current harmonic
components that are introduced by non-linear loads. An easily applicable and
insightful method was presented for the description and discussion of such GCC
systems and the control strategy.

As a first step, the harmonic frequency response of a typical open-loop GCC system
at the pcc was modelled and addressed. It is shown that an open-loop GCC system
is sensitive to signals at the grid fundamental frequency, while insensitive to grid
harmonics.

Next, conventional GCC control strategies were reviewed and analysed; the equivalent-
circuit model of the conventional current-controlled GCCs indicates that a current
control architecture helps to enhance the system’s output impedance at both the grid
fundamental and harmonic frequencies. As a consequence, when connecting this
type of current-controlled GCC system to a grid in the presence of local loads, the
(unmeasured) non-linear load harmonics would take a relatively-low-impedance
path to the grid. This is advantageous for GCC systems which are applied for
active power transfer but not favourable when they are used for non-linear load har-
monic compensation. Moreover, the current-control-based strategies for non-linear
load harmonic compensation require external sensors for their current reference
formulation; this is not always convenient.
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As stated in Chapter 1, we focus on communicationless GCC systems that can be
used for harmonic compensation. Thus, motivated by the aforementioned features
of current-controlled GCC systems, we propose to provide a low-impedance path for
signals at the grid harmonic frequencies that allows to sink non-linear load current
harmonics. A parallel current-voltage control architecture was presented where
the current and voltage controllers are complementarily resonant in the frequency
domain. An equivalent-circuit model has been derived for the closed-loop system.
The model shows that the control architecture realises a low-impedance path for grid
harmonics, while at the same time, the output impedance is kept high for signals at
the grid fundamental frequency. Lastly, the stability criteria have been introduced in
this chapter. These criteria can not only be used for stability and robustness analysis,
but can be applied to facilitate the controller parameter selection that is discussed in
the next chapter.
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3 Design approach and
experimental investigation

PROVIDING a low-impedance path for grid-harmonic currents has been pro-
posed as a strategy for voltage support in the previous chapter. A case study
is performed in this chapter firstly to evaluate the stability, and secondly to

quantify the harmonic compensation capability of the proposed strategy.

A series stability and performance considerations are taken into account when choos-
ing the parameters of the control scheme, where the derived models and developed
stability criteria in the previous chapter are used. After that, the performance of
the proposed control strategy for non-linear load harmonic current compensation
is assessed by simulations. Subsequently, the performance of the control scheme is
investigated by means of experiments on a laboratory single-phase power electronic
converter system.

3.1 Harmonic compensation control

The diagram of the single-phase grid-connected converter (GCC) system used for
the case study is shown in Fig. 3.1. As mentioned in Chapter 1, the proposed
strategy can be used for already existing GCCs, e.g. PV inverters, for add-on local
voltage support. Moreover, as reported in [90], the voltage supply at the end of the

This chapter is based on [97, 98].

27
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Table 3.1 Parameters of the converter system used for case study, referring to the
diagram shown in Fig. 2.1.

Description Symbol Value
PWM switching frequency fsw 10 kHz
Converter-side inductor L1 5.22 mH± 10%

R1 0.2 Ω
Filter capacitor C f 2.82 µF± 10%

Rd 0.4 Ω
Grid-side inductor L2 5.22 mH± 10%

R2 0.2 Ω
Grid inductance Lg [1.04 ∼ 10.44]mH

Rg [0.04 ∼ 0.4 ]Ω
Nominal grid frequency fg 50 Hz

feeder, where the equivalent grid impedance seen at the point of user’s connection
is higher, experiences more harmonic distortion than the feeder head. Thus, in the
case study the LCL-filter parameters are chosen with reference to filters applied in
PV inverters [18, 101] and the grid impedance is selected according to weak grid
examples [18,85]. Table 3.1 lists the parameters of the converter system used for the
case study, corresponding to the diagram shown in Fig. 3.1. Thus, the model of the
open-loop GCC system is obtained by substituting the nominal parameters into the
models derived in section 2.3. A delay Td of two switching periods is applied for the
VSI model in (2.2) in consideration of sampling, controller computation latency, and
modulation delay [24].

vgig

ild1 ild2Cf , Rd

L1, R1 L2, R2

io
LCL filter

vpcc

Lg, Rg

Rld2

GridLoads

Vdc

PWM
Controller

VSIDC
supply

pcc

(Fig. 2.9)

Fig. 2.2 (a)

Figure 3.1 Diagram of the single-phase GCC system that is used for case study.

The elaboration in this section includes the following two steps. Firstly, the effects
of the control parameters on the nominal GCC system’s performance are analysed.
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Accordingly, a set of controller parameters is chosen. Next, a sensitivity study of the
closed-loop GCC system is performed by looking at the modulus margins, derived
in subsection 2.3.4, assuming parameter variations.

3.1.1 Choosing control parameters

In theory, providing a zero-impedance path for the grid-harmonic currents is possible
for the proposed control scheme, since the resonant filters in (2.7) can have infinite
gain at the harmonic frequencies when the damping factor is zero. However, perfect
harmonic compensation is not always achieved in practice [88] mainly because of
two reasons. As addressed in [92], discrete-time implementation of a resonant filter
may shift the centre resonance frequency of the filter from its desired value. Secondly,
as shown in section 2.3, the controller is designed based on an estimate of the grid
frequency. Grid frequency estimation error is common [19] and it deteriorates the
resonant filter performance. In light of this, and in combination with (2.10) and
(2.14), it is clear that a decreased damping factor ζ or increased harmonic-voltage-
controller series gain Kress is advantageous for decreasing the equivalent impedance
for the selected grid-harmonic components (in the set Nh). Hence, in respect of
harmonic compensation performance, it is preferred to have a low ζ and a high Kress.
Therefore, the stability criteria addressed in subsection 2.3.4 are the main limitations
on control-parameter selection.

The discussion following starts from the harmonic voltage controller Cv(s), followed
by the fundamental current controller Ci(s) because the first one appears on both
stability conditions in subsection 2.3.4 while the latter one is only important for the
second condition.

Harmonic voltage controller Cv(s)

Based on (2.10), the impact of the set of harmonic order Nh, the resonant filter damp-
ing factor ζ and the resonant-filter series gain Kress on the first stability condition in
subsection 2.3.4 is evaluated in this section.

As is defined in (2.10), the set Nh determines which grid harmonic orders are to
be compensated by the voltage controller, with Kress = 120, and ζ = 10−3. Figure
3.2 shows examples of Bode and Nyquist plots of Cv(s)k(s)H1(s) given different
choices of Nh. It can be seen by comparing Fig. 3.2 (b) with (c) that compensating
for a higher-order grid-harmonic component makes the converter system operate
closer to the critical point, (−1, 0) in the complex plane, as indicated in the Nyquist
plots in Fig. 3.2. Moreover, compensating for multiple grid-harmonic components
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comes with reduced gain and phase margin of the converter system, which can be
observed by comparing Fig. 3.2 (c) with (d).
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Figure 3.2 Bode plots in (a) and Nyquist plots in (b), (c), and (d) of Cv(s)k(s)H1(s)
when compensating for different harmonic components.

This paragraph illustrates how the damping factor impacts the first stability condi-
tion in Subsection 2.3.4, with Kress = 120, and Nh = {3, 5, 7}. In view of the relation
between the voltage controller and the damping factor in (2.10) and (2.7), it can be
expected that, in general, increasing the damping factor is beneficial for increasing
the system stability margin. However, in the considered case increasing the damping
factor is not always beneficial. As the example in Fig. 3.3 shows, increasing the
damping factor ζ (from 10−4 to 10−2) shifts the locus corresponding to the frequency
interval around the grid-harmonic frequencies away from the critical point, while
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having negligible influence on the locus corresponding to the LCL filter’s resonance
frequency. In this case the gain and phase margin of the system are not significantly
affected by the damping factor.
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Figure 3.3 Bode plots in (a) and Nyquist plots in (b) and (c) of Cv(s)k(s)H1(s)
with different choices of the damping factor.

As shown in Fig. 3.4, increasing Kress will push the whole locus of Cv(s)k(s)H1(s)
closer to the critical point, (−1, 0) in the complex plane, potentially decreasing the
system’s stability margin. In Fig. 3.4 the settings for the harmonic order and the
damping factor are Nh = {3, 5, 7} and ζ = 10−5.

The previously observed impact of the voltage-harmonic-controller parameters on
the locus of Cv(s)k(s)H1(s) can be expected. As indicated in Fig. 2.8, a harmonic
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resonant filter acts similarly as a first-order low-pass filter to the signals whose
frequencies are higher than the filter’s centre resonance frequency. The LCL filter’s
resonance frequency ( fLCL in Fig. 2.5) is above the harmonic resonant filter’s centre
frequency. Thus, the closer the harmonic resonant filter’s centre frequency is to
fLCL and the higher the series gain of the resonant filter, the more the resonant
filter magnifies the signals at fLCL. In the considered case the damping factor is
not critical, but with respect of the first stability condition in subsection 2.3.4 the
harmonic order Nh and the series gain Kress are problematic.
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Figure 3.4 Bode plots in (a) and Nyquist plots in (b) and (c) of Cv(s)k(s)H1(s)
with different series gain values.

The redefined modulus margin of the first stability condition in (2.19) is evaluated as
a function of the series gain. Figure 3.5 shows the analytical results. It is clear that in
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Figure 3.5 Modified modulus margin of the first stability condition as a function
of the series gain: case 1, Nh = {3, 5, 7}; case 2, Nh = {3, 5, 7, · · · 11};
case 3, Nh = {3, 5, 7, · · · 15}.

respect of stability, compensating for more harmonic components becomes difficult,
requiring a lower series gain for the same modulus margin. As a consequence, as
mentioned at the beginning of this subsection, a lowered series gain would result
in a higher equivalent impedance for the selected grid-harmonic components, and
therefore decrease the compensation quality. Table 3.2 shows the selected parameters
for the harmonic voltage controller when considering the stability analysis shown in
Fig. 3.5.

Fundamental current controller Ci(s)

It is clear from (2.9) and (2.14) that a higher fundamental-resonant-filter series gain
Kr is beneficial for providing a high-impedance path for the grid-fundamental
component. In other words, a higher Kr is advantageous for precisely regulation
of the system’s output current fundamental component and thus active power (see
Fig. 2.13). Hence, the second stability condition in subsection 2.3.4 is the main
consideration for the parameter selection of the current controller.

Since in the frequency range of interest, the grid impedance Zg is much smaller than
the impedance of local loads, the equivalent impedance of the grid network Z′g (grid
in parallel with the loads) can be approximated by the grid impedance. Therefore,
we have

Z′g(s) ≈ Zg(s). (3.1)

Hence, the discussion of the second stability condition in subsection 2.3.4 is per-
formed by looking at how Zcl(s)/Zg(s) (instead of Zcl(s)/Z′g(s) in (2.16)) is influ-
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enced by the proportional gain Kp and the fundamental-resonant-filter gain Kr.
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Figure 3.6 Nyquist plots in (a) and Bode plots in (b), (c) and (d) of Zcl(s)/Zg(s)
under different combination of current-controller parameters: comb.
# 1, Kr = 1000, Kp = 25; comb. # 2, Kr = 6000, Kp = 25; comb. # 3,
Kr = 6000, Kp = 35.

The Nyquist plots of Zcl(s)/Zg(s) under different combinations of Kr and Kp are
shown in Fig. 3.6. It can be seen by comparing Fig. 3.6 (b) and (c) that increasing
the fundamental resonant filter gain Kr is generally disadvantageous in respect
of the system’s stability, because it shifts a part of the Nyquist locus closer to the
critical point. However, as can be observed by comparing Fig. 3.6 (c) and (d), when
raising the proportional gain Kp one part of the Nyquist curve is pulled away from,
while another part is pushed towards the critical point, (−1, 0), in the complex
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Table 3.2 Control parameters for the converter system case.

Description Parameters Value
Damping factor ζ 0
Voltage support Kress 120

Nh {3, 5, 7}
Current controller Kp 30

Kr 6000
Estimated grid frequency (for the controller design) f̂g 50 Hz

plane. It is found that the part of the locus being pulled away from the critical point
corresponds to the frequency range in which the LCL filter’s natural resonance lies,
and the locus segment being pushed closer to the critical point is correlated to the
frequency interval around the fundamental current controller’s resonance frequency.
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Figure 3.7 Modified modulus margin of the second stability condition as a func-
tion of the current controller proportional gain: case 1, Kr = 3000; case
2, Kr = 6000; case 3, Kr = 12000.

Fig. 3.7 shows the modified modulus margin of the second stability condition
defined in (2.20) as a function of the current controller proportional gain. It is clear
from Fig. 3.7 that consistent to the trend shown in Fig. 3.6, a lower proportional
gain is not always beneficial unless the fundamental-resonant-filter gain is chosen
appropriately. Moreover, as addressed at the beginning of this subsection, a higher
Kr is advantageous for the accuracy of active power regulation, and accurately
regulating the active power is the primary objective of the controller. In light of this,
the current controller parameters shown in Table 3.2 are selected.
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3.1.2 Stability given system-parameter deviations

It is shown in the previous subsection that the nominal system (with the parameters
in Table 3.1) is stable with the control parameters in Table 3.2. Nevertheless, on top
of stable operation of a nominal system, it is desirable that a system with (slightly)
deviated parameters can operate stably as well. In view of this, this subsection
assesses the controller design (in Table 3.2) by taking into account system-parameter
deviations.

It is clear from (2.16) that the system stability condition depends on the parameters
of the grid impedance. Figure 3.8 shows the (modified) modulus margin of the
second stability condition in (2.19) as a function of the grid inductance. It can be
seen that in the considered range of the grid inductance, stable operation is expected
and the lowest modulus margin occurs when the grid inductance is around 2 mH.

M
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Figure 3.8 Modified modulus margin of the second stability condition given
grid-parameter variations.

The impact of the LCL-filter parameter deviations is discussed next. Since the grid-
side inductor is in series with the grid impedance (see Fig. 3.1), its deviation is
considered negligible for the stability of the whole system. Thus, only the converter-
side inductor and filter-capacitor parameter deviations are analysed. The (modified)
modulus margin of the first stability condition in (2.20) is plotted as a function
of the deviation of the converter-side inductor given different levels of the filter
capacitor deviation. It can be concluded that in the considered range of parameter
variations, the first stability condition in subsection 2.3.4 is satisfied. Moreover, the
modulus margin is the lowest when both the filter capacitance and the converter-side
inductance are the highest. This can be explained by the property of the resonant
filter depicted in Fig. 2.8: a larger L1 or C f shifts the LCL filter’s resonance frequency
closer to the centre frequencies of the harmonic voltage controller. Consequently,
the controller magnifies the signals at the LCL filter’s resonance frequency more
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significantly.
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Figure 3.9 Modified modulus margin of the first stability condition under LCL-
filter parameter variations.

3.1.3 Applicability to a relatively stiff grid

As mentioned in the beginning of this chapter, the proposed strategy decreases the
GCC system’s output impedance to provide a low-impedance path for the harmonics
in the grid network. Note that here low impedance is described with respect to the
grid impedance. Regardless of the stability considerations addressed in Fig. 3.8,
a relatively stiff grid has, by definition, small impedance values, making it more
challenging for GCCs to provide a lower-impedance path for grid harmonics.

This subsection discusses the harmonic compensation performance considering a
wide range of grid impedance variation. Even though the system can attain a theor-
etical zero-impedance, the impedance would still be finite in case of a grid-frequency
estimation error. For convenience of analysis, the grid-frequency estimation error is
denoted as

δ fg =
f̂g

fg
− 1, (3.2)

where f̂g is the estimated grid frequency that is used for the resonant filter design as
in (2.8), and fg is the real grid frequency. Figure 3.10 shows the relative GCC system
output impedance for the 7th grid harmonic as a function of the grid inductance
given a different frequency estimation error δ fg .

It is possible to see that the harmonic compensation performance would be deteri-
orated under a relatively stiff grid. However, the performance can be enhanced
in two ways. Firstly, decreasing the grid-frequency estimation error is a solution,
e.g. including a real-time grid-frequency estimator [89, 102] that can on-line adapt
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Figure 3.10 The relative GCC output impedance for the 7th grid harmonics under
a varied grid inductance.

the resonant controller’s centre frequencies. This solution comes with an increased
computation-time cost. The second solution is to downscale the LCL-filter para-
meters. In this way, the GCC system’s natural output impedance Zo(s) is lowered.
Disregarding the impact of the fundamental current controller on the equivalent
impedance (see (2.14)) at the grid-harmonic frequencies, the closed-loop equivalent
impedance Zcl(s) for harmonics is reduced with a downscaled LCL filter. Apart
from that, the resonance frequency of a downscaled LCL filter would be shifted
further away from the grid-harmonic frequencies. As a result, a higher harmonic-
voltage-controller series gain (see Fig. 3.4) becomes possible. However, a premise of
the second solution is a proportionally-increased switching frequency (see Fig. 2.5).

3.2 Simulation results

The amount of the grid-current total harmonic distortion (THD) is simulated us-
ing the control parameters in Table 3.2. Unless mentioned otherwise, the system
parameters are set to their nominal values shown in Table 3.1 (Lg = 10.44 mH and
Rg = 0.4 Ω). The additional parameters used for the simulation are listed in Table
3.3. The dead-time of the PWM, 2%Tsw, is considered in the simulation and the
computation delay is set to one sampling period.
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Table 3.3 Additional parameters of the GCC system for simulation, referring to
the diagram shown in Fig. 3.1.

Description Symbol Value
DC power supply voltage Vdc 400 V
Grid rms voltage Vg 220 V
Sampling rate fs 10 kHz
Sampling period Ts 100 µs
Amplitude of the fund. output current I∗o,1 0 A

3.2.1 Stability given system parameter deviations
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Figure 3.11 Simulated closed-loop GCC stability evaluation with L1 and C f para-
meter variation (a) Lg = 10.44 mH and (b) Lg = 2.08 mH: green, blue,
and red dots correspond to stable, boundary, and unstable operation of
the system.

As is shown in Fig. 3.8, the modulus margin of the second stability condition is
minimum when the grid inductance is around 2 mH. Thus, the grid inductance is set
to 2.08 mH and 10.44 mH, respectively, when checking the operation of the converter
system. The stability is evaluated with a random combination of the converter-side
inductance and filter capacitance variation. The results are shown in Fig. 3.11. It
can be concluded by comparing Fig. 3.11 (a) and (b) that the GCC system with
Lg = 2.08 mH is prone to stability issues compared to the case with Lg = 10.44 mH,
which is consistent to the analytical results in Fig. 3.8. Secondly, as shown in Fig.
3.11 (b) a larger filter capacitance or inductance is disadvantageous for the modulus
margin of the system. This is consistent to what is implied by Fig. 3.9. Moreover, Fig.
3.11 (b) shows that even when the second stability modulus margin is minimum (see
Fig. 3.8) the GCC converter system is still stable when the deviation of the LCL-filter
parameters is within ±10%.



40 CHAPTER 3 DESIGN APPROACH AND EXPERIMENTAL INVESTIGATION

3.2.2 Harmonic compensation quality

Figure 3.12 shows the simulated results of the nominal closed-loop GCC system.
The grid-frequency estimation error δ fg (see Table 3.2) is set to 0.1%. The directions
of the GCC output current io, the grid current ig, the non-linear load current ild1, and
the pcc voltage vpcc can be found in Fig. 3.1. It can be seen from Fig. 3.12 (a) that
in the time interval 0 ∼ 0.1s (when Cv(s) is activated) the harmonic components
introduced by the non-linear load take the path to the GCC system. This is due to the
provided low-impedance path by the GCC for the grid harmonics. As a result, the
grid-current total harmonic distortion (THD) is less significant compared to the case
when the harmonic compensation is not operational in the time interval 0.1 ∼ 0.2s.
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Figure 3.12 (a) Simulated waveform of the nominal closed-loop GCC system.
Normalized grid-current harmonic spectrum when Cv(s) is in (b)
activated in the time interval 0 ∼ 0.1s, and in (c) disabled in the time
interval 0.1 ∼ 0.2s.
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3.2.3 Performance under a relatively stiff grid

As addressed earlier, disregarding stability considerations, the harmonic compens-
ation performance is challenged by the grid-frequency estimation error and the
equivalent impedance of the grid network. This subsection shows the impact of
the grid inductance (thus impedance) variation and frequency deviation on the
harmonic compensation performance. The solution proposed, downscaling the LCL
filter in the previous subsection, is examined by simulation.
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(c) downscaling LCL filter

Figure 3.13 Simulated normalized grid-current spectrum (with reference to Fig.
2.1): (a) grid inductance varies from 10.44 mH (light grey), to 5.22 mH
(dark grey) and to 2.08 mH (black), δ fg = 0.1%; (b) grid-frequency
estimation error varies from 0.1% (light grey), to 0.05% (dark grey)
and to 0.025% (black), Lg = 2.08 mH; (c) the LCL-filter parameters
downscaled by 1 (light grey), 2 (dark grey) to 5 (black) times of its
nominal, Lg = 2.08 mH and δ fg = 0.1%.

Figure 3.13 (a) shows the simulated results indicating the impact of the grid induct-
ance variation on the harmonic compensation performance. Consistent with the
model analysis in Fig. 3.8, the harmonic compensation performance deteriorates
when the grid inductance decreases.

Reducing the frequency estimation error is perceived as a solution to improve
the compensation performance in a relatively stiff grid. Figure 3.13 (b) shows the
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simulated results when the grid-frequency estimation error is decreased from 0.1%,
to 0.05% and to 0.025%.

As discussed earlier, the harmonic compensation performance is determined by the
relative GCC system output impedance to the grid impedance. In view of (2.14)
and (2.5), downscaling the LCL filter, and thus the system’s natural impedance
Zo(s), is perceived as a second solution to lower the relative GCC system output
impedance. Figure 3.13 (c) shows the simulated results when the six LCL filter
parameters (see Table 3.1) are reduced. Correspondingly the switching frequency is
increased proportionally. In view of (2.14) and (2.9), the current controller paramet-
ers, the proportional gain Kp and the fundamental-resonant-filter series gain Kr, are
decreased proportionally. The harmonic-voltage-controller parameters remain the
same as in Table 3.2.

Concluding, it is clear from Fig. 3.13 that the harmonic compensation performance
is deteriorated when the grid impedance decreases, which is consistent with the
model analysis in Fig. 3.8. Two strategies have been examined by simulations in this
subsection to improve the harmonic-compensation performance under a relatively
stiff grid.

3.3 Experimental investigation

3.3.1 Setup description

Weak grid network

Load 2

LCL filter

VSI
supply

dSPACE 1104

PWMs

DC

(linear)

Load 1

(harmonic)

Grid

Communicationless grid-connected converter

emulator

Figure 3.14 Configuration of the realised single-phase laboratory setup.

A laboratory setup has been realised to investigate the performance of the control
scheme. Its configuration diagram is shown in Fig. 3.14 in accordance with the
system diagram shown in Fig. 3.1. It consists of six main parts: a DC power supply,
a single-phase H-bridge converter, an LCL filter, a linear resistive load, a program-
mable current source acting as a non-linear load, a Spitzenberger-type DM 3000 grid
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emulator and a dSPACE DS1104 real-time control system. The programmable current
source was used to emulate a non-linear load that injects harmonic currents into the
grid; its current waveform can be found in Fig. 3.15, labelled ild1.

The nominal values of the system parameters are listed in Table 3.1 and Table 3.3.
Note that unless mentioned otherwise, the controller parameters are set according to
Table 3.2 in reference to Fig. 3.1. A LeCroy Wavesurfer-44MXs-B oscilloscope was used
to capture the measured waveforms. The DS1104 system was applied to visualize
the data acquired by the digital controller.

