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Abstract

Small and large scale solar photovoltaic energy generating systems have been observed to
take a leading place in power systems around the world which are aiming to move away
from the use of fossil fuels. Technical and other challenges associated with such systems
have become the focus areas of discussion and investigation in recent years. Among a
range of technical challenges, power quality issues associated with the power electronic
converters, especially the harmonics, are an important aspect in order to ensure that their
stipulated limits are maintained. While harmonics caused by small-scale inverters, for ex-
ample, those used in rooftop systems, are managed through their harmonic current emis-
sion compliance requirements, the harmonics caused by large scale inverters used in solar
farms need to be managed at network levels which is essentially the responsibility of the
network owners and operators. To be successful in this management process, the relevant
generator connection requirements and system standards, relevant data provided by in-
verter manufacturers, pre-connection and post-connection studies and procedures require
attention. With regard to limits associated with harmonic voltage levels at medium, high
and extra high voltage (MV, HV and EHV) levels, well-established international standards
exist, whereas the pre-connection study procedures which have existed for many years are
now being challenged, noting the increase in the number and capacity of inverter based
resources (IBRs).

With regard to pre-connection harmonic compliance studies associated with power
electronic based grid integrated resources or devices, the most well-known approach is the
use of equivalent frequency domain models of the systems on either side of the point of
connection or the grid interface. The grid is often represented by an equivalent harmonic
impedance together with a corresponding background harmonic voltage. The power elec-
tronic based resources or the devices are represented by Thevenin or Norton models at
the harmonic frequencies of interest, which are provided by their vendors where the ap-
proaches or the conditions under which these models are determined are not comprehen-
sively known. It is however understood that the parameters of such equivalent circuits are
mostly determined based on site tests and represent worst case harmonic performance,
which do not necessarily correspond to rated power output. There is also the anecdo-
tal understanding that such models are determined based on mathematical or simulation
modelling. The most significant concern associated with such frequency domain models
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is their suitability for representation of the actual harmonic behaviour at a given point
in time, thus posing the question of their fidelity which forms the backbone of the work
presented in this thesis.

It is well known that large scale inverters employ relatively low switching frequencies
around 3kHz, yet they lead to dominant low order harmonic currents due to a number of
reasons and hence as a precursor to the major work undertaken in the thesis, the mecha-
nisms which govern the generation of such low order harmonics are initially examined so
that the concerns associated with frequency domain models can be undertaken in an objec-
tive manner. In addressing the concerns associated with frequency domain Thevenin/Nor-
ton models, the work presented in this thesis covers the results obtained using a complete
electromagnetic transient (EMT) model of a single inverter against the results established
using the frequency domain model of the same inverter. The same work is extended to a
collection of inverters operating in a solar farm environment as well, considering several
scenarios. From these studies undertaken, it is evident that the Norton/Thevenin harmonic
models can lead to outcomes that demonstrate an acceptable level of agreement with the
results of EMT simulations. The broad observation is that fresh approaches may be re-
quired in the modelling of such inverters in grid connected environments to improve the
accuracy of pre-connection compliance studies, noting that complete EMT modelling of
such systems is seen to be prohibitive.

While noting that inverters manufacturers provide Norton/Thevenin model parameters
of large inverters that are mostly based on site testing, it is worthwhile to examine whether
these can be theoretically determined, provided all system details, including those of the
inverter control systems are known. In this regard, mathematical modelling has been
undertaken to determine the inverter output impedance, where the determination of the
harmonic source current can be carried out using only a single set of current and voltage
measurements at the inverter output. Such mathematical derivation of model parameters
helps understand the link between the inverter parameters and the inverter functionality
with the corresponding Norton/Thevenin model parameters.

Associated with grid connected inverters, harmonics that are produced by them can be
influenced by the harmonics that are present in the grid as background voltages. In this
regard, cross harmonic generation is a phenomenon that cannot be ignored where a par-
ticular harmonic order that is present in the grid can lead to inverter harmonic currents
at different orders in addition to the harmonic order of the voltage to which the inverters
are subjected to. The thesis covers the results of a preliminary analysis of the cross har-
monics generated by inverters using an individual grid-connected inverter model as well
as a grid-connected solar farm model. Based on the work undertaken, a suitable inverter
harmonic model that may be considered to study cross harmonic generation is presented.
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Chapter 1

Introduction

1.1 Statement of the Problem

The unprecedented growth of small and large scale solar photovoltaic (PV) generating
systems around the world is intertwined with a myriad of well-known advantages. How-
ever, this growth is bundled together with numerous technical challenges. Among these
are power quality problems, and in particular, the harmonic issues which arise as a re-
sult of power electronic interfaces (inverters) being used. The impact associated with
harmonic currents generated by the solar farms (i.e. multiple inverter systems) becomes
problematic as many of the large solar power plants that are considered for connection (or
already connected) are located in areas where the grid is relatively weak (low fault levels)
or otherwise in locations where the system strength is low.

The harmonic currents injected by inverters to the connected power system can be clas-
sified into two main groups: low-order harmonics and higher-order harmonics. Generally,
in networks that are managed employing IEC (International Electro-technical Commis-
sion) standards and guidelines, low-order harmonics usually refer to the harmonics up
to 50th order. The main cause of higher-order harmonics is the high-frequency inverter
switching, where such harmonics can be effectively mitigated using a low-pass filter con-
nected to the inverter output terminals. However, in practice, pulse width modulated
(PWM) inverters also produce low-order harmonics due to a number of reasons. This is
particularly the case with large inverters also, where the switching frequency is not as
high as in the case of smaller rooftop inverters.

The main reasons for the generation of low-order harmonics by the inverters are the
converter topology, converter control methods and the power electronic components.
Apart from these, the background harmonics in the connected grid, semiconductor switch
dead-times, magnetizing currents of the inverter transformer and the inverter modulation
strategies have been identified as some of the other factors that are linked to the gener-
ation of low-order harmonics. The low-order harmonics up to 50th are usually required
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to be managed to ensure that the networks meet stipulated planning levels adopted by the
network owners and operators.

In the IEC guidelines, installations such as solar farms have to meet the emission al-
locations provided by the network operators. For the purpose of evaluating the harmonic
voltages that arise as a result of such connections, harmonic impedance profiles (loci) are
evaluated at the point of common connection (PCC), considering various network sce-
narios of relevance. In this case, the external network data is provided as a collection of
impedance polygons capable of representing the network as a point located on the R/X
plane. To choose the impedances, a number of points that lie on polygon edges are chosen
to represent frequency-dependent impedance scenarios at the PCC. When determining the
harmonic voltages at the PCC, it is usually the practice to have the harmonic currents in-
jected from the inverter or group of inverters collectively into the harmonic impedances
established by the worst-case Norton/Thevenin frequency domain models. The main rea-
son for using frequency domain Norton/Thevenin models instead of the inverter electro-
magnetic transient (EMT) models is the excessive computational burden associated with
the latter.

Norton harmonic models of inverters are known to be mostly established through mea-
surements carried out at a selected test site by inverter vendors/manufacturers, which can
be totally different from the actual solar farm environment to which the inverter is phys-
ically connected. These inverter harmonic models are also known to correspond to the
worst case harmonic performance of the inverters operating at the unity power factor. It is
also known that the harmonic currents generated by inverters are affected by the inverter
external conditions. Therefore, the vendor provided inverter models can only be applied
under limited conditions. Furthermore, there can be interactions between the inverters in a
solar farm and the rest of the inverters connected network (especially the cable network),
which are not represented by the vendor-provided inverter harmonic models. Thus, the
accuracy achieved by using vendor-provided fixed Norton/Thevenin harmonic models is
questionable with regard to harmonic pre-compliance studies.

Considering the broad problematic areas identified, it is worthy of examining the root
causes of the generation of low-order harmonics by the inverters in solar farm environ-
ments. Furthermore, it is seen to be worthy to investigate how the Norton/Thevenin mod-
els, which are commonly used in pre-compliance studies, perform under different inverter
internal and external conditions compared with the performance predicted by detailed
EMT models. It is also useful to delve into the development of novel inverter harmonic
models that are able to represent the true harmonic behaviour of inverters which take into
account the impact of the external harmonics.
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1.2 Research Objectives and Methodologies

1.2.1 Research Objectives

The research studies presented in this thesis focus on the low-order harmonics associated
with large-scale grid-connected solar farm inverter systems and the examination of as-
sociated network behaviour. Broadly, the main objectives of the work presented in this
thesis are to investigate the root causes of the generation of low-order harmonics by grid-
connected inverters, identify the existing modelling techniques of harmonics generated by
the inverters, identify the strengths and drawbacks of using the existing inverter harmonic
models in harmonic studies and present new concepts relevant to the modelling of the
low-order harmonic emission behaviour of inverters.

The major research activities which have been undertaken are as follows:

• Identification of the root causes of low-order harmonics generated by both single-
phase and three-phase inverters, as reported in the literature, and investigation through
simulations of how the current harmonics produced by single-phase inverters vary
with the current controllers used to regulate the inverter output current, with a view
to extend the understandings to three-phase inverters.

• Development of a large-scale three-phase inverter EMT model and a solar farm
model to closely resemble a real life grid-connected solar farm, as such models are
not readily available for use in research studies. Development of a user-defined
component in EMT software to generate the switching pulses of the inverters based
on the Space Vector Pulse Width Modulation Technique (SVPWM) as a part of the
large-scale three-phase inverter design.

• Development of Norton/Thevenin harmonic models for the designed large-scale
three-phase inverter model considering the most significant low-order harmonics
and carrying out a sensitivity study to determine to what extent the developed in-
verter harmonic models can replicate the behaviour predicted by the inverter EMT
model under different inverter internal and external conditions.

• Determination of the suitability of the use of general summation and arithmetic
summation laws in determining the total harmonic currents injected by a solar farm
using the developed farm model.

• Development of mathematical expressions for the Thevenin model parameters of
three-phase inverters based on the inverter parameters and control techniques. This
facilitates determining inverter harmonic model parameters for a range of harmonic
orders with a limited amount of simulation work.
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• Investigation of the cross-harmonic generation phenomenon under different grid
voltage harmonic levels in a solar farm environment to determine the nature of
cross harmonics generation. The main objectives of this investigation are to inves-
tigate the significance of cross-harmonics generated by the inverters in terms of the
magnitude and to develop inverter harmonic models to represent the cross-harmonic
generation of the inverters.

1.2.2 Research Methodology

Although it is well known that inverters produce higher-order harmonics as a result of
their high-frequency switching, a thorough investigation needs to be undertaken to es-
tablish the root causes of the generation of low-order harmonics. The existing literature
presents the most significant causes of low-order harmonic generation by inverters, where
voltage ripple in the dc-link has been identified as one of the major causes. To examine
this, a simulation model of a single-phase PV inverter system is developed, which is con-
trolled in the d-q reference frame. The developed model is also used to demonstrate how
different types of current controllers contribute to regulating the harmonics injected by
the inverters.

Considering the main research objective, which is to develop harmonic models of large-
scale solar inverters, a detailed simulation model of a large-scale solar PV inverter system
is designed as such models are not readily available. Utilising this large scale inverter
model, a solar farm model is designed incorporating the cable network of the solar farm.
The complete design is modelled in PSCADTM software as it has been identified as one
of the most capable EMT simulation platforms to model and investigate power systems
in general. Widely used control systems are used to control the PV inverter system.

In pre-compliance harmonic studies, inverters are usually represented by corresponding
Norton/Thevenin models where the model parameters are provided by the inverter man-
ufacturers, which represent the worst-case harmonic performance. The exact methods
used to determine the inverter Norton/Thevenin model parameters of practical inverter
systems are not described in the literature, and often such work is commercial in con-
fidence. However, it is known that test site data are used to determine the worst-case
Norton model parameters. Furthermore, test site characteristics are often completely dif-
ferent from the external network that is actually connected to the inverter in a solar farm
environment. Hence, the harmonic currents injected by the Norton models can be dif-
ferent from the harmonic currents injected by the actual inverter system (or the inverter
EMT model). To identify the strengths and drawbacks of using Norton/Thevenin models
in the place of inverter EMT models in harmonic studies, a sensitivity study is carried out
under different inverter internal and external conditions, comparing the results. For that,
the Norton model parameters for the designed inverter model are determined purely based
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on simulations using the harmonic perturbation injection method since the actual method
used in commercial practices is not known.

Based on the inverter parameters and control techniques used in designing the inverter
system, mathematical expressions for the inverter output impedance can be derived for
both positive and negative sequence harmonic orders. Initially, the expressions are derived
for the inverter output impedance considering an inverter model which is connected to a
pure dc link voltage, neglecting the dc network dynamics. Following this, the study is
extended for the designed complete grid-connected three-phase inverter model. Once the
inverter output impedance and the harmonic currents injected by the inverter at the PCC
are known, the Norton model source current can be easily determined for each harmonic
order.

The cross-harmonic generation is often neglected in most harmonic studies in order
to make the study simple. However, the cross-harmonic generation phenomenon is in-
evitable in practical grid-connected solar PV systems caused by the background harmon-
ics present in the grid. The analysis of the problem becomes complex since the generated
voltage/current components at the cross-harmonic frequencies can lead to multiple cross-
harmonic generation phenomena. Furthermore, the analysis becomes more intricate when
the grid comprises harmonic voltages/currents at multiple frequencies. The scope of the
work covered in this regard is limited to a grid comprising a single harmonic only.

1.3 Outline of the Thesis

A brief description of the contents of the remaining chapters is given here.
Chapter 2 is a literature review, and it presents a brief overview of voltage source con-

verters, which are commonly used in solar energy generating systems. The chapter de-
scribes the basic terminologies of voltage source converters and moreover, it describes the
associated switching mechanisms focusing on a widely used pulse width modulation tech-
nique. Furthermore, the existing transmission level harmonic management practices in
networks, including emission allocation, limits for individual emissions and compliance
assessment, are explained based on relevant IEC principles. The root causes of harmonics
generated by both single-phase and three-phase inverters are also described. An overview
of the harmonic compliance assessments carried out prior to the grid integration of solar
farms and other generating systems, the inverter harmonic models which are widely used
for harmonic studies and their drawbacks are also presented in this chapter.

In Chapter 3, generalised models of grid-connected single-phase inverter systems based
on three different current control techniques in the d-q reference frame are developed. The
selection criteria of the critical components in the developed PV system are described
and the design details of the control system are also elaborated. The developed inverter
models are used to investigate how the current harmonics generated at the inverter output
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vary with the type of current controller used in the inverter model. Furthermore, the
contribution of the voltage ripple present at the inverter dc link on generating odd order
harmonics at the inverter output is also described.

Chapter 4 presents the design details of a large-scale three-phase grid-connected in-
verter model based on realistic parameter values as much as possible. The details of the
development of a user-defined PSCADTM component for generating switching pulses for
the inverter switches based on the SVPWM technique are also given. The design details
of a solar farm model comprising five identical inverters and a cable network are also
presented.

Chapter 5 covers the details associated with the determination of the Thevenin model
parameters of the three-phase large-scale inverter model developed in Chapter 4. A sen-
sitivity analysis is also presented that compares the harmonics predicted using the Nor-
ton/Thevenin models and EMT models under different inverter internal and external con-
ditions for a single grid-connected inverter and multiple inverter solar farm environment.
Based on the developed solar farm model, the techniques used to determine the aggregated
harmonic current at the PCC are also investigated.

The Thevenin/Norton model parameters are usually determined based on simulations
and measurements considering a particular test site. Chapter 6 gives the derivation of
mathematical expressions for the Thevenin model parameters for a three-phase inverter
with a constant dc link and for a complete grid-connected three-phase inverter.

Chapter 7 presents a detailed analysis of the cross-harmonic generation phenomenon in
three-phase grid-connected inverters. A harmonic model, which is capable of representing
the cross-harmonics generated by the inverters is also presented.

Chapter 8 gives conclusions derived based on the work presented in the thesis, together
with recommendations for future work.



Chapter 2

Literature Review

2.1 Introduction

This chapter presents a brief overview of voltage source converters which are a key com-
ponent in solar PV generating systems, their switching and mechanisms associated with
the emission of unwanted current harmonics. Basic principles which define harmonic
distortion in power systems are introduced. Further, the relevant guidelines and standards
that limit the harmonic levels in power systems and those standards currently available,
which limit the harmonic injection by grid connected inverters are introduced. The har-
monic compliance assessment process, which is done prior to the grid-integration of a
proposed generation, the type of harmonic models that are presently used for harmonic
evaluation of power systems and their drawbacks are also discussed, which is closely
connected with the main area of research outcomes presented in the thesis.

2.2 Voltage Source Converters

The well-known voltage source converters (VSC), otherwise known as inverters, are key
components in solar PV generating systems. The dc-link of a VSC is connected to the
dc output of the series and parallel connected solar panel array together with an energy
storing and voltage smoothing capacitor, thus allowing the power flow of VSCs fully
controllable [1] and the ac output is produced by employing inverter switching, which is
commonly known as Pulse Width Modulation (PWM). There are a number of well-known
PWM techniques available and some techniques are preferred in PV inverters as a result
of their distinct advantages.

2.2.1 Basics of Sinusoidal Pulse Width Modulation Technique

Sinusoidal Pulse Width Modulation (SPWM) is a switching technique that is used to
control the switches of an inverter. In SPWM, a control signal which is known as the

7
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sinusoidal modulating signal is compared with a triangular waveform, which is known as
the carrier signal to produce the switching signals of the inverter switches. The control
signal is of the same frequency as that of the intended output voltage of the inverter and the
carrier signal frequency corresponds to the inverter switching frequency, and it is selected
depending mainly on the switching capability of the fully controllable semiconductor
switches. The amplitude modulation ratio (ma) and frequency modulation ratio (m f ) of
the signals are defined using equations given in (2.1) and (2.2) respectively [2].

ma =
Vcontrol

Vtri
(2.1)

m f =
fs

f1
(2.2)

where, Vcontrol and Vtri are the control signal and the triangular signal amplitudes respec-
tively. fs and f1 are the switching frequency and the modulating frequency respectively.

SPWM Switching Scheme of Three Phase Inverters

Three phase inverters are commonly used in large-scale systems. In such inverters, to
achieve a balanced three-phase output voltage, the carrier waveform is compared with
three-sinusoidal control waveforms, which are 120◦ out of phase from each other. The
switching pulse generation mechanism in three-phase inverters is illustrated in Figure 2.1
where A, B and C denote the three phases. VAN , VBN and VCN refer to the corresponding
line-to-neutral voltages. The line-to-line RMS voltage (VLL) generated by three-phase
inverters at the fundamental frequency as a result of SPWM technique is given in (2.3).

VLL = 0.612maVdc (2.3)

where, Vdc is the inverter dc link voltage.
The SPWM is a commonly used PWM technique in PV inverter applications due to its

advantages, such as easy implementation and fewer complexities [3]. Furthermore, the
SPWM technique has the advantage of having a constant switching frequency and hence,
it is possible to calculate the losses of switching devices, so the thermal design for them
becomes easier [4].

It is well known that inverter switching leads to unwanted high-frequency harmonic
components (in addition to the required output frequency at voltage Vcontrol), that are very
closely related to the switching frequency [2] which are usually filtered out using low pass
filters. However, in addition to these high frequencies, practical inverters also generate
low frequency harmonics associated with the various non-idealities and connected equip-
ment, which cannot be avoided. Section 2.3 aims to cover the mechanisms associated with
the generation of these unwanted low frequency harmonics considering the inverter as a
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Figure 2.1: Three-phase PWM switching pulses generation [2]

whole, including its non-ideal switches, the dc link, and the transformers that interface
the inverters to the ac grid, which itself is not a perfect source.

Other Modulation Techniques Commonly Used in Inverters

Although the SPWM technique is the most well-known method used to generate the
switching pulses of the inverters, to achieve better performances of inverters, different
modulation techniques have been developed over the years. Among them, Third Har-
monic Injection Pulse Width Modulation (THIPWM), Space Vector Pulse Width Modu-
lation (SVPWM) [5], [6] and Discontinuous Pulse Width Modulation (DPWM) [7], [8]
techniques are widely used.

The THIPWM method is described in Section 2.3.4, and the SVPWM technique is
explicitly described in Chapter 4 and Appendix A. DPWM, the least common of these
higher performance methods, is not considered for the remainder of this thesis.
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2.3 Mechanisms of Harmonic Generation Associated with
Grid Connected Inverters

For the purpose of developing a clear insight into the generation of low frequency har-
monics by inverters that are not directly related to the inverter switching frequency, a
grid-connected single-phase PWM inverter, which is shown in Figure 2.2 can be consid-
ered. Equations can be written for the inverter output ac current and inverter input dc
current components [9], [10]. For the ac output current of the inverter,

i
DG

i
dc

u
dc

i
ac

S
1

S
3

S
2

S
4

C
u

AB
u

ac

L

A

B

Figure 2.2: Single-phase grid-connected PWM inverter

L
diac

dt
= uAB−uac (2.4)

where iac is the inverter injected current to the grid. uAB and uac are inverter output voltage
and grid voltage (assuming it to be a perfect source) respectively. L is the inductance of
the low pass filter used. Thus, the equation for the grid injected current can be expressed
as,

iac =
1
L

∫
(uAB−uac)dt (2.5)

The inverter input dc current can be written as,

idc = iDG−C
dudc

dt
(2.6)

where, idc and iDG are inverter input current (dc-link current) and the current flow from the
dc power generation system respectively. C is the capacitance of the dc-link smoothing
capacitor.

From (2.4), it is evident that the inverter output voltage and grid voltage can contribute
to the harmonic currents of the inverter output. Hence, the ac output current of the inverter
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can be written as,
iac = iac1 + igh + iih

= iac1 +∑
n
h=2igh +∑

n
h=2iih

= iac1 +∑
n
h=2iach

(2.7)

where iac1 is the fundamental current component of the inverter output current. igh and
iih are the harmonic current components produced by the grid side voltage harmonics
and inverter side voltage harmonic components respectively where the harmonic order is
denoted by ‘h’. From (2.7) it is evident that the total harmonic current in the ac output
current can be eliminated by utilizing an appropriate current controlling technique such
that (∑n

h=2igh) is cancelled by (∑n
h=2iih).

2.3.1 Current Harmonics (igh) Generated by Grid Voltage

The current harmonics that arise as a result of the existing grid voltage distortion are
unavoidable as practical power systems are inherently polluted, which is caused by other
non-linear loads [9], [10].

2.3.2 Current Harmonics (iih) Generated by Inverter Output Voltage

It is assumed that the single-phase inverter output voltage is generated by a PWM mecha-
nism. However, the high-frequency switching harmonics are ignored and consideration is
given only to the low-order harmonics. In general, the PWM modulated output voltage,
uAB can be written as,

uAB = dpwm(t)∗udc

= (dpwm1(t)+dpwmh(t))∗ (UDC +udch)

= uAB1 +∑
n
h=2uABh, −1≤ dpwm(t)≤ 1

(2.8)

where, dpwm(t) is the PWM signal of which dpwm1(t) and dpwmh(t) are the fundamental
frequency component and the low-order harmonic components of dpwm(t) signal respec-
tively. udc is the dc bus voltage of which UDC and udch denote its fundamental component
and the low-order harmonic components respectively. uAB1 and uABh represent the fun-
damental component and hth low-order harmonic components of uAB respectively.

In (2.8), if dpwm(t) and udc do not contain any harmonic components, uAB will be equal
to uAB1 and naturally if any low order harmonics are arise in the inverter output voltage,
they are caused by the low order harmonics present in either dpwmh(t) or udch or both.
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The Origin of udch

The instantaneous power on the dc side of the inverter is given by,

pdc = udcidc = udc(iDG−C
dudc

dt
)

= udciDG−C(UDC +udch)
d(UDC +udch)

dt

= udciDG−CUDC
dudch

dt
−Cudch

dudch

dt

= udciDG−CUDC
dudch

dt
−C

2
du2

dch
dt

(2.9)

The instantaneous ac power output of the inverter can be expressed as in (2.10) by
substituting for uAB from (2.4).

pac = iacuAB = iacuac +Liac
diac

dt
= iacuac +

L
2

di2ac
dt

= (uac1 +∑
n
h=2uach)(iac1 +∑

n
h=2iach)+

L
2

d(iac1 +∑
n
h=2iach)

2

dt

(2.10)

where, uac1 and uach are the fundamental component and the harmonic components of
uac, respectively.

