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Abstract

This thesis introduces a new method especially designed to control the
instantaneous power in voltage sourced converters operating under unbalanced conditions,
including positive, negative and zero sequence content. A transformation technique,
labelled mno transformation, was developed to enable the decomposition of the total
instantaneous power flowing on three-phase transmission topologies into constant and
oscillating terms. It is applied to three-wire and four-wire schemes, especially
accommodating zero sequence unlike previous approaches.

Classical and modern electric power theories are presented, particularly focusing
on their definitions for adverse AC scenarios. The main mathematical transformations
conceived to analyze such situations are summarized, showing their respective advantages
and disadvantages. An enhanced instantaneous power theory is introduced. The novel
proposed power equations, named mno instantaneous power components, expands the
application of the p-g theory, which is attached to the 0 transformation.

The mno instantaneous power theory is applied to develop an innovative power
control method for grid connected voltage sourced converters in order to minimize power
oscillations during adverse AC scenarios, particularly with zero sequence content. The
method permits to sustain constant instantaneous three-phase power during unbalanced
conditions by controlling independently the constant and the oscillating terms related to
the instantaneous power. The effectiveness of the proposed control approach and the
proposed power conditioning scheme was demonstrated using electromagnetic transient

simulation of a VSC connected to an AC system.
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Chapter 1

Introduction

“They see only the shadows which the fire throws on the opposite wall of the cave?
How could they see anything but the shadows if they were never allowed to move their
heads?” Paraphrasing the sophisms of Socrates from the Allegory of the Cave [1], it is
essential to conceptualize models with accurate number of dimensions, such as in a three-
dimensional space, rather than seeing ordinary shadows, for instance in a two-dimensional
space. Likewise, this work humbly aims to solve a challenging engineering problem by
launching a new visualization method to devise it.

The problem appears when pondering upon some questions related to power
transmission: How is the instantaneous power phenomena described for general AC
conditions? Is there an advantageous manner to instantaneously calculate the power
transfer during unbalanced scenarios? Is it possible to manage grid connected voltage
sourced converters to fully control the instantaneous power when the system is
unbalanced?

In the course of addressing these topics, simple, but powerful techniques are

proposed throughout this work. The introduction of new methods provide a step closer to
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answer the prior questions, expanding the related engineering knowledge towards the

solution of the problem which will be exposed.

1.1 — Evolution of AC and DC Transmission

Networks

Since the late 1880s, bulk electric energy generation has become a reality, fulfilling
primarily illumination purposes, as well as production of motion and heat. The
transmission system was born to allow the power delivery between generation stations and
customers, combining electric current and electric potential on conductor mediums.

Two types of transmission systems came into view during the power systems early
times, competing to each other in the War of Currents era [2]: the alternating current (AC)
and the direct current (DC). The AC transmission quickly became feasible and took over
the DC system, mainly due to the invention of the power transformer [3], conveying
electrical energy over long distances.

The three-phase AC transmission system spread out on the following decades,
being far more economical in the early times, establishing itself as an efficient power
transmission scheme. Such technology expanded into complex meshed networks,
demanding the development of numerous auxiliary apparatus and control methods to
guarantee a consistent controlled power delivery through the entire grid.

Although DC transmission concepts were previously known, the technology turned
to be suitable for high voltage transmission only after the middle of the twentieth century.

Many years of continued work were demanded to achieve the development into
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commercial systems. The DC revival was driven by the development of high voltage
mercury arc valves [4], which were unavailable during the War of Currents. These mercury
valves were used in DC systems designed worldwide since its first project in 1954 up to
the 1970s. The Manitoba Nelson River Bipole | (Manitoba, Canada) was the last system in
the world commissioned using such technology [5].

After the 1970s, semiconductor devices propelled an increasing deployment of DC
transmission systems. Many projects were implemented using thyristors, replacing the
mercury arc technology, and the world’s first thyristor multiterminal DC system was
commissioned between Quebec (Canada) and New England (USA).

In the late 1990s, the penetration of voltage sourced converters DC systems into
electric networks was nurtured by the development of the higher rated self-commutated
transistors [6]. And more recently, DC grids using voltage sourced converters emerged as
an elegant solution to trade energy across borders, integrating more than two locations over
long distances with DC networks [7].

These different technologies are part of the modern networks, with AC and DC
branches, interconnected by power converters in a hybrid intricate system [8, 9]. The
alternate and direct current systems must share their advantages and disadvantages, jointly
improving the overall power flow controllability of the grid. They should cooperate to each
other mainly while subjected to challenging adverse operational conditions, which have
demanded advanced research and development efforts to explore innovative modes of

operation in order to deliver the electric power.
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1.2 — Adverse Power Transmission Scenarios

The power converters, main equipment at the interface between the AC and DC
systems, are able to enhance the power transfer capability by controlling certain electric
variables of the transmission lines where they are connected. In particular, voltage sourced
converters have been employed to fulfill many applications related to supply of power to
weak or passive networks, renewable energy integration, grid stability support and power
quality improvement [10-12], among others.

However, different types of contingencies may impose crucial challenges for the
operation of the voltage sourced converters. Asymmetrical transient faults or unbalanced
loads, for example, force these devices to operate under unbalanced conditions (three-phase
voltage and current with different magnitudes or different shift angles among the phases).
This adverse scenario may lead to severe power oscillations through the AC/DC interface,
depending on the characteristics of the dynamic transients and the control systems available
at the power converter.

The voltage sourced converters are ideally expected to sustain the power orders
even during these grid disturbances, riding through as many transient events as possible
according to different grid codes. They should attend the increasing demands related to
low-voltage-ride-through capability, with minimized impact on the power transfer [13, 14].