To avoid shifted resonance frequency problems, the resonant filters in the add-
on voltage support loop in section 2.3.2 were implemented by Forward-Euler and
Backward-Euler integration methods with correction [92]. For a proper trade-off
between implementation complexity and acceptable accuracy, only the first cor-
rection component of [92] is included, and the resulting transfer function of the
resonant filter cell in (2.7) in the z-domain is found to be

Cres,n(z) = Ts
z−1 − z−2

1 + (CkT2
s − 2)z−1 + z−2 , (3.3)

where Ts is the sampling period of the implementation, and

Ck = n2(2π f̂g)
2 − n4(2π f̂g)

4 T2
s

12
, (3.4)

with f̂g being the estimated grid frequency (see Table 3.2).

3.3.2 Impact of non-linear load on the local voltage quality

The impact of a non-linear load on the local voltage quality can be assessed in the
case that all the converter switches are disabled (see Fig. 3.1 together with Fig. 2.2).
In that case the filter components L2 and C f in Fig. 3.1 represents a passive load
to the grid. The non-linear load, Load 1, injects harmonic current into the point of
common connection. Since the grid impedance is much smaller than the impedance
of Load 2 (in the frequency range of interest), the harmonic current from Load 1 flows
to the grid and distorts both the grid current and the pcc voltage. Figure 3.15 shows
the corresponding waveforms.
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10 ms/div

ild1 (5 A/div)
ig (5 A/div)

io (5 A/div)

vpcc (200 V/div)

io (5 A/div)

Figure 3.15 Experimental waveforms when the converter operation is disabled;
from top to bottom are the pcc voltage vpcc, the non-linear load
current ild1, the grid current ig and the converter output current io.
Pcc voltage total harmonic distortion (THD) is 6.38%.

3.3.3 Validation of voltage support

Figure 3.16 (a) shows the waveforms when the current control is in operation and the
voltage support is disabled. It can be seen that the local voltage and the grid current
are still significantly distorted, compared to the case in Fig. 3.15. This is expected
since the system with current control has poor performance in providing a low-
impedance path for grid harmonics. Figure 3.16 (b) shows the waveforms when the
voltage support loop is enabled. The 3rd, 5th and 7th pcc voltage harmonic analysis
in these two cases (in Fig. 3.16) is shown in Fig. 3.17, which further validates the
benefit of using the add-on voltage support strategy.

3.3.4 Validation of fundamental current regulation

As mentioned earlier, one of the control objectives is to regulate the converter output
current fundamental component. This subsection considers the performance of the
control scheme for the fundamental converter output current regulation.

When the reference amplitude I∗o,1 is zero, the converter is expected to operate as
a harmonic compensator only; when I∗o,1 is not zero, the converter also injects (or
absorbs) active power from the grid side. Figure 3.18 shows the experimental wave-
forms when the converter is set for harmonic compensation only, I∗o,1 = 0 A. Since
the converter output current is distorted (non-sinusoidal because of the harmonic
compensation), it is difficult to recognize its fundamental component (see Fig. 3.16
(b) and Fig. 3.18). Therefore, a fast-Fourier-analysis is performed. Figure 3.19 shows
the value of the amplitude of the converter output fundamental component as a



3.3 EXPERIMENTAL INVESTIGATION 45

10 ms/div

ild1 (5 A/div)
ig (5 A/div)

io (5 A/div)

vpcc (200 V/div)
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(a) the voltage support is "OFF"
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vpcc (200 V/div)

io (5 A/div)

(b) the voltage support is "OFF"

Figure 3.16 Experimental results validating the voltage support, I∗o,1 = 2 A: (a)
the voltage support is disabled and the THD of the pcc voltage is
4.12%, (b) the voltage support is in operation and the THD of the pcc
voltage is 2.05%. In either sub-figure from top to bottom are the pcc
voltage vpcc, the non-linear load current ild1, the grid current ig and
the converter output current io.

function of its reference.

It can be seen from Fig. 3.19 that the converter output current fundamental com-
ponent has a good match with its reference. This is due to the characteristic of
the closed-loop converter system that its output equivalent impedance is high for
signals at the fundamental grid frequency (see Fig. 2.12 and Fig. 2.13).
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Figure 3.17 Comparison of the local voltage harmonic content between when
the proposed voltage support is disabled ("OFF") in Fig. 3.16 (a) and
when it is in operation ("ON") in Fig. 3.16 (b).
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Figure 3.18 Experimental results when the voltage support is "ON", I∗o,1 = 0 A.

3.3.5 Sensitivity to grid-frequency estimation error

In this subsection the control algorithm’s sensitivity to the grid-frequency estimation
error is investigated. In experiments the set frequency for the grid emulator is kept
strictly constant at fg = 50 Hz in order to have a consistent non-linear load current
and also for the convenience of harmonic analysis. The frequency estimation error is
created by biasing the estimated grid frequency in the implementation of the voltage
and current controllers using

f̂g = fg(1 + δ fg). (3.5)

The results are shown in Fig. 3.20. As can be seen, the attenuation performance is
assessed by normalizing the pcc voltage harmonic component amplitudes to the
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Figure 3.19 Measured fundamental current amplitude (through FFT) as a func-
tion of reference current I∗o,1.

corresponding components in the case when the voltage support is disabled (in Fig.
3.16 (a)).
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Figure 3.20 Experimental results of the impact of the grid-frequency estimation
error on the harmonic attenuation.

Consistent to the analysis presented in Fig. 3.10 and the simulation results shown in
Fig. 3.13 (b), Fig. 3.20 demonstrates that the voltage harmonic attenuation perform-
ance is highly dependent on the frequency estimation error, and the less the error, the
better the attenuation. As shown in Figure 3.20, zero-error harmonic attenuation is
not fully achieved in the experiments even when the estimated frequency is identical
to the grid emulator set-point frequency. This can be explained by two factors. The
first one is the imperfect numerical implementation of the resonance filter in (3.3).
Secondly, the grid emulator’s frequency is not perfectly stabilized at the set-point but
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has a certain precision. These two factors put limitations on practically providing a
zero-impedance path for the grid harmonics. Besides, in the experiments the best
harmonic attenuation is seen when the estimation error is around −0.06% (when
f̂g = 49.97 Hz). This is explained by the inaccuracy of the grid emulator. A test
showed that the grid emulator frequency varied between 49.94 Hz and 49.98 Hz
even though its set-point was 50 Hz.
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Figure 3.21 Experimental results. The local voltage 3rd harmonic attenuation as a
function of voltage-controller series gain Kress, δ fg = −0.2%.

The voltage harmonic attenuation is investigated next as a function of the voltage-
controller series gain (see (2.10)). Figure 3.21 shows the experimental results when
the gain changes. In this set of tests the frequency used in the controller is f̂g =
49.9 Hz (equivalently, δ fg = −0.2%) in order to create a grid-frequency estimation
error. The controller is set as Nh = {3}. The results in Fig. 3.21 indicate that a large
resonant filter gain helps to compensate for the frequency estimation error, which
is consistent with the equivalent-impedance model of the closed-loop GCC system
in (2.14). However, as implied by the stability analysis in Fig. 3.5, the series gain
cannot be chosen arbitrary large but is dependent on the selected harmonic order
set Nh.

3.4 Summary

A case study has been performed in this chapter to investigate the quality of
the impedance-based local-voltage harmonic-compensation strategy presented in
Chapter 2. Following a series of stability and harmonic-compensation-quality con-
siderations, a set of control parameters have been chosen for a nominal GCC system.
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Model analysis and simulations suggest that the GCC system would operate stably
given ±10% parameter deviation. Both simulation and experimental results showed
that the local-voltage harmonic distortion is significantly reduced when the low-
impedance path is made available (by the GCC system). In experiments the local-
voltage total harmonic distortion has been reduced from 4.12% to 2.05%. Meanwhile,
as demonstrated by experiments and simulations, the harmonic-compensation qual-
ity of the impedance-based strategy is challenged by a grid-frequency estimation
error. Additionally, the harmonic-compensation performance deteriorates under a
relatively stiff grid, making the strategy suitable for GCC systems applied in weak
grids.
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Local voltage support
using a three-phase converter
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4 Decomposition of
three-phase systems

ACTIVE power regulation is essential for any grid-connected converter (GCC)
system that is used to transfer energy. This holds independent of whether
grid-supporting functionalities, e.g. harmonic compensation or unbalance

factor correction, are incorporated in the system or not. Similar to a single-phase
GCC system, the active power per phase in a three-phase GCC system is contributed
by the fundamental component of the converter output current, while harmonics
result in reactive power, a potential source of power loss in the system.

Certainly, there are other characteristics of a three-phase GCC system. Harmonic
distortion aside, the per-phase current in-phase with the per-phase grid voltage
does not always result in the most efficient active power transfer; additionally, the
three-phase currents should be balanced as well. Similar to but different from a single-
phase converter system, in three-phase converter systems the main contribution to
the active power is the fundamental positive-sequence component in the converter
output current.

The purpose of this chapter is to analytically examine the composition of the active
power in a three-phase GCC system. Starting from the active power in terms of per-
phase voltage and current, the discussion in this chapter provides insights into the
active power in a three-phase system. In preparation of Chapter 5, the synthesis of a
convenient harmonic-symmetrical-component observation and detection method is
presented.
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4.1 Active power

ib

ic

va

vb
vc

pcc

ia

Converter Grid
system

DC

Figure 4.1 Diagram of a three-phase grid-connected converter system.

For the three-phase system shown in Fig. 4.1, the instantaneous active power of the
three-phase system at the grid side, denoted as p(t), can be computed as [69]

p(t) = va(t)ia(t) + vb(t)ib(t) + vc(t)ic(t), (4.1)

where va, vb, vc are the instantaneous phase voltages and ia, ib, ic are the instant-
aneous line currents. The instantaneous active power in (4.1) is described as the
product of two space vectors for simplicity:

p(t) = vT
abc(t)iabc(t), (4.2)

where "(·)T" denotes the matrix or vector transpose and

vabc(t) =

va(t)
vb(t)
vc(t)

 , iabc(t) =

ia(t)
ib(t)
ic(t)

 . (4.3)

Similar to the description of the active power in a single-phase GCC system, the
active power in a three-phase GCC system is an averaged term as well, which can
be written as

P =
ω1

2π

∫ 2π
ω1

0
p(t)dt, (4.4)

with ω1 being the grid fundamental angular frequency.

4.2 Decomposition of three-phase voltage

The decomposition of the three-phase voltage in this section starts from the per-phase
Fourier series representation, followed by the symmetrical component decomposi-
tion.
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4.2.1 Harmonic decomposition

The method of Fourier-series presentation is convenient for the description and
harmonic analysis of periodic signals. Thus, the per-phase voltage in (4.3) can be
decomposed into the sum of a set of sinusoidal signals as

va(t) = ∑
n∈N

va,n(t),

vb(t) = ∑
n∈N

vb,n(t), (4.5)

vc(t) = ∑
n∈N

vc,n(t).

where N is the set of all natural numbers. It is worthwhile to mention that for the
sake of compact representations, the DC components are denoted as harmonics of
order n = 0. Apart from DC components, the nth-harmonic components in (4.5) are

va,n(t) =Va,n cos(nω1t + ϕa,n),

vb,n(t) =Vb,n cos(nω1t + ϕb,n), (4.6)

vc,n(t) =Vc,n cos(nω1t + ϕc,n).

Above, va,n(t), vb,n(t) and vc,n(t) are the nth-harmonic three-phase voltages; Va,n,
ϕa,n, Vb,n, ϕb,n,Vc,n, and ϕc,n are the corresponding amplitudes and initial phase
angles of the nth-harmonic three-phase voltages.

Phasor notation is convenient to describe sinusoidal signals. Hence, the equations
in (4.6) can be also represented as

va,n(t) =<{Va,nejnω1t}
vb,n(t) =<{Vb,nejnω1t}
vc,n(t) =<{Vc,nejnω1t}, (4.7)

where "<{·}" denotes the real part of the complex number, and Va,n, Vb,n, Vc,n are
the corresponding nth-harmonic three-phase voltage phasors that can be expressed
as1

Va,n =Va,nejϕa,n

Vb,n =Vb,nejϕb,n (4.8)

Vc,n =Vc,nejϕc,n .

1Here Va,n, Vb,n, Vc,n are amplitudes instead of root-mean-square values.
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According to the properties of complex numbers, the real part of a complex number
equals to the half of the summation of the complex number and its complex conjug-
ate. Hence, the nth-harmonic three-phase voltages in (4.7) can be represented by a
sum of two complex numbers given by va,n(t)

vb,n(t)
vc,n(t)

 =
1
2

 Va,nejnω1t

Vb,nejnω1t

Vc,nejnω1t

+
1
2

 Va,nejnω1t

Va,nejnω1t

Va,nejnω1t

 , (4.9)

where the symbol with an overline, e.g. "(·)", denotes the complex conjugate of "(·)".
According to Euler’s formula, (4.9) can be further rewritten as va,n(t)

vb,n(t)
vc,n(t)

 =
1
2

 Va,n
Vb,n
Vc,n

 ejnω1t +
1
2

 Va,n
Vb,n
Vc,n

 e−jnω1t. (4.10)

It is worthwhile to address that in this thesis a symbol with a underline, e.g. "(·)",
denotes either a phasor or a complex number.

4.2.2 Symmetrical component decomposition

As is mentioned in [7], a set of three phasors can be represented by the sum of
three sets of phasors, where two are sets of balanced symmetrical phasors and the
third one is a set of in-phase phasors. Respectively, the three sets correspond to the
positive-, negative- and zero-sequence components. Figure 4.2 shows the diagram
of the decomposition of the nth-harmonic three voltage phasors in terms of positive-,
negative- and zero-sequence components. We have Va,n

Vb,n
Vc,n

 =

 1
a2

a

V+
n +

 1
a
a2

V−n +

1
1
1

V0
n, (4.11)

with
a = ej 2π

3 . (4.12)

The first element on the right-hand side of the equation in (4.11) is the positive-
sequence component of the three-phase voltage phasors, the second the negative-
sequence component and the third the zero-sequence component. So, V+

n , V−n , V0
n

are the phasors containing the information of the amplitudes and phase angles of
the corresponding symmetrical components. More compactly, (4.11) is rewritten asVa,n

Vb,n
Vc,n

 =

 1 1 1
a2 a 1
a a2 1

V+
n

V−n
V0

n

 . (4.13)
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Figure 4.2 Decomposition of three-phase voltage phasors in terms of positive-,
negative- and zero-sequence components. The phase-a phasors are in
green, the phase-b in red and the phase-c in blue.

Since the 3 by 3 matrix on the right-hand side of the equation in (4.13) is invertible,
we have  V+

n
V−n
V0

n

 =
1
3

1 a a2

1 a2 a
1 1 1

 Va,n
Vb,n
Vc,n

 . (4.14)

Concluding, it is clear from the discussion in this section that the amplitudes and
phase angles of a specific sequence component can be derived from three-phase
voltages via firstly Fourier series and then symmetrical component decomposition.
Note that the discussions are based on the assumption that the system operates in
periodic steady state. Thus, the Fourier series and symmetrical component decom-
position are limited to the analysis and assessment of a system operating in steady
state. When it comes to controller design, however, real-time and accurate detection
techniques are required to response to harmonic and sequence component disturb-
ances in the three-phase GCC system. The theory applied for the development of a
controller to regulate symmetrical components is addressed in the next sections.

4.3 Symmetrical components in the stationary refer-
ence frame

Compared to the natural reference frame where the a, b, c coordinates are 120◦ apart,
in the stationary reference frame the α and β coordinates are orthogonal. By aligning
the α coordinate with the real and the β with imaginary axes of the complex plane,
the α and β quantities can be grouped into a complex number, which allows for a
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simplified representation of three-phase quantities. The convenience of grouping
the α and β quantities will be demonstrated in the following. The organization of
this section is as it follows. The Clarke transformation is firstly introduced, where
three-phase a, b, c quantities are transformed to α, β and γ quantities. Next, the α

and β quantities are grouped into an αβ-complex quantity and the link between the
positive- and negative-sequence components in subsection 4.2.2 and the grouped
complex quantity is addressed. Last but not least, the representation of the γ quantity
in terms of zero-sequence components is included.

4.3.1 Clarke transformation

Before elaborating on the symmetrical components in the stationary reference frame,
the well-known Clarke transformation is introduced. The three-phase voltage quant-
ities in (4.3) are transformed to the αβγ reference frame by the Clarke transformation
as

vαβγ(t) = TCvabc(t), (4.15)

where TC is the Clarke transformation matrix and vαβγ(t) is the three-phase voltage
space vector in the stationary reference frame, given by

vαβγ(t) =

vα(t)
vβ(t)
vγ(t)

 . (4.16)

In (4.15) the Clarke transformation matrix is

TC =
2
3

 1 −1/2 −1/2
0
√

3/2 −
√

3/2
1/2 1/2 1/2

 . (4.17)

4.3.2 Positive- and negative-sequence components

The discussion in this section demonstrates that the grouped αβ-complex quantity
contains only positive- and negative-sequence components. Moreover, it shows
that the (complex-valued) coefficients of the complex Fourier series of the grouped
αβ-complex quantity are directly linked to the magnitudes and the phase angles of
the positive- and negative-sequence components.

Complex notation allows for a simplified representation of two independent quant-
ities. The nth-harmonic α and β voltages in (4.16) are grouped as a complex variable,



4.3 SYMMETRICAL COMPONENTS IN THE STATIONARY REFERENCE FRAME 59

denoted as
vαβ,n(t) = vα,n(t) + jvβ,n(t). (4.18)

In view of the Clarke transformation in (4.15), the nth-harmonic α and β voltages are
written as

vα,n(t) =
2
3
[
1 −1/2 −1/2

] va,n(t)
vb,n(t)
vc,n(t)


vβ,n(t) =

2
3
[
0
√

3/2 −
√

3/2
] va,n(t)

vb,n(t)
vc,n(t)

 . (4.19)

Because a = −1/2 + j
√

3/2 and a2 = −1/2− j
√

3/2 hold for a in (4.12), in view of
(4.19), the complex variable in (4.18) can be also written as

vαβ,n(t) =
2
3
[
1 a a2] va,n(t)

vb,n(t)
vc,n(t)

 . (4.20)

Substituting (4.10) into (4.20), we have

vαβ,n(t) =
1
3
[
1 a a2] (  Va,n

Vb,n
Vc,n

 ejnω1t +

 Va,n
Vb,n
Vc,n

 e−jnω1t

)
. (4.21)

Because it holds for a in (4.12) that

a a2 =1,

a =a2, (4.22)

1 + a + a2 =0,

substituting (4.13) into (4.21), we have

vαβ,n(t) = V+
n ejnω1t + V−n e−jnω1t. (4.23)

Thus, we can see from (4.23) that an arbitrary nth-harmonic grouped αβ-complex
quantity can be written in terms of an anticlockwise rotating (positive-sequence),
as depicted in Fig. 4.3, and a clockwise rotating (negative-sequence) component.
The projection of the vector vαβ,n(t) on the real axis and the imaginary axis are
the respective α and β quantities. Due to the existence of the negative-sequence
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V +
n

Re

Im

V −
n

nω1t

nω1t (vα,n(t), vβ,n(t))

Figure 4.3 Representation of the nth-harmonic grouped αβ-complex in terms of
anti-clock-wise (positive) and clock-wise (negative) rotating compon-
ents.

component, the locus described by vαβ,n(t) (when n 6= 0) is not a circle but an ellipse,
as depicted in Fig. 4.3.

Considering now
vαβ(t) = vα(t) + jvβ(t), (4.24)

and since the transformation from abc to αβγ in (4.15) is linear, according to (4.23)
and (4.5) we have

vαβ(t) = ∑
n∈N

(V+
n ejnω1t + V−n e−jnω1t), (4.25)

which can be rewritten into

vαβ(t) = ∑
h∈Z

Vhejhω1t, (4.26)

with

Vh =


V+

h , h > 0

V+
0 + V−0 , h = 0

V−−h, h < 0.

(4.27)

Above, Z is the set of all integer numbers. It is clear that the grouped αβ-complex
quantity can be represented by a complex-valued Fourier series, where the complex
quantity (or phasor) Vh corresponds to the positive-sequence components when



4.3 SYMMETRICAL COMPONENTS IN THE STATIONARY REFERENCE FRAME 61

h is positive, to the DC components when h is zero and to the negative-sequence
components when h is negative. Hence, complex Fourier analysis theory can
be applied to the grouped αβ-complex quantity for the observation and detection
of fundamental and harmonic positive- or negative-sequence components (or DC
components if necessary).

Similar to the computation of the coefficients of a real-valued Fourier series, the
coefficient in (4.26) can be recovered from

Vh =
ω1

2π

∫ 2π
ω1

0
vαβ(t)e

−jhω1t dt. (4.28)

This is because for any arbitrary two complex quantities (or phasors) Xm and Yn, it
can be found that ∀m, n ∈ Z we have

ω1

2π

∫ 2π
ω1

0
Xmejmω1tYne−jnω1t dt =

{
0, m 6= n
XnYm, m = n.

(4.29)

4.3.3 Zero-sequence component

In view of the Clarke transformation in (4.15), the nth-harmonic γ voltage is found
to be related to the three-phase voltages by

vγ,n(t) =
1
3
[
1 1 1

] va,n(t)
vb,n(t)
vc,n(t)

 . (4.30)

Combining this equation with (4.10), (4.13), and the properties of a in (4.22), we find
that the harmonic γ voltage in (4.30) can be expressed as

vγ,n(t) =
1
2
(V0

nejnω1t + V0
ne−jnω1t). (4.31)

Hence, the γ voltage can be written as being composed of a series of harmonic
zero-sequence components. Therefore, we have

vγ(t) =
1
2 ∑

n∈N

(V0
nejnω1t + V0

ne−jnω1t). (4.32)

Note that V0
ne−jnω1t is the complex conjugate of V0

nejnω1t; therefore, the imaginary
part of their sum is always zero and the γ voltage in (4.32) becomes

vγ(t) = ∑
n∈N

<{V0
nejnω1t}. (4.33)
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It can be observed from (4.33) that the series on the right-hand side of the equation is
a (real-valued) Fourier series, where the coefficients directly imply the information
of the amplitudes and phase of the zero-sequence components. Hence, single-phase
Fourier analysis theory can be applied to the γ quantity for the observation and
detection of zero-sequence components. Moreover, it is clear from (4.33) that the
positive- and negative-sequence components are not included in the γ quantity.

Concluding, in the stationary reference frame the positive- and negative-sequence
components of a three-phase voltage are distributed in the α and β quantities and
the zero-sequence component in the γ quantity. The amplitudes and phases of the
nth-harmonic positive- and negative-sequence components can be observed and
detected by applying complex Fourier analysis theory to the grouped αβ-quantity
and the zero-sequence components by applying single-phase Fourier analysis theory
to the γ quantity.