Expressing fundamental components of the grid voltage and inverter output current
as, uac1 =

√
2Uac1 cos(w0t +θ) and iac1 =

√
2Iac1 cos(w0t), where w0 is the fundamental

angular frequency of the grid voltage, θ is the phase angle of the current iac1 with respect
to that of uac1, and Uac1 and Iac1 are the corresponding Root Mean Square(RMS) values,
(2.10) can be simplified as,

pac =Uac1Iac1 cosθ +Uac1Iac1 cos(2w0t +θ)−w0LI2
ac1 sin(2w0t)+ iac1∑

n
h=2uach

+uac1∑
n
h=2iach +

L
2

d(2iac1∑
n
h=2iach +(∑n

h=2iach)
2)

dt
(2.11)

If uAB1 =
√

2UAB1 cos(w0t + θ − θ1), where θ1 is the phase angle between uAB1 and
uac1, pac can be rewritten as,

pac = uABiac

=UAB1Iac1 cos(θ −θ1)+UAB1Iac1 cos(2w0t +θ −θ1)+ iac1∑
n
h=2uABh

+uAB1∑
n
h=2iach

(2.12)

Neglecting the losses in the inverter and the dc link capacitor, pdc = pac and hence
noting that the power injected by the dc generating system (i.e PV array) is pPV = udciDG,
a power balance equation can be written as, udciDG ≈UAB1Iac1 cos(θ −θ1) (considering
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(2.10) and (2.12)). Hence, considering (2.9) and (2.12) it shows that the dc-link capacitor
is used for power decoupling, and thus, it may lead to the voltage variations. Similarly,
considering (2.9) and (2.11),

pdc = pac

= udciDG−CUDC
dudch

dt
−C

2
du2

dch
dt

=Uac1Iac1 cosθ +Uac1Iac1 cos(2w0t +θ)−w0LI2
ac1 sin(2w0t)+ iac1∑

n
h=2uach

+uac1∑
n
h=2iach +

L
2

d(2iac1∑
n
h=2iach +(∑n

h=2iach)
2)

dt
(2.13)

Assuming iDG to be constant, udciDG ≈Uac1Iac1 cosθ . Therefore, from (2.13), (2.14)
can be derived.

pdc = pac

=−CUDC
dudch

dt
−C

2
du2

dch
dt

=Uac1Iac1 cos(2w0t +θ)−w0LI2
ac1 sin(2w0t)+ iac1∑

n
h=2uach +uac1∑

n
h=2iach

+
L
2

d(2iac1∑
n
h=2iach +(∑n

h=2iach)
2)

dt
(2.14)

Generally, |UDC| � |udch|, |iac1| � |iach| and |uac1| � |uach|. Therefore,

CUDC
dudch

dt
� C

2
du2

dch
dt

(2.15)

Uac1Iac1 cos(2w0t +θ)−w0LI2
ac1 sin(2w0t)� iac1∑

n
h=2uach +uac1∑

n
h=2iach

+
L
2

d(2iac1∑
n
h=2iach +(∑n

h=2iach)
2)

dt

(2.16)

Thus, from (2.14), by ignoring the terms that are relatively small in magnitude, an
approximate equation for udch can be derived as,

−CUDC
dudch

dt
≈Uac1Iac1 cos(2w0t +θ)−w0LI2

ac1 sin(2w0t)

udch ≈
∫ −1

CUDC
((Uac1Iac1 cos(2w0t +θ))−w0LI2

ac1 sin(2w0t))dt
(2.17)

An alternative equation for udch can be derived by equating (2.9) and (2.12),
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Figure 2.3: Inverter leg [15]

−CUDC
dudch

dt
≈UAB1Iac1 cos(2w0t +θ −θ1)

udch ≈
∫ −UAB1Iac1 cos(2w0t +θ −θ1)

CUDC
dt

(2.18)

Therefore, from (2.17) and (2.18), it is apparent that even order harmonic components
are dominant in the dc link voltage and the amplitude of udch is proportional to UAB1.
Thus, it can be concluded that the harmonics on the dc bus is generated by the commu-
tation process of the inverter. As the udc mainly comprises even order harmonics, the
dpwmudc will lead to odd order harmonics. The low-order harmonics represented by both
dpwmh and udch are unavoidable in the case of a grid-connected inverter.

A similar procedure to the above can be followed for three-phase grid-connected invert-
ers as well to demonstrate the generation of harmonics in the ac output voltage of order
6n±1 where n is an integer [9].

2.3.3 Inverter Dead-time

The well-known inverter dead-time (also known as blanking time) and non-linear turn on
and turn off delays degrade the inverter output current quality leading to the generation of
low-order harmonics while causing a reduction in the fundamental output current [11]–
[15].

The ideal situation and the dead-time effect can be explained using one leg of an inverter
as shown in Figure 2.3. Figure 2.4(a) shows the ideal PWM control pulses supplied to the
two switches in the inverter leg of Figure 2.3 and Figure 2.4(c) shows the corresponding
output voltage. The PWM control pulses with the dead-time of Td added to the rising edge
are shown in Figure 2.4(b) [15]. During dead-time both switches in the inverter leg cease
to conduct. Thus, the output voltage will depend on the inverter output current direction
(whether ias > 0 or ias < 0). Considering the dead-time, and the turn on and off times of
the switches, the output voltage obtained for the inverter leg is as shown in Figures 2.4(d)
and (e) for the two plausible output current directions demonstrating the gain/loss to the
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voltage-time area.
Depending on the current direction, the average voltage gain/loss caused by the dead

time and turn on/off times of the switches can be expressed as,

∆V =
−Td− ton + toff

2Ts
Vdc, ias > 0 (2.19)

∆V =
Td + ton− toff

2Ts
Vdc, ias < 0 (2.20)

where, Ts is the sampling period, ton, toff and Td are turn-on time delay, turn off time
delay and the dead-time respectively. Vdc is the inverter dc link voltage.

Due to the dead-time effect, the instantaneous average output voltage (V(t)) of a single-
phase full-bridge inverter is distorted depending on the inverter current (ias) direction by
an amount of ∆V as expressed in (2.19) and (2.20). This is graphically shown in Figure
2.5 [14]. This distortion in V(t) at current zero crossings leads to low-order harmonics
(such as the third and fifth of the fundamental frequency) at the inverter output voltage.

For a three-phase inverter, the average distorted output voltages can be expressed based
on the current directions of the phases (a,b and c) as,

V ′a = ∆V ∗Vdc

{
2sign(ias)−sign(ibs)−sign(ics)

3

}
V ′b = ∆V ∗Vdc

{
2sign(ibs)−sign(ics)−sign(ias)

3

}
V ′c = ∆V ∗Vdc

{
2sign(ics)−sign(ias)−sign(ibs)

3

} (2.21)

Figure 2.4: PWM signals output voltage patterns [15]
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Figure 2.5: Effect of dead-time on the sinusoidal output ([14])

where, sign(ias) = 1 for ias > 0 and sign(ias) = 0 for ias < 0. V ′a, V ′b and V ′c denote the
average three-phase distorted voltage outputs of the inverter respectively.

For three-phase inverters, the harmonic analysis shows the generation of low-order
harmonic distortion due to the addition of the dead-time, which occurs at harmonic orders
6m±1 (m = 1,2,3, ...) [12].

2.3.4 Third-order Harmonic Injection

The well-known third harmonic injected PWM is basically a modification over the SPWM
[16]. This is done to maximise the utilisation of the dc bus voltage. This method leads
to the addition of a third harmonic to the phase voltage waveform. Although this method
does not alter the line-to-line voltage magnitude in three-phase inverter outputs, it leads
to a reduction in the peak voltage of the phase voltage [16]–[18].

Assume the instantaneous inverter output voltage to be given by y, where y consists of
the required fundamental component and the injected third order harmonic component.

y = sinθ +a sin3θ (2.22)

where θ = wt and ′a′ is the weighting factor of the injected third order harmonic, which
is required to be determined.

The maximum and minimum of y can be solved by differentiating (2.22) with respect
to θ .

dy
dθ

= cosθ +3a cos3θ (2.23)

By equating (2.23) to zero, values of θ corresponding to the turning points of y can be
determined as,
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cosθ = 0

cosθ =

(
9a−1

12a

)1/2 (2.24)

The corresponding sine values can be found by substituting the cosθ values in sin2θ =

1− cos2θ equation. Thus, the values of y, at the turning points can be derived by substi-
tuting the resultant sinθ values to (2.23).

ŷ = 1−a

ŷ = 8a
(

1+3a
12a

)3/2 (2.25)

The optimum value for a can be determined by differentiating (2.25) and equating the
resultant to zero, which gives 1/6 as the result. Therefore, the required waveform is,

y = sinθ +
1
6

sin3θ (2.26)

By substituting for a (which is 1/6) in (2.23), the maximum value of y and the corre-
sponding θ values can be calculated as 0.866 and π/3, 2π/3, etc. respectively.

It is clear that the addition of the third harmonic component to the modulating wave-
form causes a reduction in the peak output voltage. Therefore, it is possible to increase
the inverter output voltage so that the inverter fully utilizes the dc link voltage magnitude.
If the increasing factor is K, (2.26) can be modified as,

y = K(sinθ +
1
6

sin3θ) (2.27)

The peak value of the modulating waveform can be increased up to unity. Since the
previous peak value (before adding the K factor) of the modulating signal is known, the
value of the K factor can be calculated by,

1 = K ∗0.866

K = 1.155
(2.28)

The addition of the third harmonic voltage results in an increase in the fundamental
component of the inverter output voltage by 15.5%. Due to this third harmonic addition,
the phase voltage and hence the current will distort with third order harmonic.

The phase voltage of a simple two-level three-phase inverter model can be defined as
the voltage at the inverter output (in one phase) with respect to the inverter neutral point.
It is important to note that, even though there is the presence of third harmonics in phase-
to-neutral voltage, the line-to-line voltage does not contain the third harmonics. The third
harmonic current flowing from a three-phase inverter depends on the configuration of the
transformer connected to the inverter as well.
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2.3.5 Magnetizing Current Drawn by Transformers

While the majority of the rooftop solar PV inverters connected to public low voltage
networks are transformer-less, large scale inverters connected to high voltage grids always
are interfaced through step up transformers of which their magnetizing currents have been
identified as one of the key reasons for low-order harmonic generation [19], [20] where
the third order harmonic is the principle harmonic component of which the magnitude is
usually about 40% of the excitation current for a typical power transformer [20], [21].
Depending on the transformer connections and the grounding of star points, the third
order harmonic current may or may not flow.

2.3.6 DC and Even Order Harmonic Current Generation

Even though not very significant, inverter switching imperfections can lead to half-wave
asymmetry in the output voltage, thus leading to a dc component and even order harmonic
currents at the output of inverters.

The dc voltage component in the asymmetrical output voltage can lead to asymmetrical
biasing of the inverter connected transformers leading to a flow of even harmonics in ad-
dition to odd harmonics [22]. The magnitudes of even order harmonics increase with the
dc bias in the magnetic core in the transformer, where the phase of even order harmonics
indicates the sign of the bias. Techniques exist for compensation of these dc currents by
sensing the low-order even harmonics present in the magnetizing current [23].

2.4 Harmonics in Power Systems and Their Management

It is well known that harmonics can adversely affect power systems by degrading the
quality of supply. Harmonics can lead to excess heating and losses and interfere with the
operation of electrical equipment. Hence, necessary measures have to be enforced to limit
the harmonic injected by installations into power systems. For instance, standards such
as IEEE 1547-2018 [24] and IEC 61727:2004 [25] applicable for small scale inverters
limit the current harmonics injected to low voltage public distribution systems, whereas
the injection of harmonic currents at MV, HV and EHV connection points are limited
through limits associated with harmonic voltages as covered in guidelines such as the
IEC technical report IEC/TR 61000-3-6:2008 [26].

2.4.1 Brief Introduction to IEC/TR 61000.3.6:2008 Technical Report

The main objective of this technical report is to limit the harmonic voltages in MV, HV
and EHV power systems to specific levels so that they will not result in any adverse ef-
fects on the operation of equipment connected to the network. Customers are responsible
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for maintaining the harmonic voltage emission levels at the connection points (point of
common connection - PCC) such that the resulting harmonic voltage levels do not exceed
the planning levels (refer Table 2.1) adopted by the network utility once all customers are
connected. The harmonic voltage limit allocation process methodology prescribed in [26]
follows a three stage process.

To ensure electromagnetic compatibility as per the general IEC philosophy following
levels need to be paid due attention:

Disturbance Level

The equipment connected to the electricity grid cause disturbances on the network and
hence, they may affect the operation of the other equipment connected to the network as
expected. The disturbance level generated by a particular piece of equipment connected to
a specific location of the network not only depends on the characteristics of the equipment,
but also the nature of the point of connection. In general, the network-wide disturbance
levels will demonstrate a probabilistic distribution.

Immunity Level

Equipment connected to the electricity network needs to be designed to withstand a cer-
tain level of disturbance and the maximum level of disturbance a particular equipment
can withstand without affecting its performance is known as the immunity level of that
equipment. This mainly depends on the design and component tolerances of the equip-
ment. Considering all equipment in a network-wide sense, these levels also will show a
probabilistic distribution.

Compatibility Level

The ideal outcome should be to ensure that the highest disturbance level in a network
does not interfere with the operation of the least sensitive equipment. However, from
a technical and economic point of view, this is not feasible and hence a compatibility
level is chosen equal to a disturbance level which does not exceed, for example, 95% of
the disturbance levels in the entire network. This implies that there is a 5% probability
of the immunity levels of the connected equipment being affected by the network-wide
disturbances.

Planning Level

Noting the description of the compatibility levels, utilities will have to set planning levels
(which are internal quality objectives or reference values) for the various voltage levels
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Table 2.1: Indicative planning levels for harmonic voltages (in percent of the fundamen-
tal voltage)

Odd harmonics Odd harmonics Even harmonics
non-multiple of 3 multiple of 3

Harm. Harmonic Harm. Harmonic Harm. Harmonic
Order voltage % Order voltage % Order voltage %

MV HV-EHV MV HV-EHV MV HV-EHV
5 5 2 3 4 2 2 1.8 1.4
7 4 2 9 1.2 1 4 1 0.8

11 3 1.5 15 0.3 0.3 6 0.5 0.4
13 2.5 1.5 21 0.2 0.2 8 0.5 0.4

17≤h 1.917
h 1.217

h 21≤h 0.2 0.2 10≥h 0.2510
h 0.1910

h
≤49 -0.2 ≤45 ≥50 +0.22 +0.16

of the network. These levels are set below the compatibility levels so that electromag-
netic compatibility can be achieved where planning levels will allow the establishment of
emission limits for the various installations. IEC/TR 61000.3.6:2008 only gives indicative
values for the planning levels for the various harmonics, which are summarised in Table
2.1.

The relationship between the compatibility level, disturbance levels, planning levels
and immunity levels is illustrated in Figure 2.6.

Figure 2.6: Relationship between compatibility, immunity, planning and emission levels
[25]
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General Summation Law

The IEC/TR 61000.3.6:2008 uses a general summation law which is used to determine
the net harmonic voltage (or current) at a particular location due to a number of harmonic
producing installations connected to that location. This can be described using (2.29).

Uh = α

√
∑

i
Uα

hi (2.29)

where, Uhi is the individual harmonic voltage and Uh is the net harmonic voltage. The
summation exponent α is selected according to Table 2.2.

Table 2.2: α exponents for different harmonic orders [25]

Harmonic order α

h < 5 1
5 ≤ α ≤ 10 1.4

10 < α 2

2.5 Harmonic Compliance Assessment

In harmonic compliance assessment associated with solar generation farms, harmonic
emission levels are to be determined at the PCC. The solar farm developer/operator has
to demonstrate through harmonic compliance assessment studies [27] that the harmon-
ics emitted do not exceed the acceptable conditions established by the Network Service
Provider (NSPs). Based on the results, harmonic mitigation techniques can be suggested
to regulate the harmonics at the PCC if required.

Both time-domain EMT models and frequency-domain models can be considered to in-
vestigate the harmonic behaviour of grid-connected solar farms. EMT models are known
to provide more accurate results in harmonic studies, provided suitable models are avail-
able. Such studies are conducted prior to the connection of a proposed solar plant to
investigate whether the harmonic emission levels are compliant as per the emission lev-
els allocated by the Network Service Provider (NSPs), who tend to follow the stipulated
guidelines [28]. However, since large-scale solar farms have a large number of inverters,
EMT model based method in determining the harmonic emission levels is seen to be pro-
hibitive considering the excessive simulation time. Instead, frequency-domain models are
commonly used in harmonic studies in practice.

In harmonic studies, the emission levels are determined for a range of operating sce-
narios of both the external network and the proposed generator for each harmonic order.
Since electricity networks are not static, the external network data is provided as a col-
lection of impedance polygons by the NSPs for each harmonic order. These impedance
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polygons represent different network scenarios on the R/X plane. Hence, the external
network can be represented by Thevenin equivalent models, which are derived from the
data associated with harmonic impedance polygons where the polygon edges are usually
considered. As per [27], there are some drawbacks of using this approach. Once a har-
monic polygon is traversed, it is not easy that any specific result can be traced back to a
specific network configuration.

2.6 Representation of Inverter Harmonic Behaviour Us-
ing Norton/Thevenin Model

Historically, harmonics injected by some equipment have been represented by ideal cur-
rent sources under specified operating conditions. This is still the practice with relatively
small equipment such as those connected to public low voltage networks as covered by
IEEE 1547-2018 [24] and IEC 61727:2004 [25]. Harmonic behaviour of relatively large
power system equipment has been traditionally represented using Norton/Thevenin mod-
els [29], [30], where the model parameters determined under specified operating condi-
tions are usually provided by the equipment manufacturers, such as those of grid con-
nected large scale inverters. The grid to which the equipment is connected also has been
traditionally represented by Norton/Thevenin model. This harmonic behaviour of the
combined system takes the form of the circuit as shown in Figure 2.7 where the super-
position theorem is used to determine the net harmonic voltage at the point of common
coupling.

Inverter Grid

Figure 2.7: Thevenin equivalent of inverter-grid system [31]

The control of the grid-connected voltage source inverters is based on an inner current
control loop, which controls the grid current and an outer control loop which controls the
dc link voltage. Hence, it is more convenient to present PV inverters as current sources,
assuming the voltage at the point of connection is regulated by the distribution transformer
[32]. However, the Norton model and the Thevenin model are easily interchangeable as
they are equivalent in analytical work.
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The inverter manufacturers provide the Norton/Thevenin model parameters alongside
the inverters in the frequency domain. These parameters are said to be the worst-case
harmonic model parameters for the corresponding frequency. The exact method used by
the inverter manufacturers to determine these harmonic model parameters is not known
precisely, as the method used is an intellectual property of the manufacturer. However, in
the literature, different approaches can be identified which have been used to determine
the Norton/Thevenin model parameters of the inverters [31], [32].

2.6.1 Drawbacks of Using Norton/Thevenin Models for Harmonic
Studies

It is evident that the inverter manufacturers use experimental approaches when determin-
ing the inverter Norton model parameters. However, due to the lack of knowledge on the
exact background network information to where the inverter is physically connected, the
Norton impedance and source current provided can be inaccurate. Further, the inverter
manufacturers provide the worst-case Norton model parameters and hence, the harmonic
studies estimate the highest harmonic voltage that the inverter can possibly produce at
the PCC [33]. Still, there is a possibility of producing erroneous results for the harmon-
ics emitted by the inverters with this approach, as the interaction between the inverter
model with the cable network, transformers and the grid and also, the inverter-to-inverter
interactions are not captured when determining the Norton model parameters in a test
environment.

In [31], through some experiments carried out under a laboratory environment, the
authors show that the inverter Thevenin model parameter values tend to vary even for
a specific frequency if the grid voltage contains harmonics, which is the real-life situ-
ation, leading to the conclusion that it may be inaccurate to consider an inverter as a
Thevenin/Norton model when determining the current harmonic magnitude spectrum at
the PCC, when a collection of inverters are operating while connected to the grid.

Based on the above reasons, further investigations are justifiable to determine up to
what extent the inverter Thevenin/Norton models can replicate the true behaviour of actual
grid connected inverters, paying attention to key reasons which lead to any diversion from
the true harmonic behaviour.

2.7 Chapter Summary

This chapter presented a brief overview of voltage source converters and the well-known
sinusoidal PWM switching technique, as well as associated performance improvement
modulation techniques, such as third harmonic injection PWM technique.

Inverters are commonly known as harmonic sources due to their non-linear behaviour.
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Based on previous research work, this chapter covered the most significant root causes
for the generation of low order harmonics by grid-connected inverter systems, consider-
ing both single-phase and three-phase inverters. This helps not only to understand the
complexity of the harmonic generation phenomenon in grid-connected inverter systems,
but also to perceive the importance of inverter harmonic modelling.

This chapter also presented a brief introduction to IEC technical report 61000.3.6:2008,
which is widely used to manage harmonic voltages in MV, HV and EHV power systems.

The most commonly used frequency domain Norton/Thevenin models of inverters used
in harmonic compliance studies was introduced. The fundamentals of the currently used
harmonic compliance assessment process were briefly introduced. The drawbacks of us-
ing the Norton/Thevenin models in such studies were also described in this chapter which
paved the pathway for much of the work presented in this Thesis.



Chapter 3

Harmonics Generated by Single Phase
Inverters and their Mitigation
Techniques

3.1 Introduction

Current controllers of inverters play a crucial role in regulating the current harmonics,
which appear at the inverter output [34]. The most commonly used current controller in
the inverters is the Proportional Integral (PI) controller [35], [36]. PI current controllers
are known to have good control performance, high reliability and are easy to implement.
However, there are some drawbacks of using the PI controllers and hence, Proportional
Resonant (PR) controllers have gained popularity as current controllers since they are
capable of overcoming the drawbacks of PI controllers [37].

To mitigate the harmonics generated by inverters, it is the common practice to connect
harmonic filters, although it is not seen to be the most cost-effective approach. Further-
more, they can make the inverter output harmonic currents even worse due to resonances
if multiple inverters are connected in parallel. To control the inverter output current and to
mitigate certain harmonic currents simultaneously, advanced current controllers are used
nowadays. Multiple Resonant Controller (MRC) is one of them [38]. MRCs are capa-
ble of mitigating harmonic currents of specific orders, which is a significant advantage.
Repetitive controllers (RCs) are also popular in compensating current harmonics [39].
Theoretically, RCs can suppress all harmonics below the Nyquist frequency ( fs/2; where
fs is the sampling frequency) without any concerns on resonance issues if they are de-
signed properly. However, their increased complexity is a drawback. Furthermore, their
response is slow and hence, the stability of the system could become challenging.

In this chapter, low-order harmonic generation mechanisms by single-phase inverters
and inverter current controller based harmonic mitigation techniques are investigated. For

25
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that, a complete grid-connected single-phase two-level PV inverter system design is pre-
sented, while elaborating on the design methodology, which is simulated using PSCADTM

software in the d-q reference frame.

3.2 Single-phase Inverter Model Development

Comprehensive and open-source single-phase inverter models with the associated control
methodology are not readily available for study purposes. To overcome this shortfall, a
grid-connected inverter system comprised of a PV array with a Maximum Power Point
Tracking (MPPT) system, a dc-dc boost converter, a single-phase inverter, an LCL filter
and the grid is considered for simulation. The rated power of the designed single-phase
inverter is 5 kW, where the inverter is connected to a 230V/50Hz grid. The significance of
this inverter model is that it was designed to control in the d-q reference frame, although
it is a single-phase inverter.

3.2.1 PV Array and MPPT Controller

A PV cell can be modelled using a circuit that consists of a current source, an anti-parallel
diode, a shunt resistor and a series resistor [40], [41], which is used as the building block
of solar arrays. Considering a single PV cell model, the open circuit current and short
circuit voltage were calculated employing the equations given in [41]. The number of
identical solar cells required to be connected in series and parallel was calculated such
that the required power (5 kW) and the required voltage at the solar array output (which
is approximately 300V in this model) are attained. With the temperature set at a constant
value of 30◦C, considering the variable irradiance levels, a set of V-I and P-V curves
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Figure 3.1: V-I characteristic curves for different solar irradiance levels
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generated are shown in Figure 3.1 and Figure 3.2 respectively.
In the modelling work undertaken, as per Figure 3.1 and Figure 3.2, the solar irradiance

level was selected to be 1200 W/m2 such that the PV array output voltage is nearly 300V
and output power is approximately 5 kW at the maximum power point. To extract the
maximum output power from the PV array, an MPPT controller was incorporated into the
model to track the maximum power output.

Among the available MPPT algorithms, Perturb and Observe (P&O) method and the
Incremental Conductance (InC) method are well known. Although the P&O method is
simple to implement, it may fail under fast varying atmospheric conditions. This draw-
back can be overcome by utilizing the InC method. Hence, the InC method was employed
in the simulations, although it is more complicated than the P&O method [42].

3.2.2 DC-DC Boost Converter

The output voltage at the PV array may exhibit variations due to the MPPT system op-
eration. Thus, to achieve a stable dc link voltage at the inverter input, it is common to
have a dc-dc boost converter which was designed such that its rated power is 5 kW and
the switching frequency is 10 kHz [43]. It was modelled to step-up the incoming nominal
voltage of 300 V of the PV array, to a constant voltage, which is 400 V in the simulation
model. The PSCADTM simulated block and the output voltage waveform of the dc-dc
boost converter are shown in Figure 3.3 and Figure 3.4 respectively. The switching pulses
for the IGBT switch are generated by the MPPT controller.
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Figure 3.4: dc-dc boost converter output voltage

3.2.3 DC Link Capacitor

The inverter dc link voltage exhibits a ripple component, typically at twice the grid fre-
quency. Hence, a 2200 µF capacitor was selected to limit the voltage ripple present in the
dc link to approximately 5% of the intended dc voltage present at the dc link [40].

3.2.4 LCL Filter

In order to reduce the inverter output current harmonics at the inverter switching frequency
of 8 kHz (of which the design is covered in Section 3.3), a third-order low-pass LCL filter
shown in Figure 3.5 was used where Vi, ii are the voltage and current at the inverter output,
Vc, ic are the voltage drop and the current flowing through the Rc and C f . Vg, ig denote
the inverter output voltage, inverter output current, and Li,Ri,C f ,Rc,Lg and Rg are the
inverter side filter inductance, the parasitic resistance of the inverter side inductor, filter
capacitance, damping resistance, the grid side filter inductance and the parasitic resistance
of the grid side filter inductance respectively.