Many technical solutions have been proposed to deal with voltage sourced
converters operating under unbalanced and distorted voltage conditions [15-20], for
example by injecting appropriately synthesized unbalanced currents. Nevertheless, dealing
with zero sequence transients is still complicated, as it will be explained in the thesis. The

oscillating zero sequence power [65] affects the total three-phase energy flow per time unit,
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causing power oscillations. This is one of the reasons why zero sequence content is not
welcome in most circuits, being frequently avoided [65].

The approach proposed and described in this thesis allows a constant power
transmission to be sustained under unbalanced AC scenarios, even in the presence of zero

sequence voltage and zero sequence current.

1.3 — Objectives

The present work introduces control methods especially designed to deal with
positive, negative and zero sequence power through grid connected voltage sourced
converters. The motivation emerged due to the lack of robust controllers to handle power
oscillations during unbalanced conditions characterized by positive, negative and zero
sequence content. The proposed control method allows three-phase instantaneous constant
power transmission even in the presence of zero sequence voltage and zero sequence
current components.

The pursuit of improved power control methods triggered investigations related to
the calculation itself of the instantaneous power during unbalanced operation.
Unfortunately, classical power theory definitions developed for three-phase transmission
systems are not suitable to analyze unbalanced or distorted voltages and currents
waveforms. Thus, investigations on the instantaneous power phenomena and calculation
methods become vital to determine the reference currents by the control system of the
power converters and, therefore, explore new power control techniques for voltage sourced

converters.
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In the light of the numerous power theories which have been developed, this thesis
explores the related state-of-the-art. It then introduces an innovative transformation tool
that provides a distinct method to visualize and calculate the instantaneous power on three-
phase transmission lines, exposing its advantages during unbalanced circumstances.

Furthermore, fulfilling the engineering nature of this work, this technique is applied
on the design of control strategies for power conditioning devices, presenting a control
scheme that enhances the power transfer capability through VSCs, mitigating power
oscillations. The effectiveness of the proposed control approach and the proposed power
conditioning scheme was demonstrated using electromagnetic transient simulation of a

voltage sourced converter connected to an AC system.

1.4 — Thesis Outline

After this introductory chapter, the remaining structure of this document is as
follows:

Chapter 2 reviews the vector transformations and definitions behind electric power
theories developed for the analysis of adverse AC scenarios, presenting the p-q theory,
which sets the stage for the development of the mno power theory.

Subsequently, Chapter 3 introduces the mno power theory, describing details of the
mno vector transformation and the mno instantaneous power components, which allow to
decompose the total instantaneous power calculation into constant and oscillating terms for
general three-phase transmission topologies under either balanced or unbalanced

conditions.
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Chapter 4 presents the main application that motivated the development of the mno
instantaneous power components: a new method able to separately control the constant and
the oscillating terms of the total instantaneous power flowing through voltage source
converters. Such scheme allows the power orders related to the oscillating terms to be set
to zero, ordering the desired instantaneous active and reactive power through the constant
terms, thus sustaining a constant power flow under challenging scenarios.

Finally, Chapter 5 summarizes the main contributions and conclusions of the thesis.
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Chapter 2

Instantaneous Power Theories

This chapter presents a background in regards to electric power theories developed
for general three-phase transmission systems, particularly focusing on unbalanced and
distorted conditions. The main mathematical transformations conceived to analyze such
situations are summarized, culminating with the introduction of the p-q theory, which sets

the scene for the development of the proposed mno theory (Chapter 3).

2.1 — Three-Phase Transmission Topologies and

Adverse Operational Conditions

Three-phase systems are broadly employed worldwide in alternating current
networks for generation, transmission and distribution of electrical energy. In such
systems, each phase is fed with an alternating voltage and carries an alternating current,
providing means for the transmission of electric power.

These three-phase transmission networks may be designed as three-wire (separated
conductors for each of the three phases) or four-wire systems (separated conductors for

each of the three phases plus the neutral conductor). In high voltage transmission, three-
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wire schemes are preferred. Alternatively, the configuration with the neutral link is
commonly adopted in distribution systems where imbalance is more prevalent because of
differing loads. In between the transmission line sections, other equipment connected to
the network (generators, transformers, loads, etc) are typically arranged in delta or wye

[22, 23]. Figure 2.1 illustrates these layouts and connections.

ia
phase a —
i .
s *
phase a phase b —
ib i c
phase b phase ¢ — y
ic (o
phase ¢ - neutral :
Vc Vh Va \‘: Vc Vb Va
ground 7 7 ground TT T T
(@) (b)
i, i,
phase a —® _ phasea

phase b

neutral

phase b

phase ¢

© (d)

phase ¢

Figure 2.1: Typical three-phase transmission topologies and connections: (a) three-phase three-wire,

(b) three-phase four-wire, (c) delta connection, (d) star connection

The ground (or earth) is the reference from which the phase voltages are measured.
The common arrangements between the ground and the neutral can be summarized as:
ungrounded (isolated or floating neutral); solid grounded (short-circuit); resistance
grounded; and reactance grounded (highly reactive impedance, e.g. zig-zag transformers)

[24, 25].
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The connection between the ground and the neutral, along with detailed diagrams
about electric equipment and the transmission lines connections are essential to evaluate
how the electric power is being instantaneously transferred through the network, especially
during transients, when the system is not balanced.

The three-phase system is considered to be balanced when the three-phase voltage
and current signals are sinusoidal waveforms with same frequency, same magnitude, and
phase shift of one-third of the cycle among each phase (2x/3 rad). The set of balanced
voltages and currents can be mathematically and respectively expressed as:

Vv, (t) =V cos(at + ¢,)

vy (t) =V cos(at + ¢, —27/3) (2.1)
V. (t) =V cos(at + ¢, +27/3)

i,(t)=1cos(awt+4¢)

iy, (t) = | cos(at + ¢ —27/3) (2.2)

i (t) = 1 cos(at + ¢, +27/3)
where V and | refer to the peak voltage and peak current magnitudes, respectively; o
corresponds to the angular frequency; ¢, and ¢, refer to the voltage and current phase angle
related to a common reference.