4.4 Active power composition

This section illustrates the decomposition of the active power in terms of positive-,
negative- and zero-sequence components. Substituting (4.15) into (4.2), we have
the instantaneous active power written as

p(t) =(T−1
C vαβγ(t))T(T−1

C iαβγ(t))

=vT
αβγ(t)((T

−1
C )TT−1

C )iαβγ(t). (4.34)

In view of a property of the Clarke transformation matrix in (4.17) as

(T−1
C )TT−1

C =

3/2 0 0
0 3/2 0
0 0 3

 , (4.35)

the instantaneous active power in (4.34) can be also written as

p(t) =
3
2

vα(t)iα(t) +
3
2

vβ(t)iβ(t) + 3vγ(t)iγ(t). (4.36)

From this equation, we can see that the instantaneous active power can be represen-
ted in terms of α, β and γ quantities in the three-phase system. Applying the similar
grouping definitions in Section 4.3 to the three line currents, the instantaneous power
in (4.36) can be expressed as

p(t) =
3
2
<{ vαβ(t)iαβ(t) }+ 3vγ(t)iγ(t), (4.37)
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where iαβ(t) is the complex conjugate of iαβ(t). Decomposing the αβ- and γ line
currents in the way that is shown in Section 4.2.2, we similarly obtain

iαβ(t) = ∑
h∈Z

Ihejhω1t,

iγ(t) =
1
2 ∑

n∈N

(I0
nejnω1t + I0

ne−jnω1t). (4.38)

Above, Ih and I0
n correspond to the respective harmonic (or DC) positive- or negative-

sequence components and zero-sequence component. Substituting (4.26), (4.32) and
(4.38) into (4.37), we write (4.37) as

p(t) =
3
2
<{ ∑

h=k
∀h,k∈Z

Vh Ik + ∑
h 6=k
∀h,k∈Z

Vh Ikej(h−k)ω1t }

+
3
2
<{ ∑

m=n
∀m,n∈N

V0
m I0

n + ∑
m 6=n
∀m,n∈N

V0
m I0

nej(m−n)ω1t }. (4.39)

Thus, it is seen from (4.39) that the instantaneous active power is represented by
two groups. The first group on the right-hand side of the equation in (4.39) is the
contribution of the positive- and negative-sequence, and the second is due to the
zero-sequence components. Either group on the right-hand side of the equation in
(4.39) contains a DC and an oscillation component. It follows from (4.39) that given a
three-phase voltage composed of only fundamental positive-sequence components,
e.g. when Vh,h∈Z,h 6=1 = 0 and V0

m,m∈N = 0,

• the zero-sequence components do not contribute to the instantaneous active
power from the grid and the DC source (see Fig. 4.1) but circulate between the
three-phases of a three-phase system [69];

• the negative-sequence components produce an oscillation component in the
instantaneous active power, e.g. as mentioned in [17], double-frequency pulsa-
tions;

• only the in-phase positive-sequence components contribute to the active power,
supporting the widely-applied principle of grid synchronization.

Similarly, the equation in (4.39) also explains that under an unbalanced grid con-
dition, control strategies for three-phase GCC system are not limited to balanced
current injection [53], but they can force the system output current to be unbalanced
in order to achieve oscillation-free instantaneous active power [47, 49].

Substituting (4.39) into (4.4), we find

P =
3
2 ∑

h∈Z

<{ Vh Ih }+
3
2 ∑

n∈N

<{ V0
n I0

n }. (4.40)
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Because for arbitrary quantities Xn and Ym, it can be found that ∀h, k ∈ Z we have

Xhejhω1tYhejkω1t =

{
XhYkej(h−k)ω1t, h 6= k
XhYk, h = k,

(4.41)

and thus

ω1

2π

∫ 2π
ω1

0
<{Xhejhω1tYkejkω1t}dt =

{
0, h 6= k
<{ XhYk }, h = k.

(4.42)

Hence, it is clear from (4.40) that given a three-phase voltage composed of only fun-
damental positive-sequence components, e.g. when Vh,h∈Z,h 6=1 = 0 and V0

n,n∈N = 0,
neither the negative- nor zero-sequence current contributes to the active power.
However, they play a part in power loss in the three-phase system by contributing
to the equivalent line root-mean-square (rms) current, which is defined as

Irms,3φ =

√
ω1

2π

∫ 2π
ω1

0
(i2a(t) + i2b(t) + i2c (t))dt. (4.43)

Analogously to the representation of the average active power by harmonic sym-
metrical components, it is not hard to find that (4.43) can be expressed by

Irms,3φ =

√
3
2 ∑

h∈Z

I2
h +

3
2 ∑

n∈N

(I0
n)2, (4.44)

where Ih and I0
n are the corresponding amplitudes of the hth- or (−h)th-harmonic

positive- or negative-sequence, and the nth-harmonic zero-sequence components.

Hence, it can be concluded from (4.40) and (4.44) that given a three-phase voltage
that is composed of only fundamental positive-sequence components, the most effi-
cient strategy for active power injection (absorption) is to make the converter output
three-phase current contain only a fundamental positive-sequence component, with
Ih,h∈Z,h 6=1 = 0 and I0

n,n∈N = 0, and that additionally, this fundamental positive-
sequence component (I1) is in phase with the fundamental positive-sequence voltage
(V1). In this case, the three-phase rms current is minimal, and the instantaneous
active power in (4.39) is oscillation-free.

4.5 Summary

In this section, the calculation of the active power of a three-phase GCC system has
been presented. Given an almost-balanced three-phase grid voltage with negligible
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harmonic distortion, the active power is mainly contributed by the fundamental
positive-sequence component in the system’s output current. Thus, regulation of the
active power can be achieved by the control of the fundamental positive-sequence
components in the GCC system output current. Moreover, it has been confirmed that
both the negative- and zero-sequence components contribute to the equivalent line
rms current, thereby potentially introducing power loss in a system where the three-
phase voltage is composed of only a fundamental positive-sequence component
(which always should be the case for the three-phase grid). Therefore, unintentional
injection of negative- or zero-sequence current should be avoided.

It has been shown that in the stationary reference frame the fundamental positive-
sequence component appears as a h = +1 harmonic in the (complex-valued) Fourier
series of the αβ-complex components, which allows for a straightforward technique
to observe and detect it. The αβ-complex components can be decomposed into a
Fourier series whose coefficients directly indicate the amplitudes and phases of the
positive- and negative-sequence components in the three-phase voltages or currents.
Therefore, complex Fourier series theory can be applied to the analysis of the αβ-
complex quantity for fundamental or harmonic positive- and negative-sequence
component detection. More importantly, similar to the application of (real-valued)
transfer-function theory to the regulation of the harmonics in the single-phase GCC
system in Chapter 2, in a three-phase system in the stationary reference frame,
complex-valued transfer functions can be employed for fast detection and control
of fundamental or harmonic positive- and negative-sequence components . The
application of the presented decomposition theory presented here is continued in
the next chapter.
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5 Modelling and control of
three-phase converters

THREE-PHASE four-wire configurations are commonly encountered in the European
local electric power distribution network because they can flexibly serve a
mixture of single-phase and three-phase loads. As explained by the discus-

sion in Chapter 4, using a single-phase-converter system to interface a DC source
with a three-phase four-wire grid is not energy efficient; a single-phase current can
be seen as an extreme case of an unbalanced three-phase current where all positive-,
negative- and zero-sequence components are present. Therefore, the single-phase
inverter topology is usually used for applications in relatively low-power-rating
distribution generation systems, e.g. roof-top photovoltaic (PV) systems which up
to 4kW. The three-phase inverter topology is more favourable for a grid-connected
converter (GCC) system when the power rating of the distribution generation system
is relatively high.

A three-phase four-wire inverter topology based GCC system can be seen as three
independent single-phase GCC systems, making single-phase-converter modelling
techniques (see next pages for schematics) applicable. Hence, similar to the model-
ling in Chapter 2, the method of average linear models and the equivalent-circuit
approach are applied for the modelling of the three-phase GCC system in this
chapter. The former is for the modelling of the harmonic interaction between the
three-phase GCC system, the grid, and the non-linear loads at the point of common
connection (pcc). The latter is for a simplified representation of a three-phase GCC

This chapter is based on [94, 95].
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system seen at the pcc.

The discussion in this chapter starts with the modelling of three-phase GCC systems.
As already stated previously in Chapter 4, the per-phase representation of a three-
phase system cannot describe all the system’s characteristics. To counter this, the
Clarke transformation is applied to the per-phase equivalent-circuit models, and
accordingly the open-loop three-phase system is represented by sequence models
in the stationary reference frame. Next, a short introduction to complex transfer
functions is given. It introduces the basics of a complex transfer function and its
relation to the regular (real-valued) transfer function. As a member of complex
transfer functions, complex resonant filters whose centre frequency is a positive
or negative integer multiple of the grid fundamental frequency are introduced.
Thereafter, a parallel current-voltage control architecture for the three-phase GCC
system is presented; it is constructed from a mixture of complex and regular resonant
filters. Finally, based on a series of control-law substitutions and equivalent-circuit
representations, the dependency of the sequence components of the three-phase-
converter output currents on the positive-, negative- and zero-sequence components
of the pcc voltage is described by two equivalent circuits.

5.1 Modelling of three-phase converter

As already stated in Chapter 1, we focus on GCCs applied in distributed generation
systems that can be used for additionally compensating non-linear and unbalanced
load currents. In this section a convenient model is derived for a three-phase
GCC system that enables compact analysis of harmonic and unbalanced interaction
between the GCC system, the grid, and the loads that are present in the distribu-
tion network. The discussion starts from a per-phase presentation, followed by a
symmetrical-sequence equivalent model. Next, the response characteristics of this
model to harmonic and unbalanced disturbances are stated.

5.1.1 Per-phase model

Due to the existence of the neutral line the open-loop three-phase GCC system in Fig.
5.1 can be modelled as three independent single-phase GCC systems. Consistent to
the description of three-phase currents and voltages in Chapter 4, vector notation is
applied for simplicity. In Fig. 5.1 the vector v∗s,abc(s) is referred to as the set point of
the pulse-width-modulator (PWM) for the three-phase voltage-source inverter (VSI),
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Figure 5.1 Diagram of a three-phase grid-connected converter system using only
local measurements.

denoted as

v∗s,abc(s) =

v∗s,a(s)
v∗s,b(s)
v∗s,c(s)

 . (5.1)

Conventionally, the per-phase VSI and the LCL filter parameters are designed to
be identical. Therefore, recalling the modelling of the open-loop single-phase GCC
system in (2.3), the dependency of the three-phase-converter system’s output current
on the corresponding pcc voltage and the set point of the PWM in Fig. 5.1 can be
modelled as

iabc(s) = −
1

Zo(s)
vabc(s) +

k(s)H1(s)
Zo(s)

v∗s,abc(s), (5.2)

where H1(s) is the transfer function of the per-phase VSI, which is modelled as a
delay in (2.2). In (5.2) k(s) and Zo(s) are the per-phase GCC converter system’s
natural gain and impedance, which are obtained following a similar modelling
procedure as for the single-phase GCC system in Section 2.1.

5.1.2 Symmetrical-sequence model

As already stated previously, the per-phase representation is less convenient for the
description of the three-phase GCC system’s response to unbalanced disturbances
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from the grid. Clarke transformations are better suited for this purpose. Apply-
ing the Clarke transformation to (5.2), the open-loop three-phase GCC system is
described in the stationary reference frame as

iαβγ(s) = −
1

Zo(s)
vαβγ(s) +

k(s)H1(s)
Zo(s)

v∗s,αβγ(s). (5.3)

As discussed in the previous chapter, in three-phase systems the positive- and
negative-sequence components are distributed in the α and β, and the zero-sequence
component in the γ quantities. Thus, the model in (5.3) is divided into two groups
for symmetrical-component analysis: γ for the zero-sequence, and α and β for the
positive- and negative-sequence components.

Zero-sequence model

According to (5.3), the γ output current is related to the corresponding pcc voltage
and the set point of the PWM by

iγ(s) = −
1

Zo(s)
vγ(s) +

k(s)H1(s)
Zo(s)

v∗s,γ(s). (5.4)

Positive- and negative-sequence model

When complex denotion is applied, the grouped αβ-quantities of the converter
output current, the pcc voltage, and the set point of the PWM become

iαβ(s) =iα(s) + jiβ(s),

vαβ(s) =vα(s) + jvβ(s), (5.5)

v∗s,αβ(s) =v∗s,α(s) + jv∗s,β(s).

Combination with (5.3) yields the grouped positive- and negative-sequence model
of the GCC system as

iαβ(s) = −
1

Zo(s)
vαβ(s) +

k(s)H1(s)
Zo(s)

v∗s,αβ(s). (5.6)

Equivalently, the dependency of the three-phase GCC system output current on the
pcc voltage and the set point of the PWM in (5.4) and (5.6) can be described as in
Fig. 5.2 (a) and (b).

Recalling the characteristics of the open-loop single-phase GCC system in Fig. 2.5,
in Fig. 5.2, k(s) acts similarly to a second-order low-pass filter, H1(s) functions as a
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Figure 5.2 Open-loop symmetrical-sequence model: (a) zero-sequence model; (b)
positive- and negative-sequence model.

delay, and Zo(s) is the impedance of the LCL filter. Thus, it is clear that the open-loop
three-phase system in Fig. 5.2 is equally sensitive to the positive-, negative- and
zero-sequence disturbances from the pcc. Moreover, because of the properties of the
LCL filter (see Fig. 2.5) it can be expected that an open-loop three-phase GCC system,
while insensitive to harmonic disturbances, may not be robust against variations of
the fundamental components. Hence, connecting an open-loop three-phase GCC
system to the grid network should be avoided, and therefore, as indicated by the
dashed block in Fig. 5.1, a control algorithm is applied.

5.2 Introduction to complex resonant filter

Before elaboration on the control strategy for three-phase GCC systems, a basic
resonant filter that is used for the controller construction is introduced in this section.
Different from the regular resonant filter, which has a pair of symmetrical poles
as in (2.7), a first-order resonant filter has only a single complex pole. As a result,
the frequency response of a first-order complex resonant filter is not the same for
positive and negative frequencies.
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5.2.1 Complex transfer function

What we call a complex transfer function in this thesis is a function "that has" or
"with" complex-valued coefficients. The concept is achieved by the application of
Laplace transformation to two signals that are denoted as a complex signal [3, 60]. A
stable and strictly proper complex filter H(s) with distinct poles can be expressed as

H(s) =
N(s)

∏n
i=1(s + p

i
)

, (5.7)

where p
i

are distinct complex poles and N(s) is the complex-valued numerator
polynomial of the transfer function. A set of signals composed of only positive- or
negative-sequence components with an arbitrary angular frequency ωh is written as

xαβ,h(t) =xα,h(t) + jxβ,h(t)

=Aejωht, (5.8)

where A is a complex constant. So, xαβ,h(t) is a negative-sequence component when
ωh is negative, a DC component when ωh is zero and a positive-sequence component
when ωh is positive. Its Laplace transform is

xαβ,h(s) = A
1

s− jωh
. (5.9)

Therefore, the output signal by feeding xαβ,h(t) in (5.9) into H(s) in (5.7) is

y
αβ,h

(s) = A
1

s− jωh

N(s)
∏n

i=1(s + p
i
)

. (5.10)

Because we have deg(N(s)) ≤ n since H(s) is proper, the polynomial in (5.10) can
be decomposed by (n+1) partial fractions expressed as

y
αβ,h

(s) = kωh

1
s− jωh

+
n

∑
i=1

ki

s + p
i

, (5.11)

where the coefficient kωh
is

kωh
=A

(
N(s)

∏n
i=1(s + p

i
)

) ∣∣∣
s=jωh

=A H(s)|s=jωh . (5.12)

The reverse Laplace transformation of the output in (5.11) is

y
αβ,h

(t) = kωh
ejωht +

n

∑
i=1

kie
−p

i
t. (5.13)
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When t → ∞, we have ∑n
i=1 kie

−p
i
t → 0 since ki is finite and <(p

i
) > 0 when it is

assumed that H(s) is stable. Therefore, in steady state the output in (5.13) becomes

y
αβ,h

(t)|t→∞ =kωh
ejωht

=xαβ,h(t)
(

H(s)|s=jωh

)
. (5.14)

Hence, it can be seen from (5.14) that analogously to a real-valued transfer function,
a (stable) complex-valued one does not change the sequence and the frequency of
the input signal, e.g. the output of a positive-sequence component is still sequence-
positive with the same frequency. Moreover, as is clear from (5.14), the output
y

αβ,h
(t) can be predicted by the frequency response characteristics of the complex-

valued transfer function H(s) and the input signal xαβ,h(t). For simplicity, hereafter
a complex transfer function refers to a complex-valued transfer function.

Properties

Now consider a periodic three-phase signal in the natural reference frame as

xabc(t) =

xa(t)
xb(t)
xc(t)

 . (5.15)

Following the Clarke transformation and decomposition to grouped αβ-quantities
as are presented in Chapter 4, in the stationary reference frame the α and β signals
of the three-phase signal in (5.15) can be written as

xα(t) + jxβ(t) = ∑
h∈Z

Xhejhω1t, (5.16)

where ω1 is the fundamental frequency of the three-phase signal in (5.15). According
to the symmetrical-sequence analysis in (4.26), there is a direct link between the
complex quantity Xh in (5.16) and the hth- (or (−h)th-) harmonic positive- and
negative-sequence components of the three-phase signal in (5.15). When h is positive,
Xh is the hth-harmonic positive-sequence component phasor of the three-phase
signal in (5.15); when h is negative, Xh is the (−h)th harmonic negative-sequence
component phasor of the three-phase signal in (5.15).

Thus, since the complex transfer function in (5.7) is linear, the output by feeding the
complex signal of (5.16) in (5.7) is

yα(t) + jyβ(t) = ∑
h∈Z

(
Xhejhω1t

(
H(s)|s=jhω1

))
. (5.17)
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Figure 5.3 Implementation diagram of the complex transfer function in (5.19).

Therefore, it is clear from (5.17) that a complex transfer function can be used to pick-
up, magnify, or attenuate a harmonic positive- or negative-sequence component of a
three-phase signal by properly allocating the position of its zeros or poles.

Implementation

It is worthwhile to mention that all complex transfer functions can be implemented
as a two-by-two transfer function matrix whose entries are transfer functions with
only real-valued polynomial coefficients. This is illustrated by the implementation
of the complex transfer function H(s) in (5.7).

The complex transfer function in (5.7) can be written as

H(s) =
Na(s) + jNb(s)
Da(s) + jDb(s)

, (5.18)

where Na(s) and Nb(s) are real-valued polynomials of the numerator of (5.7) and
Da(s) and Db(s) are the real-valued polynomials of the denominator. It is not hard
to verify that (5.18) can be also written as

H(s) = Ha(s) + jHb(s), (5.19)

where

Ha(s) =
Na(s)Da(s) + Nb(s)Db(s)

D2
a(s) + D2

b(s)
, (5.20)

Hb(s) =
Nb(s)Da(s)− Na(s)Db(s)

D2
a(s) + D2

b(s)
(5.21)

are both real-valued transfer functions. Therefore, the complex transfer function in
(5.19) can be implemented as in Fig. 5.3 by a transfer function matrix.
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Over all, we can see that, mathematically, a complex transfer function is applicable
to the description of a filter’s frequency response to complex signals. In state space
notation, it represents a two-by-two transfer function matrix for processing two
signals, as shown in Fig. 5.3.

5.2.2 Basic complex resonant filter

In this section, a basic complex resonant filter is introduced by stating its mathemat-
ical representation, its frequency response, and its application in processing positive-
and negative-sequence components. A first-order complex resonant filter whose
centre frequency is a multiple of the grid fundamental frequency can be generalized
as

Cres,h(s) =
1

s + ζ‖h‖ω1 − jhω1
, (5.22)

where ζ is the damping factor, h is an integer for picking out the hth or (−h)th

harmonic positive- or negative-sequence signal, and ω1 is the normal grid angular
frequency. Above, ‖ · ‖ is applied to ensure a stable pole of the filter, independent of
whether h is positive or negative. The frequency response of the complex resonant
filter in (5.22), centred at the respective positive and negative fundamental grid
frequencies under different damping factors, is plotted in Fig. 5.4. It can be seen that,
consistent to the characteristics of the regular (real-valued) resonant filter introduced
in Fig. 2.8, the peak magnitude always occurs at the centre frequency, associated
with zero-phase shift independent of the damping factor.

Figure 5.5 shows an implementation diagram of the complex resonant filter in (5.22),
where the complex signal is implemented by a two-by-one vector. As mentioned
earlier, a complex transfer function can be implemented by a two-by-two transfer
function matrix ( see Fig. 5.3), e.g. the complex gain −jhω1 is represented by[

0 hω1
−hω1 0

]
. Thus, similarly to a real-valued transfer function, the complex

resonant filter in (5.22) can be implemented as shown in Fig. 5.5.

Thus, in view of the illustration of complex resonant filters in this subsection and the
synthesised harmonic positive- and negative-sequence component decomposition
in the Chapter 4, the complex resonant filter in (5.22) can be applied to construct
a sequence band-pass filter. It processes voltage or current αβ- complex quantities
and picks up harmonic positive- or negative-sequence components. For simplicity,
in the rest of this section the hth-harmonic positive- and (−h)th-harmonic negative-
sequence components are called harmonic sequence component of order h.
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Figure 5.4 Frequency responses of the complex resonant filter Cres,h(s) centred
at the negative and positive fundamental grid frequencies, ω1 =

100π rad/s, with different damping factors.

5.2.3 Practice with complex resonant filters

As already proven in Subsection 5.2.1, a complex transfer function will not change
the sequence and the frequency of an input harmonic positive- or negative-sequence
component. What it changes is the amplitude and the phase angle of that component,
which is analogous to the real-valued transfer function. This subsection illustrates
the application of complex resonant filters for detecting or attenuating harmonic
sequence components. Some simulation examples are given.

Harmonic-sequence-component detection

As shown in Fig. 5.6, by negative feedback of the scaled output of a zero-damping
resonant filter to the input, a harmonic sequence component detection filter can be
constructed. The transfer function of the filter can be written as

Hdet,h(s) =
ωb

s + ωb − jhω1
, (5.23)
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[ 0 hω1

−hω1 0

]
1
s

Cres,h(s)

‖h‖ω1

Input Output

Figure 5.5 Implementation diagram of the basic complex resonant filter in (5.22).

where ωb is the bandwidth of the filter, and it determines the detection speed of the
filter. Figure 5.7 shows the frequency response of the negative fundamental (h = −1)
and positive fundamental (h = 1) sequence component detection filters. It is clear
from Fig. 5.7 that firstly, the harmonic-sequence-detection filter has a unity gain
and zero phase shift for signals at the corresponding resonance frequency. Secondly,
the detection filter magnifies signals at other frequencies as well, and the larger the
bandwidth ωb is, the more significantly the other signals are magnified.

ωb
Input Output

Hdet,h(s)

1
s−jhω1

Figure 5.6 An example using the complex resonant filter to construct the
harmonic-sequence-detection filter in (5.23).

Before showing how the harmonic-sequence-detection filter works, a complex signal
composed of {−1, 1} harmonic sequence components is introduced. The compos-
ition diagram of the complex signal is indicated in Fig. 5.8, corresponding to the
waveforms shown in Fig. 5.9. It is clear from Fig. 5.9 (b) that in the complex plane
the locus of the composed complex signal is not a circle but an ellipse, which is as
expected from the decomposition theory in Fig. 4.3.

Next, a (−1)st-harmonic-sequence-detection filter is applied to detect the funda-
mental negative-sequence component in the complex signal of Fig. 5.9, correspond-
ing to the block diagram in Fig. 5.8. The simulated waveforms are shown in Fig.
5.10. It can be seen that a detection error is present. The higher the bandwidth, the
larger the detection error is in steady state, as explained by the analysis in Fig. 5.7.
Apart from detecting the (−1)st harmonic sequence component, unavoidably, the
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u+β,1

[ ]
[ ]

[ ] [ ]

Figure 5.8 Simulation block diagram used to illustrate how the filter Hdet,−1(s)
works.

filter magnifies the signals at the positive fundamental frequency. Moreover, as is
clear in Fig. 5.10, the transient locus shows that the output signal (y−α,1, y−β,1) in the
complex plane is rotating in the clock-wise direction, which is in good accordance
with the illustration on complex Fourier decomposition in Chapter 4.

Subsequently, a 7th harmonic sequence component is added to the input signal and
the results are shown in Fig. 5.11. It can be seen that, due to the existence of the
harmonic sequence component the locus of the input signal in the complex plane
is not a perfect ellipse. Nevertheless, the (−1)st harmonic sequence detection filter
can still recover the corresponding component, as is shown in Fig. 5.11. It can be
seen from Fig. 5.11 and Fig. 5.10 (b) that the 7th harmonic sequence component has
negligible influence on the detection accuracy, which is expected from (5.23) because
the magnitude gain for the harmonic sequence components of order h = 7 is very
small.
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Figure 5.9 A complex signal composed of {−1, 1} harmonic sequence compon-
ents: (a) waveforms (b) locus in the complex plane.