The transfer function of the filter can be derived as,

H = (sRcC f +1)/{s3LgLiC f + s2C f (Lg(Rc +Ri)+Li(Rc +Rg))

+s(Lg +Li +C f (RcRg +RcRi +RgRi))+Rg +Ri} (3.1)
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The LCL filter was designed following the steps in [44], [45]. This design process
essentially consists of two steps where the first step deals with the design of the inverter
side inductance (Li), such that the voltage drop across Li is below 5-10% of the rated
voltage under rated output conditions. Following this, the second step is to design Lg

and C f which represent a second-order low-pass filter. The filter parameters determined
are: Li=0.003 H, Lg=0.0007 H and C f =16 µF. Ri and Rg set assuming an X/R ratio of
the inductors as 10 at the fundamental frequency. Since LCL filters are vulnerable to
frequency instability associated with resonance issues, to mitigate the effect of resonance,
a damping resistor (Rc) was added to the filter in series with the LCL filter capacitor. The
Bode diagram of the designed LCL filter is shown in Figure 3.6.
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Figure 3.5: LCL filter circuit
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Figure 3.6: Bode diagram of the LCL filter
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3.3 Inverter Control Methodology

The full bridge single-phase inverter with IGBTs was assumed to have a switching fre-
quency of 8 kHz.

3.3.1 Controller Design - Proportional Integral Controller

Clark and Park transformations (abc to α-β and abc to d-q transformations respectively)
are well-documented in relation to three-phase systems. To achieve this for single-phase
systems, first, the current/voltage components should be transformed into stationary ref-
erence frame. Although there are various methods to generate the missing orthogonal
component, the time delay method was used in this simulation. If there is a signal such
as I = A sin(ωt + δ ), it can be phase shifted by 90◦ to achieve the shifted component.
Hence, α-β components of the signal (I) are,

Iα = A sin(ωt +δ )

Iβ = A sin(ωt +δ −π/2) =−A cos(ωt +δ )
(3.2)

where A, ω and δ are the magnitude, angular frequency and the phase angle of the signal
I respectively.

The signals in the α-β reference frame can be transformed to d-q reference frame using
(3.3) and the inverse transformation matrix is shown in (3.4).

[
Id

Iq

]
=

[
sin(ωt) −cos(ωt)

cos(ωt) sin(ωt)

][
Iα

Iβ

]
(3.3)

[
Iα

Iβ

]
=

[
sin(ωt) cos(ωt)

cos(ωt) −sin(ωt)

][
Id

Iq

]
(3.4)

Aiming to regulate the dc-link voltage and maintain the balance between the ac power
supply and the power at the dc-link, a PI controller (transfer function is given in (3.5)
based inverter inner loop current controller and an outer loop dc-link voltage controller
were designed.

HPI = KP +
KI

s
(3.5)

where KP and KI are proportional and integral constants respectively.
Neglecting the LCL filter capacitor and the damping resistor, the relationship between

the inverter output voltage (Vi), inverter output current (ii) and the grid side voltage (Vg)
is as shown in (3.6).
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Vi = L
dii
dt

+ iiR+Vg (3.6)

where, L and R are LCL filter total inductance and total resistance respectively. Equation
(3.6) can be converted into synchronous reference frame as shown in (3.7),

Vd = L
did
dt
−ωLiq + iR+Vgd

Vq = L
diq
dt

+ωLiq + iR+Vgq

(3.7)

where Vd , Vq are the d-q components of inverter output voltage, id , iq are the inverter
output d-q current components and Vgd , Vgq are the grid side voltage components in d-q
reference frame respectively.

The inner current control loop of the inverter was designed based on (3.7). To track the
d and q current reference signals, two PI controllers were used in the inner current control
loop as shown in Figure 3.7 where idre f and iqre f are the reference current signals in
the d-q reference frame. The control system comprises decoupled control of id and iq
which leads to speeding up of the system response. Although there are cross-coupling
terms, both d-axis and q-axis currents can be independently controlled using PI controller
1 (with Kp1 and KI1 parameter constants) and PI Controller 2 (with Kp2 and KI2 parameter
constants) as in Figure 3.7. The inner loop current controller ensures that the ac current
components follow the reference values with a fast response. In this simulation, Kp and
KI values for both PI controllers in the inner current control loop were determined by trial
and error, leading to Kp1 = Kp2 = 2 and KI1 = KI2 = 100.

A PI controller is unable to track a sinusoidal reference signal without any steady-state
error, which may lead to unacceptable harmonics in the inverter output current. Although
this issue can be mitigated by designing the PI controllers in the synchronous reference
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frame, this is a complex process, especially for a single-phase inverter and the controller
itself may trigger current harmonics at the inverter output.

3.3.2 Controller Design - Proportional Resonant Controller

A single-phase inverter with a PR current controller was designed as an alternative to
the PI controller to examine its influence on the harmonic currents of the inverter output.
When designing the grid-connected inverter system, the specifications given in the Section
3.2 were used. The transfer function of the ideal PR controller is given in (3.8) where
KP and KR are gain constants and, ω0 is the fundamental grid frequency. The primary
advantage of using a PR controller as the current controller in a grid-connected inverter
system is, the current can be regulated in the natural reference frame. Therefore, it does
not require a complex process when using a PR controller as followed in the previous case
where PI controllers were used to regulate the inverter output current. In the simulation
model developed, the PR controller gains were determined using trial and error, leading
to KP and KR are 3 and 100 respectively [37], [46], [47].

HPR = KP +KR
s

s2 +ω2
0

(3.8)

3.3.3 Controller Design - Harmonic Compensation Controller

Harmonic compensation (HC) is commonly used with the PR current controllers to com-
pensate for selective harmonic orders [44], [48], [49]. The transfer functions of an ideal
and a non-ideal HC controller designed to compensate for the 3rd, 5th and 7th harmonics
(as they are the most prominent harmonics in a single-phase inverter) are given as:

HIdeal = ∑
h=3,5,7

Kih
s

s2 +(hω0)2 (3.9)

HNonIdeal = ∑
h=3,5,7

Kih
ωcs

s2 +2ωcs+(hω0)2 (3.10)

where Kih is the individual resonant gain and ωc is the cut-off frequency.
For the simulations undertaken, the ideal HC controller was used.

3.3.4 DC Link Voltage Controller

The real power (P) and reactive power (Q) delivered to the ac system by the inverter can
be determined in the d-q reference frame as,
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P =
3
2
(Vgdid +Vgqiq)

Q =
3
2
(−Vgdiq +Vgqid)

(3.11)

where Vgd and Vgq are d-q components of the inverter output (grid side) voltage. id and iq
are d-q components of inverter output current. P and Q are the active and reactive power
at the inverter output respectively.

Assuming that the inverter is connected to a dc link with a constant voltage, the active
and reactive power delivered to the ac system by the inverter can be controlled directly
using (3.11). Hence, the reference current components (idre f and iqre f ) required for the
inverter current controller can be generated by properly tuning the active and reactive
power controllers.

As the inverter is connected to the dc system, comprising the PV array, MPPT controller
and the boost converter, the active power delivered by the inverter to the ac network de-
pends on the solar irradiance, the temperature and the control associated with the MPPT
system and hence the dc link voltage needs to be regulated at a constant value. Hence a dc
link voltage controller was employed in the simulations undertaken to regulate the dc link
voltage and to generate the reference signals, idre f and iqre f for the current controller.

The block diagram of the dc link voltage controller is shown in Figure 3.8 where Vdcre f

and Vdc are the reference dc link voltage and actual dc link voltage respectively, and PPV

is the power generated by the PV system. The reference signals for active power (Pre f )
and reactive power (Qre f ) are inputs to the reference signal generator which generates the
d-q components of the reference current [1].

3.3.5 Phase Locked Loop

It is well known that voltage source converters (i.e. inverters), that are interfaced with the
grid need to be in synchronism with the grid, where this requirement is accommodated by
the phase locked loop (PLL). The purpose of using a PLL is to detect the frequency and
the phase of the incoming signal and/or to produce an ac signal with the same frequency
with the desired phase shift with respect to the incoming signal [50].

A synchronous reference frame phase locked loop (SRF-PLL) was designed as the
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interface of the modelled single-phase inverter and the grid of which the block diagram
is shown in Figure 3.9. For the operation of the PLL, it is required to generate two
orthogonal signals using the grid voltage as done in Section 3.3.1. Using α-β to d-q
transformation, the d and q components of the grid voltage can be derived. Assuming the
q component of the grid voltage is zero, the grid voltage frequency and phase angle can
be tracked by controlling the PI compensator [51].

α-β

d-q

V gα

V gβ V gq

V gd

+

_ Compensator +
+

Voltage   

Source

Converter

θ

V gq,ref
=0

ω

Figure 3.9: PLL block diagram

3.4 Current Harmonics Generated by Single-phase Inverters-
Results

The current harmonics generated by single phase inverters may vary with the type of
current controllers used in the inverter model. Also, as elaborated in Chapter 2, the voltage
ripple present at the inverter dc link can contribute to the generation of the odd order
current harmonics at the inverter output.

Initially, the PV inverter was connected to a constant dc link, fixed at 400 V. PI con-
trollers were used to control the grid current such that the inverter output active power is
maintained at 5 kW. The corresponding grid current, grid voltage responses and its har-
monic spectrum are shown in Figure 3.10. The total harmonic distortion of the current is
approximately 1.8%, which can be considered low.
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Figure 3.10: Current harmonic spectrum, grid current and grid voltage for the inverter
with the PI controller (fixed dc link voltage at 400V)

Following the initial study above, the grid current, inverter output voltage and the cur-
rent harmonic spectrum of the complete inverter model, controlled with PI current con-
trollers were examined, maintaining the solar irradiance and temperature at 1200 W/m2

and 30◦C respectively, as shown in Figure 3.11. The waveform of the grid current exhibits
a total harmonic distortion of 6.65% which can be considered high.
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Figure 3.11: Current harmonic spectrum, grid current and grid voltage for the inverter
with PI controller

Studies were repeated with the PR current controller, of which the corresponding results
are shown in Figure 3.12. It is apparent that the grid current waveform is closer to a
sinusoid compared with the case with PI current controllers. The total harmonic distortion
of the current is 4.9%, which is less compared with that observed with the complete
inverter system with the PI current controller.
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Figure 3.12: Current harmonic spectrum, grid current and grid voltage for the inverter
with PR controller

Since the 3rd harmonic current was observed to have the highest harmonic current when
the inverter is operating with a PR current controller, an ideal HC was used to reduce the
3rd harmonic current at the inverter output. The resultant grid current waveform and the
corresponding harmonic spectrum are shown in Figure 3.13. The total harmonic distor-
tion of the current was observed as 4.3%, which shows some reduction in the current
harmonics resulting from the use of the HC controller.
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Figure 3.13: Current harmonic spectrum, grid current and grid voltage for the inverter
with PR controller and harmonic compensator

Figure 3.14 can be used to compare the inverter output harmonic current variation in
the inverters with PI, PR and PR+HC controllers. From the figure, it is evident that
odd order harmonics are dominant in the harmonic spectrum and among them, the third
order harmonic is the most problematic one. With the use of a PR current controller, the
harmonic magnitudes of the odd-order harmonics show some reduction compared to the
current harmonics generated by the inverter with PI controllers. Furthermore, after using
the HC at the third harmonic, the dominant third order harmonic current show further
reduction in magnitude.
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Figure 3.14: Current harmonic spectrum for the inverters with PI, PR and PR+HC con-
trollers

Regardless of the type of controller used, the inverter dc link is seen to have a voltage
ripple which varies at 100 Hz (which is twice the grid frequency), as shown in Figure
3.15. The dc link voltage ripple also may have an impact on odd order harmonic current
generation at the inverter output. This observation can be consolidated by comparing the
harmonic spectrum of the two cases, where, the inverter is connected to a pure dc link
voltage (Figure 3.10) with the case where the dc link voltage is not a constant (Figure
3.11). Considerable third order harmonic current increase at the inverter output can be
clearly observed in the latter case, even though the current controller and all the other
features are the same for these two cases except for the dc system. It is worth noting that
the performance and tuning of the current and voltage controllers also may influence the
harmonic generation of inverters.

1.8 1.82 1.84 1.86 1.88 1.9 1.92 1.94 1.96 1.98 2

time

0

100

200

300

400

500

600

V

Figure 3.15: Dc link voltage
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3.5 Chapter Summary

This chapter mainly focused on examining the generation of, especially, the low order cur-
rent harmonics by single-phase inverters. For this purpose, a detailed simulation model of
a two-level, 5 kW grid-connected single-phase PV system with associated control systems
was developed consisting of components such as the PV array, MPPT tracker, dc-dc boost
converter, inverter, an LCL filter and the grid. The control architecture of the modelled
PV system, including the current controller, a dc-link voltage controller and the SRF-PLL
were also described in detail.

Supported by the explanation given in Chapter 2, the grid frequency contributes to the
generation of voltage ripple on the inverter dc link, which is at twice the grid frequency.
This dc link voltage ripple contributes to the generation of odd order harmonics at the
inverter output. This behaviour was investigated based on simulations using two single-
phase inverters which have identical parameters, one with a constant dc link voltage and
the other with a dc link connected to the rest of the dc network (including the PV array
and the dc-dc boost converter). Following this approach, the harmonics generated at
the inverter output as a result of the dc link voltage ripple were observed. Moreover,
to examine the dependency of the generation of low order current harmonics and their
magnitudes on the different controllers, PI, PR and PR + HC current controllers were
used since they are the most commonly used current controllers in the literature.

Based on the results established using the simulation model of the PV system, the
following conclusions can be derived.

• Low order current harmonics generated by single-phase inverters depend mainly
on the inverter operation and grid conditions. The simulation results show that the
grid-connected PV system with the inverter connected to a pure dc link voltage has
a lower current THD compared to the PV system with the inverter connected to
the more detailed dc network model. The current harmonic spectrum at the inverter
output also showed that the latter system generates more odd-order harmonics com-
pared to the PV system with pure dc link voltage. Through these observations, it
is shown that the inverter dc link voltage ripple contributes in generating odd order
harmonics at the inverter output.

• Current controllers play a significant role in regulating the low-order harmonic cur-
rents at the inverter output. Based on the current controllers used, the harmonic
currents generated at the inverter output may be subjected to vary. Simulations have
been performed based on PI, PR and PR + HC current controllers to check how the
current harmonics at the inverter output vary depending on the current controller
used. From the simulation results, it was proven that the PR + HC controller has
better performances compared to the other two controllers considered in regulating
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harmonic currents at the inverter output. The PV system with PI current controllers
generates the highest odd-order harmonic currents at the inverter output out of the
three PV systems.



Chapter 4

Development of an EMT Solar Farm
Model

4.1 Introduction

The step by step process of the development of the grid-connected 12.5 MW solar farm
model using PSCADTM software is described in this chapter, where the installation con-
sists of PV panels, five identical 2.5 MW three-phase inverters, each with a dc-link voltage
of 1 kV and switching at 3 kHz, their low-pass filters and the step up transformers, MPPT
tracking systems, the cable network within the farm, a grid interfacing transformer and the
132 kV, 50 Hz high voltage grid. The parameters of the developed solar farm (including
the inverter and the cable parameters) were chosen to replicate a practical grid-connected
solar system as nearly as possible.

As stated in Chapter 2, although there are a number of pulse width modulation tech-
niques that can be applied for switching of the inverter, Space Vector Pulse Width Modu-
lation (SVPWM) was adopted in the model developed as it offers a number of advantages,
including the optimum utilisation of the dc-link voltage. A user-defined component devel-
oped in PSCADTM to generate the three-phase modulation signals based on the SVPWM
technique is also described in this chapter.

4.2 Development of the Grid Connected Three-phase In-
verter

One of the most significant challenges in developing an inverter model that is represen-
tative of a practical inverter is the unavailability of vital details of such inverters used in
practice, including the details associated with the control systems, power electronic in-
verter switching strategies and many other components. Despite this difficulty, the time
domain model developed using PSCADTM presented in this section employs generic, but

42
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industry recognised control techniques, well-known switching strategies (i.e. SVPWM)
and component details, which are as realistic as possible to represent a practical inverter.

4.2.1 PV Array

Taking 1000 Wm-2 and 25◦C as the reference irradiance and temperature values, 900
Wm-2 and 25◦C were considered as the actual irradiance and the temperature of the PV
array, which was designed to have an output power level, which is slightly higher than
the rated value (2.5 MW) noting the power losses in the inverter and the inverter low
pass filter. Considering the losses, the number of PV modules connected in series and
parallel was determined such that the maximum power delivered by the PV array is around
2.65 MW. The short circuit current and the open circuit voltage per cell were calculated
as 2.25 A and 0.83 V respectively. The number of PV modules connected in series to
form a string was determined such that the output terminal voltage corresponding to the
maximum power point of the PV array (at 900 Wm-2 irradiance and 25◦C temperature) is
nearly 1 kV which is the desired dc link voltage. Considering the PV strings connected in
parallel, the current versus voltage and the power versus voltage graphs were developed,
from which 1280 was selected as the number of parallel connected strings to produce
2.65 MW of power at the maximum power point of the PV array. The voltage at the PV
array output at the maximum power point was noted to be 0.977 kV, which is close to the
expected rated dc link voltage of 1 kV.

4.2.2 Three-phase IGBT Inverter, DC-DC Boost Converter and MPPT
System

To make the six switch IGBT three-phase inverter switched at 3 kHz representation as
close as possible to a practical inverter, an on resistance of 0.0005 Ω was incorporated
with the IGBTs and the free wheeling diodes and furthermore, 0.004 kV and 0.001 kV
were applied as their forward voltage drops.

The MPPT system and the dc-dc boost converter were developed following the princi-
ples described in Sections 3.2.1 and 3.2.2 respectively. The boost converter capacitor and
inductor were selected as 2400 µF and 8.468 µH respectively.

4.2.3 Low-pass Filter

LC filters are commonly used in PV inverters to attenuate the high frequency components
in the inverter output current [52]–[55]. The filter inductor (L) value of 11.68 µH was
determined such that the voltage drop across the inductor is within 5% of the rated inverter
output voltage. The filter (C) capacitance of 14458 µF was determined assuming a cut-off
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frequency of 400 Hz. The inherent resistance of the inductor was calculated assuming an
X/R ratio of 10 calculated at the fundamental frequency.

4.2.4 Inverter Step-up, Grid Interfacing Transformers and the Grid

A large-scale solar farm consists of several PV inverters. Each inverter output voltage
is stepped-up using an inverter transformer and connected to the grid interfacing trans-
former, which again steps up the incoming voltage to the grid voltage. A 2.5 MVA trans-
former was used as the inverter transformer (delta-wye) to step-up the inverter output
voltage from 0.4 kV (line to line rms) to 11 kV (line to line rms). The impedance of the
inverter transformer is 0.04 pu. The grid interfacing transformer (wye-delta) was mod-
elled to have a capacity of 100 MVA with a voltage ratio of 11/132 kV and its impedance
was specified as 0.1 pu. Most large-scale solar farms are connected to weak grids as they
are located in remote areas. However, in the simulation model, the grid impedance was
calculated assuming the PV inverter is connected to a relatively strong 132 kV grid with
a fault level of 2133 MVA with an X/R ratio of 5 (calculated based on the fundamental
frequency), leading to a resistance of 1.6 Ω and inductance 0.0255 H.

4.3 Controllers

A classical PI-based current controller and an inverter dc link voltage controller were de-
veloped in the synchronous reference frame [56]–[58]. The inner loop current controller
ensures that the current components follow the reference values with a faster response
compared to the outer dc link voltage control loop. The controllers were designed adher-
ing to the principles described in Section 3.3.1 and Section 3.3.4 in Chapter 3.

4.4 Inverter Pulse Width Modulation

SVPWM method was used in the simulation work undertaken (although it is relatively
more complex to implement compared to sinusoidal pulse width modulation) to generate
the inverter switching pulses considering its associated advantages. SVPWM technique
effectively reduces the THD of the inverter output voltage and current while allowing
optimum utilisation of the dc link voltage [59], [60].

Although an SVPWM library component is available within PSCADTM, a user defined
component was developed as such a custom developed component adds flexibility com-
pared to using the library component. The key steps used in the development are given in
Appendix A, the details of which are well covered [61]–[63]. Appendix A explains two
methods of developing the user defined SVPWM component and between them, method
1 was used as it is less complicated compared to the other method described. Figure



CHAPTER 4. DEVELOPMENT OF AN EMT SOLAR FARM MODEL 45

4.1 shows the flow chart which explains the basic steps followed when developing the
SVPWM user-defined component to generate the duty cycles.

SVPWM PSCAD BLOCK

Alpha

Beta

Vdc

Ts

Sector

D1

D2
D3

Finding the sector of the vector

If Alpha, Beta components of the 
reference signals are known,  
and the inverter dc link voltage (Vdc) and 
the switching frequency (Ts) are de�ned

Identifying ative and zero 
vectors

Vector activation time calculation

Generating duty cycles 
based on the sector

Figure 4.1: Flow chart which shows the generation of the duty cycles based on the
SVPWM method

4.5 SVPWM Controlled Grid Connected Inverter Out-
put Performance

As described in Appendix A and also according to the flow chart presented in Figure 4.1,
the three-phase reference waveforms generated by the current controller were converted
into α-β reference frame using Clark transformation to determine the magnitude and
the phase angle of the reference vector. The determined reference vector phase angle is
used to identify the exact sector where the reference signal is located. According to the
simulation model, the waveforms of the reference phase angle signal and the variation
of the sector location of the reference signal are shown in Figure 4.2 and Figure 4.3
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Figure 4.2: Phase angle of the reference signal
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Figure 4.3: Sector location of the reference signal

For each sector where the reference signal is located, corresponding active and zero
vectors were identified and the activation times for each active and zero vector were cal-
culated, which are used to generate the duty cycles depending on the reference signal
location. The SVPWM modulation signals generated by the developed PSCAD user de-
fined component (of which the details are covered in Appendix A) are shown in Figure
4.4, which can be used to compare with a carrier waveform to generate the switching
pulses of the three-phase inverter switches.

Adhering to the procedure described in Section 4.2 - Section 4.4, the complete grid
connected time-domain three phase inverter system is developed in the PSCADTM and
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Figure 4.4: SVPWM modulation signal

the schematic diagram of the simulation model is shown in Figure 4.5.
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ConverterPV Array
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Current
Controller

Voltage 
Controller

Inverter System
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Figure 4.5: Block diagram of the three-phase inverter connected to the grid

With the inverter operating at the rated power level, the current and line to line voltage
waveforms observed at the inverter output terminals are shown in Figure 4.6. And the
three-phase current and voltage waveforms observed at the PCC are shown in Figure
4.7. As seen from the figures, the voltage and current waveforms are less-distorted. To
determine the exact harmonic content of the inverter output current, frequency scanners
were used.
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Figure 4.6: (a) Current and (b) voltage waveforms observed at the inverter terminals

The harmonic spectrum of the inverter output current considering an individual phase
expressed as a percentage of the rated current is shown in Figure 4.8, which corresponds
to a total harmonic distortion of 0.786%. The developed grid-connected inverter system is
a balanced one and hence, the other two phases have the same variation as the harmonic
spectrum shown in Figure 4.8. It is evident from Figure 4.8 that the 5th, 7th, 11th and
13th are the most significant harmonic components which can be observed in the inverter
output current, which is in agreement with the information given in Section 2.3.
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Figure 4.7: (a) Current and (b) voltage waveforms observed at the PCC
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Figure 4.8: Harmonics of the inverter output current at the PCC at the rated power

4.6 Solar Farm Model

To carry out the detailed studies associated with inverter behaviour in a solar farm envi-
ronment, a 12.5 MW system with five identical 2.5 MW inverters was developed, where
the selection of five inverters was a choice to maintain simplicity, although such a small
number of inverters will not be sufficient to represent many solar farms. However, this
small-scale farm was considered to be adequate to investigate the operational behaviour
from a harmonic perspective.

4.6.1 Cable Network

A suitable underground cable network was included within the solar farm model, which is
an important part of any solar farm. Such cable networks are neglected in simplistic stud-
ies, but it is anticipated that these cable networks may influence the harmonic behaviour
as the network harmonic impedance is highly dependent on the cable network in addition
to those of the transformers and the grid itself. Cables are more likely to cause resonance
at lower frequencies [64]–[68]. Thus, accurate cable modelling is essential in harmonic
studies associated with solar farms.

Based on a real solar farm, realistic cable lengths, types and parameters were incor-
porated in developing the cable network model. Library components of cables are avail-
able in PSCADTM, but they can only be used with very small recommended time steps,
whereas this issue can be overcome by using Π sections to represent relatively short cable
lengths considering the frequency range of interest in harmonic studies undertaken. The
number of Π sections that need to be utilized (or the maximum frequency range repre-
sented by a Π line model) can be calculated using (4.1).
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Fmax =
Nv
8l

(4.1)

where, Fmax, N, v and l are the maximum frequency range, number of Π sections, prop-
agation speed in km/s and line length in km respectively. Using (4.1) it was confirmed
that to represent the various cable lengths in the solar farm model, a single Π section is
adequate.

The complete solar farm layout is shown in Figure 4.9 where each inverter is connected
to an inverter transformer which steps up the inverter output voltage of 0.4 kV to 11 kV
and the power output by each PV inverter is connected to the underground cables with
different cable lengths (representing their geographic locations within the farm) to the
11 kV busbar. The 11 kV busbar is connected to the 11/132 kV grid transformer via 2 km
long cable. All parameters of the cables were obtained from a cable catalogue [69]. A
summary of the cable information used in the solar farm model is given in Table 4.1.

The current and voltage waveforms of the solar farm measured at the PCC are shown
in Figure 4.10. It is evident from the magnitude of the current waveform, that it shows the
aggregated current injected by the five parallel connected inverters at the PCC.