The balanced condition is the expected operational state of the power system.

However, the system may operate under adverse conditions, categorized by unbalanced

and distorted phenomena (Figure 2.2).
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Va  Vp Ve ] Va "
Vb <

AL LN = 4 Lt SN i
0 0005 001 0015 002 0025 003 0035 004 U 0005 001 0015 002 0025 003 0035 004

t(s) t(s)

@) (b) ©)

Figure 2.2: Three-phase voltage scenarios: (a) balanced, (b) unbalanced, (c) distorted and unbalanced

An unbalanced scenario takes place when the three-phase signals present different
magnitudes or different shift angles among the phases, or both deviations together. This
condition may happen due to asymmetric faults, for example. Additionally, the currents
and the voltages may not be a perfect sine wave, typifying the presence of harmonic
distortion. This condition may exist whereas the system is balanced or not, being typically
caused by non-linear loads (arc furnaces, welding machines, etc) and power electronic
equipment (switching action) [26, 27].

Adverse three-phase voltages and currents impose challenging conditions to
properly define the power phenomena and evaluate the power being transferred. The main
ideas related to unbalanced and distorted analyses are explained in sequence on this
chapter, such as the mathematical transformations and the power theories developed to

address these issues.

2.2 — Vector Transformations

The instantaneous power flowing through three-phase transmission systems
depends on the relation among the instantaneous voltage and current on each conductor at

the location being considered.
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However, analysis related to the voltage, current and power signals during
imbalance and distortion is not as straightforward as during balanced conditions. For
instance, when the system is not balanced, single line diagrams are no longer applicable
and each phase must be individually represented.

For this reason, several mathematic transformations have been developed to assist
on the visualization of complex waveforms in polyphase systems, employing
decomposition techniques. Sections 2.2.1 until 2.2.4 present the main mathematical

procedures, which can be generically represented for a three-phase voltage by:

Vi Xig X2 X3 || Va
Vo |=|Xa X Xz || Vi (2.3)
Vs, Xa1 X2 X3 || Ve

and its inverse transformation, which leads back to the initial coordinate system as:

Va Yiu Y2 Yz [ V4
Vo [=| Y Y2 Y3 || V2 (2.4)
Ve Yar Y2 Y | Vs

where the indexes 1, 2, 3 are the new coordinates; a, b, ¢ the original components; and xij
and y;j the transformation elements, usually chosen to express particular physical relations
within the power system performance or other peculiar characteristic that should be

interesting to focus on.

2.2.1 — The Symmetrical Components in the Frequency Domain

The first ideas related to the symmetrical components in the frequency domain
arose from decomposition techniques applied on electrical machines to study rotating

magnetic fields, published by Tesla [28] and Ferraris [29] concomitantly in 1888. These
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methods were explored in a number of practical projects in the subsequent years after its
statement, evolving to different approaches which decompose the rotating magnetic field
in systems with two coordinates [30].

Nevertheless, the first formal publication of these techniques as a mathematic
transformation was done by Stokvis in 1915, who proposed a method to represent
unbalanced three-phase systems as an addition of other two balanced systems: the
synchronous and the inverse systems, which later became known as positive and negative
sequences, respectively [31].

The Manitoban Fortescue is regarded as the pioneer of electrical unbalanced
network analysis. In 1918, he presented an elegant technique to represent n unbalanced
phasors by n subsystems composed by n balanced phasors [32]. His method was applied to
three-phase systems, being referred as the renowned symmetrical components [33, 34],
which includes a third component (zero sequence) in addition to the two components
introduced by Stokuvis.

The paper published by Fortescue was ranked as the highest impact paper in power
engineering of all twentieth century [35]. As this is a University of Manitoba work, it is
keen to note that Fortescue was a Manitoban whose father was a fur trading factor for the
Hudson Bay Company in York Factory, Manitoba. Unfortunately, he did not graduate from
the University of Manitoba, as there was no Electrical Engineering Department during his
graduating time [36].

The symmetrical components enables any unbalanced three-phase phasors to be
expressed by the addition of three sets of balanced symmetrical sequences [32-35]: the

positive sequence (three phasors with 27/3 rad phase shift among each other, equal
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magnitude and same sequence as the original phasors); the negative sequence (three
phasors as the positive sequence but in opposite sequence with the original phasors); and
the zero sequence (three phasors of equal magnitude and zero angular displacement among
them). A set of three-phase voltage phasors can be written as the sum of three voltage

sequences as:

Va VaO Val Va2
\ VcO Vcl V02

c
where the a, b, ¢ indexes refer to each phase of the original abc three-phase system and 0,
1, 2 corresponds respectively to the zero, positive, and negative sequences.

The components of each sequence are mutually dependent, i.e. the components of
phasors b and c can be written in terms of the components of phasor a using the complex

operator a, which has unit length and 27/3 rad angle:

.27
Ji
goe3 z_lﬂ-ﬁ (2.6)
2 72

Hence, Equation (2.5) may be written as:

Va VaO Val Va2 1 1 1 VaO
Vy | =|Vo [+ @™V |+] aVy, =11 a® a | Vg (2.7)
Vol [Vao!| | @V | @V | |1 a a® |V,

The symmetrical components are obtained from the inverse transformation of

Equation (2.7):
V.o . 11 17V,
Vi =3 1 a a’|V, (2.8)
V., 1 a® a |V,
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Figure 2.3 illustrates a phasor diagram example with the positive, negative and zero
sequence components, as well as the original phasors for each phase represented in a plane,
I.e. in a two-dimensional space. It is possible to notice by superposition that the addition of

the sequence components results in the original vectors.