Harmonic-sequence-attenuation filter

Similarly to the harmonic-sequence-detection filter in (5.23), a complex notch filter
can be applied for the attenuation of a harmonic sequence component of a specific
order. The transfer function of a notch filter centred at the hth harmonic sequence
frequency can be generalized as

Cnotch,h(s) =
s− jhω1

s + ωb1 − jhω1
(5.24)

where ωb1 is the bandwidth of the notch filter. As expected, at its centre frequency
the magnitude gain of the filter in (5.24) is zero. Therefore, the filter in (5.24) can
be used to block or attenuate the harmonic sequence component of order h in a
complex signal. The application of this filter is addressed later in this chapter.

5.3 Symmetrical-component decoupled control

According to the modelling in Section 5.1, the open-loop three-phase system has
symmetrical frequency response to the fundamental and harmonic disturbances
from the distribution network. Thus, an open-loop symmetrical three-phase GCC
system cannot make the impedance high for the positive-sequence and at the same
time low for the negative- and zero-sequence disturbances. However, a control
strategy presented in this section will alter this.
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Figure 5.10 Simulated waveforms illustrating how the filter Hdet,−1(s) works: (a)
ωb = ω1/10, (b) ωb = ω1/50.

The discussion starts with the introduction of the general proposed strategy, followed
by the presentation of the control architecture. The link to and the difference from
the single-phase control strategy in Chapter 2 are addressed. Then an equivalent-
circuit model is derived for the closed-loop three-phase GCC system. Note that
only local measurements are fed to the three-phase controller. Hence, no externally
placed sensors are required for the three-phase GCC system. The control strategy
is localised and communicationless, which distinguishes it from other strategies
requiring the measurements of the load [21, 23].
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Figure 5.11 Simulated waveforms illustrating how the filter Hdet,−1(s) detects
the harmonic sequence component of order h = −1 from a complex
signal composed of {−1, 1, 7} harmonic sequence components, ωb =

ω1/50.

5.3.1 Impedance-based strategy

Impedance-based approaches are convenient for the discussion of the frequency
response of a GCC system to disturbances from the pcc. Thus, they are applied in
this subsection for the three-phase GCC systems.

High-impedance path for the fundamental positive-sequence component

As already illustrated in the previous chapter, in an almost-balanced grid with negli-
gible harmonic distortion the active power is mainly contributed by the fundamental
positive-sequence component in the three-phase-converter output currents. Thus,
active power regulation can be achieved by control of the converter output-current
fundamental positive-sequence component. Moreover, it is shown in Chapter 4
that the fundamental positive-sequence component of a three-phase quantity cor-
responds to the h = +1 harmonic sequence component of the αβ-complex quantity
in the complex domain. Therefore, active power regulation can be achieved by
control of the h = +1 harmonic sequence component of the three-phase GCC system
αβ-output current. Hence, for a good active power control accuracy the three-phase
GCC should be insensitive to fundamental positive-sequence component disturb-
ances from the pcc. In view of the three-phase harmonic decomposition in Chapter
4, this can be achieved by making the equivalent impedance of the three-phase GCC
system high for the pcc voltage harmonic sequence component of order h = +1 .
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Low-impedance path for harmonic sequence components

Similar to the strategy proposed for the single-phase GCC control in Chapter 2, a
low-impedance path is provided to sink harmonic components that are introduced
by non-linear loads. Here, the harmonic component includes the harmonics present
in the positive-, negative- and zero-sequence components.

As shown in Chapter 4, the harmonic positive- and negative-sequence components
correspond to the αβ-complex harmonic sequence components of order h and −h.
Therefore, providing a low-impedance path for the harmonic positive- and negative-
sequence components can be achieved by creating a low-impedance path for the ±h
harmonic sequence components of the αβ-complex quantity.

The harmonic zero-sequence components, defined in Chapter 4, correspond to
the harmonics of the γ quantity. Thus, compensating for harmonic zero-sequence
current can be achieved by providing a low-impedance path for the harmonics of
the γ quantity.

Low-impedance path for unbalanced components

The low-impedance path is extended to fundamental negative- and zero-sequence
components because non-linear asymmetrical loads introduce not only harmonics,
but also fundamental unbalanced components. This goal can be achieved by making
the low-impedance path applicable for both the h = −1 harmonic sequence com-
ponent of the αβ-complex quantity and the fundamental harmonic content of the γ

quantity.

5.3.2 Control realization in the stationary reference frame

Control architecture

A control strategy is presented in this section to achieve the aforementioned imped-
ance characteristics of the three-phase GCC system in subsection 5.3.1. Analogous
to the control structure for the single-phase-converter system in Chapter 2, the archi-
tecture is constructed from two parallel current and voltage controllers, as shown
in Fig. 5.12. A conventional phase-locked loop (PLL) as in [81] is included in the
controller to derive the phase of the fundamental positive-sequence component of
the three-phase pcc voltage for grid synchronizing purposes.

As is demonstrated in Chapter 2, a resonant current controller with a parallel current-
voltage architecture enhances the equivalent impedance of the GCC system at the
resonance centre frequency, and a resonant voltage controller reduces the equivalent
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Figure 5.12 Control architecture for the three-phase GCC system using only local
measurements.

impedance at the corresponding frequency. In light of this and with regard to the
impedance-based strategy of the GCC system mentioned in Subsection 5.3.1, the
current and voltage controllers in Fig. 5.12 are designed complementarily resonant
in the (complex) frequency domain.

Figure 5.13 shows a sketch of the magnitude response of the resonant current and
voltage controllers. It can be seen from Fig. 5.13 (a) that the γ quantity DC com-
ponent is controlled by the current and the fundamental and harmonic components
by the voltage controllers. Similarly, as outlined by Fig. 5.13 (b), the current con-
troller for the αβ-quantities, Ci,αβ(s), works at the zero and positive fundamental
frequencies ({0, 1}); at the same time, the voltage controller, Cv,αβ(s), functions at
the negative fundamental and harmonic frequencies ({−1,±3, · · · ,±h}).
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Figure 5.13 Sketch of the magnitude response of the complementarily-resonant
current and voltage controllers: (a) of the γ quantity; (b) of the αβ-
quantities.

Current and voltage controllers

The transfer functions of the voltage and current controllers for the αβ-quantity
regulation depicted in Fig. 5.13 (b) are written as follows:

Ci,αβ(s) =Kp + Kres,0Cres,0(s) + Kres,+1Cres,+1(s) (5.25)

Cv,αβ(s) =Kres,−1Cres,−1(s)Cnotch,+1(s) + Kress ∑
n∈Nh

Cres,n(s). (5.26)

And the controllers for the γ quantities in Fig. 5.13 (a) are

Ci,γ(s) =Kp + Kres,0Cres,0(s) (5.27)

Cv,γ(s) =K0
res,1Cres,1(s) + Kress ∑

n∈Nh

Cres,n(s). (5.28)

Above, Kp, Kres,0 and Kres,+1 are the proportional gain, integrating gain and series
gain of the fundamental positive-sequence resonant filter. Respectively, Kres,−1 is the
series gain of the fundamental negative-sequence resonant filter, K0

res,1 is the series
gain of the fundamental zero-sequence resonant filter, and Kress is the series gain of
the bank of resonant filters for providing a low-impedance path for harmonics. Note
in Fig. 5.13 (b) that the h = 1 harmonic sequence component is not included but
attenuated by a notch filter Cnotch,+1(s), defined in (5.24), in the voltage controller
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(1 /∈ Nh) in order not to interfere with the control of the fundamental positive-
sequence component in the GCC system output current.
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Figure 5.14 Link between the complex resonant filter in (5.22) and the real-valued
resonant filter defined in (2.7): (a) ζ = 10−2; (b) ζ = 10−1.

It is worthwhile to state that an integrator can be seen as a resonant filter centred at
0 Hz with a damping factor of 0, and of course is given by

Cres,0(s) =
1
s

. (5.29)

Moreover, it is found that for n ∈N we have

Cres,+n(s) + Cres,−n(s) =
2s + ζnω1

(s + ζnω1)2 + (nω1)2 , (5.30)

which is a transfer function with real-valued polynomial coefficients. Hence, the
magnitude response of (5.30) is expected to be symmetrical to the line f = 0 in the
frequency response graph. Figure 5.14 shows an example of the frequency response
of the sum of a positive and a negative resonant filters, in comparison with the filter
in (2.7). It can be seen that a real-valued resonant filter with a small damping factor
is similar to a filter composed of a positive and a negative complex resonant filters.
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In view of the practice of the single-phase GCC control in Chapter 3, a small damping
factor will be chosen to guarantee a low-impedance path for harmonics. Moreover,
with regard to the implementation complexity of real-valued and complex resonant
filters illustrated by Fig. 5.15 and Table 5.1, it is concluded that two real-valued
resonant filters are less computationally intensive than a positive and a negative
resonant filter. Thus, in the design of the αβ- voltage controller for harmonic positive-
and negative-sequence component compensation, real-valued resonant filters are
applied for simplicity, as shown in Fig. 5.12.
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(b) complex resonant filter in (5.22)

Figure 5.15 Implementation complexity of (a) real-valued (b) complex resonant
filters.

Table 5.1 Implementation complexity of per resonance filter

Description Integrators Multiplications Summations
Cres,n(s) 2 2 2
Cres,h(s) 2 4 4
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5.3.3 Closed-loop sequence model

In this section an equivalent model is derived for the three-phase-converter system
in Fig. 5.1 with the control architecture of Fig. 5.12. The coupling between the
current reference and the pcc voltage is ignored since a conventionally-designed
PLL [81] is used.

Recall of control law

The control law for the γ and αβ-quantities in Fig. 5.12 can be expressed as

v∗s,γ(s) =(i∗γ(s)− iγ(s))Ci,γ(s) + (−vγ(s))Cv,γ(s), (5.31)

v∗s,αβ(s) =(i∗αβ(s)− iαβ(s))Ci,αβ(s) + (−vαβ(s))Cv,αβ(s). (5.32)

Closed-loop zero-sequence model

Substituting the control law of (5.31) into the open-loop zero-sequence model in (5.4),
we find that the converter system output current is related to the current reference
and the pcc voltage by

iγ(s) = i∗γ(s)kcl,γ(s)−
1

Zcl,γ(s)
vγ(s), (5.33)

with

kcl,γ(s) =
Ci,γ(s)k(s)H1(s)

Zo(s) + Ci,γ(s)k(s)H1(s)

Zcl,γ(s) =
Zo(s) + Ci,γ(s)k(s)H1(s)

1 + Cv,γ(s)k(s)H1(s)
. (5.34)

Closed-loop positive- & negative-sequence model

Analogous to zero-sequence modelling, we find

iαβ(s) = i∗αβ(s)kcl,αβ(s)−
1

Zcl,αβ(s)
vαβ(s), (5.35)
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Figure 5.16 Closed-loop symmetrical-sequence model: (a) zero-sequence model;
(b) positive- and negative-sequence model.

where the coefficients are found to be

kcl,αβ(s) =
Ci,αβ(s)k(s)H1(s)

Zo(s) + Ci,αβ(s)k(s)H1(s)

Zcl,αβ(s) =
Zo(s) + Ci,αβ(s)k(s)H1(s)

1 + Cv,αβ(s)k(s)H1(s)
. (5.36)

Equivalently, how the γ and αβ- converter output currents are related to the current
reference and the pcc voltage in the closed-loop converter system can be described
by two Norton circuits, as shown in Fig. 5.16 (a) and (b).

Note that the symmetrical-sequence modelling of the three-phase GCC system is
based on the assumption that the per-phase GCC systems are identical to each other.
Only with this assumption, the frequency response of the open-loop three-phase
GCC to symmetrical-component disturbances can be decoupled. For example, a
zero-sequence disturbance on the pcc will induce a three-phase GCC current that has
the same frequency and sequence as the disturbance signal. This assumption allows
decoupling of the zero-sequence component and the other two sequence components.
Any asymmetry in the open-loop GCC system deteriorates the accuracy of the
modelling; an extreme case, e.g. where one phase GCC is lost in the three-phase
system, will fail the modelling.
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5.3.4 Output-impedance characteristics

In this subsection the output-impedance characteristics of the three-phase GCC
system controlled by the proposed resonant current and voltage controllers in Fig.
5.13 are addressed by the derived model in the previous subsection. Figure 5.17
shows a sketch of the magnitude response of the system αβ- and γ equivalent
impedance.
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Figure 5.17 Sketch of the magnitude response of the closed-loop three-phase
GCC system (a) αβ- (b) γ equivalent impedance together with the
converter’s natural impedance Zo(s).

Fundamental positive-sequence disturbance rejection

As already addressed in Chapter 1, the primary objective of a GCC system applied
in distribution generations is to inject (absorb) desired active power into (from)
the grid. Hence, the control of the fundamental positive-sequence output current
should dominate. As indicated in 5.17 (a), the closed-loop three-phase GCC system
αβ-equivalent impedance is enhanced for the harmonic sequence component of
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order h = 1, compared to the converter natural impedance. As already illustrated in
Chapter 4, the grouped αβ-signal of order h = 1 corresponds to the fundamental
positive-sequence component of a three-phase quantity. Therefore, with the pro-
posed control strategy the sensitivity of the three-phase GCC system output current
to the fundamental positive-sequence disturbance from the pcc voltage is lowered.
This implies that the fundamental positive-sequence component of the three-phase
GCC system output current would be predominately determined by the current
reference (see i∗αβ in Fig. 5.16), and is insensitive to the voltage at the local pcc.

Fundamental-unbalanced-components sinking

It is clear from Fig. 5.17 (a) that the closed-loop three-phase GCC αβ-equivalent
impedance is lowered for the harmonic sequence component of order h = −1,
compared to the GCC system’s natural impedance. As already illustrated in Chapter
4, the grouped αβ-signal of order h = −1 corresponds to the fundamental negative-
sequence component in a three-phase quantity. Therefore, with the proposed control
strategy the GCC system output current is highly sensitive to the fundamental
negative-sequence disturbances from the pcc.

As is illustrated in Chapter 4, the γ signal directly implies the harmonic composition
of the zero-sequence component in a three-phase quantity. Hence, it is clear from
Fig. 5.17 (b) that with the proposed control strategy a low-impedance path is also
available for the fundamental zero-sequence disturbances from the pcc voltage.

Harmonic-components sinking

As shown in Fig. 5.17, the magnitude of the closed-loop equivalent impedance for
both αβ- and γ quantities is decreased at the selected harmonic frequencies. By
doing so a low-impedance path is available for the harmonic positive-, negative-,
and zero-sequence disturbances from the grid network. As is also shown in Fig.
5.17, compared to the converter natural impedance, the magnitude of the αβ- and γ

equivalent impedance at the zero frequency is deliberately increased. This is done
to prevent DC current flowing between the GCC system and the grid network.

5.3.5 Stability criterion

Similar to the single-phase GCC system in Chapter 2, stable operation should
be ensured when connecting the three-phase GCC system to the grid network.
Cabling of the three-phase grid is normally designed to be symmetrical; thus, it is
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fair to assume that the per-phase impedance of the three-phase grid is the same.
Consequently, the positive-, negative- and zero-sequence equivalent impedance of
the grid is the same as the per-phase equivalent line impedance, denoted as Z′g(s).
Therefore, in the stationary reference frame the three-phase current to the grid is
related to the grid voltage and the pcc voltage by

iαβγ(s)Z′g(s) + v′g,αβγ(s) = vαβγ(s). (5.37)

Here, v′g,αβγ(s) and vαβγ(s) are the equivalent three-phase grid voltage and pcc
voltage, respectively in the stationary reference frame. Hence, when connecting the
three-phase GCC system modelled in Fig. 5.16 to the grid network modelled as in
(5.37), the converter output current becomes

iαβ(s) =
(

i∗αβ(s)kcl,αβ(s)Zcl,αβ(s)− v′g,αβ(s)
) 1

Z′g(s)
1

1 + Zcl,αβ(s)/Z′g(s)
,

iγ(s) =
(

i∗γ(s)kcl,γ(s)Zcl,γ(s)− v′g,γ(s)
) 1

Z′g(s)
1

1 + Zcl,γ(s)/Z′g(s)
. (5.38)

Above, Zcl,αβ(s) and Zcl,γ(s) are the closed-loop three-phase-converter equivalent
impedances. Their expressions can be found in (5.34) and (5.36) together with
kcl,αβ(s) and kcl,γ(s).

The assumptions for the three-phase stability discussion are that the grid network is
assumed stable under both open-loop and short-circuit conditions, implying that
the terms v′g,αβ(s), v′g,γ(s) and 1/Z′g(s) in (5.38) have no unstable poles. Stability of
a complex transfer function can be assessed by analysing its poles [41]. Hence, the
closed-loop three-phase GCC system’s output current is sufficiently stable [34, 41] if

• the transfer function kcl,αβ(s)Zcl,αβ(s) has no unstable poles;

• the ratio, Zcl,αβ(s)/Z′g(s), satisfies the Nyquist stability criterion;

• the transfer function kcl,γ(s)Zcl,γ has no unstable poles;

• the ratio, Zcl,γ(s)/Z′g(s), satisfies the Nyquist stability criterion.

A robustness study can be done to quantify the stability margins of the closed-loop
three-phase converter system. Since the procedure is quite similar to that of the
single-phase converter system in Chapter 3, it is not included in this thesis to avoid
repetition.
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5.4 Summary

A control strategy for a three-phase GCC system applied in DGs has been elab-
orated on in this chapter. Besides active power regulation, with the proposed
control strategy the three-phase GCC can additionally sink harmonic and unbal-
anced currents that are introduced by non-linear asymmetrical loads. This chapter
has presented an easily applicable and insightful method for the description of the
control strategy and the three-phase GCC system.

Similar to the presentation of the control strategy for the single-phase GCC system
in Chapter 2, as a first step the response characteristic of an open-loop GCC system
to harmonic and sequence disturbances from the pcc voltage has been modelled
and addressed. Consistent to the observations on a single-phase GCC system, it
is shown that an open-loop three-phase GCC system is sensitive to fundamental,
and insensitive to harmonic disturbances. More specific, an open-loop symmetrical
three-phase GCC system is equally sensitive to fundamental positive-, negative- and
zero-sequence disturbances.

Next, complex resonant filters were introduced and compared to the practice of
using (real-valued) resonant filters discussed in Chapter 2. Distinct from real-
valued resonant filters, a first-order complex resonant filter has only one (complex)
pole. Hence, its magnitude response is asymmetrical in the complex frequency
domain, making it suitable to decouple the control of positive and negative-sequence
components of a three-phase quantity. Simulation examples showed that complex
resonant filters can be easily applied to pick-up, detect, and attenuate positive or
negative-sequence components of a specific harmonic order.

In light of the study of the harmonic-sequence-component distribution in Chapter
4 and the characteristics of a parallel current-voltage controlled GCC system in
Chapter 2, a control architecture has been presented. The αβ- current and voltage
controllers are complementary resonant in the complex frequency domain, and so
do the γ current and voltage controllers in the real frequency domain. Next, an
equivalent-circuit model was derived for the closed-loop three-phase GCC system.
The model indicates that the control architecture realises a high-impedance path for
the αβ-signals at the fundamental positive frequency, and a low-impedance path for
the signals at the fundamental negative and harmonic frequencies. Meanwhile, a
low-impedance path is made available for the γ signals at the fundamental and har-
monic frequencies. In view of the link between the (complex) Fourier decomposition
of the αβ- and γ signals and the harmonic sequence components of a three-phase
quantity, we can conclude that the proposed control strategy makes three-phase GCC
systems provide a low-impedance path for the pcc voltage’s harmonics, fundamental
negative-, and zero-sequence disturbances.
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6 Verification

SIMILAR to the impedance-based strategy for voltage harmonic compensation
for single-phase GCCs described in Chapter 2, in Chapter 5 the control ar-
chitecture for three-phase GCC systems that makes a low-impedance path

available for the grid-unbalanced components is presented. Next, in this chapter
the performance of the unbalanced voltage correction strategy is illustrated by
experiments.

The three-phase GCC system setup used for the experimental examination of the
control strategy is introduced first. Next, the impact of unbalanced distorting
loads on the local voltage quality is discussed. Subsequently, the performance of
the control strategy, including local voltage harmonic and unbalanced component
compensation, is investigated.

6.1 Laboratory setup

A laboratory setup has been realized to investigate the performance of the aforemen-
tioned local-voltage-support scheme in Chapter 5. This section introduces the chosen
three-phase GCC system, loads, and grid that have been used for the experimental
investigation.

This chapter is based on [94, 95].

93
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The configuration of the laboratory setup is shown in Fig. 6.1. Figure 6.2 depicts
the detailed connection diagram. Similar to the single-phase experimental setup
in Chapter 3, the three-phase system consists of a DC supply, a three-phase VSI,
an LCL filter, loads, grid emulator, and a controller platform, as illustrated in Fig.
6.1 (a). A programmable 3φ current source is applied to act as a harmonic load,
using the California Instruments, 3091LD-230 model. The grid emulation is achieved
with a Spitzenberger DM 3000. Controller algorithms are implemented on a DS1104
platform, which also logs the local pcc voltage and the converter output current
measured by the digital controller. A LeCroy WaveRunner-44Xi oscilloscope is used
to capture and virtualize the grid-current waveforms. A voltage transducer LV
25-P with bandwidth of 100 kHz and a current transducer IT 60-S ULTRASTAB with
bandwidth of 800 kHz were used to measure the three-phase waveforms. In view of
the digital controller’s sampling frequency (10 kHz), both sensor bandwidths are
higher enough to guarantee signal acquisition integrity.

Grid emulator

3φ unbalanced load

3φ harmonic load

LCL filter

3φ VSI

DC supply

dSPACE 1104

PWMs

(a)

DC supplies

3Ф VSI

LCL filters

dSPACE 1104

Grid emulators

3Ф harmonic
load

Other loads (under the table)

Heavier phase-A load

(b)

Figure 6.1 Experimental implementation diagram of a three-phase grid-
connected VSI system with local harmonic unbalanced loads: (a)
connection block diagram; (b) photograph of the laboratory system.
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Table 6.1 Parameters of the three-phase GCC system, referring to the diagram
shown in Fig. 6.2.

Description Symbol Value
DC supply Vdc 400 V
PWM switching frequency fsw 11kHz
Converter-side inductor L1 3.6 mH (ESR 0.2 Ω)
Filter capacitor C f 10 µF (ESR 0.2 Ω)
Grid-side inductor L2 2.0 mH (ESR 0.2 Ω)
Grid inductance Lg 6.0 mH (ESR 0.4 Ω)
Grid frequency fg 50 Hz
Grid per-phase rms voltage Vg 220 V

6.1.1 Grid-connected converter system parameters

3φ VSI LCL filter

3φ Load

3φ Grid

iga

igb

igc

iLc

iLb

iLa

va

vb

vc

Vdc

Vdc

Lg

Cf

L1 L2

vgc

vgb

vgaia

ic

ib

pcc

Controller ( Fig. 5.12)
v∗
s,abc

PWM

iabc vabc

DC

supply

Figure 6.2 Circuit diagram of the three-phase (four-wire) GCC system, grid, and
loads for the investigation of the impedance-based strategy presented
in Fig. 5.12.