Inverter 2

Inverter 3

Inverter 4

Inverter 5

Inverter 1
PI 1 PI 6

PI 2

PI 3

PI 4

PI 5

Zgrid

0.4/11 kV 11/132 kV

0.4/11 kV

0.4/11 kV

0.4/11 kV

0.4/11 kV

Figure 4.9: Layout of the solar farm
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Table 4.1: Cable parameters

Cable length (km) R (Ω) L (H) C (µF)

PI1 0.31 0.04 1.273E-4 0.152
PI2 0.70 0.09 2.865E-4 0.345
PI3 1.07 0.14 4.138E-4 0.523
PI4 1.44 0.19 5.411E-4 0.704
PI5 1.64 0.21 6.366E-4 0.805
PI6 2.00 0.08 2.690E-4 0.620
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Figure 4.10: (a) Current and (b) voltage waveforms of the solar farm determined at the
PCC
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4.7 Chapter Summary

It is usually mandatory to carry out harmonic assessments to ensure that the harmonics
caused by renewable energy generators such as solar farms comply with the allocated lev-
els. In such harmonic assessment studies, with a view to reduce the computation time, it
is the common practice to use frequency domain harmonic models instead of EMT mod-
els. To investigate the drawbacks of this process and to carry out the necessary inverter
harmonic model development studies, it is required to have a solar farm model which
replicates the true behaviour of commercially available solar farm models. To fulfil this
necessity, a solar farm model was developed using PSCADTM software, which consists
of five large-scale three-phase inverters. This chapter has mainly focused on developing
a single large-scale (2.5 MW) grid-connected three-phase single inverter, followed by the
development of a solar farm model with a total rated capacity of 12.5 MW, by incor-
porating five identical 2.5 MW inverters connected to the high voltage grid via step up
transformers and a grid interfacing transformer via an underground cable network.

When developing the solar farm model, not only the parameters of the system, but
also the control strategies used in the solar farm model were carefully chosen to repli-
cate a realistic solar farm model. The inverters essentially consist of PI controller based
dc link voltage controllers, current controllers and reactive power controllers. SVPWM
technique was used as the modulation technique to generate the IGBT switching pulses
and a user-defined PSCAD model was developed. The reason for choosing the SVPWM
technique among the other well-known modulation techniques such as SPWM, THIPWM
and DPWM, is due to its associated advantages, such as resulting in reduced voltage and
current THD at the inverter output and efficient utilization of the inverter dc link voltage.

The cable networks of solar farms can be identified as one of the significant features of
the developed solar farm model, as it is often neglected when developing grid-connected
solar inverter models. The cable network of a solar farm is a crucial component com-
pared to overhead lines, as cables are more likely to cause resonance at lower frequencies.
Hence, accurate modelling of the cable network is essential and hence was taken into
account in developing the solar farm model.

The current THD observed at the PCC at the rated power level for a single grid-
connected inverter system was observed to be 0.786%, which is significantly low. The
current and voltage waveforms at the inverter terminals and at the PCC were reported for
a single grid-connected inverter operation.

The developed large-scale grid-connected solar farm model will be used in Chapter 5
to develop the corresponding Thevenin/Norton harmonic models and carry out sensitivity
studies of using Thevenin/Norton models in the place of inverter EMT models in har-
monic studies. Furthermore, the developed grid-connected single inverter model and the
solar farm model will be used in deriving mathematical expressions for inverter harmonic
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models and inverter harmonic model development based on cross-harmonic generation
phenomenon in Chapter 6 and Chapter 7 respectively.



Chapter 5

Inverter Harmonic Model Development
and Sensitivity Studies

5.1 Introduction

Inverter manufacturers are known to provide a set of harmonic Norton/Thevenin models
of inverters which are known to represent worst-case emissions for each harmonic order.
However, inverters are non-linear power electronic devices, and hence the current har-
monics injected by them vary depending on their operating power levels and various other
internal and external conditions. Hence, it is not possible to derive a unique simplified
inverter harmonic model which works for all inverter operating power levels and vary-
ing conditions. It is also important to note that the various harmonic current magnitudes
do not exhibit a linear relationship with the power output level of an inverter and simple
extrapolation is not possible from one power level to another to determine its harmonic
currents. Further, the influence of the network within a specific solar plant containing a
collection of inverters, the underground cable system and the network external to the so-
lar plant is not represented in the determination of such models carried out under chosen
conditions by the manufacturers.

It is extraordinarily challenging to use analytical methods to derive Norton/Thevenin
model parameters when dealing with large power electronic systems, and hence one has
to resort to the use of numerical and small-signal analysis methods to determine suitable
equivalent circuits. Harmonic linearisation is a widely known technique which is used to
develop small-signal linear models of time-varying systems [70].

In the studies undertaken, instead of deriving inverter harmonic models corresponding
to the worst case scenario of each harmonic under consideration, the harmonic linearisa-
tion method is used to determine the inverter harmonic model parameters with the inverter
operating at a fixed power level. For this purpose, the EMT model of the inverter system
developed in Chapter 4 is injected with perturbing voltage signals from the grid side,

55
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followed by extracting the required voltage or current components at the perturbation
frequency to determine the necessary parameters [14], [71].

Once the frequency domain inverter harmonic model parameters are determined, the
performance of the inverter EMT models and the frequency domain inverter harmonic
models under different inverter internal and external conditions [72] are compared and/or
analysed considering, initially, the grid connected single inverter followed by the grid
connected multi-inverter solar farm system.

5.2 Determination of the Thevenin/Norton Model Param-
eters

The Thevenin/Norton model parameters can be determined by superimposing a small har-
monic signal on the output side of the inverter and then by extraction of the required volt-
age or current components at the superimposed frequency. Since the order of significant
harmonic components injected by a three-phase inverter are characterised by 6n±1, only
5th, 7th, 11th and 13th harmonics were considered in addition to the two randomly-picked
higher order harmonic orders of 29th and 31st while paying attention to their sequence
properties. The total voltage on the grid side can be defined as given in (5.1) and (5.2)
considering both positive and negative sequence harmonics stated above.

For a positive sequence perturbation, the total input voltage can be written as,

va(t) =V1sin(2π f1t)+Vpsin(2π fpt +θp)

vb(t) =V1sin(2π f1t− 2π

3
)+Vpsin(2π fpt− 2π

3
+θp)

vc(t) =V1sin(2π f1t− 4π

3
)+Vpsin(2π fpt− 4π

3
+θp)

(5.1)

where, V1, f1, Vp, fp and θp are fundamental voltage magnitude, fundamental frequency,
perturbation voltage magnitude, perturbation frequency and phase angle of the perturba-
tion signal respectively.

For a negative sequence perturbation, the total input voltage can be written as,

va(t) =V1sin(2π f1t)+Vnsin(2π fnt +θn)

vb(t) =V1sin(2π f1t− 2π

3
)+Vnsin(2π fnt +

2π

3
+θn)

vc(t) =V1sin(2π f1t− 4π

3
)+Vnsin(2π fnt +

4π

3
+θn)

(5.2)

where, Vn, fn and θn are perturbation voltage magnitude, perturbation frequency and phase
angle of the perturbation signal respectively.

The inverter output current that arises as a result of the externally applied perturba-



CHAPTER 5. HARMONIC MODEL DEVELOPMENT AND SENSITIVITY STUDIES 57

tion voltage can contain harmonics at different frequencies other than what is injected,
due to the non-linear operation of the inverters. Therefore, when determining the inverter
harmonic model at a particular frequency, it is mandatory to remove all other harmonic
components except the current and voltage component at the harmonic order of pertur-
bation injection, to derive the intended small-signal source voltage and impedance of the
inverter.

The inverter harmonic behaviour can be represented using a Norton or a Thevenin
model as discussed in Section 2.6. As the inverters inject harmonic currents, it is more
realistic to represent the inverters using the corresponding Norton models. However, the
Norton model parameters can be converted to the respective Thevenin model parameters
easily. Hence, if the inverter harmonic behaviour is represented using a Thevenin equiv-
alent as shown in Figure 5.1, its parameters at the harmonic order (h) of interest can be
derived using two independent current and voltage measurements taken at the inverter
output terminals in the frequency domain (using FFT analysis), and by applying equation
(5.3) [19], [32], [73].

VS(h)

Zs(h) I(h)

V(h)

Figure 5.1: Thevenin equivalent model

V1(h) =Vs(h)+Zs(h)I1(h)

V2(h) =Vs(h)+Zs(h)I2(h)
(5.3)

where, V1(h) and V2(h) are the two discrete voltage harmonic components measured at
the inverter output terminals corresponding to the two discrete harmonic injection levels
applied from the grid side. I1(h) and I2(h) are the current harmonics at the considered
frequency which flow into the inverter corresponding to those harmonic injection levels,
respectively. Hence it is important to note that, the voltage V (h) that appears at the inverter
output terminals is a result of the contribution of both the inverter and the background
voltage and impedance.

The frequency-dependent Thevenin impedances Zs(h) and the corresponding source
voltage Vs(h) can be derived using the expressions given in (5.4) where it is valid for any
two different external signal levels injected assuming the inverter operating conditions
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remain unchanged.

Z(h) =
V1(h)−V2(h)
I1(h)− I2(h)

V (h) =
V2(h)I1(h)−V1(h)I2(h)

I1(h)− I2(h)

(5.4)

Voltages with three different magnitudes (1 V, 3 V and 5 V) and for each magnitude,
six different phase angles (0◦, 60◦, 120◦, 180◦, 240◦ and 300◦) were used as the voltage
perturbations injected to examine how the Thevenin equivalent parameters derived using
(5.4) vary with the applied voltage perturbations at the inverter rated power level of 2.5
MW. The three different magnitudes of 1 V, 3 V and 5 V were chosen to show the gen-
eral pattern of the current variation at the inverter output with the applied perturbation
voltage from the grid side. Furthermore, the chosen voltage magnitudes were used to test
whether the Thevenin equivalent source voltage and the impedance are affected by the
applied voltage perturbations. The cable network of the grid-connected inverter system
was not used when deriving the Thevenin equivalent parameters since the layout and the
parameters of the solar farm cable network are usually not known when determining the
inverter harmonic model parameters by the inverter manufacturers in practice.

Figure 5.2 shows the magnitudes of the real and imaginary components of the current
(I( f )) at the inverter output and Figure 5.3 shows the variation of Thevenin equivalent
impedance and source voltage for the different perturbation voltages applied to the sys-
tem for the 7th harmonic. From Figure 5.3 it is evident that the inverter Thevenin equiva-
lent parameters remain independent of the applied perturbation signal levels or the phase
angle. For the 7th harmonic, the derived Thevenin equivalent parameters are:

• Thevenin equivalent impedance = (0.0276+0.0115i)Ω

• Thevenin equivalent source voltage = 2.932×10−4 ∠ 131.9◦ kV
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Figure 5.2: Variation of the magnitudes of real and imaginary components of the 7th

harmonic current at the inverter terminal for different perturbation voltage levels

Although not shown, behaviour associated with other harmonic orders has similar vari-
ations as in Figure 5.2 and Figure 5.3. The Thevenin equivalent parameters derived for
the harmonic orders under consideration are given in Table 5.1.

Table 5.1: Thevenin Equivalent Circuit Parameters

harmonic Thevenin equivalent Thevenin equivalent
order source voltage (kV) impedance (Ω)

5 0.012 + j0.007 4.357×10−4 ∠ -79.9◦

7 0.028 + j0.012 2.932×10−4 ∠ 131.9◦

11 0.011 - j0.046 1.207×10−4 ∠ -128.4◦

13 0.002 - j0.027 6.775×10−5 ∠ -96.7◦

29 2.350×10−4 - j0.008 1.255×10−5 ∠ 122.2◦

31 2.243×10−4 - j0.008 1.115×10−5 ∠ -50.0◦

To validate the derived Thevenin equivalent models, the EMT model of the inverter
system was replaced with the Thevenin equivalent and the harmonic current at the PCC
was extracted for each harmonic order. The results are compared with the harmonic cur-
rents measured at the PCC with the inverter EMT model connected to the grid and the
two sets of observations are given in Table 5.2. From these results, it can be concluded
that a single inverter can be confidently replaced by its derived Thevenin model under the
assumed inverter conditions.
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Figure 5.3: Thevenin equivalent source voltage and impedance variation (a) Thevenin
equivalent impedance real part (b) Thevenin equivalent impedance imaginary part (c)
Thevenin source voltage real part (d) Thevenin source voltage imaginary part

Table 5.2: Harmonic currents at the PCC

harmonic with with Thevenin
order EMT inverter equivalent (kA)

model (kA)

5 5.361×10−5 5.353×10−5

7 2.115×10−5 2.113×10−5

11 1.862×10−5 1.884×10−5

13 2.130×10−5 2.157×10−5

29 5.265×10−7 5.209×10−7

31 4.239×10−7 4.266×10−7
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5.3 Performance of the Thevenin Model With the Cable
Network - With Variable Cable Lengths

As stated in Section 5.1, the frequency domain inverter harmonic model parameters are
usually determined by the manufacturers under specific test conditions considering the
worst-case scenarios where the impact of the actual external network to which the in-
verter is finally connected is not represented. Similarly, the Thevenin model parameters
given in Table 5.1 also do not take into account any impedance elements, such as those of
the cables external to the inverter. For this reason, there is no certainty that such equiv-
alent harmonic models are able to replicate the true harmonic behaviour when the actual
inverters are used together with external cable networks and the external grid.
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Figure 5.4: Each inverter EMT model connected to the grid with the external cable
network

To examine the influence of the external cable network on the harmonic performance
of the inverter EMT models and the Thevenin models, each inverter was individually
connected to the grid with the corresponding cable that is connected to the secondary of
the inverter step up transformer and the 11 kV bus bar (to which other inverters are to be
finally connected in the solar farm environment) and the cable between the 11 kV bus bar
to the grid interfacing 11 kV/132 kV transformer thus, giving five combinations as shown
in Figure 5.4. Noting that the different inverters are geographically dispersed in solar farm
environments, in the above set-up, inverter 1 is the closest to the 11 kV bus bar, whereas
inverter 5 is the furthest from the 11 kV bus bar. This results in 5 different cable lengths,
from the inverter step-up transformer to the grid connection transformer (i.e. 2.31, 2.70,
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3.07, 3.44 and 3.64 km). This allows the examination of the dependency of harmonic
behaviour of the EMT and the developed frequency domain inverter models on different
cable capacitance values which are associated with the different cable lengths.

In the study with EMT models of the inverters, the current harmonics at the PCC were
extracted from the current injected into the grid. In order to determine up to what extent
the Thevenin model of an inverter can replicate the harmonic currents injected by the in-
verter EMT models, the same procedure was repeated, replacing the inverter EMT model
with the corresponding Thevenin equivalent circuits of which the parameters are given
for each harmonic order in Table 5.1. This analysis was carried out for 5th, 7th, 11th and
13th harmonics, which are the most significant harmonics in three-phase inverters. The
outcomes of this study are shown in Figure 5.5.
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For the purpose of comparison associated with the influence of the cable network, the
same investigation was repeated without the solar farm cables, where the corresponding
results correspond to ‘0’ on the abscissa in Figure 5.5. With the EMT models of inverters,
the harmonic currents at the PCC are seen to decrease with increasing cable lengths of
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the system. Taking these as reference values, the absolute errors associated with the
harmonic currents determined using Thevenin models are shown in Figures 5.5 (b), (d),
(f), and (h). It is seen that although 5th and 7th harmonic currents are underestimated
when the Thevenin models are used, the associated error can be accepted for practical
purposes. For the 11th harmonic, current variation predicated by the two approaches
illustrates contradictory behaviours and also illustrates an unacceptable error as the cable
length increases. For the 13th harmonic current, although the trends predicted by the
two approaches are similar, the error associated is unacceptable as for the 11th harmonic
current. These significant deviations are closely examined next and broad conclusions are
reached.

5.3.1 Analysis of Results and Conclusions

Noting that the harmonic current emission behaviour of an inverter can be impacted by
impedance variations external to the inverter, e.g. possible resonant conditions, impedance
scans were undertaken considering both EMT models and the Thevenin models (given in
Table 5.1) of inverter 1 and inverter 5 noting that they are associated with the shortest and
the longest cable lengths). Figure 5.6 illustrates the various impedance scans where Fig-
ure 5.6 (a) represents the impedance scan of the system external to the output terminals
of the two inverters indicating an inductive behaviour. This supports the decreasing trend
of the harmonic currents observed with the EMT models as illustrated in Figures 5.5 for
all considered harmonics.

Considering the anomaly associated with the 11th harmonic current observed with the
corresponding Thevenin model, where the current was seen to increase with increasing
cable length, additional harmonic scans were carried out by incorporating the individual
Thevenin impedances in the frequency scans to examine the existence of resonance condi-
tions. Figure 5.6 (b) illustrates the outcomes of the frequency scan with the 5th harmonic
Thevenin impedance exhibiting an inductive behaviour. This was the case with the 7th

harmonic Thevenin impedance as well, although not shown. However, this is not the case
with both 11th and 13th Thevenin impedances as illustrated in Figures 5.6 (c) and (d) re-
spectively which demonstrate series resonant conditions where the resonant frequencies
are seen to lie within 9th and 15th harmonics.
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Referring to Figure 5.6 (c), it can be seen that the resonance frequencies associated with
both inverter 1 and inverter 5 lie to the right of the 11th harmonic. As the cable length is
increased from the shortest to the longest, the net impedance seen by the 11th harmonic
Thevenin voltage source decreases, leading to an increase in the corresponding harmonic
current. Referring to Figure 5.6 (d), it can be seen that the resonance frequencies associ-
ated with both inverter 1 and inverter 5 lie to the left of the 13th harmonic. As the cable
length is increased from the shortest to the longest, the net impedance seen by the 13th

harmonic Thevenin voltage source increases leading to a decrease in the corresponding
harmonic current. These observations are supported with numerical calculations given in
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Appendix B.
This preliminary study illustrated possible drawbacks in the use of Thevenin equivalent

models in harmonic studies. The interaction of Thevenin equivalent parameters with the
external system parameters can exhibit unexpected behaviours leading to inaccurate re-
sults in harmonic studies. Furthermore, the Thevenin models, which are derived without
considering external cable networks may not exactly replicate the actual inverter harmonic
emission behaviour in the presence of external elements such as cable networks within the
generating installations.

5.4 Performance of Thevenin Models of Inverters Oper-
ating with Reactive Power Injection/Absorption

Grid codes and applicable connection requirements often tend to stipulate reactive power
injection/absorption requirements on generators. One such example is the National Elec-
tricity Rules (NER) [28] where the minimum reactive power requirement is given by
0.395 times rated active power. Considering the 2.5 MVA inverters (2.5 MW at unity
power factor) in the present case, this amounts is 0.9875 MVAr (both leading and lag-
ging). However, several reactive power injection/absorption levels were used with a sin-
gle inverter, i.e. 0.5 MVAr, 0.75 MVAr and 0.98 MVAr, with the corresponding curtailed
real power levels of 2.44 MW, 2.38 MW and 2.30 MW. Both single and multi-inverter ar-
rangements connected to the common 11 kV bus bar interfaced with the 132 kV grid are
considered where the current harmonics injected at the PCC by the inverter EMT models
are compared with those obtained using the inverter Thevenin models.

As the Thevenin model parameters vary with different inverter operating conditions
(e.g. output power levels), the corresponding parameters need to be determined. Although
in the present study it was the case, in practice, the inverter manufacturers provide only a
fixed set of Thevenin/Norton model parameters for each harmonic of interest, considering
the worst-case scenario from a harmonic perspective measured over a range of power
levels. Hence, such parameters tend to have statistical significance and may not represent
the true harmonic performance of an inverter referred to a specific operating condition.

5.4.1 0.5 MVAr of Reactive Power Injection/Absorption

The Thevenin model parameters determined with a single inverter operating at 0.5 MVAr
of reactive power injection and absorption modes are given in Table 5.3 and Table 5.4
respectively. It is to be noted that these Thevenin model parameters were determined by
neglecting the cable network of the system so that the influence of the cable network on
the inverter Thevenin models can be removed.
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Table 5.3: Inverter Thevenin equivalent circuit parameters with P = 2.44 MW and Q =
0.5 MVAr

Harmonic Thevenin equivalent Thevenin equivalent
order impedance (Ω) source voltage (kV)

5 0.0115 + j0.0068 2.487×10−4 ∠ -134.4◦

7 0.0266 + j0.0108 1.036×10−5 ∠ 133.4◦

11 0.0118 - j0.0468 1.119×10−4 ∠ 89.4◦

13 0.0017 - j0.0273 5.226×10−5 ∠ 116.4◦

29 2.336×10−4 - j0.008 1.036×10−5 ∠ 133.4◦

31 2.218×10−4 - j0.007 1.198×10−5 ∠ -59.5◦

Table 5.4: Inverter Thevenin equivalent circuit parameters with P = 2.44 MW and Q =
-0.5 MVAr

Harmonic Thevenin equivalent Thevenin equivalent
order impedance (Ω) source voltage (kV)

5 0.0116 + j0.0078 6.879×10−4 ∠ -42.2◦

7 0.0276 + j0.0125 1.555×10−4 ∠ -27.2◦

11 0.0108 - j0.0450 2.879×10−4 ∠ -42.2◦

13 0.0021 - j0.0268 1.142×10−5 ∠ -44.8◦

29 2.407×10−4 - j0.008 8.277×10−6 ∠ 124.2◦

31 2.276×10−4 - j0.007 1.344×10−5 ∠ -44.82◦

For both cases, the grid current observed at the PCC with inverter EMT models and
Thevenin models are shown in Figure 5.7 and Figure 5.8 together with corresponding
percentage error levels.
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Figure 5.7: The variation of the harmonic current levels at the PCC for different har-
monic orders with the number of inverters when the inverters operate at P = 2.44 MW
and Q = 0.5 MVAr
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Figure 5.8: The variation of the harmonic current levels at the PCC for different har-
monic orders with the number of inverters when the inverters operate at P = 2.44 MW
and Q = -0.5 MVAr

Analysis of the Results

From the results presented in Figure 5.7 and Figure 5.8, it is evident that as the number of
inverters connected to the grid increases, the percentage error levels associated with the
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harmonic currents predicted using the Thevenin models are seen to increase.

5.4.2 0.75 MVAr Reactive Power Injection/Absorption

Similar to the previous case described in Section 5.4.1, the Thevenin model parameters
determined when the inverters operate with 0.75 MVAr of reactive power injection and
absorption modes are given in Table 5.5 and Table 5.6 respectively. As in the previous
case (in Section 5.4.1), the cable network was left out when determining the inverter
Thevenin model parameters.

Table 5.5: Inverter Thevenin equivalent circuit parameters with P = 2.38 MW and Q =
0.75 MVAr

Harmonic Thevenin equivalent Thevenin equivalent
order impedance (Ω) source voltage (kV)

5 0.0120 + j0.0058 1.267×10−4 ∠ 169.8◦

7 0.0240 + j0.0091 3.048×10−4 ∠ 143.6◦

11 0.0134 - j0.0464 8.604×10−5 ∠ 1.7◦

13 0.0035 - j0.0267 5.797×10−5 ∠ -2.9◦

29 2.381×10−4 - j0.0082 1.078×10−5 ∠ 116.3◦

31 2.283×10−4 - j0.007 1.237×10−5 ∠ -48.71◦

Table 5.6: Inverter Thevenin equivalent circuit parameters with P = 2.38 MW and Q =
-0.75 MVAr

Harmonic Thevenin equivalent Thevenin equivalent
order impedance (Ω) source voltage (kV)

5 0.0135 + j0.0060 7.839×10−4 ∠ -39.5◦

7 0.0274 + j0.0124 2.590×10−4 ∠ 28.9◦

11 0.0013 - j0.0298 2.419×10−5 ∠ -179.5◦

13 0.0028 - j0.0277 1.639×10−4 ∠ 73.2◦

29 2.305×10−4 - j0.008 1.429×10−5 ∠ 76.3◦

31 4.222×10−4 - j0.007 3.111×10−6 ∠ -0.9◦

For both cases, the grid current observed at the PCC with inverter EMT models and
Thevenin models for the considered harmonic orders are shown in Figure 5.9 and Figure
5.10 together with corresponding percentage error levels.
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Figure 5.9: The variation of the harmonic current levels at the PCC for different har-
monic orders with the number of inverters when the inverters operate at P = 2.38 MW
and Q = 0.75 MVAr
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Figure 5.10: The variation of the harmonic current levels at the PCC for different har-
monic orders with the number of inverters when the inverters operate at P = 2.38 MW
and Q = -0.75 MVAr

Analysis of the Results

From Figure 5.9, it can be observed that for all harmonic orders, the percentage error lev-
els are quite high, even in the case of the single grid connected inverter. The same can be
observed based on the results presented in Figure 5.10 and hence, it can be concluded that
for the considered cases, the Thevenin models cannot replicate the harmonic performance
predicted by the EMT models.
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5.4.3 0.98 MVAr Reactive Power Injection/Absorption

In this scenario, the harmonic currents generated by the inverters at the PCC were evalu-
ated considering three different cases.

• Case 1: Each inverter operating at P = 2.3 MW and Q = 0 MVAr reactive power

• Case 2: Each inverter operating at P = 2.3 MW and Q = +0.98 MVAr reactive power

• Case 3: Each inverter operating at P = 2.3 MW and Q = -0.98 MVAr reactive power

For each case, the corresponding Thevenin model parameters were determined at the
corresponding power levels in the absence of the cable network (as in the cases covered
in Sections 5.4.1 and 5.4.2). For each of the three cases above, the determined Thevenin
model parameters are given in Table 5.7, Table 5.8 and Table 5.9.