Original System Positive Sequence Negative Sequence Zero Sequence

va1 VCZ
= + g . o
Y2 20" Yo Vo
"az
Vv
cl Vb1

Figure 2.3: Symmetrical components of an unbalanced three-phase voltage

The elements of the transformation matrices on Equations (2.5) and (2.8) are all
complex numbers (voltages and currents represented as phasors). Consequently, the
symmetrical components are suitably applied to analyze quasi-stationary unbalanced

conditions in the frequency domain.

2.2.2 — The Symmetrical Components in the Time Domain

The extended application of the symmetrical components in the time domain was
introduced by Lyon in 1954 to accommodate dynamic unbalanced conditions [37]. His
method is also commonly referred as instantaneous symmetrical components.

Both transformations, on the frequency and the time domains, are formally very
similar, with the Lyon being evaluated at every instant for the voltage and the current.
Fortescue’s method can be considered a particular case of the instantaneous symmetrical
components.

White and Woodson complemented the Lyon transformation proposing a power

invariant form [38] represented by the following matrix:
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1 1 1 1
L=—|1 a® a (2.9)
J3 L a &
and its inverse transformation defined as:
L 1 1 1
L’1:T 1 a a’ (2.10)
3 1 a?

Essentially, the voltage and the current phasors are expressed by time dependent
functions, with the complex operator « being replaced by the time shift operator a,

exemplified in a backward shift equivalent to the operator of Equation (2.6) as:
A
a(t)v(t) = V(t —?j (2.11)

where a(t) refers to the time shift operator; and v(t) a time dependent voltage signal.

There are many digital forms to implement the time shift in practical systems, for example
using adaptive filters, delays, or the H-transform [39-41].

The Lyon transformation first introduced the instantaneous phasors concept. It can
be pictured as a middle ground between sinusoidal quasi-stationary modeling (e.g. phasors)

and purely time domain representation (e.g. a0 and the dq0 representations).

2.2.8 — The af0 Transformation

The a0 components, although not so named, were first introduced in 1917 by
Lewis [42] in a method to determine specific characteristics of the systems voltages and

currents during line-to-ground faults. Such technique, yet unnamed, was employed in
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another work in 1931 to investigate the recovery voltage on circuit breakers after short-
circuits [43].

Clarke and Stanley first labelled this procedure as the a0 transformation in 1938,
employing to simplify the analysis of transient conditions on rotating machines [44, 45].
At the same year, the a0 method was mathematically formalized as modified symmetrical
components by Clarke [46] and became known after her name, or simple the «f50
transformation. It is a space vector transformation of time dependent signals from the abc
to the o0 stationary coordinate systems. The transformation is mathematically given by

the following matrix:

b1
2 2
C= 2 0 ﬁ —ﬁ (2.12)
3 2 2
r 11
2 2 2
And its inverse transformation can be expressed by:
1 0 1
C'= 1 é 1 (2.13)
2 2
13y
- 2 2 -

Considering the instantaneous components of the voltage and the current vectors

represented in the abc reference frame as:
Voo =[Va(® v, () v. O] (2.14)

e =[i.® B, i, O (2.15)

and the same vectors represented on 0 reference frame as:
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Voo =V, v, V@) (2.16)

i =li,® 1,0 i,®Of (2.17)
The a0 components of the three-phase voltage and current can be evaluated by:
Vopo = CVipe (2.18)
i,50 = Clape (2.19)
and the inverse calculation from 050 to abc can be expressed as:
abe = C Vo0 (2.20)
10 = C M0 (2.21)
The transformations (2.18) and (2.19) separate the non-homopolar modes (positive
and negative sequences) from the homopolar mode (zero sequence). The homopolar
current is usually not considered on steady-state analyses. Thus, it is common to represent
the transformation matrices without the line or the column associated with the zero
sequence (reduced Clarke transformation) [47].
The original transformations proposed by Equations (2.18) and (2.19) are not power
invariant and it gives the same zero sequence values as the original method of the

symmetrical components. Concordia adjusted the 40 transformation to the unitary power

invariant form [48], being expressed as:

11

2 2

2 3B
C.o=.—l 0 — - 2.22
af0 3 2 2 ( )

111

%z 2 7

with the inverse transformation given by:
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1

1 0o —

5 J2

2| 1 3 1
Clo=.= -= = = 2.23
a0 3 2 2 \/E ( )

131

2 T2 72|

From the matrix elements of equations (2.22) and (2.23), it is possible to observe
trigonometric values associated with the angle 27/3 rad, allowing the reduced form of the
matrix transformation (2.22) to be rewritten as:

v 5| c0s0 cos(z?”] cos(— 2?7[] Vo (t)
{ “ } = v, (t) (2.24)

v, \3

V3| . (2 (2
sin0 sm[?ﬂj sm(—?ﬂj v, (t)

Equation (2.24) can be graphically represented in a two-dimensional coordinate
system referred as the Clarke plane, or the af plane (Figure 2.4), with the voltage and the

current vectors represented as.
V,p =V, ()& +V, (1) (2.25)
i =i, (D& +i, (0 (2.26)

where ¢ and ,B are the unit vectors in the of cartesian coordinate plane. These voltage

and current vectors are time dependent, and they should not be misinterpreted as phasors.

Figure 2.4: The abc phasors and the af unit vectors represented in a two-dimension cartesian plane
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2.2.4 — The dg0 Transformation

The dqg0 transformation was introduced earlier than the o50 transformation by Park
in his influential paper on synchronous machine published in 1929 [49], which ranked
second at the evaluation of the high impact papers in power engineering of the twentieth
century [36]. It establishes the relation between the stationary abc coordinate system and
the rotating dgO coordinate system.

However, conceptually, it can be understood as an expanded version of the idea
proposed by Clarke, with a time dependent angle shift transformation that converts the
stationary to the synchronous rotating frame. The synchronous rotation takes place in the
dg plane around the rotation axis 0. It can be aligned to the voltage, the current, or any
other vector reference as an initial phase shift.