As mentioned in Chapter 1, the research focus is on the control of already existing
GCC systems for add-on voltage support. Thus, similarly to the case study on
single-phase situation in Chapter 3, the hardware of the three-phase GCC system
has been designed with reference to some practical examples [83, 101]. Table 6.1
summarises the parameters of the three-phase GCC system, referring to the diagram
shown in Fig. 6.2. ESR refers to equivalent series resistance (ESR).
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6.1.2 Controller parameters

Given the three-phase GCC system parameters, a closed-loop three-phase GCC
system model as in (5.33) and (5.35) is derived in two steps. Firstly, substituting
the parameters in Table 6.1 into equations in (2.4), (2.5) and then (5.3), an open-loop
sequence model is obtained. Then the parametrised control strategy presented in
(5.25) - (5.28) is applied. In this way, stability criteria, as in Subsection 5.3.5, are
applicable for the assessment of stability.

Table 6.2 Control parameters for the three-phase GCC system

Description Parameters Value
Fundamental angular frequency ω1 100π rad/s
Damping factor ζ 10−3

Current controller Kp 3
Kres,0 100

Kres,+1 2ω1
Voltage controller ωb1 ω1/10

Kres,−1 ω1/25
K0

res,1 ω1/25
Kress ω1/10
Nh {3, 5, . . . 13}

The control parameters, as listed in Table 6.2, are selected because they result in
stable operation while providing a low-impedance path for grid harmonics, and
fundamental negative- and zero-sequence components. The intermediate procedures
leading to robust stability are omitted in this thesis because they are similar to the
practices on choosing single-phase GCC controller parameters in Chapter 3.

The magnitude response of the closed-loop three-phase GCC system equivalent im-
pedance is shown in Fig. 6.3. It can be seen from Fig. 6.3 (a) that consistent to what is
sketched in Fig. 5.17, the converter output impedance for αβ-signals has a high gain
for the harmonic sequence component of order h = 1. In this way, the three-phase
GCC system rejects the fundamental positive-sequence component disturbances
from the pcc, advantageous for accurate active power regulation. At the same time,
the impedance for αβ-signals has a low value for harmonic sequence components
of order {−1,±3, · · · ,±13}, which means a low-impedance path is provided for
the fundamental negative-sequence component, and the selected harmonic positive-
and negative-sequence components from the pcc. It is observed from Fig. 6.3 (b)
that the impedance for the γ fundamental and harmonic components is also low.
Hence, in this way a low-impedance path is realised which is available for both the
grid-harmonic and the fundamental unbalanced components.
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Figure 6.3 Magnitude response of the obtained closed-loop three-phase GCC
system (a) αβ- (b) γ equivalent impedance.

6.1.3 Unbalanced distorting grid network

Consistent to the experimental setup applied for evaluating harmonic reduction
performance in Chapter 3, a three-phase harmonic current source is employed for
creating a grid network with harmonic loads. Additionally, the phase-A grid is
connected with a heavier load in order to create an unbalanced grid network, as
indicated in Fig. 6.1. Similar to the single-phase system in Chapter 3, a weak grid is
ascertained when the grid impedance is high. The parameters of the asymmetric
non-linear loads are shown in Table 6.3.

6.2 Experimental results

This section presents the experimental results using the proposed control strategy
for the local voltage harmonic and unbalanced component compensation. The
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Table 6.3 Description of the unbalanced distorting grid network, referring to the
diagram shown in Fig. 6.1.

Description Symbol Value
3φ unbalanced load 67.5 Ω (phase-A)

210 Ω (phase-B)
210 Ω (phase-C)

3φ harmonic load, Crest factor 2 (per-phase)
3φ harmonic load, Power factor 0.8 (per-phase)
3φ harmonic load, rms current 2 A (per-phase)

results are shown in terms of waveforms, harmonic analysis as in (4.6), and complex
harmonic analysis as in (4.26) and (4.33) using the theory in section 4.3 in Chapter 4.

6.2.1 Description of tests

Four test sequences were performed to investigate the performance of the impedance-
based strategy for local voltage support. The conditions for the tests as as follows.

(I) GCC not operational

The impact of the non-linear unbalanced load on the local voltage quality is assessed
when the VSI is not operational (NO) by disabling all the VSI switches. In this case
only the filter capacitors and the grid-side inductors passively interact with the grid
and the local loads (see Fig. 6.2). The corresponding measured waveforms and
harmonic analyses will be shown in the next three subsections.

(II) Current controller activated

This test condition corresponds to the control strategy in Fig. 5.12 where the voltage
controller is eliminated from the architecture. In this way, only the current controller
(CC) is activated for the regulation of the fundamental positive-sequence compon-
ents in the three-phase converter output current. Thus, a low-impedance path is not
provided for the grid-harmonic and unbalanced components. Experimental results
in this condition will be shown, compared to case "NO", and discussed in the next
subsections.
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(III) Enabled harmonic compensation

In this mode, the converter is programmed for fundamental positive-sequence
current control and harmonic sinking (CC+HS). This is achieved by keeping the
current controller active and enabling the harmonic-compensation module in the
voltage controller in Fig. 5.12. In this way, the low-impedance path is made available
by the GCC system for the grid-harmonic component (not for the unbalanced
components yet). Results and discussions follow later.

(IV) Enabled voltage unbalance correction

Now the correction of unbalanced voltage is enabled. Thus, the converter is pro-
grammed for current control, harmonic sinking, and voltage unbalance correction
(CC+HS+VUC). This is done by keeping the current controller (see Fig. 5.12) and
voltage harmonic-compensation module active and enabling the voltage-unbalance-
correction module. In this way, the low-impedance path is extended to be available
for the fundamental negative- and zero-sequence components from the grid. Results
and discussions follow.

6.2.2 Power quality improvement

Figure 6.4 shows the measured waveforms with regard to the test sequences de-
scribed in the previous subsection. In Fig. 6.5 other measured waveforms corres-
ponding to the same test sequences as in Fig. 6.4 are also included.

Asymmetry of the grid currents can be observed in Fig. 6.4 (a). On top of that it
can be seen that the current is significantly distorted, due to the unbalanced and
harmonic loads connected to the pcc. Both fundamental and harmonic components
are present in the converter output current, as shown in Fig. 6.5 (a). Note that the
passive LC filter is connected to the local pcc (see Fig. 6.2), despite of the fact that
the VSI is not operational.

Compared to the waveforms in Fig. 6.4 (a), the grid currents stay asymmetrical and
distorted in Fig. 6.4 (b). This is because in this mode the GCC system is regulated by
the current controller only, and the GCC system is insensitive to the harmonic and
unbalanced disturbances from the pcc.

In Fig. 6.4 (c), the harmonic distortion of the grid currents is significantly reduced,
compared to Fig. 6.4 (b). This is due to the fact that a low-impedance path is made
available (see Fig. 6.3) for the harmonic disturbances from the pcc. In this way, the
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Figure 6.4 Measured waveforms of phase-A local voltage and per-phase grid
currents with regard to test sequences.

harmonic components that are introduced by the non-linear load take the path to
the GCC system (instead of to the grid), as is shown in Fig. 6.5 (c).

Compared to Fig. 6.4 (c), significant reduction in the grid-current asymmetry can
be observed from Fig. 6.4 (d), which is due to the unbalanced current injection
from the GCC system, as shown in Fig. 6.5 (d). In the mode "CC+HS+VUC", the
output impedance of the GCC system is made low for the fundamental negative-
and zero-sequence components from the grid, providing a low-impedance path
for the unbalanced components that are introduced by the asymmetrical load. As
a result, more current is injected simultaneously from the converter phase-A to
compensate for the heavier load that is connected (see Table 6.3).

6.2.3 Grid-connected converter operation analysis

The operation of the per-phase GCC system in the aforementioned four cases is
analysed in this subsection. First, the harmonic spectrum of the waveforms in "CC"
and "CC+HS" in Fig. 6.5 is compared. Since limited difference is observed between
the three-phase harmonic spectrum, only the phase-A results are shown, with the
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Figure 6.5 Measured waveforms of the local voltages and the GCC system output
currents given the aforementioned four settings of the three-phase
GCC system in subsection 6.2.1.

phase-A pcc voltage and GCC output current spectrum plotted in Fig. 6.6. It can
be seen from Fig. 6.6 that compared to "CC", in "CC+HS" the pcc voltage low-order
harmonic content {3, · · · , 13} (see control settings in Table 6.2) is reduced, which
as shown in Fig. 3.17, is consistent with the practice of harmonic compensation in
single-phase GCC systems. Meanwhile, it is observed that the pcc voltage high-order
harmonic content of order {15, 17} increases. This can be explained by noticing
that when the converter operates in "CC" mode the GCC system output impedance
is only altered for the fundamental positive-sequence component but otherwise is
the same as the natural impedance Zo(s). Adding "HS" reduces the GCC output
impedance at the selected harmonic component frequencies, and at the same time
alters the impedance for the signals around the LCL filter’s resonance frequency, as
can be observed in Fig. 2.12 and Fig. 6.3.

As discussed in Chapter 5, the "CC" in Fig. 5.12 regulates the three-phase GCC
output active power (by control of fundamental positive-sequence components),
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Figure 6.6 Harmonic spectrum of the phase-A pcc voltage and GCC output
current in "CC" and "CC+HS"; results are obtained by analysing the
waveforms in Fig. 6.5.
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Figure 6.7 Comparison of the GCC three-phase (total) and per-phase output
power in the four cases in Fig. 6.5.

and the "HS" and "VUC" perform harmonic compensation and pcc voltage unbalance
correction, respectively. The added voltage-support features should not interfere
with the active power regulation. Figure 6.7 shows the GCC three-phase (total) and
per-phase output active power in the four cases in Fig. 6.5.
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It is shown in Fig. 6.7 that firstly, activating the "CC" enables the three-phase GCC
to inject active power to the grid. Secondly, as expected, the addition of "HS" (for
harmonic compensation) and "VUC" (for voltage unbalance correction) does not
affect the GCC total output active power. Moreover, it can be seen in Fig. 6.7 that
in "NO" despite of a noticeable amount of GCC output current in Fig. 6.5 (a), there
is no active power exchange between the GCC system and the grid. This is the
results of the LC filter; it introduces reactive power. When comparing "CC+HS"
and "CC+HS+VUC" in Fig. 6.7, it is observed that the power is redistributed among
the three phases in the three-phase GCC system. This is the result of the voltage
unbalance correction by the three-phase GCC system. Because a heavier load is
connected to phase-A (see Table 6.3 and Fig. 6.1), the GCC simultaneously injects
more active power through phase-A and less through phase-B and C to compensate
for the unbalanced load and keep an unchanged amount of total output active power,
which will be analysed in the next subsection.

6.2.4 Sequence harmonic spectrum

The three-phase and per-phase active power analysis presented in Fig. 6.7 provides
limited information about the operation of the GCC system for the voltage unbalance
corrections. In this section, the zero-sequence and the grouped positive-& negative-
sequence harmonic spectra of the local pcc voltage, and the converter output current
in the aforementioned modes are presented.

The zero-sequence harmonic spectrum can be obtained by using Fast-Fourier-
analysis of the γ−quantity, thus the methodology applied for the harmonic analysis
is omitted. As already demonstrated in Chapter 4, the grouped αβ−local voltage
quantities in the time-domain are described as

vαβ(t) =vα(t) + jvβ(t)

= ∑
h∈Z,

Vhejϕh ejhω1t, (6.1)

where Vh is the amplitude of harmonic positive-sequence components when h is
positive, negative-sequence components when h is negative, and DC components
when h is zero. In (6.1), ϕh indicates the initial phase angle of the corresponding
harmonic symmetrical components (see (4.26) for details) and ω1 is the three-phase
voltage fundamental angular frequency. Details of the methods applied to derive Vh
from vα and vβ are provided in Appendix C.

The double-side harmonic spectra of the αβ- local pcc voltage and converter output
current in the "CC", "CC+HS" and "CC+HS+VUC" cases are presented in Fig. 6.8.
The corresponding γ harmonic spectra are shown in Fig. 6.9.
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Figure 6.8 Double-sided harmonic spectrum of the αβ- local pcc voltage and
converter output current in the three cases.

It can be seen from Fig. 6.8 that, in comparison to the mode "CC" except for the
order {−13,+9,+11} harmonic, the amplitudes of the αβ- voltage harmonics of
the order {±3,±5,±7,−9,−11,+13} are reduced in "CC+HS" and "CC+HS+VUC".
When the voltage unbalance correction is enabled, significant reduction of the local
voltage of order h = −1 (fundamental negative-sequence component) is observed
when comparing "CC+HS" and "CC+HS+VUC". This is in accordance with Fig. 6.3
because a low-impedance path for the fundamental negative-sequence components
becomes available. As a result, the converter output current has a significant increase
in the harmonic component of order h = −1 when "VUC" is activated, as shown
in Fig. 6.8. Moreover, in the three tests the amplitude of the harmonic of order
h = 1 (fundamental positive-sequence component) remains unchanged, which is
as expected because the fundamental positive-sequence is regulated by the current
controller and decoupled from the voltage-support functionality.

Consistent to the trend in Fig. 6.8, it can be observed from Fig. 6.9 that the γ

pcc voltage harmonic of order n = 1 (fundamental zero-sequence component) is
significantly reduced and that the converter output current is increased when "VUC"
is activated. Slightly different from the harmonic trend in Fig. 6.8, only the 3rd
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Figure 6.9 Harmonic spectrum of the γ local pcc voltage and converter output
current in the three cases.

harmonic γ voltage is significantly reduced when the "HS" is turned on, as can be
seen from Fig. 6.9. This could be explained by the non-linearity of the VSI and
the switching noise present in the measurement network. During the modelling
of the closed-loop converter system in Chapter 2, the VSI is considered as a linear
controlled voltage source, which is not always the case when considering dead-time
distortion [52].

Table 6.4 summarizes the per-phase voltage total harmonic distortion (THD) and
the local voltage unbalanced factor (VUF) in the aforementioned cases. The VUF
applied in this thesis is the "true definition" [70], which defines the VUF as the ratio
of the (fundamental) negative-sequence voltage component to the positive-sequence
component. It can be seen that the per-phase local pcc voltage THD is reduced
when harmonic-sinking is enabled, and VUF decreases when the voltage-unbalance
correction is activated.
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Table 6.4 Summary of the local voltage THD and unbalance factor in the afore-
mentioned four cases

Case THD(va) THD(vb) THD(vc) VUF
NO 3.18% 4.01% 3.83% 0.355%
CC 2.72% 3.45% 3.12% 0.408%
CC+HS 1.85% 1.99% 1.90% 0.341%
CC+HS+VUC 1.73% 2.04% 1.75% 0.087%

6.3 Summary

This chapter has presented the experimental results of using the impedance-based
strategy in Chapter 5 for local voltage-unbalance-factor correction in addition to
harmonic compensation. It was shown that in a weak grid the local voltage quality,
including harmonic distortion and unbalance factor, is significantly impacted by
the local load current quality. However, the harmonic distortion and unbalance
factor are significantly reduced when the control strategy is operational. Since only
local measurements are fed into the controller, the strategy is a local control strategy.
Thus, it is applicable to already existing GCC systems, without the need for extra
wiring or additional sensors.
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7 Constrained optimal
voltage support

THE power rating of a practical GCC system is limited. As already demonstrated
in Chapter 4, injecting unbalanced or harmonic currents into the pcc (for
asymmetrical non-linear load current compensation) adds up to the GCC rms

current, which potentially increases the GCC system’s power loss and challenges
its power rating. Thus, the power processing capability of a GCC system should be
taken into account when providing local voltage support [57].

This chapter considers the question, how to optimally support the local voltage con-
strained by a practical converter’s current rating. Here the voltage support includes
harmonic and unbalanced voltage compensation. First, the analysis of a general
impedance-based voltage support strategy is performed. It is found that connecting
a low-magnitude impedance to the pcc is always beneficial for the reduction of pcc-
voltage harmonic content. However, the effect becomes sensitive to the phase angle
of the impedance when its magnitude increases. In the worst case, the pcc harmonic
voltage content can even be increased. In light of this, a robust impedance-based
local voltage support strategy is formulated. Subsequently, a control scheme to
achieve the formulated local voltage support method is introduced and analysed.

7.1 Impedance-based voltage support

As demonstrated in Chapter 3 and Chapter 6, providing an equivalent low-impedance
path for grid harmonics and unbalanced components is beneficial for the reduction

109
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of the pcc-voltage distortion level. Following the control realization in Chapter 2 and
Chapter 5, the GCC system output impedance for the targeted grid harmonic and
unbalanced components is very low (theoretically zero). Thus, in case of significant
distorting or unbalance disturbances form the grid, massive harmonic and unbal-
anced current would circulate between the GCC system and the grid, potentially
challenging the converter’s power rating. Of course, increasing the GCC system’s
equivalent output impedance (EOI) for the targeted components, or eliminating
the compensation controller [28], is a trivial strategy to prevent over-loading the
system. However, when EOI increases, what comes along with it is reduced voltage
support performance. Strategies on tuning the EOI have been covered in [64, 65, 99],
providing flexibility to comply with system rating. Nevertheless, limited research
has been carried out on optimizing the compensating performance with respect to
system rating.

A general impedance-based local voltage-harmonic compensation is modelled in this
section. The relationship between the impedance provided by the GCC system and
the pcc-voltage harmonic-reduction performance, together with the compensation
effort, are analysed next.

7.1.1 Voltage-harmonic-compensation modelling

Figure 7.1 depicts a single-line diagram showing the hth-harmonic interaction
between the GCC system and the grid network. In Fig. 7.1, as conventionally,
the grid and the loads for the hth-harmonic signals are represented by an equivalent
Thévenin circuit, and the GCC system by a single impedance for convenience. The
voltage source right next to the pcc denotes a general harmonic injection into the
grid network, and models the effects of distorting loads or upstream grid problems.

V ′g,h

pcc

Z ′g,h 6 θg,h
Ih

Vpcc,h
Grid, load-sideGCC-side

Zcl,h 6 θcl,h

Figure 7.1 Impedance-based diagram showing the hth-harmonic interaction
between the GCC system and the equivalent grid network.
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Harmonic-reduction performance

With regard to the circuit in Fig. 7.1, the hth-harmonic component of the pcc voltage
is calculated as

Vpcc,h = V′g,h

∣∣∣∣ Zcl,hejθcl,h

Zcl,hejθcl,h + Z′g,hejθg,h

∣∣∣∣, (7.1)

where V′g,h is the amplitude of the hth-harmonic equivalent grid voltage, and Zcl,h

and Z′g,h are the respective magnitudes of the GCC system and the equivalent grid
impedances, respectively. In (7.1) θcl,h and θg,h are the impedance phase angles.

The pcc voltage equals the equivalent grid voltage when the GCC output impedance
for the hth-harmonic component is infinitely high, for instance, when the GCC system
disconnected. For analysis purpose, the hth-harmonic pcc voltage is normalized to
the hth-harmonic (equivalent) grid voltage as

Vh =
Vpcc,h

V′g,h
, (7.2)

which is used as a measure to quantify the hth-harmonic-compensation performance.
A normalized voltage smaller than one, e.g. Vh < 1(0dB), means that the GCC
system contributes to the reduction of the pcc-voltage hth-harmonic component, and
otherwise, it worsens the harmonic distortion at the pcc.

Substituting (7.1) into (7.2) yields

Vh =

∣∣∣∣ Zh

Zhejξh + 1

∣∣∣∣, (7.3)

with

Zh =
Zcl,h

Z′g,h
, (7.4)

ξh =θcl,h − θg,h, (7.5)

being the relative magnitude and phase angle of the GCC equivalent output imped-
ance (to the grid) for the hth-harmonic component.

Harmonic reduction effort

According to the circuit in Fig. 7.1, the amplitude of the hth-harmonic component of
the GCC output current is

Ih = V′g,h

∣∣∣∣ 1

Zcl,hejθcl,h + Z′g,hejθg,h

∣∣∣∣. (7.6)
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It should be noted that the hth-harmonic short-circuit current amplitude of the grid
network at the pcc is

Isc,h =
V′g,h

Z′g,h
, (7.7)

which corresponds to the current required to completely diminish the hth-harmonic
content at the pcc voltage. Thus, the converter output current in (7.6) is normalized
to the short-circuit current in (7.7) as

Ih =
Ih

Isc,h
, (7.8)

which is a measure to quantify the compensation effort for the hth-harmonic pcc-
voltage reduction. Substituting (7.6) and (7.7) into (7.8) yields

Ih =

∣∣∣∣ 1
Zhejξh + 1

∣∣∣∣. (7.9)

Hence, it follows from (7.3) that the harmonic-voltage-reduction performance is
co-determined by the GCC output impedance magnitude and phase angle, and, as
indicated by (7.9), the compensation effort that is required for harmonic reduction is
also correlated to the GCC output impedance.

7.1.2 Impedance

The relation between the harmonic-reduction performance, the compensation ef-
fort and the GCC output impedance magnitude and phase angle parameters, are
discussed in this subsection.

Low magnitude

From (7.3) it follows that when the impedance relative magnitude is smaller than
1/2, namely when Zh ≤ 1/2, then

∀Zh ≤ 1/2, Vh ≤ 1 (7.10)

always holds, independent of the phase angle difference between the GCC and grid
impedances. In other words, when the GCC output impedance is small enough, the
GCC system always contributes to the reduction of the hth-harmonic component of
the pcc voltage, which is the core principle of the local voltage support strategies
that are presented in Chapter 2 and Chapter 5.
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Similarly, it follows from (7.9) that the property

∀Zh ≤ 1/2, Ih ≤ 2 (7.11)

always holds for the hth GCC system output current harmonic component amplitude.
From (7.11) it follows that when the GCC system’s impedance is small, the system
output current hth-harmonic-component amplitude is restricted simultaneously by
the corresponding short-circuit current of the grid network (see (7.8)).
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Figure 7.2 Pcc voltage hth-harmonic-reduction performance and effort (see defin-
itions of Vh and Ih in (7.2) and (7.8) ) as a function of the phase angle
difference ξh given different values of Zh .

Figure 7.2 shows the normalized hth-harmonic pcc voltage and GCC output current
as a function of the phase angle difference given different relative GCC output
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impedance values, which supports the observations in (7.10) and (7.11). However,
as is also shown in Fig. 7.2, the pcc-voltage harmonic content can be worsened by
the connection of the GCC system. When the relative output impedance magnitude
increases to Zh > 1/2, the harmonic-reduction performance becomes sensitive to
the phase angle difference and in extreme cases, e.g. ξh = ±π and Zh > 1/2, the
harmonic content is magnified.

Increased impedance magnitude

Figure 7.3 shows the contour plots of the hth-harmonic-reduction performance and
the corresponding compensation effort as a function of the phase angle difference
and the magnitude of the relative GCC output impedance.

It can be observed from Fig. 7.3 (a) that, consistent to what is implied by Fig. 7.2,
a small relative GCC output impedance, e.g. smaller than 1/2 (-6dB), is always
contributive to the reduction of the pcc-voltage hth-harmonic content. At the same
time, it can be also observed that given the magnitude of the GCC output current hth-
harmonic content, the optimal reduction of the corresponding harmonic component
occurs when the phase angle difference is zero. In other words, for the same degree
of pcc-voltage hth-harmonic reduction, the least compensation effort occurs when
the the GCC output impedance phase angle is the same as that of the equivalent
grid, as illustrated by Fig. 7.3 (b).

Concluding, given the GCC output impedance magnitude or given current amp-
litude for the hth-harmonic component, the optimal harmonic-reduction strategy
is to make the phase angle of the equivalent GCC system impedance the same as
that of the grid. Hence, creating a resistive GCC output impedance for local voltage
support [57, 65] is not an optimal compensation strategy. Moreover, when the mag-
nitude of the relative GCC output impedance is located in the neighbourhood of
1(0dB), the harmonic-reduction performance and the resultant compensation cur-
rent becomes significantly sensitive to the phase angle difference. Note that, also,
when the impedance is real (resistive), harmonic-compensation results in active
power loss (unless Rh = 0 or ∞).