Table 5.7: Inverter Thevenin equivalent circuit parameters for case 1

Harmonic Thevenin equivalent Thevenin equivalent
order impedance (Ω) source voltage (kV)

5 0.0112 + j0.0069 4.688×10−4 ∠ -74.3◦

7 0.0270 + j0.0107 2.478×10−4 ∠ -128.6◦

11 0.0111 - j0.0469 1.534×10−4 ∠ -114.2◦

13 0.00216 - j0.0271 7.916×10−5 ∠ -78.9◦

29 2.362×10−4 - j0.0082 1.055×10−5 ∠ 118.9◦

31 1.969×10−4 - j0.0076 9.870×10−6 ∠ -45.1◦

Table 5.8: Inverter Thevenin equivalent circuit parameters for case 2

Harmonic Thevenin equivalent Thevenin equivalent
order impedance (Ω) source voltage (kV)

5 0.0120 + j0.0064 2.659×10−4 ∠ 144.8◦

7 0.0240 + j0.0093 4.259×10−4 ∠ 131.7◦

11 0.0142 - j0.0471 1.716×10−4 ∠ 25.1◦

13 0.0026 - j0.0278 7.147×10−5 ∠ 19.9◦

29 2.597×10−4 - j0.0082 5.340×10−6 ∠ 76.1◦

31 2.289×10−4 - j0.0076 1.649×10−5 ∠ -39.3◦

Table 5.9: Inverter Thevenin equivalent circuit parameters for case 3

Harmonic Thevenin equivalent Thevenin equivalent
order impedance (Ω) source voltage (kV)

5 0.0119 + j0.0066 7.199×10−4 ∠ -11.7◦

7 0.0291 + j0.0152 2.989×10−4 ∠ 96.8◦

11 0.0108 - j0.0444 2.808×10−4 ∠ 71.0◦

13 0.0021 - j0.0266 1.068×10−4 ∠ 131.4◦

29 2.381×10−4 - j0.0082 9.164×10−6 ∠ 102.3◦

31 2.282×10−4 - j0.0076 9.155×10−6 ∠ -35.8◦
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For the three cases considered, the harmonic current magnitudes observed at the PCC
with the inverter EMT models and the corresponding Thevenin models are shown in Fig-
ure 5.11, Figure 5.12 and Figure 5.13 respectively together with the associated percentage
error levels.
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Figure 5.11: The variation of the harmonic current levels at the PCC for different har-
monic orders with the number of inverters when the inverters operate at P = 2.3 MW and
Q = 0 MVAr
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Figure 5.12: The variation of the harmonic current levels at the PCC for different har-
monic orders with the number of inverters when the inverters operate at P = 2.3 MW and
Q = 0.98 MVAr
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Figure 5.13: The variation of the harmonic current levels at the PCC for different har-
monic orders with the number of inverters when the inverters operate at P = 2.3 MW and
Q = -0.98 MVAr

Analysis of the Results

Based on the Thevenin model parameters determined for the three cases that are given in
Tables 5.7, 5.8 and 5.9, it is evident that, although grid-connected inverters operate at a
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particular active power level, depending on the reactive power level, the corresponding
harmonic model parameters vary where the variation associated with Thevenin voltage
levels far outweigh the variations associated with the Thevenin impedances.

From the results presented, it can be seen that for the case where the inverters operate
with an active power of 2.3 MW and zero reactive power, for all the considered harmonic
orders, the percentage error levels stay below 20% approximately even when the number
of inverters is increased up to five.

When the inverters are controlled such that each of the inverters injects/absorbs a reac-
tive power of 0.98 MVAr, the error percentages show higher values compared to case 1.
When the inverters are in the reactive power injection mode (case 2), the error percent-
ages are observed to be higher than when the inverters are operating at 0.98 MVAr reactive
power absorption mode (case 3). Most importantly, the error percentages for both cases
2 and 3 have upward trends with the increasing number of inverters. Hence it is apparent
that, in a practical solar farm, where the number of inverters connected is far greater than
the maximum number of inverters considered in this study, the resulting error can become
substantial.

When the 0.5 MVAr, 0.75 MVAr and 0.98 MVAr reactive power injection scenarios are
considered, comparing the results shown in Figures 5.7, 5.9 and 5.12, the error percent-
ages seem to increase with the increasing reactive power level.

5.5 Variation of the Current Harmonics at the PCC With
Different Fault Levels

In the developed grid-connected solar farm model (refer to Section 4.2.4 of Chapter 4),
the fault level at the PCC was 2133 MVA with an X/R ratio of 5 (calculated based on the
fundamental frequency). In this section, the fault level at the PCC was varied while main-
taining the same X/R to examine its influence on harmonic performance. With the original
fault level of 2132.7 MVA denoted as ’FL’, the grid impedances were adjusted to repre-
sent cases of FL*5, FL*3, FL*0.1 and FL*0.3. In this test, the inverters were controlled
such that each inverter injected 0.98 MVAr of reactive power to the grid. Furthermore,
the cable network of the solar farm was included in the studies. Since the inverter internal
parameters are kept constant, the inverter harmonic model parameters were selected to be
the same as the Thevenin model parameters given in Table 5.8. With the inverters operat-
ing under the described conditions, the harmonic currents injected by the inverter models
at the PCC are compared by employing the Thevenin models and the EMT models, as
illustrated in Figure 5.14.
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Figure 5.14: Harmonic currents observed for different grid fault levels at the PCC for
the harmonic orders of (a)5th (b)7th (c)11th and (d) 13th

5.5.1 Analysis of the Results

From Figure 5.14, it can be seen that for some cases, the EMT simulation results show
a reduction in harmonic current magnitudes with increasing number of inverters. This
implies that the current injected by the inverters may vary depending on the grid con-
ditions, inverter operating conditions and the number of inverters connected in parallel.
Even though the error percentages have not been presented here for each considered fault
level, from the results, it can be seen that for most of the cases, the harmonic currents at
the PCC determined using the EMT simulation results do not agree with those currents
observed employing the Thevenin models.
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5.6 Variation of the Current Harmonics at the PCC With
Unbalanced Grid Voltages

The grid voltage unbalance can occur due to a number of reasons where such unbalance
can be expected to influence the harmonics injected by grid connected inverters and the
aim of this section is to examine this impact with the unbalanced grid conditions and with
the cable network, when the inverters operate at unity power factor at the rated power
level.

The fundamental frequency grid voltage unbalance was represented considering two
cases with the following phase voltages:

• Case 1: Va = 0.95 pu, Vb=1 pu, Vc =1 pu

• Case 2: Va = 1.05 pu, Vb=1 pu, Vc =1 pu

With the above unbalanced voltages, EMT models of the inverters were used to ex-
amine the variation of the positive sequence harmonic currents at the PCC as illustrated
in Figure 5.15. In addition, the results obtained using Thevenin models (using the pa-
rameters given in Table 5.1) and the EMT models of the inverters under balanced grid
voltage conditions are also shown for comparison purposes. The results determined with
the Thevenin models for Case 1 and Case 2 are almost identical to the results obtained
using the Thevenin models under balanced grid voltage conditions. Taking the results ob-
tained using EMT simulations of the inverters for each condition (balanced grid voltage
condition, Case 1 and Case 2) as the reference, the percentage error levels associated with
the above two cases and the balanced grid voltage condition are also illustrated in Figure
5.15.
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Figure 5.15: Harmonic currents at the PCC observed with balanced and unbalanced grid
conditions and their percentage error levels: (a) and (b) 5th, (c) and (d) 7th, (e) and (f)
11th, and (g) and (h) 13th harmonic orders

5.6.1 Analysis of the Results

The results show that the percentage errors for the considered 2 cases increase as the
number of inverters increases. Furthermore, the effect of the unbalanced grid voltage
on the harmonic current generation is comparably low (compared to the results with the
balanced grid condition) and it can be clearly seen by observing the harmonic current
magnitudes variations shown in Figure 5.15 (a), (c), (e) and (g). Still, for all three (grid
balanced and unbalanced) cases and for the considered harmonic orders, the Thevenin
models fail to replicate the true harmonic behaviour of the inverters.
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5.7 Variation of the Harmonic Currents at the PCC With
Balanced Background Harmonic Voltages

5.7.1 Inverter Harmonic Models Performance With a Single Back-
ground Harmonic Voltage

Background harmonic voltages in electricity grids can influence the harmonic perfor-
mance of inverters and hence entire solar farm connections, where such harmonic lev-
els are not known unless measurements are carried out. Further, these levels vary daily,
weekly and seasonally. The manufacturer provided Thevenin/Norton model parameters
are usually determined under controlled grid harmonic conditions; however, their influ-
ence on the harmonic model parameters is usually unknown as it is nearly impossible to
materialise pure grid conditions in testing inverters.

Since the practical worst-case inverter Norton model parameter determination process
is not very well known, in this study, the performance of the derived inverter Norton
models of the developed three-phase inverter model were investigated when the grid is
polluted with 5th, 7th, 11th, 13th, 29th and 31st voltage harmonics. For simplicity, firstly,
only a single harmonic voltage was assumed to be present in the grid at a time, and the
current harmonics that arose at the PCC were observed at the corresponding harmonic
order. The number of inverters connected to the grid was increased from one to five, and
the study was carried out with both inverter EMT models and the corresponding inverter
Thevenin models. Since the magnitudes of the background grid voltage harmonic orders
are not usually known until measurements are carried out, to investigate the worst-case
harmonic outcomes, the planning levels [26] of 5th, 7th, 11th, 13th, 29th and 31st harmonics
were selected as 2%, 2%, 1.5%, 1.5%, 0.59% and 0.59% respectively as background
harmonic voltage magnitudes. With respect to each harmonic order 0◦, 120◦, 240◦ and
300◦ phase angles were considered.

The harmonic currents observed at the PCC using the EMT models and Thevenin mod-
els for 5th, 7th, 11th, 13th, 29th and 31st harmonic orders are given in Figures 5.16, 5.17,
5.18, 5.19, 5.20 and 5.21 respectively. The sub-figures (a), (c), (e) and (g) show the cur-
rent magnitudes at the PCC for 0◦, 120◦, 240◦ and 300◦ phase angles and sub-figures (b),
(d), (f) and (h) illustrate the percentage error levels of the harmonic currents using results
from EMT simulations as the reference levels.
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Figure 5.16: The variation of the 5th harmonic current at the PCC with 5th harmonic
background voltage present in the grid
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Figure 5.17: The variation of the 7th harmonic current at the PCC with 7th harmonic
background voltage present in the grid
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Figure 5.18: The variation of the 11th harmonic current at the PCC with 11th harmonic
background voltage present in the grid
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Figure 5.19: The variation of the 13th harmonic current at the PCC with 13th harmonic
background voltage present in the grid
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Figure 5.20: The variation of the 29th harmonic current at the PCC with 29th harmonic
background voltage present in the grid
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Figure 5.21: The variation of the 31st harmonic current at the PCC with 31st harmonic
background voltage present in the grid

Analysis of the Results

Corresponding to the harmonic orders, 5th, 7th, 11th and 13th, the percentage error levels
seem to increase with increasing number of inverters for most of the considered phase
angles. It can also be observed that for each harmonic order, for certain phase angles, the
percentage error levels are noted to exceed 6%. This dependency is most likely related
to the relative phase angles of the corresponding harmonics arising from the inverter side
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and the grid side, leading to additions or cancellations. Considering the maximum error
percentages observed for each harmonic order as the worst case scenario, it can be con-
cluded that the Thevenin models fail to predict the actual grid harmonic currents when
the number of inverters connected to the grid increases in the presence of grid voltage
harmonics, noting that only one harmonic at a time was considered to be present in the
grid.

In relation to 29th and 31st harmonics, it is evident that the percentage error levels
have an increasing trend when the number of connected inverters increases. However, the
percentage error levels are significantly low compared to the other considered low-order
harmonics. This observation tends to suggest that the use of Thevenin models of inverters
may be adequate in the case of such relatively higher-order harmonics in place of EMT.
However, noting the discrepancies observed with low order harmonics, such a conclusion
may be somewhat premature to arrive at without further investigations.

5.7.2 Inverter Harmonic Model Performance With Balanced Multi-
ple Background Harmonic Voltages

The analysis of the inverter performances will be quite complex when there are multiple
background voltage harmonics present in the grid, mainly due to the cross-harmonic gen-
eration phenomenon. Even a single voltage harmonic present in the grid at a particular
harmonic order can lead to current harmonics at the PCC both at the same harmonic or-
der and at the cross harmonic order, an aspect that was not considered in Section 5.7.1.
A summary of the coupling harmonics generated by three-phase grid-connected invert-
ers due to the voltage harmonics injected from the grid is given in Table 5.10, where fp,
fn and f1 denote the positive sequence, negative sequence and fundamental frequency
respectively.

Table 5.10: Coupled frequencies generated due to applied perturbation frequencies

Perturbation Response

Frequency Sequence Frequency Sequence

fp Positive fp Positive
fp−2 f1 Negative

fn Negative fn Negative
fn +2 f1 Positive

While inverter EMT models can be expected to demonstrate cross harmonic generation
phenomena, the frequency domain Norton models cannot be expected to demonstrate the
same. Cross harmonic generation by inverters requires its own treatment as it is a complex
phenomenon, where related preliminary studies will be covered in Chapter 7.
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5.8 The Aggregated Current of the Solar Farm at the
PCC

5.8.1 Introduction to Summation Law

The IEC Technical Report [26] covers a set of guidelines to keep harmonics emitted by
installations under control. In this regard, when there are multiple harmonic sources con-
nected to a PCC, the general summation law given in (5.5) is to be applied to determine
the net harmonic level.

Uh =
α

√
N

∑
i=1

Uα
hi

(5.5)

where, Uh is the total current/voltage of hth harmonic order at the PCC; N is the number of
harmonic sources connected to the PCC; Uhi is the hth harmonic voltage/current generated
by the ith source. The recommended values of the summation exponent α are:

α =


1.0 h < 5
1.4 5≤ h≤ 10
2.0 h > 10

According to [74], [75], the application of standard summation exponents (α) to prac-
tical systems is disputable. Since a large solar farm is built-up by connecting identical
inverters where there is little diversity between their harmonic behaviour, the total har-
monic current at a particular order at the PCC can be argued to be the arithmetic sum
of the individual harmonic currents. This hypothesis can be examined using the inverter
EMT models considered in a solar farm environment. The inverter Norton/Thevenin mod-
els can also be used for comparison purposes in the same investigation.

5.8.2 Summation Laws Applied to the Solar Farm

In this study, the developed solar farm model was used to examine the applicability of the
general summation law and the simple arithmetic summation to establish the net harmonic
current at the PCC, with inverters operating at rated power. The Thevenin equivalent
models were also used to determine the same. The harmonic current levels were observed
by connecting one inverter at a time within the solar farm (with the associated cable
network) until all five inverters were connected. The study covered 5th, 7th, 11th and 13th

harmonics and the results are shown in Figure 5.22.
In summary, Figure 5.22 (a), (c), (e) and (g) illustrate the observations derived consid-

ering the 5th, 7th, 11th and 13th harmonics in relation to the following cases.

• EMT models of the individual inverter systems are added one by one in parallel,
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Figure 5.22: Summation results for the most significant harmonic orders

observing the harmonic current emission levels of the inverters at the PCC for each
case. In Figure 5.22, these results have been labelled as ‘EMT model’.

• EMT model of the individual inverter systems is considered one at a time, observing
harmonic current emission levels of the inverter and that at the PCC with a view
of determining the resultant harmonic current levels at the PCC using arithmetic
summation (approach 1) and general summation law (approach 2)

• Thevenin models of all inverter systems considered at the same time observing the
resultant harmonic current levels (approach 3)
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Considering the case where the resultant harmonic current levels were determined
solely using the EMT models as the reference (simulation results), the error levels as-
sociated with the other three approaches given above are shown in Figure 5.22 (b), (d), (f)
and (h).

In addition to the low order harmonics considered above, studies were extended to
cover higher-order 29th and 31st harmonics as well. These harmonic orders were chosen
arbitrarily, where the study outcomes are shown in Figure 5.23.
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Figure 5.23: Thevenin equivalent model

5.8.3 Analysis of the Results

From the results illustrated in Figure 5.22, it is evident that except for the 11th harmonic,
the other harmonic current levels at the PCC tend to agree with arithmetic summation of
the individual harmonic currents as evident from acceptable error levels. The application
of the general summation law has led to results which are significantly inferior even when
compared with the results obtained using the Thevenin models.
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With the 11th harmonic, as the number of connected inverters grew from one to five
employing the EMT models, it was noted that each new connection led to an approxi-
mately linear increase in the 11th harmonic currents of all the already connected inverters
to a new, nearly equal level, whereas this was not the case with regard to other harmonics
considered. This individual inverter behaviour at the 11th harmonic can be easily related
to the collective trend illustrated by the resultant current at the PCC. This trend was also
noted in the variation of the 11th harmonic voltage at the PCC.

The distinct difference in the case of the 11th harmonic requires detailed studies as it
involves a multi-inverter scenario combined with the solar farm cable network and the
supply system. In addition, there is also the possibility of some harmonic amplification
leading to harmonic currents that exceed simple arithmetic summation. Considering these
possibilities, a relatively simplistic study hypothesising possible resonance conditions was
undertaken by carrying out impedance scans at the terminals of one inverter as the other
inverters were added to the network one by one. It is, however, to be noted that such
impedance scans require all active 11th harmonic sources to be short-circuited in the net-
work. This approximate study was conducted at one of the inverter output terminals with
the cables associated with each inverter introduced one by one, but the corresponding in-
verters were removed while the supply network was connected. This scan represents any
resonance conditions associated with the cable network. These impedance scans clearly
demonstrated series resonance conditions at around the 11th harmonic, thus supporting
a corresponding increase in the 11th harmonic current as the number of inverters con-
nected was increased. As an example, Figure 5.24 gives the outcomes of the impedance
scan at one inverter terminal considering the network containing the cable network of
three inverters together with the supply system, which clearly shows the series resonance
conditions at around 11th harmonic.
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Figure 5.24: Thevenin equivalent model



CHAPTER 5. HARMONIC MODEL DEVELOPMENT AND SENSITIVITY STUDIES 93

5.8.4 Discussion

From the results in Figure 5.22 and Figure 5.23, it can be concluded that the arithmetic
summation and the actual harmonic currents present at the PCC are in good agreement
when the inverters are operating at the rated power level. Moreover, it is apparent from
the results that more accurate results for the harmonic currents at the PCC can be achieved
when the actual inverters are replaced by the corresponding Thevenin equivalent model,
compared to the results calculated by standard summation law. Out of the three considered
methods, the standard summation law results show the least agreement with the actual
current at the PCC.

5.9 Chapter Summary

An inverter is a highly non-linear and complex power-electronic system where the har-
monic currents generated can vary depending on the inverter internal and external oper-
ating conditions, such as operating power levels, grid voltage harmonics, and grid fault
level. Although this is the practical scenario, the fixed Thevenin model parameters pro-
vided by the inverter vendors represent the worst case scenario of the harmonics injected.
The exact methods used by the inverter manufacturers to determine these harmonic model
parameters are not well known. In this chapter, the performance of the inverter Thevenin
models under different inverter internal and external conditions in a solar farm environ-
ment was closely examined, comparing such outcomes with those obtained using EMT
models.

At the very outset of the chapter, the Thevenin model parameter determination process
was described. By employing these models, the harmonic currents injected by the in-
verters were investigated under different inverter internal and external conditions as the
number of inverters increased in the considered solar farm, comparing the results with
those obtained using corresponding EMT simulations. The studies were carried out under
different conditions such as variable cable lengths, inverter reactive power injection/ab-
sorption levels, different grid fault levels, background voltage harmonics and the voltage
unbalance conditions of the grid. For each study, the percentage error levels of the har-
monic currents at the PCC when the inverter Thevenin models are used were calculated
by taking the actual harmonic currents at the grid with the inverter EMT models as the
reference case.

From the results, it was observed that for most of the cases, the percentage error levels
increase with increasing the number of inverters connected in the solar farm model. This
shows that the Thevenin models are less reliable in harmonic studies of large-scale solar
farms. Furthermore, it was also observed that the inverter Thevenin impedances may
interact with the rest of the network impedances leading to unexpected outcomes. These
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observations show that, when performing the harmonic studies, Thevenin models may not
give reliable results in many of the cases. Hence further analyses and/or more advanced
processes need to be developed in harmonic studies to determine the harmonic compliance
of solar farm models.

The aggregated harmonic currents at the PCC were determined employing arithmetic
summation and the general summation laws, with the inverters operating at the rated
power level. From this, it was concluded that the arithmetic summation is a suitable
approach compared to the use of general summation law in determining the resultant
harmonic current at the PCC of a solar farm.



Chapter 6

Analytical Derivation of Three Phase
Inverter Harmonic Model Parameters

6.1 Introduction

As elaborated previously in Section 1.1, low order harmonics are more problematic com-
pared to high order harmonics in relation to large scale inverters where their management
at the connection points is crucial and hence pre-compliance harmonic studies take a
prominent place. In such studies, it is quite common to use frequency domain models
and Chapter 5 described how the parameters of these models can be determined using the
harmonic injection method, whereas manufacturers tend to provide such models mainly
based on measurements at test sites which have specific characteristics. Chapter 5 also
examined how frequency domain models can lead to problematic outcomes, comparing
the results of such studies with those derived using EMT models.

Noting that the Thevenin/Norton impedance of power electronic converters is known
to depend on a range of factors, it is seen to be a significant step to examine how the
equivalent impedance of a large scale inverter can be determined by employing a theoret-
ical approach so that experimentally determined or the parameters established using the
harmonic injection method can be validated. Some of the above influencing factors in
relation to inverters are: the type of controllers used to regulate the inverter output cur-
rent and hence the real and reactive power, the type of low-pass filter used at the inverter
output terminals, the Phase Locked Loop (PLL) and the inverter modulation technique.
Mathematical approaches for the determination of such impedances have become a topic
of interest with regard to inverter/converter instability that can arise due to the interaction
between the inverters and the grid installations [76]–[78].

This chapter presents a novel mathematical approach for the determination of inverter
harmonic model parameters, where some of the principles are based on the existing work.
The existing work consists of derivation of the output impedance of an inverter, which is

95
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connected to a constant dc link voltage and a simple L filter which operates in d-q ref-
erence frame [76]–[78]. In this chapter, the procedure which was followed to derive the
mathematical expressions for the output impedance of two types of three phase inverter
configurations is given, assuming the inverters are connected to a pure dc link voltage.
The method used to determine the Norton model parameters, including the Norton source
current is given using the derived inverter output impedances. The process has been ex-
tended for a three-phase grid-connected inverter, considering the dc link dynamics as
well.

Out of the inverter configurations used in this chapter, the first and the second inverter
configurations are connected to a pure dc link, controlled in α−β reference frame and d-
q reference frames respectively. The configuration of the three-phase inverter controlled
in the d-q reference frame is vastly different from the configuration of the three-phase
inverter controlled in the α-β reference frame. These two configurations are considered
to illustrate the fact that mathematical modelling is not limited to a particular configu-
ration. The third inverter configuration consists of both ac and dc networks and hence,
mathematical expressions are derived for the inverter output harmonic impedance, taking
into account the ac and dc network dynamics. Following the determination of inverter
output impedance, the Norton model harmonic currents are determined using only one set
of inverter output voltage and current measurements. For selected harmonic orders, the
theoretical model outcomes are compared with simulation outcomes.

6.2 Development of Mathematical Expressions for Inverter
Output Impedance Assuming Constant Inverter DC
Link Voltage

6.2.1 Grid-connected Three-phase Inverter in the α-β Reference Frame

A grid-connected three-phase inverter with an LCL low pass filter controlled in the α−β

reference frame is first modelled. Although LCL low pass filters are commonly used

Current Controller 
in α - β reference 
frame 

SPWM

Inverter LCL Filter Grid

Iinv, Vinv

L1 L2

C

Lg Rg

Vdc
Ic

Figure 6.1: Three-phase inverter controlled in alpha-beta reference frame
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Figure 6.2: The schematic diagram showing the three-phase inverter operation

to attenuate high order harmonics at the inverter output, they may lead to resonances.
The capacitor-current feedback active damping method is used when modelling the three-
phase grid-connected inverter in this study to mitigate this issue [79]. The SPWM tech-
nique is used to generate the switching pulses of the inverter. Furthermore, the dc voltage
of the inverter is assumed to be constant. A PR controller is used to control the grid
current of the inverter.

The schematic diagram of the modelled grid-connected inverter is shown in Figure 6.1.
The inverter and its control system can be represented using the block diagram shown
in Figure 6.2. The components L1, L2 and C are the inverter side inductance, grid side
inductance and the capacitance of the LCL filter respectively. Inverter gain is denoted by
Kpwm. Hf, Hc and HPR are the grid voltage feed-forward gain, capacitor current feedback
gain and the transfer function of the PR current controller respectively.

Using the details in Figure 6.2, an expression for the inverter output impedance can be
derived as given in (6.1).

Zinv(s) =
L1L2Cs3 +KpwmHcL2Cs2 +(L1 +L2)s+KpwmHPR

L1Cs2 +Kpwm(HcCs−Hf)+1
(6.1)

Using (6.1), the inverter output impedances at different frequencies can be determined.
This however is used only when the inverter operates at its rated power level as the in-
verter active power controller has not been taken into consideration when developing the
mathematical expressions.

6.2.2 Grid-connected Three-phase Inverter in the d-q Reference Frame

In this section, a mathematical expression for the output impedance of a grid-connected
three-phase inverter controlled in the d-q reference frame is developed, and following this,
both positive and negative sequence impedances are established. Since the inverter dc link
voltage is assumed to be constant, the small-signal behaviour of the inverter that can be
observed at its ac terminals can be described by the admittance matrix given in (6.2).(

Īp

Īn

)
=

(
Ypp Ypn

Ynp Ynn

)(
V̄p

V̄n

)
(6.2)
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Figure 6.3: Three-phase inverter controlled in d-q reference frame

where, Īp, Īn, V̄p and V̄n denote the small signal notations of positive sequence current,
negative sequence current, positive sequence voltage and negative sequence voltage re-
spectively. Ypp, Ynn are positive and negative sequence inverter output impedances, respec-
tively. In this section, the coupling between the negative and positive sequence dynamics
is ignored for simplicity.