As in the original Clarke transformation, the zero sequence calculated by the Park
transformation is the same as the zero sequence component obtained using the symmetrical
components proposed by Fortescue. It is important to notice that there is no tracking
reference for the zero sequence component, as there are for the positive and negative
components.

The Park transformation is expressed by:

C0S O 003[5 — 2—”} cos(é + 2—”]
3 3
=2l _shs  _sin (5—2—”j _sin (5+2—”j (2.27)
3 3 3
1 1 1
V2 V2 V2

and the inverse Park transformation can be calculated by the expression:
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CoSo —-sinod %
Pt= % 003(5—2?”) —sn(é—%) % (2.28)
27 . 27 1
Cos| 0 + — —-sin| 6 +—
) ) m

where & =t +; is the angle between the rotating and the fixed coordinate system and

o0; corresponds to the initial phase shift.

For three-phase balanced systems, the compact Park transformation (also named dq
transformation, omitting the zero sequence elements) presents advantageous features
related to the reduction of three-phase AC variables in two DC variables [50], aiding for
example on the design of filters and controllers for voltage sourced converters (concepts
further explored in Chapter 4).

After considering the previous main mathematic tools developed to analyze adverse
AC voltage and currents conditions, this work moves forward towards the evaluation of

the instantaneous power in three-phase transmission lines.

2.3 — Instantaneous Power Theories

In power systems, the electric power can be defined as the rate at which electric
energy is transferred per time unit through a given cross section of a transmission line. The
instantaneous power concept emerges when the time period observed during the energy
flow becomes infinitesimal, representing the power at each instant. And a power theory is
the set of power definitions, the explanation of its properties, the relationship among these
concepts and their physical interpretations, combining mathematics, physics and

technology models.
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2.3.1 — Classical Power Definitions
Conventional power definitions are well established for single-phase systems under
sinusoidal conditions [51]. Considering a single-phase circuit with sinusoidal voltage and
current signals:
v(t) =Vsin(at +¢,) (2.29)
i(t) = Isin(at+g¢) (2.30)
the instantaneous power is mathematically defined as:
p(t) = v()i(t) (2.31)
Substituting Equations (2.29) and (2.30) on (2.31), after simplifications, the power

in a single-phase system can be expressed as:

P Q

P(t) =Vimg | s COS(¢, — 6 11— COS(20t)] — Vi | s SIN( B, — ) 5IN(20t)  (2.32)
| 1l

where V,, . and |, . represents the respective rms values (root mean square) of the voltage

and the current.

The expression (2.32) shows two oscillating terms at twice the system frequency.
The active power P (also called real power) is the average value of the instantaneous active
power (term I). Moreover, the reactive power Q is the peak value of the instantaneous
reactive power (term Il). Figure 2.5 illustrates the waveforms related to these power

definitions.
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Figure 2.5: Single-phase power: (a) voltage and current, ¢, — ¢ = /3, (b) single-phase power components
The instantaneous active power oscillates, being always present whenever energy

is transferred. The active power is always positive (considering 7/2<¢, —¢ < x/2),

representing an unidirectional power flow. The instantaneous reactive power appears when
the current and the voltage are not in phase. It presents zero average value and it is usually
interpreted as the oscillating power which is constantly produced and consumed.

The power theory developed for single-phase circuits can be extended to three-
phase systems. The three-phase power is calculated by adding the single-phase power

contributions as:
Pag (1) = Va (D14 (1) + vy, ()i, (t) + v, (©ic (1) (2.33)
Substituting Equations 2.1 and 2.2 on 2.33, after simplifications:

p3¢ (t) = VrmsI rms [COS(¢V - ¢i ) - COS(Za)t + ¢v + ¢i ) +

+Cos(p, — ;) — cos(Za)t +@, +¢ + 2{) +

+cos(g, —¢p) — cos(Zcot +¢,+¢ — %Tﬂ (2.34)
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Additionally, when the system is balanced, Equation (2.34) can be simplified,
providing the expression:
Pay () = Vsl s €OS(4, — ) (2.35)
Equation (2.35) shows that the energy transfer is constant when the system is
balanced. This condition helps, for instance, to mitigate undesirable mechanical vibrations
on machines connected to the electrical network (generators, motors). According to the
Kirchhoff's circuit law, the instantaneous three-phase currents cancel each other on the
return path, resulting in zero ground or neutral current, as mentioned earlier in this chapter.
In a similar way, the three-phase reactive power for balanced conditions can be
derived by extending the concepts of the single-phase power:
Gy (1) = Vil s SIN(S, — ) (2.36)
However, the reactive power definition does not share the same physical meaning
of the single-phase circuits. Unfortunately, there is no accurate physical interpretation for
three-phase systems regarding this portion of energy which does not produce power. In
addition, this issue becomes more complex when the system is not balanced, the classic
reactive power interpretations cannot be easily applied [52, 53].
Therefore, classical power theory concepts cannot be simply extended to general
AC situations. The precise evaluation of the instantaneous power to encompass unbalanced

and distorted circumstances demands further advanced developments.

2.3.2 — Power Concepts under Adverse Conditions

The first power theories dealing with adverse AC scenarios emerged around the end

of the nineteenth century. The discussions were sparked by observing that the apparent
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power could be higher than the active power for non-sinusoidal conditions. The
investigations were conducted following two distinct trends: analyses in the frequency and
in the time domain.

The power theory proposed by Budeanu in 1927 [54] was the most widespread
concept in the frequency domain during the early studies. It launched the concept of

distorted power in electric networks, defined by the expression:

S=,P?*+Q°+D? (2.37)

where S, P, Q and D corresponds respectively to the apparent, active, reactive and distorted
powers.