7.1.3 Constrained optimal voltage support strategy

In light of the analysis above, for constrained local voltage support it is proposed to
adapt the magnitude of the GCC output impedance considering the current limit of a
practical GCC system. The phase angle of the impedance should be fixed according
to the estimated grid impedance phase angle, namely ξh = 0, as clearly indicated
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Figure 7.3 Pcc voltage hth-harmonic-reduction performance and effort (see defin-
itions of Vh and Ih in (7.2) and (7.8)) as a function of the relative
impedance magnitude Zh in (7.4) and the phase angle difference ξh in
(7.5).

in Fig. 7.3. In this way, first, the GCC would be always supportive to the reduction
of the pcc-voltage hth-harmonic component magnitude (see Fig. 7.3 (a) Vh < 0dB).
Second, the GCC output current is always in the constrained region (see Fig. 7.3 (b)
Ih < 0dB).

Figure 7.4 illustrates the proposed constrained optimal harmonic-compensation
strategy and its working principle. When the harmonic content present in the grid
network, modelled as current source Isc,h, is smaller then the available rating of the
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V ′g,h

pcc

Z ′g,h 6 θZh
Ih

Vpcc,h
Grid, load-sideGCC-side

Zcl,h 6 θ̂g,h Isc,h Z′
g,h

6 θg,h Isc,h

Ih Vpcc,h

Imax
h

Vpcc,h (no comp.)

Vpcc,h
Ih

0

0

Ih (no comp.)

0

Mode I Mode II

(linear) (saturated)

∞

(a) schematic (b) illustration chart

Figure 7.4 Formulated constrained pcc-voltage hth-harmonic-reduction strategy:
(a) schematic showing the interaction between the GCC system with
the grid network, (b) constrained local voltage support effect chart.

GCC system, Imax
h , the GCC system operates equivalently as a linear low-magnitude

impedance. In this way, the GCC output compensation current amplitude (Ih in Fig.
7.4 (b), mode I) is proportional to the harmonic content in the grid network . Since
the phase angle of the created impedance is designed based on the estimated grid
impedance, the connection of the GCC system is always supportive to the reduction
of the corresponding harmonic component at the pcc voltage (see Fig. 7.3 (a)).

The GCC system output harmonic-compensation current is monitored and con-
strained in a limited range. In case of significant harmonic component present
at the pcc, the GCC equivalent output impedance increases proportionally to the
corresponding pcc-voltage harmonic content. The ratio between the pcc harmonic
component to the created GCC output harmonic impedance is fixed at a given value
limited by system resources (Imax

h in Fig. 7.4 (b), mode II). Equivalently, the GCC
system operates as a harmonic current source. In this way, the GCC system shares
part of the harmonic content present in the grid network. Since the phase shift
between the GCC current and the pcc voltage is always fixed at θ̂g,h, in mode II the
GCC system is also contributive to the reduction of the harmonic pcc voltage (see
Fig. 7.3 (b)).

7.2 Control realization

This section discusses how to realize the constrained optimal pcc-voltage harmonic-
reduction strategy illustrated in Fig. 7.4. It starts from the control architecture,
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followed by the general working principle of the realization, and ends with the
modelling and analysis of the strategy.

Figure 7.5 shows the architecture of the control realization. In can be seen that similar
to the conventional current-control strategies overviewed in Chapter 2, for synchron-
ized active power transfer a phase-locked loop (PLL) is applied to detect the phase
angle (θ+1 ) of the pcc-voltage fundamental positive-sequence component. In this way,
the average active power is regulated by the fundamental positive-sequence current
reference amplitude, designated as I∗1 . Note that consistent with the description of
harmonic positive- and negative-sequence components of a three-phase quantity in
Chapter 4, Ih or Vh is the amplitude of the hth-harmonic positive-sequence compon-
ent when h is positive, or (−h)th-harmonic negative-sequence component when h is
negative. The harmonic zero-sequence component is designated with a subscript,
e.g. I0

n (n ∈N).

iαβγ

vαβγ

v∗s,αβγ
CC(s)

PLL

I∗1

∑
Ccomp,h(s)∑
C0
comp,n(s)

vα

vβ

vγ

current controller

cos θ+1 , sin θ
+
1 ,0

voltage controller
Cnotch,1(s)

v′αβ

Figure 7.5 Diagram of cascaded voltage-current control architecture for adaptive
local voltage support.

As is shown in Fig. 7.5, contrary to the conventional current-control strategies
[39, 101], an additional voltage controller is included to adapt the current reference.
The pcc voltage is composed of fundamental balanced, harmonic and unbalanced
components. In order not to interfere with the control accuracy of the GCC output
current fundamental positive-sequence component, attenuation filters are applied.
Similar to the voltage controller applied for the three-phase GCC system in Fig. 5.12,
the three-phase voltage is split into grouped αβ- and γ signals for processing. In
view of the three-phase symmetrical component decomposition theory in Chapter
4, a notch filter, as defined in (5.24), is applied to the αβ- pcc voltages to attenuate
the fundamental positive-sequence component. Details on the compensation filters
follow in the next subsections.
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7.2.1 Current controller

Considering the voltage support effort and the GCC output compensation current
that is discussed in the previous section, it is desired that in case of limited current
rating the GCC should be able to switch to no-compensation.

The current controller is designed to provide a high gain for signals at the grid
fundamental and those harmonic frequencies of interest, thus we have

CC(s) = Kp + Ki
ω1

s
+ Kres,1Cres,1(s) + Kres,n ∑

n∈Nn

Cres,n(s), (7.12)

with Cres,1(s) and Cres,n(s) being the transfer functions of the fundamental and nth-
harmonic resonant filter as defined in (2.7). Above, Kp is the proportional gain and
Ki, Kres,1 and Kres,n are the resonant-filter gains for regulating DC, fundamental, and
harmonic components.

The motivation for the design of the current controller as in (7.12) follows. As
modelled in Chapter 2, placing a resonant filter in the current controller enhances the
GCC’s equivalent output impedance for signals at the filter’s resonance frequency.
Hence, by making the current controller resonant at both the grid frequency and its
multiples, in case the voltage controller is disabled (with regards to Fig. 7.5) the GCC
output impedance is high for both fundamental and harmonic grid components. In
this way, harmonic and unbalanced current circulation between the GCC system and
the grid is prevented. Thus, in case of over currents the GCC disables the voltage
controller and operates in no-compensation mode, where active power transfer is still
transferred.

7.2.2 Voltage controller

When the GCC system is capable to offer harmonic compensation (on top of active
power transfer), the voltage controller is enabled. As already illustrated by Fig.
7.4, it is desired that the GCC system adapts its equivalent output impedance
magnitude (for harmonic components) according to the current rating of the system.
Meanwhile, its output impedance phase angle is aligned with the corresponding grid
harmonic (sequence) components for optimal compensation performance. Therefore,
the voltage controller processes the to-be-compensated signals in two respects, as
follows.
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v′αβ
iαβ,h

[0 ∼ Imax
h

]

Phase

detection

LPF

Harm. mag. detection

Constraining

cos θh
1/ejθ̂g,h

Phase shifting

1/Zh

Scalling

Harmonic component detection, scalling, and constraining

cos(θh − θ̂g,h)

sin θh sin(θh − θ̂g,h)

Figure 7.6 Block diagram of the constrained optimal compensation filter for the
harmonic sequence component of order h, Ccomp,h(s).

Harmonic component detection, scaling and constraining

As indicated in Fig. 7.6, a harmonic magnitude detection block is first applied to the
processed αβ- pcc voltage to evaluate the harmonic level in the pcc voltage. Then the
detected voltage signal is transformed to a current signal by a scaling factor, 1/Zh
with Zh being the designed equivalent impedance magnitude for the grid harmonic
sequence component of order h. The output of the scaling block is constrained by a
limiter, where the maximum output is defined by the allowed compensation current
magnitude for the corresponding harmonic component, designated as Imax

h . The
benefits of doing so follow in the next subsection.

Phase shifting

According to the description in subsection 7.1.2, both the magnitude and the phase
angle of the GCC system’s equivalent impedance play an essential role in the
harmonic-reduction performance and compensation capability. Hence, a phase
shifting block is applied in order to tune the phase angle of the GCC system’s
equivalent impedance.

Generally, an equivalent impedance with phase angle θg,h is created by forcing the
GCC output current to lag the pcc voltage by this exact phase. In Fig. 7.6, θh is
the phase of the local voltage harmonic sequence component of order h. Recall
from complex Fourier decomposition theory that a transformed harmonic positive-
sequence component is considered anti-clock-wise rotating in the complex plane
((4.25) in Chapter 4). Thus, the phase shifter in Fig. 7.6 that filters the hth-harmonic
sequence component, for h > 0, is specified as

θ̂g,h = θ̂+g,h, with
1

ejθ̂g,h
= e−jθ̂+g,h , (7.13)
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where θ̂+g,h is the estimate of the phase angle of the equivalent grid impedance for

the hth-harmonic positive-sequence component. Similarly, for harmonic negative-
sequence components it follows that, for h < 0,

θ̂g,h = −θ̂−g,(−h), with
1

ejθ̂g,h
= ejθ̂−g,(−h) , (7.14)

with θ̂−g,(−h) being the estimate of the phase angle of the equivalent grid impedance

for the (−h)th-harmonic negative-sequence component.

Please note that given a balanced three-phase grid, the equivalent grid impedance
for the nth, ∀n ∈N, harmonic positive- and negative-sequence component should
be the same as the per-phase nth-harmonic impedance (see the three-phase sequence
model derivation in subsection 5.1.2). Thus, the phase shifting for a positive- and a
negative-sequence component in (7.13) and (7.14) are complementary to each other,
e.g. θ̂g,1 = −θ̂g,−1.

The zero-sequence voltage is a single-line signal, and it is not straightforward to
apply a phase shift to it. As illustrated in (4.32) in Chapter 4, a real (single-line)
signal can be represented by the sum of a complex signal and its conjugate, e.g.
a = ((a + bj) + (a + bj))/2, ∀a, b ∈ <. Therefore, a complex zero-sequence signal is
created as shown in Fig. 7.7.

0

vγ
2

iγ,n

Ccomp,n(s)

Figure 7.7 Block diagram of C0
comp,n(s) for zero-sequence nth-harmonic compon-

ent compensation (see Fig. 7.6 for the implementation of Ccomp,h(s)).

7.2.3 Control strategy analysis

This section discusses the control realization strategy that is presented in Fig. 7.5.
The three-phase GCC system model derived in Chapter 5 is applied in the analysis.
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Recall of three-phase GCC model

In the stationary reference frame the open-loop three-phase GCC system model (see
(5.6)) is given by

iαβ(s) =−
1

Zo(s)
vαβ(s) +

k(s)H1(s)
Zo(s)

v∗s,αβ(s) (7.15)

iγ(s) =−
1

Zo(s)
vγ(s) +

k(s)H1(s)
Zo(s)

v∗s,γ(s), (7.16)

where, consistent to Chapter 2 and Chapter 5, Zo(s) denotes the GCC system’s
natural output impedance which is determined by the LCL filter as in (2.5). Above,
k(s) is the open-loop GCC system’s natural gain which functions as a second-order
low-pass filter as in (2.4) and Fig. 2.5; H1(s) is the model of the VSI and it is
approximated by delays, as in (2.1).

GCC equivalent output impedance

Similar to the modelling of the closed-loop single-phase (Chapter 2) and three-phase
(Chapter 5) GCC systems, control-law substitution is applied in this subsection for
the derivation of the equivalent output impedance of the closed-loop three-phase
GCC system. Ignoring the dynamics introduced by the PLL, the equivalent output
impedance of the GCC system (modelled as in (7.15) and (7.16)) in Fig. 7.5 can be
written as

Z′cl,αβ(s) =
Zo(s) + CC(s)k(s)H1(s)

1 + Cnotch,1(s)∑ Ccomp,h(s)CC(s)k(s)H1(s)
(7.17)

Z′cl,γ(s) =
Zo(s) + CC(s)k(s)H1(s)

1 + ∑ C0
comp,n(s)CC(s)k(s)H1(s)

. (7.18)

In (7.17) and (7.18), Ccomp,h(s) and C0
comp,n(s) are the respective filters for the de-

tection, scaling, constraining and shifting of the (positive or negative) harmonic
sequence component of order h (h 6= 1) and the nth-harmonic zero-sequence com-
ponent. Thus, with an ideal current controller, where the controller CC(s) can
provide high gain (compared to Zo) for the signals at the grid harmonic frequencies
of interest, it is found that

Z′cl,αβ(s)|s=jhω1 ≈
1

Ccomp,h(s)|s=jhω1

(7.19)

Z′cl,γ(s)|s=jnω1 ≈
1

C0
comp,n(s)|s=jnω1

. (7.20)
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Recalling the signal-processing block diagram in Fig. 7.6, we have

Ccomp,h(s)|s=jhω1 =



1

Zhejθ̂g,h
,

Vh
Zh
≤ Imax

h (mode I)

Imax
h

Vhejθ̂g,h
,

Vh
Zh

> Imax
h (mode II).

(7.21)

where Vh denotes the magnitude of the corresponding positive- or negative-sequence
harmonic component of order h at the pcc voltage, and Imax

h is the set saturation
level (see Fig. 7.6). Substituting (7.21) into (7.19) yields

Z′cl,αβ(s)|s=jhω1 ≈


Zhejθ̂g,h ,

Vh
Zh
≤ Imax

h (mode I)

Vh
Imax
h

ejθ̂g,h ,
Vh
Zh

> Imax
h (mode II).

(7.22)

Since ejθ̂g,h has unit amplitude, the equivalent output impedance for the targeted
harmonic sequence component is co-determined by the magnitude Zh and Vh/Ih

max.
It can be seen from (7.22) that in mode I the system output compensation current is
expected to be proportional to the harmonic content presented in the grid network
(the current source Isc,h in Fig. 7.4 or its equivalent voltage V′g,h as in Fig. 7.1).
In mode II the GCC output impedance increases linearly proportional to the pcc-
voltage harmonic content; namely, for signals at the harmonic frequency the GCC
operates as a current source whose magnitude is given by Imax

h . In this way, the
harmonic-compensation current is constrained to be equal to or smaller than the
saturation level. Secondly, it is clear from (7.22) that the equivalent impedance is not
necessarily purely resistive [57, 65] or limited by the LCL filter [99], providing more
freedom for optimization by the phase shifter ejθ̂g,h in Fig. 7.6.

The GCC equivalent output impedance for the grid fundamental positive-sequence
component in (7.17) is kept high due to the application of the notch filter Cnotch,1(s).
In this way, the GCC output current fundamental positive-sequence component
is determined by the reference I∗1 (see Fig. 7.5), which is the same case as in the
three-phase GCC system in Fig. 5.12 in Chapter 5.

7.3 Summary

This chapter has discussed how to support the local voltage taking into account
the GCC’s necessarily limited output current rating. First, a general impedance-
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based model analysis has been performed to quantify the pcc-voltage harmonic-
compensation performance and the effort required (injected harmonic current). It is
found that by on-line adaptation of the GCC system’s equivalent output impedance
magnitude and fixing its phase angle according to the estimate of the equivalent grid
impedance phase angle, the GCC system always contributes to the reduction of the
corresponding harmonic component amplitude at the pcc voltage. Moreover, in this
way, the compensation effort for the same degree of pcc-voltage harmonic reduction
is minimized. Next, a control strategy has been proposed to realize the adaptive
equivalent output impedance of a three-phase GCC system. The evaluation of the
impedance-based model analysis and the control realization will follow in the next
chapter.
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8 Validation of constrained
optimal voltage support

THE previous chapter shows that the phase angle of the adjustable GCC sys-
tem’s output impedance is essential to the pcc voltage harmonic-reduction
performance and the compensation effort, particularly when the GCC’s im-

pedance magnitude is close to that of the grid network. Thus, as a first step, this
chapter analyses and evaluates the phase angle’s impact by means of experiments.
Next, the control realization in Fig. 7.6 to achieve constrained optimal local voltage
support is investigated.

8.1 Three-phase system description

In order to verify the strategy on the constrained optimal local voltage support
discussed in Fig. 7.5, the three-phase GCC system laboratory setup described in
Chapter 6 is used. Here, the voltage support includes harmonic and unbalanced
compensation.

GCC, grid and load parameters

Table 8.1 summarises the parameters of the three-phase experimental system includ-
ing the DC supply, the loads and the grid1 in accordance to the schematic in Fig.

1 The grid supply rms voltage is set down to 110 V because of limitations of the available DC supply.
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Figure 8.1 Circuit diagram of the three-phase (four-wire) GCC system for the
investigation of the decoupled control of active power and adaptive
voltage support in Fig. 7.5.

8.1.

Table 8.1 Parameters of the three-phase system.

Description Symbol Value
DC supply Vdc 200 V
PWM switching frequency fsw 11kHz
Grid frequency fg 50 Hz
Grid rms voltage, phase-A Vg,A 110 V
Grid rms voltage, phase-B Vg,B 110 V
Grid rms voltage, phase-C Vg,C 110 V
3φ unbalanced load 67.5 Ω (phase-A)

210 Ω (phase-B)
210 Ω (phase-C)

3φ harmonic load, Crest factor 2 (per-phase)
3φ harmonic load, Power factor 0.8 (per-phase)
3φ harmonic load, rms current Ild2 2 A (per-phase)
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Control parameters

Considering the single-phase GCC system stability study in Chapter 3, the compens-
ation of grid harmonics whose frequencies are close to the LCL filter’s resonance
frequency is challenging. For stability considerations and in view of the LCL’s reson-
ance frequency, only low-order grid harmonics are included in the current controller.
Because the GCC system stability is challenged by a higher-order harmonic resonant
filter, as illustrated in Fig. 3.2 in Chapter 3, the resonance filter gains are designed
to decrease when the order increases. Table 8.2 summarises the parameters for the
current controller designed in (7.12).

Table 8.2 Control parameters for three-phase constrained optimal voltage sup-
port

Description Parameters Value
Fundamental angular frequency ω1 100π rad/s
Current controller Kp 1

Ki ω1/10
Kres,1 2000
Kres,n, n ∈ Nn 2000/n2

Nn {3, 5, 7}
Mag. of current reference I1

∗ 2 A

8.2 Experimental results

Three sets of experiments are performed and discussed. As a first step, the compens-
ation is not activated in order to evaluate the pcc voltage harmonic distortion level,
as a benchmark to quantify the harmonic compensation performance. The second
set assesses the modelling of the impedance-based voltage harmonic compensation
presented in Section 7.1. The impact of the phase angle of the created impedance is
validated experimentally. The third set investigates by experiments the control real-
ization in Section 7.2 for constrained optimal pcc voltage harmonic and unbalanced
component reduction.

8.2.1 Harmonic and unbalanced grid network

As listed in Table 8.1, the non-linear load rms current is set to 2Arms. Moreover, a
heavier load is connected to the phase-A voltage. By doing so, an unbalanced source
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is created in the grid network.
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(b) GCC currents and pcc voltages

Figure 8.2 Experimental results when the PWM of GCC is disabled.

Similarly to the experimental investigations in single-phase and three-phase GCC
systems in Chapter 3 and Chapter 6, the validation starts with a test where the
switches of the VSI in the GCC system (see Fig. 8.1) are not operating. The exper-
imental waveforms are shown in Fig. 8.2. Not surprisingly, the pcc voltage and
the grid current are significantly distorted. A symmetrical component harmonic
analysis (see Appendix C) indicates that the pcc voltage zero-sequence 3rd-harmonic
content is V0

3 =8.59 V and negative-sequence 1st-harmonic component V−1 =0.62 V.
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(b) GCC currents and pcc voltages

Figure 8.3 Experimental pcc voltage and GCC output current when the voltage
controller is disabled.

In the uncompensated case, the voltage controller is disabled and the GCC system
is regulated by the current controller only (see Fig. 7.5). As analysed, the output
impedance of the GCC system is high for harmonic, fundamental unbalanced and
balanced disturbances from the grid network.

Figure 8.3 shows the corresponding experimental results. It can be seen that the
pcc voltage and grid current remain distorted and unbalanced. This is due to the
harmonic and unbalanced components introduced by the non-linear asymmetrical
loads. Because the GCC output impedance is high for the grid unbalanced and
harmonic components, these components take the path to the grid, resulting in a
distorted unbalanced pcc voltage. It can also be observed in Fig. 8.3 (a) that the grid
currents have reduced peak values in comparison to Fig. 8.2(a). This change is due
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to the injected fundamental positive-sequence component from the GCC system (see
Fig. 8.3 (b)).

8.2.2 Optimal voltage support

As analysed in Section 7.1, the harmonic-reduction performance is significantly
impacted by the phase angle of the GCC output impedance, particularly when the
its magnitude is close to the grid’s. Moreover, as indicated in Fig. 7.3, when the GCC
is operated in saturated mode, the phase angle difference of the GCC output current
and the pcc voltage also plays an important role in the performance of harmonic
reduction. This subsection investigates the impact of the phase angle in two modes:
constant GCC output impedance, and saturated output current mode (see modelling
in Fig. 7.4).

Linear voltage support mode

In this case, the saturation point of the GCC system is set high enough (I0
3

max
= 2 A)

to not saturate the converter system. The equivalent impedance magnitude for the
zero-sequence 3rd-harmonic component (realised by Fig. 7.6 in combination with
Fig. 7.7) was set to Z0

3 = 8 Ω, Z0
3 = 4 Ω and Z0

3 = 2 Ω respectively.
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Figure 8.4 Pcc voltage zero-sequence 3rd-harmonic-reduction performance as a
function of the provided equivalent impedance phase angle, GCC
system not saturated.

The experimental results are shown in Fig. 8.4 with the analytical results for com-
parison in the same graph. The analytical results are calculated using the model
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in Chapter 7 together with the parameter of the grid inductance (Lg in Table 6.1)
and the analytical 3rd-harmonic zero-sequence short-circuit current at the pcc. It
can be seen from Fig. 8.4 that, firstly, providing a resistive-inductive impedance
path (by the GCC) is always beneficial for the reduction of the considered harmonic
component in the test. Secondly, with a given magnitude, the harmonic-reduction
performance is correlated to the phase angle of the provided impedance. The lower
the magnitude, the more the harmonic reduction. Waveforms of the GCC output
current and pcc voltage with two different magnitude values are shown in Fig. 8.5
and Fig. 8.6. The filters applied for the 3rd zero-sequence components analysis are
shown in Appendix C.
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(a) pcc voltage and GCC output current (b) derived 3rd zero-sequence components

Figure 8.5 Waveforms of the GCC system when Z0
3 = 2 Ω and θ̂g,3 = π/2.

Moreover, it is shown in Fig. 8.4 that when the GCC output impedance is low, the
harmonic compensation performance becomes less dependent on the phase angle
of the provided impedance, which is consistent with the discussions in Fig. 7.2.
Waveforms of the GCC output current and pcc voltage with two different phase
angle values are shown in Fig. 8.5 and Fig. 8.7.

It is also observed in Fig. 8.4 that contrary to the analytical results, the optimal
harmonic-reduction performance occurs when the impedance phase angle is between
θ̂g,3 ∈ [4π/12 ∼ 5π/12] instead of at θ̂g,3 = π/2. This is because the analytical
results are calculated based on the assumption that the equivalent grid impedance
is purely inductive. However, due to the connection of the (unbalanced) resistive
load, the equivalent grid impedance phase angle is biased towards being resist-
ive. Moreover, the practical inductor (Lg) to simulate the grid impedance in the
experiments has a parasitic resistance (see Table 6.1).
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(a) pcc voltage and GCC output current (b) derived 3rd zero-sequence components

Figure 8.6 Waveforms of the GCC system when Z0
3 = 8 Ω and θ̂g,3 = π/2.

time (s)

icibia

cu
rr

en
ts
(A

)

vcvbva

v
o

lt
ag

es
(V

)

0 0.01 0.02 0.03 0.04
−4

−2

0

2

4

−200

−100

0

100

200

time (s)

i0
3

cu
rr

en
ts
(A

)

v0
3

v
o

lt
ag

es
(V

)

0 0.01 0.02 0.03 0.04
−2

−1

0

1

2

−10

−5

0

5

10

(a) pcc voltage and GCC output current (b) derived 3rd zero-sequence components

Figure 8.7 Waveforms of the GCC system when Z0
3 = 2 Ω and θ̂g,3 = 0.