A schematic diagram of the grid-connected three-phase inverter is shown in Figure
6.3 which is modelled in the d-q reference frame. The SPWM technique is used as the
switching technique of the inverter and its grid current is controlled using PI controllers
with grid voltage feed-forward. Noting their widespread use in industry level three-phase
inverters, an LC filter is used in the work undertaken. The inverter dc bus voltage is
assumed to be constant.

The derivations of the mathematical expressions for the inverter output impedance with
and without considering the Phase Locked Loop (PLL) dynamics are described below:

Without Considering the PLL Dynamics

Based on the schematic diagram shown in Figure 6.3, the relationship between the inverter
output current (Iinv) and the voltage (Vinv) can be shown using (6.3).

KmVdcma = (Ls+R)Iinv +(LCs2 +RCs+1)Vinv (6.3)

where, L,R,C are LC filter inductance, parasitic resistance, LC filter capacitance respec-
tively. Km,Vdc,ma are inverter gain, dc link voltage and modulating signal respectively.
Furthermore, Iinv and Vinv are inverter output current and voltage respectively.

For the purpose of deriving the inverter output impedance, two small positive and neg-
ative sequence voltage signals are injected from the grid side. Thus, the inverter phase
voltage on the grid side can be expressed in the time domain as,

Vinv(t) =V1 cos(2π f1t)+Vp cos(2π fpt +θp)+Vn cos(2π fnt +θn) (6.4)

where, V1, Vp and Vn are fundamental voltage, positive and negative sequence voltage
magnitudes respectively. f1, fp and fn are fundamental, positive sequence and negative



CHAPTER 6. ANALYTICAL DERIVATION OF HARMONIC MODEL PARAMETERS 99

+

_

_

+
+

+

+

+
+

_
PI Controller

PI Controller

K d

K d

Id

Iq

Idr

Iqr

Vd

Vq

md

mq

Figure 6.4: Current controller in d-q reference frame

sequence frequencies, and θp and θn are positive and negative sequence voltage phase
angles respectively. The inverter current in the same phase resulting from the resultant
applied voltage can be written as,

Iinv(t) = I1 cos(2π f1t +θi1)+ Ip cos(2π fpt +θip)+ In cos(2π fnt +θin) (6.5)

where, I1, Ip and In are fundamental, positive and negative sequence current magnitudes
respectively. θi1 is the phase angle of the fundamental current. θip and θin are the phase
angles of positive and negative sequence currents respectively.

Hence, the voltage and current on the grid side in the frequency domain can be given
as,

Va( f ) =


V̄1, f =± f1

V̄p, f =± fp

V̄n, f =± fn

(6.6)

Ia( f ) =


Ī1, f =± f1

Īp, f =± fp

Īn, f =± fn

(6.7)

where, V̄p = (
Vp
2 )exp(± jθp) and all associated voltages and currents (V̄1, V̄n, Ī1, Īn and Īp)

in this section have notations similar to that of V̄p.
Since the dynamics of the PLL are not considered in this section and assuming the PLL

angle to be given by θPLL = 2π f1t, the d-q components of the current at the inverter output
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can be given as,

Id( f ) =


I1 cosθi1, f = dc

Īp, f =±( fp− f1)

Īn, f =±( fn + f1)

(6.8)

Iq( f ) =


I1 sinθi1, f = dc

∓ jĪp, f =±( fp− f1)

± jĪn, f =±( fn + f1)

(6.9)

The d and q components of the inverter output voltage can also be derived in a similar
manner as given in (6.10) and (6.11).

Vd( f ) =


V1, f = dc

V̄p, f =±( fp− f1)

V̄n, f =±( fn + f1)

(6.10)

Vq( f ) =

∓ jV̄p, f =±( fp− f1)

± jV̄n, f =±( fn + f1)
(6.11)

The expressions for the modulation signals in the d-q reference frame can be derived
using the schematic diagram of the inverter current controller shown in Figure 6.4, ac-
cording to which md and mq are the d and q components of the modulating signal which
can be derived as,

md = (Idr− Id)H(s)− IqKd +KfVd

mq = (Iqr− Iq)H(s)+ IdKd +KfVq
(6.12)

where, H(s) and Kd denote the PI current controller transfer function and the decoupling
gain of the current controller respectively. The effect of grid voltage feed-forward has
been taken into consideration in deriving the inverter output impedance where Kf denotes
the grid voltage feed-forward gain. Idr and Iqr are the d and q axis reference currents
respectively.

Using equations (6.8), (6.9), (6.10), (6.11) and (6.12), an expression for the modulation
signal in the time domain can be derived and by substituting it in (6.3), the positive and
negative sequence inverter output impedances can be derived as,
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Zp =
−Vp

Ip
=

Ls+R+KmVdcH(s− j2π f1)− jKdKmVdc

LCs2 +RCs+1−KmVdcKf

Zn =
−Vn

In
=

Ls+R+KmVdcH(s+ j2π f1)+ jKdKmVdc

LCs2 +RCs+1−KmVdcKf

(6.13)

Derivation of Inverter Output Impedance Incorporating the PLL Dynamics

abc

dq

Vb

Vc

Vd

Vq HPLL(s)

Va

θPLL(s)

Figure 6.5: Block diagram for a basic PLL

Figure 6.5 shows the basic configuration of a PLL, which consists of a Park transforma-
tion block and a loop compensator which has a transfer function of HPLL. When a voltage
perturbation signal is injected from the grid side, the PLL response can be written as,

θPLL = θ1 +∆θ (6.14)

where, θPLL is the PLL output angle, θ1 is the fundamental PLL output angle in the
absence of the perturbation signal and ∆θ is the angle difference caused by the voltage
perturbation injection on the grid side.

As a consequence of the change in PLL output angle, the Park transformation needs
some modifications as shown in (6.15).

P(θPLL) =

 cos(∆θ) sin(∆θ) 0
−sin(∆θ) cos(∆θ) 0

0 0 1

P(θ1) (6.15)

where, P(θPLL) denotes the Park transformation, if the PLL response is θPLL. And, P(θ1)

is the park transformation when there is not any perturbation present from the grid side.
Due to the voltage perturbation injection and as a result of the deviation of the PLL

angle by ∆θ , the expressions derived for Id , Iq, Vd and Vq shown in (6.8), (6.9), (6.10)
and (6.11) in frequency domain require some modifications. If the modified current and
voltage parameters in the frequency domain are represented by Id,mod , Iq,mod , Vd,mod and
Vq,mod respectively, using (6.10), (6.11), (6.15) and considering small signal modelling,
expressions for Vq,mod and Vd,mod in time domain can be derived as,

Vq,mod(t)≈−∆θ(t)Vd(t)+Vq(t)

Vd,mod(t)≈ ∆θ(t)Vq(t)+Vd(t)
(6.16)
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Assuming the deviation of the PLL angle (∆θ ) to be proportional to the applied distur-
bance voltage, expressions for ∆θ in both positive and negative sequences can be written
as,

∆θ(s) =

Hp(s)V̄p, f =±( fp− f1)

Hn(s)V̄n, f =±( fn + f1)
(6.17)

where, Hp and Hn are proportional transfer functions in the positive and negative se-
quences respectively.

Using the equations (6.10), (6.11), (6.16) and (6.17) expressions for the Vq,mod and
Vd,mod in positive and negative sequences can be derived as shown in (6.18) and (6.19).

Vq,mod(s) =

[−Hp(s)V1∓ j]V̄p, f =±( fp− f1)

[−Hn(s)V1± j]V̄n, f =±( fn + f1)
(6.18)

Vd,mod(s) =

[(∓ j)Hp(s)V1 +1]V̄p, f =±( fp− f1)

[(± j)Hn(s)V1 +1]V̄n, f =±( fn + f1)
(6.19)

According to Figure 6.5, θPLL = HPLLVq. Therefore, expressions for Hp(s) and Hn(s)

can be derived as given in (6.20).

Hp(s) = [∓ jHPLL(s)]/[1+V1HPLL(s)]

Hn(s) = [± jHPLL(s)]/[1+V1HPLL(s)]
(6.20)

From (6.15), (6.18) and (6.20) expressions for cos(θPLL) and sin(θPLL) for positive and
negative perturbations can be derived as given in (6.21) and (6.22).

cos(θPLL)(s) =



HPLL(s− j2π f1)Vp

2[1+V1HPLL(s− j2π f1)]
, f =±( fp− f1)

HPLL(s+ j2π f1)Vp

2[1+V1HPLL(s+ j2π f1)]
, f =±( fn + f1)

(6.21)

sin(θPLL)(s) =



∓ jHPLL(s− j2π f1)Vp

2[1+V1HPLL(s− j2π f1)]
, f =±( fp− f1)

± jHPLL(s+ j2π f1)Vp

2[1+V1HPLL(s+ j2π f1)]
, f =±( fn + f1)

(6.22)

From (6.21) and (6.22), it is evident that due to the applied small signal voltage com-
ponents, the Park transformation is affected resulting from the angle variation that is re-
flected in the PLL response. Hence, the inverter output current in the d-q reference frame
(Id,mod( f ) and Iq,mod( f )) can be given using the expressions given in (6.23) and (6.24).
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Id,mod(s) =


I1 cosθi1, f = dc

Īp + I1 sinθi1HPLL(s)V̄p, f =±( fp− f1)

Īn− I1 sinθi1HPLL(s)V̄n, f =±( fn + f1)

(6.23)

Iq,mod(s) =


I1 sinθi1, f = dc

∓ jĪp− I1 cosθi1HPLL(s)V̄p, f =±( fp− f1)

± jĪn + I1 cosθi1HPLL(s)V̄n, f =±( fn + f1)

(6.24)

From (6.18), (6.19) and (6.20), expressions for Vq,mod and Vd,mod can be derived as
shown in (6.25) and (6.26).

Vq,mod(s) =



∓ jV̄p

1+V1HPLL
, f =±( fp− f1)

± jV̄n

1+V1HPLL
, f =±( fn + f1)

(6.25)

Vd,mod(s) =



V̄p

1+V1HPLL
, f =±( fp− f1)

V̄n

1+V1HPLL
, f =±( fn + f1)

(6.26)

The expressions for the modulation signals in the d-q reference frame can be derived
using the schematic diagram of the inverter current controller shown in Figure 6.4 ac-
cording to which new modulation signals in the d-q reference frame given by md,mod and
mq,mod can be derived as;

md,mod = (Idr− Id,mod)H(s)− Iq,modKd +KfVd,mod

mq,mod = (Iqr− Iq,mod)H(s)+ Id,modKd +KfVq,mod
(6.27)

where, H(s) and Kd denote the PI current controller transfer function and the decoupling
gain of the current controller respectively. The effect of grid voltage feed forward has
been taken into consideration in deriving the inverter output impedance where Kf denotes
the grid voltage feed forward gain. Idr and Iqr are the d and q axis reference currents
respectively. Hence, the inverter output impedance in the frequency domain can be es-
tablished using equations (6.3), (6.23), (6.24) and (6.27). The derived expressions for
the inverter output impedance in the positive and negative sequence domain are given in
(6.28).
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Zp(s) =
Ls+R+KmVdcH(s− j2π f1)− jKdKmVdc)

LCs2 +RCs+1−KmVdcKf− (M+H(s− j2π f1)
I1e jφ1

2 − jKdI1e jφ1

2 TPLL
KmVd

V1
)

Zn(s) =
Ls+R+KmVdcH(s+ j2π f1)+ jKdKmVdc)

LCs2 +RCs+1−KmVdcKf− (M+H(s+ j2π f1)
I1e− jφ1

2 − jKdI1e− jφ1

2 TPLL
KmVd

V1
)

(6.28)
where;

M =
V1 + jω1LI1e jφ1−KmVdcKfV1

KmVdc

TPLL(s) =
V1HPLL(s)

1+V1HPLL(s)

(6.29)

6.2.3 Inverter Harmonic Model Parameter Determination

It has been conventional that inverters are usually represented as Norton models, and
the connected grid is represented as a Thevenin model. Using these conventions, the
grid-connected inverter system can be represented using Figure 6.6, in which, Yg(s) and
Vg(s) represent the grid impedance and grid voltage, respectively. If the output admittance
(Ys(s)) is known, the inverter Norton model source current can be determined using (6.30).

Is(s) = Iinv(s)+Vinv(s)Ys(s) (6.30)

where, Iinv, Vinv, Is and Ys are inverter output current, inverter terminal voltage, Norton
model source current and source admittance respectively.

Ys(s)

Yg(s)

Vg(s)

Iinv(s)

Vinv(s)Is(s)

Figure 6.6: Grid-connected inverter harmonic model

The frequency dependent Norton impedance of the inverter can be determined using
(6.28) and the corresponding Norton harmonic source current can be determined using
(6.30) depending on the inverter controller configuration and the harmonic sequence. The
harmonic currents (Iinv) injected by the inverter and the voltage harmonics (Vinv) which
appear at the inverter terminal can be determined using FFT analysis under normal oper-
ating conditions.
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Table 6.1: Key parameters of the three-phase inverters controlled in α-β and d-q refer-
ence frames

Parameter Value (α-β ) Value (d-q)
Rated power 10 kW 2.5 MW

DC link voltage 1 kV 1kV
Inverter switching frequency 5 kHz 3kHz

Low pass filter 0.0013 H 11.68 µH
Inverter side inductor 0.000367 Ω

Low pass filter 0.0002 H -
Grid side inductor

Low pass filter capacitor 20 µF 4819.33 µF
Grid voltage/frequency 0.38 kV / 50 Hz 0.4 kV / 50 Hz
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Figure 6.7: Inverter Norton impedances and grid harmonic currents of the grid con-
nected three-phase inverter controlled in the α-β reference frame

6.2.4 Results and Discussion

Key parameters of the grid connected three-phase inverter controlled in the α-β reference
frame and d-q reference frame are given in Table 6.1. The Norton model parameters
determination process using (6.1), (6.28), (6.29) and (6.30) for these inverters will be
referred to as ‘Method 1’ hereinafter. The Norton model parameters for each of the above
grid connected inverters were also determined using the traditional harmonic injection
method where each of these inverters was modelled in PSCADTM. This approach will be
referred to as ‘Method 2’ hereinafter.

In addition to inverter parameters corresponding to low order harmonic orders (e.g. 5th,
7th, 11th, 13th), that are usually of significant concern with regard to three-phase grid-
connected inverters, those associated with higher order harmonics (e.g. 29th and 31st),
were also determined to examine the robustness of the theoretical methodology. It is
worthy of noting that the higher order harmonics are sometimes known to be problematic
with regard to large scale inverters used in solar farms.

The calculated harmonic model impedances using ‘Method 1’ and ‘Method 2’ for the
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Figure 6.8: Inverter Norton impedances and grid harmonic currents of the grid con-
nected three-phase inverter controlled in the d-q reference frame

inverter controlled in the α-β reference frame are shown in Figures 6.7 (a) and (b), and the
same calculated for the inverter controlled in the d-q reference frame are shown in Figures
6.8 (a) and (b). From these, it is evident that the Norton equivalent circuit parameters
calculated using ‘Method 1’ closely resemble those calculated using ‘Method 2’.

In addition, the harmonic currents injected to the grid as predicted by ‘Method 1’ were
compared with the actual harmonic currents observed utilising the PSCADTM simulations
of the grid connected inverters. The results are shown in Figures 6.7 (c) and (d) for
the inverter controlled in the α-β reference frame and Figures 6.8 (c) and (d) for the
inverter controlled in the d-q reference frame, where it can be observed that there is close
agreement between grid harmonic currents determined using ’Method 2’ and the same
determined using ’Method 1’.

6.3 Development of Mathematical Expressions for Out-
put Impedance of Three Phase Inverters Considering
the dc Link Dynamics

In the previous section, mathematical expressions were developed for three-phase inverter
output impedance, assuming the inverter dc link to be constant. In this section, the focus
is to develop mathematical expressions for inverter output impedance considering the dy-
namics of both ac and dc systems of the network containing three phase inverter developed
in Chapter 4.

The ac and dc systems of the network in a grid connected inverter system are inter-
connected through the inverter, and hence, in the determination of the inverter output
impedance, it is necessary to consider the dc system of the network as well considering
its dynamics. If a sinusoidal small signal perturbation is applied to the ac side of the net-
work, a small signal perturbation will also appear on the dc side of the inverter reflected in
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both dc voltage (Vdc) and dc current (Idc). If the voltage perturbation is at either positive
sequence ( fz+ f1) or negative sequence ( fz− f1), where, f1 is the fundamental frequency,
the perturbation which arise on the dc side of the inverter reflected in both Vdc and Idc are
at the frequency of fz after convolution with the modulation signals. Similarly, if a small
sinusoidal perturbation is applied to the dc side of the inverter network, which is at the
frequency of fz, then the small signal perturbations that will appear on the ac side of the
network are at the frequencies of fz + f1 and fz− f1, which are at positive and negative
sequence frequencies respectively.

This clearly shows that the dc and ac sides of an inverter are coupled together and hence,
the coupling cannot simply be ignored when deriving mathematical expressions for three-
phase inverter output impedance. Hence, in this study, the mathematical expressions for
the inverter output impedance are derived considering both dc and ac network dynamics
of the inverter and for that, (6.2) can be modified as shown in (6.31) [80], in which the first
column and the first row capture the coupling between the dc and ac network dynamics
of the three-phase inverter. ¯Idc

Īp

Īn

=

Ydd Yd p Ydn

Ypd Ypp Ypn

Ynd Ynp Ynn


 ¯Vdc

V̄p

V̄n

 (6.31)

where, ¯Idc and ¯Vdc are the small signal representation of the inverter input dc current
and the dc voltage respectively. Ydd , Yd p, Ydn, Ypd and Ynd denote the components in the
admittance matrix which can be defined as follows:

Ydd =
Īdc

V̄dc
,Yd p =

Īdc

V̄p
,Ydn =

Īdc

V̄n
,Ypd =

Īp

V̄dc
,Ynd =

Īn

V̄dc
(6.32)

Considering the ac side of the inverter, since an LC filter is connected at the inverter
output, same as the three-phase inverter model used in Section 6.2.2, (6.33) can be used
to express the relationship between the inverter ac side current and the voltage.

VdcKmma,b,c = (Ls+R)ia,b,c +(LCs2 +RCs+1)va,b,c (6.33)

where, L is the LC filter inductance, R is the internal resistance of the inductor, C is
the capacitance of the LC filter. Vdc is the dc link voltage, ma,b,c denote the modulation
signals, va,b,c are the voltages at the inverter terminals for the three phases and ia,b,c are
the inverter three phase output currents.

The link between the three phase inverter output currents and the current flowing through
the inverter dc link can be shown using (6.34).

Idc = maia +mbib +mcic (6.34)



CHAPTER 6. ANALYTICAL DERIVATION OF HARMONIC MODEL PARAMETERS 108

where, Idc is the inverter dc link current, and ia, ib and ic are the currents at the inverter
output.

This can be expressed in the d-q domain as,

Idc =
3
2
(mdId +mqIq) (6.35)

If small signal voltage perturbations in positive sequence and negative sequence are
injected from the ac side of the network as given in (6.4), the expressions for Ypp and Ynn

can be determined following the steps given in Section 6.2.2.
If a small signal voltage perturbation is applied in the positive sequence from the ac

side of the inverter, as a result of the applied voltage perturbation, a current perturbation
will induce on the dc side of the inverter. Neglecting the coupling between the positive
sequence and negative sequence current components on the ac side to reduce the com-
plexity, an expression can be derived, extending equation (6.35) as,

¯Idc =
3
2
(m̄dId +md Īd + m̄qIq +mqĪq) (6.36)

If md and mq are the steady-state modulation signals in the d-q reference frame and, if
I1 denote the steady state d-axis current, using (6.12) and (6.36) an expression for ¯Idc can
be derived as,

¯Idc =
3(V1 +ω1LI1)

2KmVdc
Īp +

3
2
(−Hi(s− j2π f1)+ jKd)ĪpI1 (6.37)

Neglecting the three-phase inverter PLL dynamics, from (6.13) and (6.37) an expres-
sion for Yd p can be derived as,

Yd p =
−3

2KmVdc

·
(LCs2 +RCs+1−KpwmVdcK f )(V1 +[−Hi(s− j2π f1)+ jKd]I1VdcKm− jω1LI1)

(Ls+R)+Vdc[−Hi(s− j2π f1)+ jKd]

(6.38)

Assuming a negative sequence voltage perturbation that is injected from the ac side of
the inverter, adhering to the same procedure, an expression for the Ydn can be derived as
given in (6.39).

Ydn =
−3

2KmVdc

·
(LCs2 +RCs+1−KpwmVdcK f )(V1− [−Hi(s− j2π f1)+ jKd]I1VdcKm + jω1LI1)

(Ls+R)+Vdc[Hi(s− j2π f1)+ jKd]

(6.39)
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To determine the other unknown parameters of Ydd , Ypd and Ynd in the impedance matrix
given in (6.31), a small signal perturbation of ¯Vdc can be added to the dc bus voltage Vdc.
Therefore, with a dc voltage perturbation, from (6.33), (6.40) can be derived:

(Ls+R) ¯iabc = Km(Vdc ¯mabc + ¯Vdcmabc) (6.40)

Therefore, from (6.12) and (6.40), expressions for Ypd and Ynd can be derived as given
in (6.41) and (6.42) respectively.

Ypd =
(V1 + jω1LI1)

2Vdc[Ls+R+Hi(s− jω)KmVdc− jKdKmVdc]
(6.41)

Adhering to the same procedure, an expression for Ynd can be derived as shown in
(6.42).

Ynd =
(V1− jω1LI1)

2Vdc[LS+R+Hi(s+ jω)KmVdc + jKdKmVdc]
(6.42)

From (6.13), (6.38) and (6.41), an expression for Ydd can be derived as given in (6.43).

Ydd =
3

2KmV 2
dc

(V1 +ω1LI1 +KmVdc[−Hi(s− jω)+ jKd]I1)(V1 + jω1LI1)

Ls+R+Hi(s− jω)KmVdc− jKdKmVdc
(6.43)

6.3.1 Determination of the Inverter Output Impedance Considering
the Inverter dc Link Dynamics

In the determination of the positive and negative sequence ac impedances at the inverter
output, two aspects need to be followed which are given below:

• When establishing the sequence impedance of the inverter, the coupling between the
negative and positive sequence ac currents was neglected to reduce the complexity
of the equations.

• The ¯Vdc and ¯Idc terms are eliminated using the dc network impedance Zdc

Zdc
Pout Cdc

PV Array

Figure 6.9: Simplified dc network of the inverter
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The dc network of the considered three-phase inverter model consists of the PV array,
dc-dc boost converter and the MPPT controller. However, to simplify the study, an ap-
proximate expression for the inverter dc network impedance is derived using the power
output of the PV array (Pout) as shown in (6.44):

Zdc(s)≈
(

Pout

V 2
dc

+ sCdc

)−1
(6.44)

Hence, expressions for the positive and negative sequence ac side impedances can be
derived using (6.31) - (6.43) and (6.44) as shown in (6.45) and (6.46).

Zp(s) =

Yd p(s− jω1)Ypd(s− jω1)−Ypp(s− jω1)Ydd(s− jω1)−Zdc(s− jω1)
−1Ypp(s− jω1)

Zdc(s− jω1)−1 +Ydd(s− jω1)

(6.45)

Zn(s) =

Ydn(s+ jω1)Ynd(s+ jω1)−Ypp(s+ jω1)Ydd(s+ jω1)−Zdc(s+ jω1)
−1Ynn(s+ jω1)

Zdc(s+ jω1)−1 +Ydd(s+ jω1)

(6.46)

6.3.2 Results and Discussion

The key parameters of the ac network of the considered three-phase inverter system are
the same as the three-phase inverter controlled in the d-q reference frame in Section 6.2.
The parameters are given in Table 6.1. The dc link capacitor (Cdc) is 4000 µF. The
inverter output impedances were determined for the most significant harmonic orders of
5th, 7th, 11th and 13th harmonic orders using the equations derived in ((6.45) and (6.46))
and compared with the results with the sequence impedances determined using the EMT
simulations and the results are given in Table 6.2.

Table 6.2: Inverter output impedance

Harmonic Impedance from the Impedance from the
order EMT simulation mathematical

model (Ω) expressions (Ω)

5 0.014 ∠ 30.26◦ 0.065 ∠ 64.56◦

7 0.030 ∠ 23.19◦ 0.061 ∠ 57.16◦

11 0.047 ∠ 76.55◦ 0.015 ∠ 67.76◦

13 0.027 ∠ 85.76◦ 0.013 ∠ 71.59◦

As it can be seen from the results given in Table 6.2, the inverter output impedances de-
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termined using EMT simulations compared with those obtained using mathematical for-
mulations for the positive and negative sequence inverter output impedances show some
discrepancies. Although the magnitudes derived using both methods seem to have the
same order, the magnitudes are seen to be significantly different. There can be quite a few
reasons for these discrepancies and a few of the major reasons are listed below:

• Omission of PLL dynamics caused by the perturbation injection, when determining
the inverter output impedances in positive and negative sequences.

• Omission of the grid voltage feed forward of the inverter current controller to sim-
plify the equations when deriving the admittance matrix components except for the
Ypp and Ynn.

• Omission of the dc-dc boost converter dynamics and the effect of the MPPT con-
troller when determining the dc side impedance of the inverter.

6.4 Chapter Summary

Inverter manufacturers provide the worst-case inverter Thevenin/Norton model parame-
ters alongside the inverters to use in pre-compliance harmonic studies. The exact method
used by the inverter manufacturers to determine these parameters is unknown as it is an
intellectual property of the inverter manufacturer. However, it is clear that the inverter
manufacturers use site measurements and calculations based approaches to determine the
inverter harmonic model parameters.