The Budeanu’s theory introduces the distorted power to create a balance in the
power equation. However, this portion of power does not have straight physical attributes
related to any specific phenomenon on the electric circuit. It is interpreted only as an
increase of the apparent power due to the waveform distortion.

Budeanu’s definitions were demonstrated to be partially erroneous [55], although
it is still supported by the IEEE Standards [56]. The reactive and distorted powers are not
associated with energy oscillation nor current distortion. Nevertheless, it must be
recognized as the first theory to point out the need to create new power concepts to
represent different properties of the system under non-sinusoidal conditions.

Later on, another approach emerged in 1932, defining power properties in the time
domain. Fryze proposed pioneering ideas for the current decomposition into active and

reactive components [57], being mathematically represented by:

i(t) =i, (©) +i (V) (2.38)
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with the components mutually orthogonal to each other and, therefore, able to be expressed

as.
iZ(t)=i2(t)+i3 (t) (2.39)
Fryze’s theory states that the active power is related to the portion of the current that is in

phase with the fundamental voltage, i,(t), and the reactive power comprises all the
fractions of the current which does not contribute to the active power, i, (t) . The theory

proposed by Fryze also presents interpretation flaws, for instance, in regards to the reactive
current and reactive power which cannot be associated with any phenomenon in the load.
Buchholz and Depenbrock made important contributions related to the
decomposition of the current, enhancing the ideas exposed by Fryze in the time domain.
The FBD method (named after Frize, Buchholz and Depenbrock) presents instantaneous
calculation of the active current components for generic multiphase system [58].
Essentially, Budeanu and Fryze proposed their original theories exclusive for
single-phase circuits, respectively, in the frequency and the time domain. Afterwards, their
innovative concepts were expanded to three-phase circuits. But they were not capable to
explain completely the power phenomena for general adverse AC conditions, neither able
to provide accurate means to design power compensation methods for three-phase systems.
These first theories set the base for an expansion into advanced power concepts,
contributing to establish other remarkable approaches. Throughout the following decades
of the twentieth century, enhanced power concepts had been proposed in an attempt to
clarify the power phenomena for general AC conditions.
Among the modern concepts, there are two foremost theories, both developed in

the time domain: the CPC (Current Physical Components) enounced by Czarneck [59, 60],
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originally proposed in 1983; and the p-q theory developed by Akagi [61, 62], with its first
related publication in 1982.

They are currently the most sophisticated power theories proposed for power
systems which have been accepted by top scientific communities to explain phenomena
related to non-sinusoidal voltages and currents. Additionally, both theories have been
constantly improved with numerous complementary papers published by prestigious
institutions worldwide.

The main feature of the Current Physical Components theory is the association of
current components with physical phenomena. It shares the same concept for the active

current i, (t) as proposed by Fryze. The remaining non-active components are decomposed

in scattered current i, (t) and reactive current i, (t):

it) =i, (t)+i ) +i,(t) (2.40)

which are mutually orthogonal and, therefore, they can be represented by:
iI2(t) =i2(t)+i2(t) +i2(t) (2.41)
They are associated with three distinct physical phenomena: permanent energy
conversion (active current), change of the load impedance with the harmonic order
(scattered current), and phase shift between voltage and current harmonics (reactive

current). And when multiplied by the voltage leads to the following power equation:

S=P*+DS+Q? (2.42)

where S, P, Ds and Q corresponds respectively to the apparent, active, scattered and reactive

powers.
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On the other side, the p-q theory elegantly emerged and rapidly became very well
adopted by large group of professionals specialized in power electronics devices. It is a
powerful theory which have been successfully applied to design power compensation
schemes for voltage sourced converters operating under adverse conditions, topic strongly
related to the objective of the present work.

The p-qg theory introduces the instantaneous imaginary power concept, explaining
its association with the exchange of energy among each phase of the three-phase three-wire
transmission section, due to the non-active currents flowing through the conductors. Figure
2.6 illustrates the real and imaginary power concepts proposed by Akagi.

p
.
N\

phase a

phase b

b I
\_J

phase ¢

N4 i

Ty

ground >

Figure 2.6: Physical interpretation of the p-q theory

Over the last decades, the original p-q theory has also been complemented by
several publications; the most well-known worth mentioning is the modified p-q theory,
employed on the design of controllers for power electronics devices [63, 64].

However, considering adverse AC scenarios with three independent voltages and
three independent currents, the p-q theory and the modified p-g theory do not allow to

decompose the calculation of the total active and reactive power in the form:
p(t) = p(t)+ p(t) (2.43)

qt) =a() +a() (2.44)
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where p(t) and q(t) correspond to the constant terms of the active and reactive powers,
respectively; and p(t) and q(t) refer to the oscillating terms of the active and reactive

powers, respectively; which all together express the total instantaneous power.

The present work proposes an innovative method able to independently evaluate
the terms associated to Equations (2.43) and (2.44) during adverse AC scenarios, including
zero sequence voltage and current content. No work has ever been published presenting
such feature, which became possible by the development of new mathematical
transformations and power equations, summarized as the mno instantaneous power theory
(Chapter 3).

The mno power theory makes possible the development and design of the mno
instantaneous power components control, an enhanced power control technique for voltage
sourced converters proposed (Chapter 4). Before introducing the mno theory, the p-q

theory equations are presented in the next section.