Saturated voltage support mode

In this case, the GCC system equivalent impedance magnitude for the zero-sequence
3rd-harmonic component is set low enough (Z0

3 = 2 Ω) to make sure the GCC can
enter saturation mode (see Fig. 7.6 together with Fig. 7.7). The zero-sequence
3rd-harmonic component saturation level was set to I0

3
max

= 0.5 A and I0
3

max
= 1 A,

respectively.

Figure 8.8 shows the experimental results. Again, the analytical results are calcu-
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Figure 8.8 Analytical and experimental harmonic-reduction performance as a
function of the GCC system equivalent impedance phase angle, GCC
output current saturated.

lated according to the model in Chapter 7 together with the parameter of the grid
inductance (Lg in Table Table 6.1) and the analytical 3rd-harmonic zero-sequence
short-circuit current at the pcc. Clearly, injecting a harmonic current is not al-
ways contributive to the harmonic reduction, as for example in Fig. 8.8 when
θ̂g,3 = −3π/12. When the phase angle difference between the injected harmonic
current and the pcc voltage is smaller than π/2, the harmonic injection always
contributes to the pcc voltage harmonic reduction, which is consistent with the
analysis.

As is clear in Fig. 8.8, the optimal harmonic-reduction performance occurs when the
phase angle is between between θ̂g,3 ∈ [4π/12 ∼ 5π/12], which is consistent to the
test in Fig. 8.4. This can again be explained by the joint effects of the connection of
the resistive loads and parasitic resistances of the grid inductors.

8.2.3 Constrained voltage support

The control algorithm is designed for a grid network where the grid harmonic source
is unknown to a GCC system. Hence, it is desirable that the control strategy can
simultaneously alternate between saturated mode and linear mode (see Fig. 7.4),
according to the profile of the measured pcc voltage. This section evaluates the
control realization of the constrained optimal harmonic reduction shown in Fig. 7.5.

As is demonstrated in Chapter 7, the optimal phase angle of the GCC system
output impedance is the equivalent grid impedance phase angle. On-line acquisition
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of the grid impedance can be achieved by [9], which is, however, at the cost of
increased computation burden of the controller. According to [76], it is fair to assume
that the grid equivalent impedance, particularly for the low-order harmonics, is
inductive. Thus, in the rest of the experimental tests the phase angle is set to,
for instance, θ̂g,3 = π/2 for 3rd-harmonic zero-sequence and θ̂g,1 = π/2 for 1st-
harmonic negative-sequence components. The equivalent impedance magnitude
of the targeting grid harmonic (sequence) component is desired to be as low as
possible; however, due to similar stability considerations as illustrated in Chapter 3,
they can not be chosen too low.

Zero-sequence 3rd-harmonic component

The zero-sequence 3rd-harmonic short-circuit current of the grid network at the pcc
is changed by tuning the rms value of the three-phase non-linear load. The GCC
output impedance for the zero-sequence 3rd-harmonic component is set Z0

3 = 1 Ω
and θ̂g,3 = π/2. The saturation level I0

3
max was set either to 0.5 A or 1 A.

The experimental results in this test are shown in Fig. 8.9. The analytical results are
calculated from the grid impedance parameter Lg, and the analytical short-circuit
zero-sequence 3rd-harmonic at the pcc (according to the profile of the three-phase
symmetrical non-linear load in Table 8.1), and the models in (7.1), (7.6) and (7.19). It
can be seen that when the three-phase non-linear load rms current is small, the GCC
system output current zero-sequence 3rd-harmonic component increases linearly
with the load rms value, which agrees with the illustration chart in Fig. 7.4 (b),
mode I. The GCC system output current zero-sequence 3rd-harmonic component
gets saturated at the set level (0.5 A or 1 A) with the increase of Ild2,rms, which
corresponds to the mode II in Fig. 7.4 (b).

Moreover, it is shown in Fig. 8.9 that the pcc voltage zero-sequence 3rd-harmonic
reduction performance in experiments is less significant compared to the analyt-
ical results. Model analysis assumes that the grid impedance is inductive with
θ̂g,3 = π/2, optimal harmonic reduction can always be achieved in model ana-
lysis. However, as demonstrated in Fig. 8.4 and Fig. 8.8, an error occurs with the
grid impedance phase angle estimation. Consequently, experimental results are
deteriorated.

Negative-sequence 1st-harmonic component

A similar set of tests is performed for the negative-sequence fundamental harmonic
component reduction. Different from the previous case, the unbalanced component
present in the grid network is adjusted by lowering the grid emulator phase-A
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Figure 8.9 Experimental 3rd-harmonic zero-sequence component compensation
effort (I0

3 ) and performance (V0
3 ) when the harmonic content in the

grid network changes.

voltage magnitude while keeping phase-B,C unchanged. The harmonic load (see
Table 8.1) is disconnected from the pcc during these tests. The GCC output imped-
ance for the negative-sequence 1st-harmonic component is set to Z−1 = 1 Ω and
θ̂g,1 = π/2. The saturation level Imax

−1 is set to 1 A.

Fig. 8.10 shows the experimental results when the maximum allowed current
for fundamental negative-sequence component correction is Imax

−1 = 0 A. This is
equivalent to no compensation. It can be seen that negligible negative-sequence
components are present in the GCC output current. Meanwhile, the pcc voltage is
unbalanced despite the balanced grid voltage supply, which is due to the heavier
load that is connected to phase-A (see Table 8.1). The filters applied to derive the
fundamental negative-sequence components will be provided in Appendix C.

Subsequently, the maximum allowed current for compensation is increased to Imax
−1 =

1 A. The corresponding waveforms are shown in Fig. 8.11. Compared to Fig. 8.10,
the pcc voltage fundamental negative-sequence component magnitude is reduced,
by the injection of the corresponding current component from the GCC system.
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Figure 8.10 Fundamental negative-sequence component analysis of the pcc
voltage and GCC output current, Imax

−1 = 0 A and Vg,A = 110 V.

time (s)

icibia

cu
rr

en
ts
(A

)

vcvbva

v
o

lt
ag

es
(V

)

0 0.01 0.02 0.03 0.04
−4

−2

0

2

4

−200

−100

0

100

200

time (s)

iβ,−1iα,−1

cu
rr

en
ts
(A

)

vβ,−1vα,−1

v
o

lt
ag

es
(V

)

0 0.01 0.02 0.03 0.04

−1
−0.5

0
0.5

1

−2
−1

0
1
2

Figure 8.11 Fundamental negative-sequence component analysis of the pcc
voltage and GCC output current, Imax

−1 = 1 A and Vg,A = 110 V.

A severe unbalanced grid network is created by lowering the grid supply phase-A
voltage to Vg,A = 102 V. Fig. 8.12 shows the results in this case. As expected,
the GCC output current fundamental negative-sequence component magnitude is
limited at 1 A.

Fig. 8.13 illustrates the detected fundamental negative-sequence component mag-
nitudes of the pcc voltage and GCC output current when the grid supply phase-A
voltage changes. It can be seen that in the whole range the pcc voltage funda-
mental negative-sequence component is reduced when the GCC becomes opera-
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Figure 8.12 Fundamental negative-sequence component analysis of the pcc
voltage and GCC output current, Imax

−1 = 1 A and Vg,A = 102 V.
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reduction effort (I−1) and performance (V−1) when the grid phase-A
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tional. Secondly, the compensation effort increases proportionally to the variation of
the grid phase-A voltage (the unbalanced component in the grid network). Analysis
of Fig. 8.14 shows that the ratio between the pcc voltage and the GCC output current
is around 1 Ω when the grid phase-A voltage is deviated slightly, which is in accord-
ance with the controller setting. In Fig. 8.13, with the increase of the grid phase-A
voltage deviation, the GCC output current is clamped at 1 A in Fig. 8.13, equivalent
to the increased impedance magnitude in Fig. 8.14. Moreover, in both Fig. 8.11 and
Fig. 8.12 it can be seen that the GCC output current fundamental negative-sequence
components are leading the pcc voltage by 90◦, which is in accordance with the
controller setting as well.
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Figure 8.14 Derived results from Fig. 8.13.

8.3 Summary

This chapter has evaluated the constrained optimal local voltage support strategy
that is discussed in Chapter 7. As a first step, the discussion on the optimal phase
angle of the GCC output impedance for the targeted harmonic component has
been assessed. Consistent to what is implied in the model analysis, the pcc voltage
zero-sequence 3rd-harmonic compensation performance is dependant on the cor-
responding GCC output impedance phase angle; and the closer the impedance
magnitude is to the equivalent grid impedance, the more significant the dependency
is. The same dependency is found when the GCC system operates in saturated mode,
where its output current zero-sequence 3rd-harmonic component is saturated at a
given value. Optimal harmonic compensation occurs when the created equivalent
impedance is inductive.

Next, the settings of the GCC system were kept static, while the harmonic and unbal-
anced source content changed in order to test if the GCC can alternate between linear
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local voltage support and saturated local voltage support. Experiments showed that
when the harmonic/unbalanced distortion in the grid network is minor, the GCC
supported the grid linearly. Namely, the GCC output compensation current increases
proportionally to the corresponding harmonic content in the grid until the current
reaches its saturation level. With the increase of the harmonic/unbalanced distortion
in the grid network, the GCC entered the (compensation current) saturation mode
for voltage support.
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9 Conclusion and
recommendation

THIS thesis has studied voltage support in weak grids by means of local control
of (shunt) grid-connected power electronic converters. The main goal has been
achieved by derivation and validation of a general control strategy that enables

GCCs to provide harmonics and unbalance compensation in addition to active
power injection without external measurements. The thesis covers the development
of a generic strategy and its control realization, all with experimental verification.
The most significant outcomes are summarized in this chapter, followed by the
contributions of the realised activities. Next, recommendations on unexplored
aspects are given.

9.1 Conclusions

The research goal in this thesis has been to develop local control strategies of grid-
connected power electronic converters for two major voltage quality phenomena in
weak grids: harmonic and unbalanced distortion. This goal is achieved following
the procedure: proposing a generalized impedance-based compensation strategy,
development of control realization for grid-connected power electronic converters,
and validation by means of experiments. Two configurations of grid-connected con-
verters are considered. A local control realization approach is developed, analysed,
and evaluated by means of experiments for both configurations.
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Local voltage harmonic compensation

Conventionally, harmonic compensation is performed by injecting an anti-phase
current to cancel harmonic components introduced by distorting loads. However,
these strategies require that the non-linear load current is measured by the com-
pensation unit, which is not always straightforward, particularly when multiple
distorting loads are present. Research question #1 was about the feasibility of
using grid-connected power electronic converters with only local measurements for local
voltage harmonic compensation in weak grid networks. The feasibility is confirmed by
an impedance-based strategy that requires only local measurements in this thesis.
A GCC system is designed to provide a low-impedance path for signals at integer
multiples of the grid frequency. In this way, the harmonic components created by
the non-linear loads take the path to the GCC system.

A parallel current and voltage control architecture has been developed that realises
the low impedance path, which answers research question #2. Analysis indicates
that placing a resonant filter in the current controller increases the GCC system’s
equivalent output impedance at the filter’s resonance frequency. On the other hand,
placing a resonant filter in the voltage controller reduces the equivalent output
impedance at the corresponding resonance frequency. Hence, in the parallel control
architecture the current controller is designed to be resonant at the grid fundamental
frequency, and the voltage controller at integer multiples of the fundamental fre-
quency. By doing so, the GCC equivalent output impedance is made low for the
grid harmonic content and high for the grid fundamental components.

A single-phase GCC system has been constructed to experimentally investigate the
control strategy. It is demonstrated that the pcc voltage total harmonic distortion is
suppressed from 4.12% to 2.05% by using the control strategy. The regulation of the
fundamental output current is decoupled from the harmonic compensation.

Local voltage unbalanced component compensation

It is proven by model analysis that the impedance-based strategy is extendable to
the three-phase GCC system for unbalanced component compensation. A local
control architecture is developed for the realization of the low-impedance path for
the unbalanced components in the grid network. Analytical results suggest that the
equivalent output impedance of the GCC system is high for the grid fundamental
positive-sequence components, while being low for the harmonic, negative- and
zero-sequence components. These provide answers to research question #3.

A laboratory setup has been built to experimentally evaluate the three-phase con-
troller design. The experimental results show that the phase-A, B, C pcc voltage
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harmonic distortion levels are reduced from average 3.7% to 1.8%, and the voltage
unbalance factor is reduced significantly from 0.355% to 0.087% when the voltage
support controller is activated.

Constrained optimal local voltage support

A generic impedance-based harmonic-compensation model has been discussed,
where the GCC system is presented by an impedance. Analysis indicates that
harmonic-reduction performance and compensation effort are strongly influenced
by the magnitude and phase angle of the created impedance. The optimal reduction
and the least compensation current occur when the phase angle of the virtual
impedance is the same as that of the grid. Considering the current rating of a
practical GCC system, a constrained optimal harmonic-compensation strategy has
been proposed: fixing the impedance phase angle according to the estimated grid
impedance, while adjusting the magnitude according to the available current rating
of the GCC system. Following this strategy, a cascaded voltage-current control
architecture has been developed to realise the adjustable impedance, which answers
research question #4.

The impact of the created impedance magnitude and phase angle on the harmonic-
reduction performance and compensation effort has been investigated with the
three-phase laboratory setup. Experiments show good agreement with predictions,
and thereby support the control realization effectiveness. An inductive equivalent
impedance results in 12 dB while a resistive one gives 10 dB of the 3rd- harmonic
zero-sequence component reduction of the pcc voltage. Of course, the improvement
of the pcc voltage quality is proportional to the available current rating of the GCC
system. The reduction of the 3rd-harmonic zero-sequence component of the pcc
voltage is 8 dB when the maximum allowed compensation current is 1 A, and 3 dB
when the allowed value is 0.5 A. Moreover, it has been validated that the GCC
enters the output current saturated mode when the grid harmonic or unbalance
distortion degree worsens. In the saturated mode the GCC system still contributes
to the reduction of the pcc voltage distortion.

Overall, it is demonstrated that already existing grid-connected converters, where
measurements of local voltage and output current are available, can be readily used
for voltage support. The impedance-based strategy of GCC systems is straight-
forward, and applicable to harmonic compensation in single-phase, and harmonic
compensation and unbalanced correction in three-phase configurations.
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9.2 Thesis contributions

• Introduction of an impedance-based strategy for local voltage harmonics
reduction. Paralleling a virtual impedance whose magnitude is low for signals
at the integer multiples of the grid frequency is the general proposed strategy
for local voltage harmonic reduction in this dissertation. In this way, the grid
harmonics introduced by the loads take the path to the virtual impedance side
and are considerably reduced. Conventional strategies for non-linear load
harmonic compensation require that the information of the non-linear load
currents should be known. Contrary to that, the proposed impedance-based
harmonic compensation strategy provides a drop-in solution without need
for explicit communication between the compensation unit and the distorting
loads.

• Extension of the impedance-based strategy for local voltage unbalance factor
correction. A virtual impedance whose magnitude is low for unbalanced
components is featured. By placing that virtual impedance parallel to an asym-
metrical three-phase load, the unwanted unbalanced components that are
introduced by the load, including negative- and zero-sequence components,
take the path to the impedance side and are significantly reduced.

• Investigation of the impact of the generalized virtual impedance phase
angle on the harmonic reduction performance and on the required com-
pensation efforts. Paralleling a low-magnitude impedance at the pcc has been
the general proposed strategy for local voltage harmonic sequence component
reduction. It is found that when the realized virtual impedance magnitude
is low, the impact of the impedance phase angle on the harmonic-reduction
performance and the required compensation current is negligible. In this case
the compensating current is proportional to the harmonic content present in
the grid network. However, the current rating of a practical grid-connected
converter system is limited. In case of significant harmonic or unbalanced
loads, the virtual impedance magnitude should be adjusted to prevent over
current operation. It is found that when increasing the virtual impedance
magnitude, the phase angle of the impedance becomes critical. The optimal
compensation performance occurs when the realized impedance phase angle
is the same as the equivalent grid impedance phase angle; simultaneously, the
compensation current is the least.

• Control realization of a low-impedance path for grid harmonics. The archi-
tecture is composed of parallel voltage and current controllers. Analytical
results indicate that placing a resonant filter in the current controller allows to
enhance, and in the voltage controller reduces, the GCC system’s equivalent
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output impedance at the corresponding filter’s resonance frequency. In single-
phase systems, by making the voltage controller resonant at the frequencies
of the targeted grid harmonic components while the current controller peaks
at the grid frequency, the equivalent impedance of the closed-loop converter
system becomes low for grid harmonic components.

• Control realization of a low-impedance path for grid unbalanced compon-
ents. It is found that by properly choosing the position of its zeros or poles,
a complex transfer function can be used to pick-up, attenuate, or magnify a
harmonic positive- or negative-sequence component in the stationary reference
frame. A similar parallel current and voltage architecture has been applied
for the three-phase controller. By making the three-phase voltage controller
magnify the grid unbalanced components, a useful low-impedance path for
grid unbalanced components is realized.

• Development and control realization of an optimal impedance-based voltage
support strategy, considering the current rating of a practical grid-connected
converter system. A cascaded voltage-current control architecture has been
developed for the realization of adaptive optimal local voltage support. In
the strategy, the realized virtual impedance phase angle is fixed according to
an estimate of the grid impedance phase angle, and the virtual impedance
magnitude is adapted according to the available current rating surplus that
can be used for local voltage support.

• Experimental verification of the introduced three types of control strategies
for grid-connected converter applications. The impedance-based harmonic
compensation strategy has been investigated in a single-phase grid-connected
converter system. Secondly, a three-phase system has been constructed for the
investigation of the impedance-based strategy for local voltage unbalanced
factor correction. Finally, the proposed optimal adaptive local voltage support
strategy is verified in the three-phase setup.
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9.3 Recommendations and future work

In this thesis, a generic strategy and design procedure are established for modelling
and control of (shunt) grid-connected converters. The topics cover active power
regulation, local voltage harmonic (sequence) component reduction in single-phase
and three-phase converter systems, and guaranteeing stability of the grid connection.
The recommendations are presented in the perspective of uncovered local voltage
quality problems, the issues that could be improved with respect to harmonic and
unbalanced component compensation, and not-yet validated investigations.

Other voltage quality related phenomena

• Voltage signalling, which is defined as the 3 second mean value of signal voltages
less than limits presented in the graphical format [26], has not been considered in
this thesis. Researchers are referred to the voltage dip compensation strategy
presented in Appendix B for this issue. Response speed optimization of the
GCC system should be done before applying the strategy in Appendix B.

Control realization

• Providing a low-impedance path for grid harmonic and unbalanced compon-
ent has been the general proposed strategy for local voltage support. This
dissertation addresses two control realization architectures: parallel current
and voltage, and cascaded voltage-current structures. A comparison between
these architectures in terms of harmonic/unbalanced component attenuation
and dynamic performance would be useful.

• All harmonic, unbalanced, and fundamental balanced components contribute
to the rms current of a system, and potentially cause power loss. This thesis
investigates how to compensate for a specific harmonic (sequence) component
given a maximum allowed output current. It is recommended for future
researchers to include an additional slow loop to calculate the maximum
allowed values for the targeted harmonic sequence components.

Experimental investigation

• In addition to distorting loads, harmonic and unbalanced components can be
caused by saturated/asymmetrical distribution transformers or lines. This
dissertation demonstrates the effectiveness of the strategy for harmonic and
unbalanced compensation when the distortion is from the load or from the
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grid. Future researchers are advised to evaluate the performance in the above
cases too.

• Analytical and simulation results indicate that downscaling the LCL filter is
beneficial for compensating a wide range of grid harmonic components. How-
ever, limited by the switching frequency of the available converter systems,
this has not been investigated experimentally in this dissertation. Improv-
ing the switching frequency and accordingly downscaling the LCL filter is
recommended for a wider range of grid harmonic component compensation.

• Determined by system stability problems, reshaping the GCC output imped-
ance for higher-order grid harmonic components is more challenging than for
lower-order ones. Issues that make compensating for high-order harmonics
difficult are the LCL filter’s resonance and the computation delay. Hence,
actively damping the LCL filter’s resonance and improving the sampling
frequency are recommended for reshaping the GCC output impedance for a
wider range of harmonic components.

• Using multiple GCC systems for coordinated harmonic and unbalanced com-
pensation has not be discussed in this thesis. Future researchers could use the
impedance-based model presented in Chapter 7 and the stability considera-
tions shown in Chapter 3 for this topic.

• As analysed in Chapter 4, harmonic and unbalanced compensation adds up to
a GCC system’s rms current. Besides an increase of rms losses, investigation
of other consequences for the GCC components (for instance, lifetime of the
DC link capacitors, impact on the component rates, etc) is recommended.
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A Symbols and
abbreviations

A.1 Symbols

Symbol Quantity Unit

v Voltage V
i Current A
Z Impedance Ω
θ Phase angle rad
p Instantaneous active power W
P Active power W
ω Angular frequency rad/s
f Frequency Hz

N The set of positive integers ?
n Positive integer ?
Z The set of integers ?
h Integer ?
fg The grid frequency Hz
f̂g The estimated grid frequency Hz

δ fg The grid frequency estimation error ?

ω1 The angular grid frequency (for the digital controller
design)

rad/s
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Symbol Quantity Unit

V+
n Magnitude of the voltage positive-sequence nth-harmonic

component
V

V−n Magnitude of the voltage negative-sequence nth-harmonic
component

V

V0
n Magnitude of the voltage zero-sequence nth-harmonic com-

ponent
V

Vh Magnitude of the voltage harmonic sequence component
of order h

V

I+n Magnitude of the current positive-sequence nth-harmonic
component

A

I−n Magnitude of the current negative-sequence nth-harmonic
component

A

I0
n Magnitude of the current zero-sequence nth-harmonic com-

ponent
A

Ih Magnitude of the current harmonic sequence component
of order h

A

Z+
n Magnitude of the GCC output impedance for the grid

positive-sequence nth-harmonic component
Ω

Z−n Magnitude of the GCC output impedance for the grid
negative-sequence nth-harmonic component

Ω

Z0
n Magnitude of the GCC output impedance for the grid zero-

sequence nth-harmonic component
Ω

Zh Magnitude of the GCC output impedance for the grid har-
monic sequence component of order h

Ω

θcl,h The phase angle of the (closed-loop) GCC output imped-
ance for the hth-harmonic component

rad

θg,h The phase angle of the equivalent grid impedance for the
hth-harmonic component

rad

θ̂g,n The estimated phase angle of the equivalent grid imped-
ance for the grid nth-harmonic component

rad

V Relative voltage magnitude ?
I Relative current magnitude ?
Z Relative impedance magnitude ?
ξ Phase angle difference rad

ηpcc Pcc voltage-dip level ?
ηg Grid supply voltage-dip level ?
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A.2 Subscripts and superscripts

Subscript Quantity

{·}a Phase-A component in the natural reference frame
{·}b Phase-B component in the natural reference frame
{·}c Phase-C component in the natural reference frame
{·}α α- component in the stationary reference frame
{·}β β- component in the stationary reference frame
{·}γ γ- component in the stationary reference frame

Superscript Quantity

{·}+ Positive-sequence component
{·}− Negative-sequence component
{·}0 Zero-sequence component
{·}± Positive- or negative-sequence component
{·}∗ Reference of {·}
{·}max Set maximum value of {·}

ˆ{·} Estimate of {·}
{·} Complex conjugate of {·}

A.3 Notation

Operator Quantity

x Complex representation
x Vector
<{·} To retrieve the real part
={·} To retrieve the imaginary part
x · y Dot product
x y Complex multiplication

{·}T To retrieve the transpose
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A.4 Abbreviations

Acronym Meaning

DC Direct current
AC Alternating current
PV Photo-voltaic
DG Distributed generator
APF Active power filter

CEER Council of European Energy Regulators
PCC Point of common connection
GCC (Shunt) grid-connected (power electronic) converter
PWM Pulse-width modulator
VSI Voltage-source inverter

DC/AC Direct current to alternating current
AC/DC Alternating current to direct current

THD Total harmonic distortion
PLL Phase-locked loop
FFT Fast Fourier Transformation
VUF Voltage unbalanced factor
EOI Equivalent output impedance
CC Voltage control
HS Harmonic sinking

VUC Voltage unbalance correction
VDC Voltage dip compensation
LPF Low-pass filter
RMS Root-mean-square

A.5 Constants

Constant Value Quantity

TC
2
3

 1 −1/2 −1/2
0
√

3/2 −
√

3/2
1/2 1/2 1/2

 Clarke transformation matrix

a ej 2π
3
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B Voltage-dip compensation

This Appendix discusses the possibility of using shunt grid-connected converter
(GCC) systems to perform local voltage-dip compensation (VDC) in weak grids.
Similar to unbalance and harmonics, voltage dips cause adverse effects on the end-
users [42, 91], e.g. device malfunctions. A voltage-dip compensator, also known as
dynamic voltage restorer, is commonly implemented by grid operators. It uses a
converter in series with the disturbed grid network [43, 58]. In this type of imple-
mentation the grid-interfaced converter operates as a voltage source providing the
difference between the grid supply and the voltage required by the end customer.
The connection configuration of this type is shown in Fig. B.1 (a). Strategies exist
that use a shunt GCC system for VDC [8, 15, 27, 86]. This solution, as in Fig. B.1 (b),
takes advantage of a weak grid by inducing a voltage drop over the grid impedance.