The output impedance of an inverter depends on the controllers used in the inverter,
PLL dynamics, the low-pass filter used, inverter modulation techniques and many other
inverter internal parameters. Hence, in this chapter considering a few different inverter
configurations, mathematical formulations were carried out for the inverter output impedance
in the frequency domain. If the inverter output impedance and one set of inverter output
current and voltage combination are known, then the Norton source current for the corre-
sponding harmonic order can be easily determined. Firstly, mathematical expressions for
the inverter output impedance were derived considering two, three-phase inverter config-
urations, which are controlled in α-β and d-q reference frames. The two configurations
have different control strategies and different inverter parameters; however, both were as-
sumed to have a constant dc link voltage. The inverter output impedances for the most
significant harmonic orders were determined employing the mathematical formulations
and were noted to be approximately equal to those determined employing EMT simula-
tions.

The mathematical expressions for the inverter output impedance were derived consid-
ering a three-phase inverter model, in which the dc link is not constant. In this exercise,
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the sequence impedances determined employing the derived mathematical expressions
were seen to have some discrepancies compared with those determined using EMT simu-
lations. The accuracy of the derived mathematical expressions determined in this chapter
can be further improved by considering the PLL dynamics, the effect of the grid voltage
feed forward, the active/reactive power and/or the dc link voltage controller dynamics, by
adding the effects of the voltage/current filters if there are any, and by adding the invert-
er/grid transformer dynamics etc. However, by doing so, the complexity of the mathemat-
ical expressions of the inverter output impedance will increase, which can be identified
as a disadvantage in using mathematical based methods to determine the inverter output
impedances.



Chapter 7

Preliminary Studies on Cross Harmonic
Generation by Grid Connected
Inverters

7.1 Introduction

With regard to the use of Thevenin/Norton models of inverters in harmonic compliance
studies, it is common to consider the pre-existing background harmonics of the same
order as those produced by the inverters themselves in determining the resultant harmonic
voltage levels at the PCC thus applying superposition, often employing summation laws.
In practice, there is the possibility that a background harmonic voltage of given order (or
a voltage with a certain frequency) can lead to the inverter injecting a harmonic current of
a distinctly different order or orders in addition to that of the background harmonic. This
phenomenon, which is commonly known as cross harmonic generation [81]–[84], cannot
be ignored with regard to grid connected inverters.

Taking a simplistic view on cross harmonic generation, considering an inverter that
injects a positive sequence harmonic current with a frequency fp to the grid, when injected
with a harmonic voltage of the same frequency from the grid side will lead to currents
at frequencies fp and fp − 2 f1 where f1 is the fundamental frequency of the system.
Similarly, with a negative sequence harmonic with a frequency fn, the resulting harmonic
currents at the PCC will have frequencies fn and fn +2 f1. The frequency components at
fp−2 f1 and fn +2 f1 will be identified as principal cross modulation components as the
process of cross modulation can lead to other frequency components which may not be
dominant.

Depending on the phase angles of the background harmonic voltages, the level of in-
fluence can be to strengthen or weaken the pre-existing levels of harmonic currents at
frequencies fp or fn. Thevenin/Norton models so far used to examine the behaviour

113
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at a single harmonic order obviously are simply unsuitable if there is significant cross
harmonic generation. For example, in the case of the 7th harmonic, which is a posi-
tive sequence harmonic, the generation of the 5th harmonic as a result of cross harmonic
phenomena can be significantly different from what is predicted using the 5th harmonic
Thevenin/Norton model equivalent so far used noting that such low order harmonics are
of high significance with regard to large scale inverters. Same argument applies to 5th

harmonic, which is a negative sequence harmonic that leads to 7th harmonic.
Following are the key reasons have been identified as the causes of cross harmonic

generation by grid connected inverters [85]:

• Asymmetrical d-q axis current control

• Dc link voltage controller that affects d axis current controlling only

• PLL that regulates the q axis voltage component to generate the angle response.
This also leads to asymmetric control in three phase inverters.

Noting the complexity of the whole cross harmonic generation process associated with
inverters, the primary aim of this chapter is to carry out a limited number of studies con-
sidering only the first level of cross harmonic generation assuming only the background
harmonic voltages and the principal components of the cross harmonic frequencies. Fur-
ther, only a single background harmonic voltage is considered at a time. The work pre-
sented is essentially EMT simulation based as the development of a theoretical framework
on the whole cross harmonic generation process was considered to be outside the scope
of the thesis.

7.2 Examination of Cross Harmonic Generation by Grid
Connected Inverters

The cross harmonic generation phenomenon of three-phase grid-connected inverters was
examined using the three-phase grid-connected inverter EMT model developed in Chap-
ter 4, neglecting the cable network. Commonly known to exist 5th, 7th, 11th and 13th

harmonic voltages were considered on the grid side with only one harmonic at a time and
with their application, the resultant harmonic spectrum of the grid current was observed
for each case. The harmonic voltage magnitude injected from the grid side for the har-
monic orders considered was 0.354 kV (line-to-neutral RMS, which is 0.46% of 132 kV)
with 0◦ phase angle.

Figure 7.1 shows the harmonic spectrum of the output current as a percentage of the
rated current when the three-phase grid connected inverter operates at the rated power
level with no background voltage harmonics present in the grid.
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Figure 7.1: Current harmonics at the PCC at the inverter rated power

Figure 7.2 shows the percentage change in the current harmonics at the PCC from 2nd

harmonic to 19th harmonic when the grid fundamental voltage is individually superim-
posed with 5th, 7th, 11th and 13th harmonics.
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Figure 7.2: Percentage change in harmonic currents at the PCC

From Figure 7.2, it is evident that when 5th harmonic voltage is injected from the grid
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side, both 5th and 7th harmonic currents at the PCC show a significant increase, but not
at the other harmonic orders. A significant change in the 5th and 7th harmonic currents at
the PCC can also be observed when the fundamental grid voltage is superimposed with
the 7th harmonic voltage. This trend is evident with the 11th and 13th harmonic orders as
well, thus illustrating the phenomena of cross harmonic modulation.

7.3 Variation of the Harmonic Currents at the PCC With
the Magnitude of the Harmonic Voltage on the Grid

Although the cross harmonic generation phenomenon is well-known, the nature of varia-
tion of generated cross harmonic current magnitudes with different grid harmonic levels
has not been investigated to-date, which is the focus of this section. For each considered
harmonic order, the injected harmonic voltage magnitude on the grid was varied from
0.354 kV (0.46%) to 1.414 kV (1.86%), and the magnitudes of harmonic current at the
same frequency as the injected voltage and the corresponding dominant cross harmonic
frequency were observed. The results obtained are illustrated in Figure 7.3.

From Figure 7.3, in general, it is evident that as the injected harmonic voltage increases,
both the harmonic current at the injected frequency and the harmonic current at cross
harmonic frequency (principal component) increase in proportion to the injected harmonic
voltage. Further, corresponding to each injected frequency, the magnitudes of the two
harmonic current components are comparable, suggesting that the cross harmonic current
cannot be ignored. It is to be noted, as observed in Figure 7.2, the injected harmonic
voltage has the most influence on the current at the same harmonic order and the current
at the cross harmonic frequency (principal component) and not on the currents at other
harmonic orders, which is an important observation.

7.3.1 Variation of the Harmonic Currents at the PCC With the Mag-
nitude and Phase Angle Variation of the 5th Harmonic Voltage
Applied on the Grid

The magnitude of the harmonic currents (both at the perturbation frequency and the prin-
cipal cross harmonic frequency) determined at the PCC can vary depending on the applied
harmonic voltage magnitude and as well as the phase angle on the grid. Hence, the varia-
tion of the harmonic currents at the PCC was determined for harmonic voltage perturba-
tions applied at the 5th harmonic order for different harmonic voltage magnitudes varied
from 0.354 kV (0.46%) to 1.414 kV (1.86%) and for each magnitude, for 60◦, 120◦, 180◦,
240◦ and 300◦ phase angles. The results are shown in Figure 7.4.

From the results, it is evident that for all the considered phase angles, the harmonic cur-
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Figure 7.3: Variation of the harmonic currents with the injected harmonic voltage on the
grid for (a) 5th (b) 7th (c) 11th and (d) 13th harmonic orders

rents determined at PCC at the perturbation frequency and the principal cross harmonic
frequency show linear variation with the applied harmonic voltage perturbation magni-
tudes. Furthermore, from Figure 7.4 it is apparent that the magnitudes of the current
harmonic components determined at PCC at the perturbation frequency and the principal
cross harmonic frequency vary depending on the phase angle of the applied harmonic
voltage at the grid.

Figure 7.5 shows the percentage change in the current harmonics at the PCC for 5th

harmonic and 7th harmonic orders when the grid fundamental voltage is individually su-
perimposed with 5th harmonic voltage with 0.354 kV magnitude and 0◦, 60◦, 120◦, 180◦

240◦ and 300◦ phase angles.
From Figure 7.5 it is evident that even though the magnitudes of the currents at 5th har-
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Figure 7.4: Variation of the harmonic currents with the injected harmonic voltage mag-
nitude and phase angle on the grid for (a) 0◦ (b) 60◦ (c) 120◦ (d) 180◦ (e) 240◦ and (f)
300◦ phase angles for the 5th harmonic order

monic and 7th harmonic orders at the PCC have some fluctuations due to the phase angle
variation of the applied harmonic voltage, the observed harmonic current magnitudes at
the PCC always greater than the corresponding harmonic currents at the PCC when the
grid is not superimposed with harmonic voltages.

The cross harmonic current generation depending on the applied harmonic voltage
magnitude and phase angle was only observed and analysed for the 5th harmonic volt-
age application only for a few randomly selected phase angles, as the EMT simulations
take extensive time to complete the simulations.
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Figure 7.5: Percentage change in harmonic currents at the PCC when 5th harmonic
voltage applied at the grid with 0.354 kV magnitude and different phase angles

7.4 Modified Inverter Harmonic Model Incorporating Cross
Harmonic Generation

The most commonly used method of theoretical determination of Thevenin/Norton har-
monic model parameters of inverters is the harmonic injection or harmonic perturbation
method as elaborated in Chapter 5, where such models do not have the capability to pre-
dict harmonic currents injected at the cross harmonic frequencies. As the cross-harmonic
current magnitudes may not be negligible, it is proposed that two Norton models be
adopted, one at the perturbation injected frequency and the other at the principal cross-
harmonic frequency, considering the worst-case emission levels.

With the positive sequence perturbation applied from the grid side, the grid-connected
Norton models at the perturbation frequency and the principal cross harmonic frequency
can be shown in Figure 7.6 where Vp(s) is the positive sequence harmonic perturbation
voltage present in the grid. Yg(s) and Yg(s− 2 jω1) represent the grid impedance at the
positive sequence and the corresponding mirror harmonic frequencies. Yp(s) and Yn(s) are
the positive and negative sequence inverter output impedances, and ip(s) and ip(s− j2ω1)

are the Norton model source currents at the perturbation frequency and the cross harmonic
frequency respectively. The same concept can be applied where a negative sequence
harmonic voltage perturbation is present in the grid.
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Figure 7.6: Norton models of inverter in the presence of a positive sequence harmonic
voltage in the grid (a) at injected positive sequence frequency and (b) at the principal
cross harmonic frequency

7.4.1 Norton Model Parameter Determination at the Cross Harmonic
Frequency

It was shown in Chapter 5 that the Norton model source current and the Norton admittance
at the perturbation frequency can be determined using (5.4) where it was observed that
both the Norton/Thevenin admittance/impedance and source current/voltage are nearly
constant and independent of the harmonic perturbation voltage magnitude at the pertur-
bation injection frequency. Hence it can be concluded that the grid injected harmonic
current at the perturbation frequencies will exhibit an increasing trend due to the applied
harmonic voltage perturbation magnitudes, as seen in Figure 7.3 in the worst case, when
the applied perturbations are in 0◦ phase angle.

Since the inverter output impedance for each harmonic order depends mainly on in-
verter internal parameters such as low-pass filter parameters, modulation technique used
and the dc link voltage (refer Section 6.4), the inverter output impedance was assumed
to be constant for each harmonic order when determining the Norton/Thevenin model
parameters at the cross harmonic frequency.

As shown in Figure 7.7, when a positive sequence voltage perturbation is applied from
the grid side, a current at the cross harmonic frequency can be observed at the inverter
terminals (iinv(s− j2ω1)) and as a result of that current, a voltage at the same frequency is
generated at the inverter terminals (vinv(s− j2ω1)). Since the inverter output impedance
at the cross harmonic frequency is already known (Yn(s)), if the voltage and current at the
cross-harmonic frequency at the inverter terminals are known, the Norton source current
at the cross-harmonic frequency (ip(s− j2ω1)) can be determined using (7.1).
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Figure 7.7: Norton model of an inverter in the presence of a positive sequence harmonic
voltage in the grid at the principal cross harmonic frequency

ip(s− j2ω1) = Yn(s)vinv(s− j2ω1)+ iinv(s− j2ω1) (7.1)

At cross harmonic frequencies, an important observation made through EMT simula-
tion studies was that when the applied voltage perturbation magnitude varies, the Nor-
ton/Thevenin source current/voltage also varies. For instance, the inverter cross harmonic
Thevenin model parameters are calculated by applying 7th harmonic voltage perturbation
levels of 0.141 kV and 0.007 kV (RMS), the calculated 5th harmonic (which is the cross
harmonic order) Thevenin model parameters are as follows.

• with 0.141kV: Thevenin impedance = 0.014 ∠ 30.27◦ Ω, Thevenin voltage = 2.383×10−6

∠ 103.78◦ kV

• with 0.007kV: Thevenin impedance = 0.014 ∠ 30.27◦ Ω, Thevenin voltage = 1.266×10−6

∠ 75.42◦ kV

From the above data, it can be observed that, with an increasing harmonic injected
voltage magnitude, the grid injected cross harmonic current also increases as a result of
its link to the injected harmonic voltage, as seen from Figure 7.3. Therefore, the harmonic
Norton model source current at the cross harmonic frequency can be considered to be
dependent on the applied perturbation voltage. This, in fact, is a drawback of the proposed
harmonic model as the Norton source current at the cross harmonic frequency is based on
the applied perturbation voltage. However, knowing the linearly increasing behaviour of
the cross harmonic current, the corresponding Norton source current can be predicted for
a given background harmonic voltage level.

The derived Norton model parameters for the 5th, 7th, 11th and 13th harmonic orders
are shown in Table 7.1 for an injected harmonic voltage magnitude of 0.354 kV.
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Table 7.1: Harmonic Norton model parameters

Harmonic Norton model parameters Norton model parameters at
order of the at the applied harmonic voltage the principal cross harmonic
applied frequency
voltage

Admittance Source Current Admittance Source Current
(S) (kA) (S) (kA)

5 62.2-j36.3 0.031∠-110.2◦ 30.2-j12.9 0.020∠-17.1◦

7 30.2-j12.9 9.625×10−3∠108.7◦ 62.2-j36.3 0.048∠-63.9◦

11 4.9+j20.6 2.552×10−3∠-51.8◦ 2.7+j36.8 0.013∠-71.2◦

13 2.7+j36.8 2.502×10−3∠-10.9◦ 4.9+j20.6 0.007∠ -58.9◦

7.5 Cross Harmonic Generation in a Multiple Inverter
Environment

In this section, the variation of the grid currents at cross harmonic frequencies is inves-
tigated in the presence of a total of four parallel grid-connected inverters (neglecting the
cable network) employing both EMT models and the developed Norton models. Although
this case does not represent a realistic solar farm environment as the cable network was
not considered for the simulation studies, some key understandings of cross harmonic
generation can still be developed through the work presented. In this study, 5th, 7th, 11th

and 13th harmonic voltages were injected from the grid side. For the convenience of anal-
ysis of the cross harmonic currents injected to the grid by the inverters, only one harmonic
was injected at a time having a magnitude of 0.354 kV at 0◦ phase angle. The grid har-
monic currents at the voltage harmonic injection frequency and the corresponding cross
harmonic frequency current magnitudes observed using both the EMT and Norton models
are illustrated by Figure 7.8, as the number of inverters is increased from 1 to 4.

From Figure 7.8, it is evident that the injected harmonic grid currents measured at
the harmonic injection frequencies and at the corresponding cross-harmonic frequencies
increase almost linearly for the considered harmonic orders with the number of inverters.
Furthermore, it can be concluded that the derived inverter Norton models are capable of
closely predicting the grid harmonic currents for all the considered cases. From these test
results, it can be concluded that inverters can be represented with two Norton models for
each harmonic order in the presence of a single voltage harmonics present in the grid.

It is to be noted that in an actual solar farm environment, there is a cable network.
While it is the practice to use derived Norton models associated with the inverters that are
independent of the associated external impedances at a particular grid injected frequency,
the cross harmonic Norton model independently derived requires attention with regard to
its source current as it is dependent on the external injected harmonic voltage. In such
situations, the source current needs adjustment iteratively.
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Figure 7.8: Grid injected harmonic currents, Case 1: Injected harmonic - 5th harmonic
order; (a) at 5th harmonic and (b) at 7th harmonic, Case 2: Injected harmonic - 7th har-
monic order, (c) at 7th harmonic and (d) at 5th harmonic, Case 3: Injected harmonic - 11th

harmonic order, (e) at 11th harmonic and (f) at 13th harmonic, Case 4: Injected harmonic
- 13th harmonic order, (g) at 13th harmonic and (h) at 11th harmonic

The cross harmonic generation phenomenon becomes increasingly complex when there
are multiple voltage harmonics present at the grid, which in fact, is well known. For
instance, with both 5th and 7th harmonic order voltages present in the grid, harmonic
currents at both 5th and 7th harmonic orders will exhibit a change. The resulting cross
harmonic current induced at 7th harmonic order may contribute to a change in the voltage
harmonic at 7th harmonic order. Both the original applied grid harmonic voltage and
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the new cross harmonic voltage at 7th harmonic order will contribute to change the cross
harmonic current generation at 5th harmonic order, which will eventually affect the 5th

harmonic grid voltage.

7.6 Chapter Summary

Cross harmonic generation is a known phenomenon which may arise with grid-connected
inverters, especially when the grid is polluted with pre-existing harmonic voltages. Al-
though this phenomenon is often neglected, the case studies given in this chapter show
that the generated cross harmonic currents can have substantial magnitudes, which cannot
be ignored in harmonic studies. The nature of cross harmonic generation under variable
grid voltage harmonic magnitude levels and phase angles was also investigated in this
chapter. It was observed from the case studies that the cross harmonic current magnitudes
increase linearly for the considered harmonic orders with the injected voltage perturbation
magnitude.

The parameters of the Norton/Thevenin models commonly used in harmonic studies de-
veloped using the well-known perturbation injection method fail to represent the harmonic
currents generated at the cross harmonic frequencies. Noting that cross-harmonic current
magnitudes may not be negligible, the development of two Norton models was proposed
to represent inverter harmonic behaviour, one at the perturbation injected frequency and
the other at the cross harmonic frequency. However, the Norton source currents at the
cross harmonic frequencies depend on the voltage perturbation injection magnitude and
this was identified as a limitation of the proposed inverter harmonic model. This limita-
tion can be overcome by taking a pragmatic view assuming the worst-case scenario, in
which the background harmonic voltages in the grid are at the network planning levels
and hence no adjustments may be required.



Chapter 8

Conclusions and Recommendations for
Future Work

8.1 Conclusions

In harmonic compliance studies associated with renewable energy sources integrated to
electricity grids employing power electronic converters, it is the common practice to use
Norton/Thevenin models that are usually provided by the vendors of such converter sys-
tems. In this regard, the focus of this thesis was the large scale inverters in solar farms
where the suitability of such models was examined as there is no concrete evidence to
the effect that such models represent the true harmonic behaviour in actual environments.
This is mainly because of the fact that the vendor provided models are developed in iso-
lation with no reference to where the inverters will be ultimately connected and often
they are worst case harmonic models. One method of examining their suitability is to
compare the outcomes from such models with those obtained using EMT models that are
able to represent a whole range of internal and external variables of inverters. The main
objective of this thesis was the examination of this suitability and to investigate possible
improvements that can be applied with regard to suitable models.

Although inverter EMT models are generally available from their vendors, the crucial
control system and other important parameters, including the details and the depth of
modelling that can influence the harmonic behaviour are contained within black-boxes
that are not publicly available. Therefore, carrying out objective sensitivity studies as-
sociated with the harmonic behaviours of inverters is prohibitive. As it was mandatory
to develop a thorough understanding of the inverter operation to study their harmonic
behaviour, a large-scale inverter EMT model was initially developed, followed by the
development of a solar farm model with realistic parameters employing PSCADTM.

With a view to compare the outcomes derived employing EMT models with corre-
sponding Norton/Thevenin models, one of the major requirements of the work undertaken

125
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was the development of such frequency domain models. It is understood that inverter ven-
dors employ hybrid approaches in developing worst case harmonic models where simu-
lations, calculations and or experimental procedures are used. However, details of such
work are not publicly available. In this regard, this thesis utilised the harmonic injection
approach to develop Norton/Thevenin models of the developed EMT models.

A sensitivity study was carried out to examine how the Norton/Thevenin models per-
form in comparison to inverter EMT models under different inverter internal and external
conditions. From this study, it was concluded that for most of the inverter internal and
external conditions, when the number of inverters in the solar farm increases, the in-
verter Norton/Thevenin harmonic models cannot accurately replicate the true harmonic
behaviour as predicted by the EMT models. Furthermore, interactions were noted to oc-
cur between the Thevenin model impedance and the impedance of the rest of the network,
exhibiting resonances which do not actually exist as demonstrated by the inverter EMT
models, thus hinting possible inaccuracies that can arise in harmonic compliance studies
which employ frequency domain Norton/Thevenin models.

With EMT models, it was also noted that the harmonic currents generated by inverters
in a solar farm vary specially with different grid conditions. This also clearly shows that
an inverter cannot be accurately modelled using a fixed Norton/Thevenin model.

The applicability of the arithmetic summation and the general summation laws in es-
tablishing the aggregated harmonic current at the PCC was also investigated in this thesis,
where it was noted that the arithmetic summation can be used reasonably confidently.

Mathematical expressions for frequency domain harmonic model parameters were also
derived in this thesis. This was done using three inverter models, in which two inverter
models were characterised by constant dc link voltage, whereas the third model cov-
ered the complete dc system of the inverter. The mathematically derived inverter har-
monic model parameters exhibited quite good agreement with the determined inverter
Norton/Thevenin model parameters of the cases with constant dc link voltage. By using
this approach applied in the determination of harmonic model parameters, a thorough un-
derstanding of the association between the inverter control system and inverter parameters
with the inverter Norton/Thevenin model parameters can be achieved. Furthermore, to de-
termine the harmonic model parameters using the proposed mathematical-based method,
the approach requires only one set of inverter terminal voltage and current measurements
at the required harmonic order, which makes the application of the methodology quite
convenient.

Norton/Thevenin models of inverters being single harmonic frequency models, are nat-
urally unable to demonstrate the cross harmonic generation phenomena demonstrated by
their EMT models in the presence of background harmonic voltages in the connected
grid. Therefore, a preliminary study was undertaken to determine the behaviour associ-
ated with cross harmonics generated by inverters. From this study, it was noted that the
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cross harmonics generated by the inverters cannot be neglected, noting their magnitudes.
Furthermore, the magnitudes of the cross harmonics generated by inverters linearly in-
crease with the applied grid voltage harmonic magnitude, an observation which may not
be general, but nonetheless was considered as a crucial observation that is relevant to the
development of suitable models to characterise cross harmonic generation. In this thesis,
a novel inverter harmonic model which consists of two Norton models was proposed to
represent the harmonics generated by the inverters, such that one Norton model repre-
sents the harmonic behaviour of the inverter at the background harmonic frequency (the
injected frequency) and the other Norton model represents the cross harmonics injected
by the inverter. However, the drawback of this composite model is that the Norton source
current at the cross harmonic frequency varies depending on the applied grid voltage mag-
nitude. This can be mitigated to some extent as it is already known from the studies that
the generated cross harmonic magnitude varies with the applied grid voltage magnitude
linearly. Therefore, worst-case cross harmonic Norton model parameters can be derived
by assuming the grid voltage harmonic magnitude to be equal to the corresponding plan-
ning level.

From the studies presented in this thesis, it can be concluded that the currently used
(Norton/Thevenin models) may not be suitable for replicating the true harmonic behaviour
of the inverters on many occasions, especially in solar farm environments, where a large
number of inverters are connected together with a cable network, and also under different
inverter internal and external conditions.

8.2 Recommendations for Future Work

In this thesis, the determined frequency domain harmonic model parameters of invert-
ers were used to investigate the suitability of using Norton/Thevenin models. Assum-
ing the availability of EMT models that are declared to be suitable for harmonic stud-
ies and the corresponding Norton/Thevenin models, a side-by-side comparison should
be carried out to examine the level of agreement between the two approaches. Further,
the vendor-provided EMT models should be used in developing the corresponding Nor-
ton/Thevenin models using the harmonic injection method so that they can be compared
with the vendor-provided Norton/Thevenin models. A range of studies should be under-
taken to investigate the influence of different operating conditions on the behaviour of
these models and compare the results with the results obtained using EMT models.

Using the outcomes presented in this thesis, it was concluded that when the invert-
ers operate at the rated power level, the aggregated harmonic current of a solar farm at
the PCC can be determined by applying arithmetic summation, given that all inverters
within a solar farm are identical. This study should be extended so that the validity of the
arithmetic summation and the general summation laws can be investigated under different
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inverter internal conditions and grid conditions.
The mathematical expressions derived for inverter harmonic model parameters for three-

phase inverters with pure dc link voltage, controlled in α-β and d-q reference frames, are
suitable for replacing the traditional software-based methods for determining the Nor-
ton/Thevenin model parameters. However, with the entire dc system that comprises the
PV array, dc-dc boost converter and the MPPT controller, derivation of the mathemat-
ical expressions for the inverter output impedance becomes quite complex. The work
presented in this thesis shows that this challenge has been achieved to some extent. How-
ever, the mathematical formulations presented in this thesis can be further improved by
considering the dynamics of the PV array, the boost converter, the MPPT controller, the
dc link voltage controller and the reactive power controller as well.