2.4 — The p-q Instantaneous Power Theory

The p-g theory is based on expressing voltages and currents as time dependent
vectors by using the a0 transformation (Section 2.2.3). This theory was first proposed for

three-phase three-wire systems and it was later expanded to three-phase four-wire systems.
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2.4.1 — Three-Phase Three-Wire Systems

The definition of the instantaneous active and reactive power for a three-phase

three-wire system is expressed respectively by the following equations:
() = v, ()i, () + V5 (O)i4 () (2.45)
q(t) =V, (O, (1) =V, (O)i; (1) (2.46)
which can be represented in the matrix form as:

{ p(t)} Va (t) Vﬂ (t) ia (t)
= . (2.47)
qt) | |vpt) —ve () ]]ig(t)

Vg

The current terms can be evaluated as:

i, ] e 1 Vo (1) Vg(t) |[ p(t)
. =Vg- T2 L o2 ey ' (2.48)
ig(t) qt) | ve®+vp®) | va(t) —v, (1) || alt)
which can be rewritten as compounded by the following components:
()] i@ ] i)
= 2.49
ol o) o .

where each term of Equation (2.49) is calculated as:

. v . _ V@ 250
B a B
. _ VIB (t) . _ —Vq (t) 251

Thus, Equation (2.47) can be written with separated power contributions as:

t t i) +i . (t
{p(t)}= Ve (1) Vg(t) .fap()+faq() 252
qt) | | Vat) =V (O) || 15 ) +is/(t)
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D) =V, Oy (©)+V,, i () + V5 O o (0 +V 5 (i 1) (2.53)
D) = Puo (0)+ Pug (6 P (0)+ P () (2.5

v v, OV, V(1) v, v, )
PO= oo "V oo @ oo PO g Ve

and the instantaneous reactive power can also be represented by the separated components:

() = Vs ()i (1) + V5 ()i (€) =V, (1) g (1) =V, (V)i g (1) (2.56)
_ Vv, ® 710 AOAG) V(1)
O=oo " oo oo PV e g O

The instantaneous current is divided into active and reactive components in both
axis a and g of the Clarke plane. The sum of the a axis and the £ axis active power
components corresponds to the instantaneous active power. The sum of the « axis and the
S axis reactive power components is always zero, with contribution to neither instantaneous
nor the average energy flow between source and load; their magnitude is associated with
the instantaneous reactive power, which represents the quantity of energy that is being

exchanged among the phases of the system.

2.4.2 — Three-Phase Four-Wire Systems

The three line currents are independent of each other in a three-phase four-wire
system. Therefore, the zero sequence current components are allowed to flow through the

four-wire transmission topology. In this case, the p-q theory is mathematically defined as:

p(t) Va (t) Vﬁ (t) 0 ia (t)
q) |=|vst) —v, (1) 0 |{is(t) (2.58)
Po (1) 0 0 Vo (t) || o (1)
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The active and reactive powers have the same meaning compared to the p-q theory
in three-phase three-wire systems and the zero sequence power is considered completely
independent from the previous power terms. For example, Equation (2.45) is rewritten with

the addition of the zero sequence power contribution as:
P(t) =V, (O, () + V5 ()i 5 () + Vo (V)ig () (2.59)
The zero sequence power has the same characteristics as the instantaneous power

in a single-phase circuit (Section 2.2.1), with an average value p, and an oscillating value
p, at twice the frequency. The p-q theory states that it is impossible to produce constant

zero sequence power alone, i.e., the average and oscillating terms of the active zero

sequence power are always linked to one another [65].

2.4.3 — The Modified p-q Theory

The active power can be represented as the scalar product of the instantaneous
vectors of the voltage and the current, and the reactive power can be expressed as the cross
product of these vectors. Thus, the total instantaneous power can be mathematically written

as:
P(t) = V0 (1) T (1) = Vi, (D)1, (1) + V5 (©)i 5 (1) + Vo (Dig (1) (2.60)

(1) = V50 (1) X Tp0 (1) = A D+ ()5 + 0 (1)O (2.61)
where the reactive power components on each direction are:

t t
. () - Yj((t)) fo((t)) & =y, i 0 - vo O, O} 262)

4,0 =" ((tt)) e ((tt)) 7 = o i, © —v, Qi O] (2.63)
0 a
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Va (t) Vﬂ (t)

©O=h v i,

0= v, i, -v,®i, O (2.64)

The instantaneous active power and instantaneous reactive power of Equations

(2.60) and (2.61) can also be defined in a matrix form:

() ] [ va® vp®) vo® ] o

IO!
O (t) 0 —vot) ve(®) |

= i (t) (2.65)

qp(t) Vo 0 —v,(b) o0

|
a®] |-v0 v 0 |

Vg

and the three-phase total instantaneous reactive power in terms of a0 components is

evaluated as the magnitude of the reactive vector:

Q) =AM =0, () +5 () + o (1) (2.66)
Moreover, by applying the same procedure used for three-phase three-wire systems,
the current on the modified p-q theory can be evaluated from (2.65) by using the inverse

mathematical operation:

| p(t) T o)
i (1) V,® 0 Vg -vg)
i ()| =VL %a () ! Va(t) —vgt) O v (t) e ) (2.67)
_ _ v, ) |
S g0 | o+ +do] 0, (1)
io (1) VoM VM) —va® 0 |
| do (1) | Qo (®) |

Then, for each one of the currents, the active and reactive components can also be

derived. The instantaneous active current on the a axis:

v, (1)

O EEACEEA (269)

ip (1)

the instantaneous active current on the S axis:
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=0 (269)
PEVI@) +VE () Vs (1)
the instantaneous zero-sequence active current:
. Vv, (1)
I, (1) = : p(t) (2.70)
PV +VE ) + Ve (b)
the instantaneous reactive current on the o axis:
. v, (t) V,(t)
1 (1) = 0 t)— t 2.71
«(®) vj(t)+v;(t)+v§(t)qf’() vj(t)+v;(t)+v§(t)q°() (27)
the instantaneous reactive current on the £ axis:
: v, (1) v, ()
1, (t)= = 1) — t 2.72
w® V2 (t) + V5 (1) + V3 (t) %® V2 () + V5 (t) + V3 (t) %) (2.72)

and the instantaneous reactive current on zero-sequence axis as:

v, (1)
V) +VA() + V(1)

v, (1)

loq (t) = Vo () +V5 () +Vs (1)

q,(t)-

q,(t) (2.73)

Equations (2.68) to (2.73) also do not allow decomposing the total instantaneous
power into constant and oscillating terms in the presence of positive, negative and zero
sequence currents and, therefore, the design of power converter control methods becomes
compromised in order to produce only constant power during adverse AC conditions with
zero sequence voltage and current content.