The strategy in Fig. B.1 (a) requires that the load current is known, making it a
personalized solution. Moreover, although proven possible [72], this type of con-
verters generally experiences difficulties to integrate active power delivery to the
grid. Thus, a series grid-interfaced converter is out of discussion in this Appendix.
With the foreseen increased penetration of shunt GCC systems [90], e.g. distributed
generation (DG) systems and charging stations, flexible use of this type of con-
verters to mitigate grid-quality problems is receiving growing attention. However,
experimental investigation is absent in [15]. In [8], load information is required in
order to generate set points for the controller, which again makes external sensors
necessary. The work in [27] demonstrates that injecting (instantaneous) reactive
power helps to increase the local voltage fundamental-positive sequence component;
however, no details are given on how to calculate the reactive power reference. A
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DC link

GridAC busLoads

DC link

GridAC busLoads

(a) (b)

Figure B.1 Connection configuration of grid-interfaced converter systems for
voltage-dip compensation: (a) series [43, 58] (b) parallel [8, 15, 27, 86].

localized strategy has been presented in [86] to correct the local voltage fundamental
positive-sequence component simultaneously. However, no consideration is given
to the current rating of the GCC system.

In light of this, this Appendix presents a localized control strategy of a shunt GCC
system that decouples VDC and active power regulation. It is experimentally
demonstrated that the local voltage dip is completely removed when the required
compensating current is within the system’s limit. Given significant over- or under-
voltage from the grid supply, the GCC system still contributes to the reduction of
the local voltage dip for the customers at the point of common connection (pcc).

B.1 Voltage-dip-compensation control

Figure B.2 shows the diagram of the proposed control strategy for shunt GCC
systems. Similar to conventional control of these, the proposed strategy contains a
three-phase synchronous reference frame phase-locked-loop (SRF-PLL) [68, 79, 101].
It is applied to derive the phase of the pcc voltage fundamental positive-sequence
component. Different, as shown by the grey shadow in Fig. B.2, is that the current
reference consists of more than an in-phase positive-sequence component. As shown,
the VDC controller is comprised of three blocks: (a) reactive current generation, (b)
fundamental positive-sequence voltage root-mean-square (rms) value detection, and
(c) reactive current amplitude reference calculation. The design of the controller
follows.
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Figure B.2 Diagram of the propose control architecture for the local voltage-dip
compensation.

B.2 Control analysis

It is ascertained from Chapter 4 that injecting a reactive current whose phase is
90◦ lagging or leading the pcc voltage does not change the active power of the
GCC system. Note that in this Appendix, the active and reactive currents are all
fundamental positive-sequence components. The active current is in phase with
the pcc voltage fundamental positive-sequence component, thus, it contributes
to active power. Because the reactive current is 90◦ phase shifted from the pcc
voltage fundamental positive-sequence component, it results in reactive power.
Nevertheless, the reactive current injection can help to eliminate the pcc voltage-
dips, as is discussed in this section.

B.2.1 Current controller modelling

Following the open-loop three-phase GCC model in Chapter 5, we have

iαβγ(s) = −vαβγ(s)
1

Zo(s)
+ v∗s,αβγ(s)

k(s)H1(s)
Zo(s)

, (B.1)
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where iαβγ, vαβγ, and v∗s,αβγ are the three-phase output current, pcc voltage, and mod-
ulation index to the voltage-source-inverter (VSI) pulse-width modulator (PWM)
in the stationary reference frame. Above, Zo(s) is the converter’s natural output
impedance, which is determined by the LCL filter parameters, H1(s) is the model of
the VSI, and k(s) is a second-order low-pass filter (see (2.1), (2.5), and (2.4)). Since I∗P
and I∗Q in Fig.B.2 are slow-varying signals with comparison to the grid harmonic
components, the modulation index is written as

v∗s,αβγ(s) = (−iαβγ(s) + i∗αβ0(s))CC(s), (B.2)

where CC(s) is the current controller applied in Fig. B.2. Substituting (B.2) into (B.1),
it is found that the GCC system output current and pcc voltage follow

iαβγ(s) = i∗αβ0
CC(s)k(s)H1(s)

Zo(s) + CC(s)k(s)H1(s)
− vαβγ(s)

1
Zo(s) + CC(s)k(s)H1(s)

. (B.3)

As is shown in Fig. B.2, the γ component current reference is set to zero. This
is to eliminate zero-sequence current injection. Since the focus of this work is on
regulating positive-sequence components for the pcc voltage-dip compensation, in
the rest of this Appendix only αβ- components are discussed.

The αβ- component model in (B.3) is represented by a circuit together with the grid
model in Fig. B.3. It can be seen from Fig. B.3 that the current controller equival-
ently creates a virtual impedance, CC(s)H1(s)k(s), in series with the converter’s
natural impedance, which is consistent with the analysis in Section 2.2. The current
controller CC(s) in this Appendix is designed to have high gains for low-order grid-
harmonic signals. Hence, in Fig. B.3 the GCC system output current is dominantly
determined by the (fundamental positive-sequence) current reference i∗P and i∗Q, and
it is insensitive to the grid supply voltage vg,αβ.

pcc

Grid networkGCC-side

i∗Q(s)

ZgZo

CC(s)H1(s)k(s)

vαβ(s)

vg,αβ(s)i∗P (s)

Figure B.3 Circuit diagram showing reactive current injection from the GCC.
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B.2.2 Voltage-dip-compensation design considerations

This section first illustrates how reactive current injection corrects the pcc voltage dip.
Next, a voltage-dip correction design procedure is presented. Different from [27],
the analysis shows how to automatically calculate the reactive power injection that
is required for VDC.

Working principle

The work in [27] demonstrates that reactive power injection can increase the pcc
voltage fundamental positive-sequence component magnitude; however, no strategies
are mentioned to calculate the required reactive power reference. In this section the
basic mechanism is illustrated; next, a strategy that can flexibly increase or decrease
the pcc voltage is presented.

The circuit in Fig. B.3 is used for the illustration. For convenience, the phasor of the
pcc voltage fundamental positive-sequence component before the compensation is
denoted as V+

1 (I∗Q = 0). The induced voltage drop on the grid impedance Zg due to
the (fundamental positive-sequence) reactive current is designated as ∆V+

Z,Q. The
grid-impedance phase angle for the fundamental positive-sequence component is
referred to as θZ.

π/2 − θZV +
1 (I∗

Q > 0)

∆V +
Z,Q

V +
1 (I∗

Q
= 0)

(a)

π/2 + θZ

V +
1 (I∗

Q
= 0)

V
+
1 (I

∗
Q
< 0)

∆V +
Z,Q

(b)

Figure B.4 Phasor diagram showing how reactive current injection alters the pcc
voltage: (a) to increase pcc voltage (b) to decrease pcc voltage.

Figure B.4 shows the phasor digram illustrating how reactive current injection alters
the pcc voltage. Since the injected reactive current lags the pcc voltage by π/2, the
voltage drop over the grid impedance lags the pcc voltage by (π/2− θZ) when I∗Q
is positive, as shown in Fig. B.4 (a); otherwise, it leads the voltage by (π/2 + θZ)
in Fig. B.4 (b). Since the grid impedance is mostly inductive for the grid low-order
harmonic components [76], I∗Q > 0 increases and I∗Q < 0 decreases the pcc voltage,
as illustrated in Fig. B.4.
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Linear model of the VDC

This subsection models the VDC loop in Fig. B.2 (c). The current controller, as mod-
elled as CC(s) in Fig. B.3, is designed to provide high gain for the grid fundamental
(positive-, negative-, and zero-sequence) components. Thus, with reference to Fig.
B.3, the pcc voltage fundamental positive-sequence component is modelled related
to the grid voltage and the reactive current injection by

V+
1 ejθpcc︸ ︷︷ ︸

V+
1

= V+
g,1ejθg + Z+

g,1ejθZ I∗Pejθpcc︸ ︷︷ ︸
V+

1 (before)

+ Z+
g,1ejθZ I∗Qej(θpcc−π/2)︸ ︷︷ ︸

∆V+
Z,Q

, (B.4)

where V+
1 is the magnitude of the pcc voltage fundamental positive-sequence com-

ponent, and θpcc is its phase. Above, I∗P, I∗Q, and V+
g,1 are all amplitudes. After some

rearrangements, (B.4) becomes

V+
1 = V+

g,1ej(θg−θpcc) + Z+
g,1ejθZ I∗P + Z+

g,1 I∗Qej(θZ−π/2). (B.5)

V +
1

V +∗
1

Kp,vdc

Ki,vdc

s

I∗Q

cos(π/2− θZ) Z+
g,1

ωb,lpf

s+ωb,lpf

LPF

√
2
2

Figure B.5 Linear model of voltage-dip compensation

Because the induced voltage drop on the grid impedance is far smaller than the grid
supply voltage, ignoring the dynamics introduced by the PLL, the VDC loop in Fig.
B.2 is linearised by the model shown in Fig. B.5.

It is fair to assume that the grid impedance for low-order harmonic components
is between resistive and inductive [76] , namely 0 ≤ θZ ≤ π/2. Thus, for stability
analysis of Fig. B.5, the highest loop gain is considered by assuming cos(π/2−
θZ) = 1. Accordingly, the open-loop gain transfer function of the VDC in Fig. B.5 is

Hol,vdc(s) =
√

2
2

Z+
g,1(Kp,vdc + Ki,vdc

1
s
)

ωb,LPF

s + ωb,LPF
, (B.6)

with
Z+

g,1 ≈ ω1Lg. (B.7)

Above, ω1 is the grid angular frequency and Lg is the grid inductance, whose
parameter can be found in Table 6.1.
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Figure B.6 Step response of the closed-loop VDC

VDC control parameters

By selecting the bandwidth of the VDC as ωb,vdc, we have

Kp,vdc =
∣∣∣ √

2

Z+
g,1(1 + Ki,vdc

1
jωb,vdc

)

jωb,vdc + ωb,LPF

ωb,LPF

∣∣∣, (B.8)

where ωb,LPF is the bandwidth of the low-pass-filter (LPF) in Fig. B.2 (b). The
integrator gain Ki,vdc is chosen such that the phase margin of the VDC loop is 100◦.
Table B.1 summarises the VDC control parameters. These parameters lead to the
closed-loop step response shown in Fig. B.6 and the open-loop transfer function
Bode plot in Fig. B.7.

Table B.1 Voltage-dip-compensation parameters.

Description Parameter Value
Fundamental angular frequency ω1 100π rad/s
Bandwidth of VDC ωb,vdc ω1/25
Bandwidth of LPF ωb,LPF ω1/1000
Proportional gain Kp,vdc 3
Integrator gain Ki,vdc 2.5
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Figure B.7 Bode plot of the VDC loop gain Hol,vdc(s)

Current controller

As mentioned earlier, the current controller in Fig. B.2 is to provide high gain for the
grid fundamental and harmonic components. It is designed as

CC(s) = Kp,cc + Ki,cc
1
s
+ ∑

n∈Nh

Kres,n
2s

s2 + 2ζnω1s + (nω1)2 . (B.9)

Above, Kp,cc, Ki,cc, Kres,n, Nh and ζ are the current controller parameters, as described
in Table B.2.

Table B.2 Current controller parameters for local voltage-dip compensation.

Description Parameter Value
Proportional gain Kp,cc 3
Integrator gain Ki,cc 120
Resonance filter gain for Kres,n 2000/n2

the nth-harmonic component
Harmonic orders Nh {3, 5, 7}
Damping factor ζ 0.001

B.3 Experimental validation

This section shows the experimental results using the proposed control scheme in
Fig. B.2 for VDC. Static and transient behaviours are covered. The three-phase
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grid-connected converter setup shown in Chapter 6 and 8 is applied. The current
controller parameters are as listed in Table B.2.

B.3.1 Pcc voltage-dip compensation

The nominal value for the voltage is set at1

V+∗
1 = 110 V. (B.10)

This value is used as the reference for the pcc voltage fundamental positive-sequence
component, as shown in Fig. B.2. For the convenience of description, two indexes
are introduced to quantify the voltage-dip levels of the pcc and grid supply voltages:

ηpcc =
V+

1
V+∗

1
− 1, (B.11)

ηg =
V+

g,1

V+∗
1
− 1. (B.12)

Above, ηpcc denotes the voltage-dip level of the pcc voltage and ηg for the grid
supply voltage.

Under- and over-voltage compensation

Figure B.8 shows the waveforms of the GCC system output current and pcc voltage
when the grid supply amplitude is under or over its nominal value. In both cases the
active current reference is set to I∗P = 2 A. In Fig. B.8 (a), since the grid magnitude
is smaller than the set value, a positive reactive current (I∗Q > 0 in Fig. B.4 (a)) is
generated. This makes the GCC output current lag the pcc voltage, as the phase-A
waveforms shown in Fig. B.9 (b). The GCC output current leads the pcc voltage in
Fig. B.8 (a); the phase-A waveforms in this case are replotted in Fig. B.9 (b). This
causes a voltage drop on the grid impedance that is (almost) in anti-phase with the
grid supply voltage, as illustrated (I∗Q < 0 in Fig. B.4 (b)). The pcc voltage-dip levels
in Fig. B.8 can be found in Fig. B.10. It shows that in both cases the pcc voltage-dip
is removed completely.

Operation over a wide range of grid supply voltage-dip

Figure B.10 shows the experimental results of the pcc voltage-dip-compensation
when the grid supply voltage is deviated from its nominal value. As shown, the

1Similar to Chapter 8, the grid supply is set down to operate around 110 V because of limitations of
the DC supply.
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Figure B.8 Pcc voltage-dip compensation when the grid voltage supply is (a)
below (b) above, the nominal value.
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Figure B.9 Pcc voltage-dip compensation phase-A waveforms when the grid
voltage supply is (a) below (b) above, the nominal value.

algorithm removes the pcc voltage dip completely when the grid voltage supply
dip level ηg is between [−2.5% ∼ 2.5%]. When the grid supply voltage deviation is
significantly larger, e.g. ±4.7% in Fig. B.10, the GCC system still contributes to the
pcc voltage-quality improvement. Because of the saturator in Fig. B.2, the maximum
allowed reactive current is limited between [−2 ∼ 2]A, leading to constrained pcc
VDC.

B.3.2 Transient performance

The transient response of the GCC system is presented in this subsection.
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Figure B.10 PCC voltage-dip compensation (VDC) under a wide range of grid
supply voltage-dip range.

Grid voltage supply steps

The grid voltage supply is made to step from 110Vrms to 108Vrms. Equivalently, ηg
steps from 0% to −1.8%. The transient waveforms of the GCC system is shown in
Fig. B.11. As expected, at the beginning of the step the pcc voltage-dip index (ηpcc)
is negative. A couple of seconds later, the pcc voltage-dip is eliminated completely.
This is due to the increased injection of reactive current, as its reference I∗Q shown in
Fig. B.11.
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Figure B.11 Pcc voltage-dip compensation dynamic performance when the grid
voltage supply suddenly steps from 110 V to 108 V (equivalently,
when ηg steps from 0 to −1.8%) at 0.5 s.
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Active current reference steps

Figure B.12 shows the transient response when the active current reference I∗P steps.
As shown, the step of the active current injection temporarily increases the pcc
voltage, resulting in a positive ηpcc. Nevertheless, a couple of seconds later the
pcc voltage-dip is eliminated. This is due to the decreased injection of the reactive
current, as its reference I∗Q shows in Fig. B.12. In either Fig. B.11 or Fig. B.12 the
pcc voltage-dip level ηpcc settles down within around 3 s, which is consistent to the
analytical result in Fig. B.6.
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Figure B.12 Pcc voltage-dip compensation dynamic performance when the active
current reference steps from 2 A to 3 A at 0.5 s, Vg = 109 V (equival-
ently ηg = −0.9%).

B.4 Conclusion

The proposed voltage-dip compensation is a plug-in solution since it is based on the
already-measured pcc voltage. By injecting a current that is 90◦ phase shifted from
the pcc voltage, the plug-in VDC is decoupled from the active power regulation
since it manipulates only reactive power. The reactive power injection is calculated
from the measured pcc voltage level, its desired value, and the current rating
of the GCC system. This is different from conventional strategies that require
external sensors. Experiments have validated the strategy for the pcc voltage-quality
improvement. When the grid supply slightly deviates from its nominal value, the
GCC can completely correct the voltage-dip keeping the GCC compensation current
within the designed range. When the grid supply voltage deviation increases,
the GCC compensation current gets saturates (for safety) but the converter still
contributes to the reduction of the pcc voltage-dip.
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C Harmonic sequence
component measurement

This appendix presents the block diagrams that have been applied for the measure-
ment of the harmonic positive-, negative-, and zero-sequence component waveforms
and magnitudes throughout this dissertation.

Harmonic zero-sequence component

vabc
TC

vγ
Tsz

−1

1−z−1
Ts

1−z−1

∑ 2nωb (nω1)
2

v0n

Forward Euler Backward Euler

integrator integrator

Discrete-time implementation of Hdet,n(s)

Figure C.1 Block diagram for the nth-harmonic zero-sequence (or single-line)
component waveform detection.

Figure C.1 shows the block diagram applied for the nth-harmonic zero-sequence
component waveform detection. As introduced in Chapter 4, zero-sequence com-
ponents are the γ quantities of a three-phase voltage or current in the stationary

169



170 APPENDIX C HARMONIC SEQUENCE COMPONENT MEASUREMENT

reference frame. Thus, Clarke Transformation is firstly applied in Fig. C.1 and the
γ quantities are selected for the analysis. The value of the constant TC is shown in
Appendix A. Secondly, a (regular) resonant filter is used for the nth-harmonic zero-
sequence component waveform detection. The dashed block in Fig. C.1 indicates
the discrete-time implementation of the filter, whose transfer function is

Hdet,n(s) =
2nωbs

s2 + 2nωbs + (nω1)2 . (C.1)

Above n is the harmonic order, wb is the bandwidth of the filter, and ω1 is the grid
angular frequency. Forward Euler and Backward Euler integrators are applied in
Fig. C.1 because they can effectively avoid algebraic loops and result in satisfactory
implementation accuracy [78]. The block diagram in Fig. C.1 has been used in
Chapter 8 for the pcc voltage 3rd-harmonic zero-sequence component waveform
detection.

The regular harmonic spectrum, e.g. results for the single-phase system in Chapter 3
and zero-sequence components in Chapter 6 and 8, is obtained by using the available
Fourier analysis provided by Matlab/Simulink/Plecs. The measurement window
width of ten grid cycles has been used in all these results following the suggestions
in [2].

Harmonic positive/negative-sequence component

Ts

2
3z−1−z−2

1−z−1

ωb

−ω1

ω1

ωb

∑

∑

Two-sep Adams-Bashforth

integrators
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−ω1

ωb

∑

∑

vα

vβ
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2
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1−z−1
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2
3z−1−z−2

1−z−1 vα,−1

vβ,−1

Implementation of Hnotch,1(s) Implementation of Hdet,−1(s)

Two-sep Adams-Bashforth

integrators

Figure C.2 Block diagram for the fundamental negative-sequence component
waveform detection.
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Figure C.2 shows the block diagram applied for the fundamental negative-sequence
component waveform detection. The method of two-step Adams-Bashforth is used
for the discretization of the integrators in Fi. C.1 because it avoids algebraic loops in
addition to a good trade-off between accuracy and implementation complexity [82].
A notch filter is firstly applied to eliminate the fundamental positive-sequence
component, followed by a complex detection filter. Their transfer functions in the
s-domain are

Hnotch,1(s) =
s− jω1

s + ωb − jω1
, (C.2)

Hdet,−1(s) =
ωb

s + ωb + jω1
. (C.3)

The diagram in Fig. C.2 has been used in Chapter 8 to display the fundamental
negative-sequence component waveforms.

cos(hω1t)

sin(hω1t)

vαβ

√
(V 2
d,h + V 2

q,h)

X

−1

Vd,h

Vq,h

Window: 10 T1

Vh

X

T1 = 2π
ω1

Figure C.3 Block diagram for the hth-harmonic sequence component magnitude
detection.

Figure C.3 shows the block diagram applied for the measurement of the harmonic
(positive-/ negative-) sequence component magnitude of order h. Methods have
been developed based on the theory in Chapter 4. The grouped αβ-local voltage
quantities in the time-domain is described as

vα(t) + jvβ(t) = ∑
h∈Z,

Vhejϕh ejhω1t, (C.4)

where Vh is the amplitude of harmonic positive-sequence components when h is
positive, negative-sequence components when h is negative, and DC components
when h is zero. In (C.4), ϕh indicates the initial phase angle of the corresponding
harmonic symmetrical components (see (4.26) for details) and ω1 is the three-phase
voltage fundamental angular frequency.
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Two real-valued quantities are derived from (C.4) as

Vd,h =
ω1

2π

∫ 2π
ω1

0
<{vαβ(t)e

−jhω1t}dt

Vq,h =
ω1

2π

∫ 2π
ω1

0
={vαβ(t)e

−jhω1t}dt. (C.5)

Recalling of the property of complex harmonics in Chapter 4, it is not hard to find
that (C.5) becomes

Vd,h =Vh sin(ϕh) (C.6)

Vq,h =Vh cos(ϕh). (C.7)

Accordingly, the amplitude of the harmonic sequence component of order h can be
calculated from

Vh =
√

Vd,h
2 + Vq,h

2. (C.8)

The block in Fig. C.3 has been applied in Chapter 6 for the harmonic sequence
component spectrum analysis, in Chapter 8 for the fundamental negative-sequence
component magnitude derivation, and in Appendix B for the fundamental positive-
sequence component magnitude measurement.

Table C.1 Harmonic sequence component measurement parameters.

Description Parameter Value
Grid angular frequency ω1 100π rad/s
Grid period T1 20 ms
Bandwidth detection filter ωb 20 rad/s
Sampling time Ts 100 µs
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