The cross harmonic currents generated by the inverters were noted to be substantial
in their magnitudes in the preliminary study undertaken. The studies presented and the
outcomes are limited in depth as only a single voltage harmonic was considered to be
present in the grid with 0◦ phase angle. These studies need to be extended such that the
grid consists of multiple voltage harmonics with different phase angles to investigate the
range of variations of the various cross harmonics with a view to improve the proposed
models or to develop new models.

One of the major obstacles faced in many of the studies undertaken in this thesis is the
extensive time taken to complete EMT simulations employing quite small numerical time
steps, although the inverter switching frequency was set at 3 kHz. The issue of simulation
time becomes more problematic in solar farm environments with multiple inverters. For
this reason, it is unlikely that EMT simulations will be used in harmonic studies, espe-
cially in relation to large solar farms, which may consist of much more inverters than what
was considered in this thesis. Hence, it is recommended that suitable hybrid approaches
are developed which are suitable for such studies with a view to achieve more realistic
and accurate outcomes.

While theoretical modelling and simulation-based approaches are considered to form
the backbone of harmonic studies, it is vital that such outcomes are validated using appro-
priate experimental and field validation. The absence of such validation was prohibitive
with regard to the studies undertaken, considering the absence of true-to-life data from
actual operating inverters, although actual internal and external network data could be
procured. This aspect is prudent in future work undertaken in the area of high fidelity
model development associated with solar farms.
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Appendix A

Development of Space Vector Pulse
Width Modulation User Defined Model

A.1 Space Vector Pulse Width Modulation

The theory behind the SVPWM method is well-documented. The most commonly used
three phase inverter configurations used to-date in solar energy generation systems com-
prise of six IGBT switches and six anti-parallel diodes. Since two switches are turned on
simultaneously each time, the inverter has altogether eight switching states comprised of
six active vectors (100, 110, 010, 011, 001 and 101) and two zero vectors (000 and 111).
These eight switching states are shown in Figure A.1.

The switching vectors facilitate continuous current at the inverter output without allow-
ing the dc link to short circuit. The vectors can be represented graphically in the α - β

plane and the active vectors divide the plane into six sectors which are apart from each
other by 60◦ and the zero vectors are located at the origin of the plane. The reference vec-
tor can be located anywhere on the α - β plane and it can be approximated by switching
its two adjacent active vectors and both zero vectors. This can be shown in Figure A.2.
In this figure, V0, V1, V2, V3, V4, V5, V6 and V7 represent the switching vectors and the Vre f

denotes the reference signal.
This appendix describes two methods of generating the switching pulses of the six in-

verter switches using the SVPWM method. In method 1, a user-defined SVPWM block is
used to generate three phase duty cycle waveforms and the corresponding IGBT switching
pulses can be generated externally by comparing the duty cycle waveforms with a carrier
waveform. In method 2, a user defined component is used to produce the switching pulses
directly without using any carrier waveform external to the user defined component.
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Figure A.1: Inverter switching states
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Figure A.2: Voltage source inverter output vectors in α-β plane

Method 1

The three phase reference waveforms generated by the current controller were converted
into α-β reference frame using Clark transformation, such that the magnitude and the
phase angle of the reference vector can be calculated. The corresponding part of the
FORTRAN script is given below.

1 P =3.141592654
2 q =1.047197551
3 SQRT3=1.732050808
4
5
6 $mag=SQRT( $Alpha ∗∗2+ $Beta ∗∗2)
7
8
9 IF ( ( $Alpha >0) .AND . ( $Beta >=0) ) THEN

10 $ a n g l e =ATAN( $Beta / $Alpha )
11 ELSEIF ( ( $Alpha >0) .AND . ( $Beta <0) ) THEN
12 $ a n g l e =ATAN( $Beta / $Alpha ) +(2∗ p )
13 ELSEIF ( ( $Alpha ==0) .AND . ( $Beta >0) ) THEN
14 $ a n g l e =P / 2
15 ELSEIF ( ( $Alpha ==0) .AND . ( $Beta <0) ) THEN
16 $ a n g l e =(3∗P / 2 )
17 ELSEIF ( $Alpha <0) THEN
18 $ a n g l e =ATAN( $Beta / $Alpha ) +P
19 ENDIF

Using the determined phase angle of the reference vector, the exact sector where the
reference signal is located was determined. The reference vector lies in any sector can
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be replicated using the adjacent two active vectors and one zero vector. Following the
identification of the corresponding active and zero vectors, the turning on time for each
vector was estimated [62].

1 IF ( ( $ang le >=0) .AND . ( $ang le<=P / 3 ) ) THEN
2 $ s e c t o r =1
3 ELSEIF ( ( $ang le>P / 3 ) .AND . ( $ang le <=2∗P / 3 ) ) THEN
4 $ s e c t o r =2
5 ELSEIF ( ( $ang le >2∗P / 3 ) .AND . ( $ang le<=P ) ) THEN
6 $ s e c t o r =3
7 ELSEIF ( ( $ang le>P ) .AND . ( $ang le <=4∗P / 3 ) ) THEN
8 $ s e c t o r =4
9 ELSEIF ( ( $ang le >4∗P / 3 ) .AND . ( $ang le <=5∗P / 3 ) ) THEN

10 $ s e c t o r =5
11 ELSEIF ( ( $ang le >5∗P / 3 ) .AND . ( $ang le <=2∗P ) ) THEN
12 $ s e c t o r =6
13 ENDIF

For instance, if the reference signal is located in sector 1 as shown in Figure A.3, it can
be represented with the two active vectors of V1, V2 and the zero vector V0. If the activation
times of these vectors are T1, T2 and T0 respectively, the duration of the reference vector
can be calculated with (A.1).

Vre f Ts =V1T1 +V2T2 +V0T0 (A.1)

where, Ts=1/switching frequency ( fs).
Since the position of all the vectors can be described with their corresponding magni-

tude and angle, (A.1) can be modifies as the equation given in (A.2).

Ts|Vre f |cos(α) =
2
3

T1Vdc +
2
3

T2Vdc cos
(

π

3

)
Ts|Vre f |sin(α) =

2
3

T2Vdc sin
(

π

3

) (A.2)

where, |Vre f | is the magnitude of the reference signal, Vdc is the inverter dc link voltage
and α is the phase angle of the reference signal.

Hence, the switching times for each vector can be determined using (A.3).

T1 =

√
3.Ts.|Vre f |

Vdc
(sin(π/3−α))

T2 =

√
3.Ts.|Vre f |

Vdc
(sin(α))

T0 = Ts− (T1 +T2)

(A.3)

This can be expanded such that the time durations for the active and zero vectors are
calculated for any location of the reference vector. If the reference vector is located at sec-
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Figure A.3: Reference vector located in sector 1

tor n, the activation times for the corresponding active and zero vectors can be calculated
using (A.4).

T1 =

√
3.Ts.|Vre f |

Vdc

(
sin
(nπ

3
−α

))
T2 =

√
3.Ts.|Vre f |

Vdc

(
sin
(

α− n−1
3

π

))
T0 = Ts− (T1 +T2)

(A.4)

Table A.1: Sequence of the vectors with respect to time

sector T0/2 T1 T2 T0 T1 T2 T0/2
1 V0 V1 V2 V7 V2 V1 V0
2 V0 V3 V2 V7 V2 V3 V0
3 V0 V3 V4 V7 V4 V3 V0
4 V0 V5 V4 V7 V4 V5 V0
5 V0 V5 V6 V7 V6 V5 V0
6 V0 V1 V6 V7 V6 V1 V0

Table A.1 shows the vectors activated at each time based on the sector where the refer-
ence vector is located. Hence, depending on the reference vector location, the activation
times of the corresponding vectors can be calculated using the FORTRAN script below:

1 IF ( s e c t o r ==1) THEN
2 Ta =(SQRT3∗mag∗Ts∗SIN ( q−a n g l e ) ) / Vdc
3 Tb =(SQRT3∗mag∗Ts∗SIN ( a n g l e ) ) / Vdc
4 T0=Ts−Ta−Tb
5 ELSEIF ( s e c t o r ==2) THEN
6 Ta =(SQRT3∗mag∗Ts∗SIN (2∗ q−a n g l e ) ) / Vdc
7 Tb =(SQRT3∗mag∗Ts∗SIN ( ang le−q ) ) / Vdc
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Figure A.4: SVPWM switching patterns at each sector

8 T0=Ts−Ta−Tb
9 ELSEIF ( s e c t o r ==3) THEN

10 Ta =(SQRT3∗mag∗Ts ) / Vdc∗SIN ( P−a n g l e )
11 Tb =(SQRT3∗mag∗Ts ) / Vdc∗SIN ( ang le −2∗q )
12 T0=Ts−Ta−Tb
13 ELSEIF ( s e c t o r ==4) THEN
14 Ta =(SQRT3∗mag∗Ts ) / Vdc∗SIN (4∗ q−a n g l e )
15 Tb =(SQRT3∗mag∗Ts ) / Vdc∗SIN ( ang le−P )
16 T0=Ts−Ta−Tb
17 ELSEIF ( s e c t o r ==5) THEN
18 Ta =(SQRT3∗mag∗Ts ) / Vdc∗SIN (5∗ q−a n g l e )
19 Tb =(SQRT3∗mag∗Ts ) / Vdc∗SIN ( ang le −4∗q )
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20 T0=Ts−Ta−Tb
21 ELSEIF ( s e c t o r ==6) THEN
22 Ta =(SQRT3∗mag∗Ts ) / Vdc∗SIN (2∗ p−a n g l e )
23 Tb =(SQRT3∗mag∗Ts ) / Vdc∗SIN ( ang le −5∗q )
24 T0=Ts−Ta−Tb
25 ENDIF

Figure A.4 provides the visual illustration of the inverter switching patterns for each
sector, from which it is evident that there are seven switching states (intervals) for each
cycle, which always starts and ends with a zero vector. The switching times for each
IGBT switch corresponding to each sector are shown in Table A.2. From the data given
in Table A.2, the modulation waveforms were generated and then they were compared
with a triangular carrier waveform externally from the user-defined model to generate
the switching pulses for the inverter switches. The corresponding part of the FORTRAN
script is given below.

1
2 IF ( s e c t o r ==1) THEN
3 D1=Ta+Tb+T0 / 2
4 D2=Tb+T0 / 2
5 D3=T0 / 2
6 ELSEIF ( s e c t o r ==2) THEN
7 D1=Ta+T0 / 2
8 D2=Ta+Tb+T0 / 2
9 D3=T0 / 2

10 ELSEIF ( s e c t o r ==3) THEN
11 D1=T0 / 2
12 D2=Ta+Tb+T0 / 2
13 D3=Tb+T0 / 2
14 ELSEIF ( s e c t o r ==4) THEN
15 D1=T0 / 2
16 D2=Ta+T0 / 2
17 D3=Ta+Tb+T0 / 2
18 ELSEIF ( s e c t o r ==5) THEN
19 D1=Tb+T0 / 2
20 D2=T0 / 2
21 D3=Ta+Tb+T0 / 2
22 ELSEIF ( s e c t o r ==6) THEN
23 D1=Ta+Tb+T0 / 2
24 D2=T0 / 2
25 D3=Ta+T0 / 2
26 ENDIF
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Table A.2: Switching times of each inverter switch at each sector

sector Upper switches (S1,S3,S5) Lower switches (S4,S6,S2)
1 S1 = T1 +T2 +T0/2 S4 = T0/2

S3 = T2 +T0/2 S6 = T1 +T0/2
S5 = T0/2 S2 = T1 +T2 +T0/2

2 S1 = T1 +T0/2 S4 = T2 +T0/2
S3 = T1 +T2 +T0/2 S6 = T0/2

S5 = T0/2 S2 = T1 +T2 +T0/2
3 S1 = T0/2 S4 = T1 +T2 +T0/2

S3 = T1 +T2 +T0/2 S6 = T0/2
S5 = T2 +T0/2 S2 = T1 +T0/2

4 S1 = T0/2 S4 = T1 +T2 +T0/2
S3 = T1 +T0/2 S6 = T2 +T0/2

S5 = T1 +T2 +T0/2 S2 = T0/2
5 S1 = T2 +T0/2 S4 = T1 +T0/2

S3 = T0/2 S6 = T1 +T2 +T0/2
S5 = T1 +T2 +T0/2 S2 = T0/2

6 S1 = T1 +T2 +T0/2 S4 = T0/2
S3 = T0/2 S6 = T1 +T2 +T0/2

S5 = T1 +T0/2 S2 = T2 +T0/2

Method 2

The steps of method 2 are the same as in method 1, up to the activation time calculation for
corresponding active and zero vectors depending on the sector location of the reference
vector. If the sector where the reference signal is located and the activation times for each
active and zero vectors are known for each instance, the inverter switching status could be
easily determined by comparing the actual time with the activated times of each vector.
However, after each cycle, the time needs to be reset as the reference vector should move
from sector 1 to sector 6 and back to sector 1. Hence, a sawtooth waveform was generated
as the timer, which is very much identical to the PLL output. The vector transition times
(intervals) can be calculated using Figure A.4, similar to method 1 and then for each
interval, the inverter switching status was determined [86].

The main difference between method 1 and method 2 is the output signals of the de-
veloped SVPWM user-defined components. In method 1, three-phase modulation signals
are generated as the component output, so that they can be compared with a carrier wave-
form to generate the switching signals of the inverter switches external to the user-defined
component. Whereas in method 2, the user-defined component generates switching sig-
nals which can be directly applied to the inverter switches.
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A.2 The Complete FORTRAN Codes for SVPWM Method

A.2.1 Method 1

Initializing the parameters used
P=3.141592654
q=1.047197551
SQRT3=1.732050808

Calculating the magnitude of the reference vector
mag=SQRT(Alpha**2+Beta**2)

Determining the angle of the reference vector
IF ((Alpha>0).AND.(Beta≥0)) THEN
angle=ATAN(Beta/Alpha)
ELSEIF ((Alpha>0).AND.(Beta<0)) THEN
angle=ATAN(Beta/Alpha)+(2*p)
ELSEIF ((Alpha==0).AND.(Beta>0)) THEN
angle=P/2
ELSEIF ((Alpha==0).AND.(Beta<0)) THEN
angle=(3*P/2)
ELSEIF (Alpha<0) THEN
angle=ATAN(Beta/Alpha)+P
ENDIF

Determining the sector of the reference signal
IF ((angle≥0).AND.(angle≤P/3)) THEN
sector=1
ELSEIF ((angle>P/3).AND.(angle≤2*P/3)) THEN
sector=2
ELSEIF ((angle>2*P/3).AND.(angle≤P)) THEN
sector=3
ELSEIF ((angle>P).AND.(angle≤4*P/3)) THEN
sector=4
ELSEIF ((angle>4*P/3).AND.(angle≤5*P/3)) THEN
sector=5
ELSEIF ((angle>5*P/3).AND.(angle≤2*P)) THEN
sector=6
ENDIF
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Calculating activation times of active and zero vectors
IF (sector==1) THEN
Ta=(SQRT3*mag*Ts*SIN(q-angle))/V
Tb=(SQRT3*mag*Ts*SIN(angle))/V
T0=Ts-Ta-Tb
ELSEIF (sector==2) THEN
Ta=(SQRT3*mag*Ts*SIN(2*q-angle))/V
Tb=(SQRT3*mag*Ts*SIN(angle-q))/V
T0=Ts-Ta-Tb
ELSEIF (sector==3) THEN
Ta=(SQRT3*mag*Ts)/V*SIN(P-angle)
Tb=(SQRT3*mag*Ts)/V*SIN(angle-2*q)
T0=Ts-Ta-Tb
ELSEIF (sector==4) THEN Ta=(SQRT3*mag*Ts)/V*SIN(4*q-angle)
Tb=(SQRT3*mag*Ts)/V*SIN(angle-P)
T0=Ts-Ta-Tb
ELSEIF (sector==5) THEN
Ta=(SQRT3*mag*Ts)/V*SIN(5*q-angle)
Tb=(SQRT3*mag*Ts)/V*SIN(angle-4*q)
T0=Ts-Ta-Tb
ELSEIF (sector==6) THEN
Ta=(SQRT3*mag*Ts)/V*SIN(2*p-angle)
Tb=(SQRT3*mag*Ts)/V*SIN(angle-5*q)
T0=Ts-Ta-Tb
ENDIF

switching sequence and duty cycle calculation
IF (sector==1) THEN
D1=Ta+Tb+T0/2
D2=Tb+T0/2
D3=T0/2
ELSEIF (sector==2) THEN
D1=Ta+T0/2
D2=Ta+Tb+T0/2
D3=T0/2
ELSEIF (sector==3) THEN
D1=T0/2
D2=Ta+Tb+T0/2
D3=Tb+T0/2
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ELSEIF (sector==4) THEN
D1=T0/2
D2=Ta+T0/2
D3=Ta+Tb+T0/2
ELSEIF (sector==5) THEN
D1=Tb+T0/2
D2=T0/2
D3=Ta+Tb+T0/2
ELSEIF (sector==6) THEN
D1=Ta+Tb+T0/2
D2=T0/2
D3=Ta+T0/2
ENDIF

A.2.2 Method 2

Initializing the parameters used
P=3.141592654
q=1.047197551
SQRT3=1.732050808

Calculating the magnitude of the reference vector
mag=SQRT(Alpha**2+Beta**2)

Determining the angle of the reference vector
IF ((Alpha >0).AND.(Beta≥0)) THEN
angle=ATAN(Beta/Alpha)
ELSEIF ((Alpha>0).AND.(Beta<0)) THEN
angle=ATAN(Beta/Alpha)+(2*p)
ELSEIF ((Alpha==0).AND.(Beta>0)) THEN
angle=P/2
ELSEIF ((Alpha==0).AND.(Beta<0)) THEN
angle=(3*P/2)
ELSEIF (Alpha<0) THEN
angle=ATAN(Beta/Alpha)+P
ENDIF

Determining the sector of the reference signal
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IF ((angle ≥ 0).AND.(angle ≤ P/3)) THEN
sector=1
ELSEIF ((angle >P/3).AND.(angle ≤ 2*P/3)) THEN
sector=2
ELSEIF ((angle >2*P/3).AND.(angle ≤ P)) THEN
sector=3
ELSEIF ((angle >P).AND.(angle ≤ 4*P/3)) THEN
sector=4
ELSEIF ((angle >4*P/3).AND.(angle ≤ 5*P/3)) THEN
sector=5
ELSEIF ((angle >5*P/3).AND.(angle ≤ 2*P)) THEN
sector=6
ENDIF

Calculating activation times of active and zero vectors
IF (sector==1) THEN
Ta=(SQRT3*mag*Ts*SIN(q-angle))/V
Tb=(SQRT3*mag*Ts*SIN(angle))/V
T0=Ts-Ta-Tb
ELSEIF (sector==2) THEN
Ta=(SQRT3*mag*Ts*SIN(2*q-angle))/V
Tb=(SQRT3*mag*Ts*SIN(angle-q))/V
T0=Ts-Ta-Tb
ELSEIF (sector==3) THEN
Ta=(SQRT3*mag*Ts)/V*SIN(P-angle)
Tb=(SQRT3*mag*Ts)/V*SIN(angle-2*q)
T0=Ts-Ta-Tb
ELSEIF (sector==4) THEN
Ta=(SQRT3*mag*Ts)/V*SIN(4*q-angle)
Tb=(SQRT3*mag*Ts)/V*SIN(angle-P)
T0=Ts-Ta-Tb
ELSEIF (sector==5) THEN
Ta=(SQRT3*mag*Ts)/V*SIN(5*q-angle)
Tb=(SQRT3*mag*Ts)/V*SIN(angle-4*q)
T0=Ts-Ta-Tb
ELSEIF (sector==6) THEN
Ta=(SQRT3*mag*Ts)/V*SIN(2*p-angle)
Tb=(SQRT3*mag*Ts)/V*SIN(angle-5*q)
T0=Ts-Ta-Tb
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ENDIF

Timer generation (sawtooth waveform which can determine the interval)
Comp time=TIME-(INT(TIME/Ts)*Ts)

Vector transition time calculation
t1=T0/4
t2=t1+(T1/2)
t3=t2+(T2/2)
t4=t3+(T0/2)
t5=t4+(T2/2)
t6=t5+(T1/2)
t7=t6+(T0/4)

Determination of switching status for each switch
IF ((Comp time <t1).AND.((t6 ≤ Comp time).OR.(Comp time <t7))) THEN
interval=1
ELSEIF (((t1≤Comp time).AND.(Comp time <t2)).OR.((t5≤Comp time).AND.(Comp time
<t6))) THEN
interval=2
ELSEIF (((t2≤Comp time).AND.(Comp time <t3)).OR.((t4≤Comp time).AND.(Comp time
<t5))) THEN
interval=3
ELSEIF ((t3 ≤ Comp time).AND.(Comp time <t4)) THEN
interval=4
ENDIF

Pulse generation
IF (interval==1) THEN
out1=0
out2=0
out3=0
out4=1
out5=1
out6=1
ELSEIF (((interval==2).AND.(sector==1)).OR.((interval==2).AND.(sector==6))) THEN
out1=1
out2=0
out3=0
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out4=0
out5=1
out6=1
ELSEIF (((interval==2).AND.(sector==2)).OR.((interval==2).AND.(sector==3))) THEN
out1=0
out2=1
out3=0
out4=1
out5=0
out6=1
ELSEIF (((interval==2).AND.(sector==4)).OR.((interval==2).AND.(sector==5))) THEN
out1=0
out2=0
out3=1
out4=1
out5=1
out6=0
ELSEIF (((interval==3).AND.(sector==1)).OR.((interval==2).AND.(sector==2))) THEN
out1=1
out2=1
out3=0
out4=0
out5=0
out6=1
ELSEIF (((interval==3).AND.(sector==3)).OR.((interval==2).AND.(sector==4))) THEN
out1=0
out2=1
out3=1
out4=1
out5=0
out6=0
ELSEIF (((interval==3).AND.(sector==5)).OR.((interval==2).AND.(sector==6))) THEN
out1=1
out2=0
out3=1
out4=0
out5=1
out6=0
ELSEIF (interval==4) THEN
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out1=1
out2=1
out3=1
out4=0
out5=0
out6=0
ENDIF



Appendix B

Numerical Calculations

B.1 Analysis of the Results with Numerical Calculations

Based on Figure 5.6 (a), it can be determined that the impedances at the inverter output can
be represented by the inductances of 9.47×10−6 H and 1.025×10−5 H for inverter 1 and
inverter 5 respectively. For 5th and 7th harmonics, the Thevenin equivalent impedances
are inductive (4.456×10−6 H and 5.457×10−6 H respectively), and as the rest of the
system is also displaying an inductive behaviour, a series resonance should not be present
in the impedance scan analysis results conducted with the Thevenin impedances of 5th

and 7th harmonic orders. For instance, Figure 5.6 (b) shows that the impedances almost
linearly change with the frequency in relation to both Inverter 1 and Inverter 5, replicat-
ing inductive impedances of 1.393×10−5 H and 1.492×10−5 H for those cases. These
values are almost identical to the addition of the Thevenin equivalent impedance induc-
tances and the system impedance inductances determined at the inverter output for each
harmonic order. The details are summarised in Table B.1.

Table B.1: Summary of the details for the 5th harmonic order

Case Inductance of the System inductance Addition of the Thevenin Determined inductance
Thevenin impedance (H) determined at the inverter inductance and system from Figure 5.6 (b)

terminal (H) inductance (H) (H)

Inverter 1 4.456×10−6 9.470×10−6 1.393×10−5 1.393×10−5

Inverter 5 4.456×10−6 1.025×10−5 1.570×10−5 1.492×10−5

The Thevenin equivalent impedance of the 11th harmonic is (0.0114−0.0459i)Ω,
which corresponds to a 0.0114 Ω resistor and a 6304.4 µF capacitor connected in series.
The capacitive nature of the Thevenin equivalent impedance and the inductive behaviour
of the external network may cause series resonance. From the determined inductive and
capacitive component parameters, the resonance frequencies can be calculated as 651.4
Hz and 626.1 Hz associated with inverter 1 and inverter 5 respectively (Figure 5.6), which
shows that the series resonance frequency moves towards the 11th harmonic with increas-

151
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ing cable length associated with a reduction in impedance thus supporting the increase in
the 11th harmonic current as the cable length increases. The details are summarised in
Table B.2.

Table B.2: Summary of the details for the 11th harmonic order

Case Capacitance of the System inductance Calculated resonance
Thevenin impedance (µF) determined at the inverter frequency

terminal (H) (Hz)

Inverter 1 6304.4 9.470×10−6 651.4
Inverter 5 6304.4 1.025×10−5 626.1

The above method can be extended considering the Thevenin equivalent impedance
(0.002-j0.027) Ω of the 13th harmonic. The numerical calculations show that the reso-
nance frequencies for inverter 1 and inverter 5 connected to the grid are 543.1 Hz and
522.0 Hz respectively, which shows that the series resonance frequency decreases and
moves away from the 13th harmonic when increasing the cable length. The details are
summarised in Table B.3.

Table B.3: Summary of the details for the 13th harmonic order

Case Capacitance of the System impedance Determined resonance
Thevenin impedance (µF) determined at the inverter frequency

terminal (H) (Hz)

Inverter 1 9068.6 9.470×10−6 543.1
Inverter 5 9068.6 1.025×10−5 522.0
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