This is because the p-q theory and its modified complementary versions are
attached to the Clarke’s transformation. To overcome this issue, the present work proposes

the novel mno transformation (Chapter 3).
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Chapter 3

The mno Instantaneous Power Theory

This chapter introduces a new adaptive transformation method, labelled mno
transformation, which allows the decomposition of the total instantaneous power flowing
on general three-phase transmission topologies into constant and oscillating terms, referred
to as the mno instantaneous power components. It is applied to three-wire and four-wire
schemes, especially dealing with zero sequence power unlike previous methods. It extends
and improves the application of the p-q theory concepts, which are based on the stationary

a0 transformation.

3.1 — The Three-Dimensional Time Domain

Reference Frame

The classical stationary phasors diagrams are typically employed on time invariant
analyses of sinusoidal signals. They are not suitable to analyze transient voltages and
currents, notwithstanding steady-state extensions [66]. The dynamic phasors appeared as

one solution to overcome this issue, embracing time variant events by using time dependent
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Fourier coefficients [67]. However, the instantaneous approach is limited due to the time
window needed for its generalized averaging procedure, with restricted bandwidth.

On the other side, time dependent vectors better suit instantaneous analyses for
voltages and currents. They can be graphically represented in reference frames by different
coordinate systems, illustrating the instantaneous state of the three-phase voltage and
current. For example, the transformations proposed by Clarke and Park (Chapter 2) can be
graphically illustrated on two-dimensional cartesian coordinates, respectively the af and
dqg planes, representing the three-phase instantaneous voltage and current vectors. For the
majority of the studies, these coordinate systems are employed without the zero sequence
representation (reduced transformation form, Section 2.2.3 and Section 2.2.4), which is
convenient for instantaneous power flow analyses in three-wire systems.

However, even when representing zero sequence content, Park’s transformation,
for example, does not include an oscillating nor a rotating reference to track the zero
sequence component, as it tracks the positive and negative sequence components in the dq
plane, i.e. as shown in the Section 2.2.4 the angular reference for the zero sequence is
stationary in the synchronous Park transformation.

The coordinate systems should be able to represent magnitudes, phase angles and
frequencies of the voltage and the current at each phase of the three-phase system during
any dynamic condition, i.e. considering positive, negative and zero sequence content
transients.

The three independent voltages and three independent currents of a general three-
phase configuration can be instantaneously represented in an abc three-dimensional

cartesian coordinate system by the following time dependent vectors:
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Vane () = Va (DA +Vy (D + v (£)C (3.1)
Tane (£) = i ()& +i, (D + i (1)E (32)

where &, b and ¢ are the set of directional unit vectors of the cartesian coordinate basis
representing respectively phases a, b and c. These vectors can be equally expressed by
matrices where each element corresponds to one scalar component of the three-dimensional

abc reference as:
Vape (1) = [Va (1) Vo () Ve O (3.3)

= s . < NTT

fane (1) = [ia ®) ip ) i ®)] (3.4)
Figure 3.1 illustrates the instantaneous voltage vector components on the abc reference
frame.

-4

Figure 3.1: Three-dimensional abc reference frame

The voltage and the current vectors can be equivalently represented in other
orthonormal coordinate basis, e.g. by employing Clarke’s transformation; the basis is
changed from the abc to the a0 coordinate system, where the p-q theory concepts are

developed.
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The original and modified p-q theories define instantaneous three-phase power
calculations exclusively based on the af0 transformation, which converts voltages and
currents to the a0 stationary reference frame. The zero sequence components are separated
from the aff components by such transformation, which is convenient for instantaneous
power flow analyses in ungrounded three-wire systems, as explained in Chapter 2, as such
systems do not allow the flow of zero sequence current.

The p-q theory states that it is impossible to produce constant zero sequence power,
i.e., the average and oscillating terms related to zero sequence power coexist. The authors
of the p-q theory state that “zero-sequence components should be avoided in three-phase
systems because these cannot produce three-phase constant power” [9]. As previously
mentioned, the p-q theory is attached to the stationary af0 transformation, motivating

investigations towards a novel transformation, which will be further introduced.

3.2 — The mno Transformation

The mno transformation relates voltages and currents in the abc to the mno
coordinate systems, and vice-versa (inverse mno transformation). The transformation is
based on the creation of the mno three-dimensional cartesian reference frame. It is a time
domain basis that adjusts itself instantaneously according to a vector, referred to as the
normal vector. The normal vector tracks the instantaneous three-phase measured voltage.

The complete mno transformation is expressed for the voltage vector by the

following equation:

Vo ®) = M gqM o (Ve (1) (3.5)
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where the matrix M ,,,(t) converts the three instantaneous abc voltages V. (t) into three
instantaneous components in the mno reference frame; and the matrix Mgy, further
decomposes each of these mno components into two direct-quadrature components,
creating the six dimensional vector V%9, (t). This transformation produces the

instantaneous voltage and current components required to evaluate the total three-phase

power.

3.2.1 — The mno Matrix

The instantaneous voltage and current vectors can be expressed in the three-
dimensional mno cartesian coordinate system by:

Voo (1) =V, ) + v, (D)hA + v, (1)6 (3.6)

i () =i, ()M +i, (D)A+i, ()6 (3.7)

A A

where m, i, 6 correspond to the unit vectors of the mno coordinate basis. In matrix

notation, (3.6) and (3.7) are respectively represented by:
vmno (t) = [Vm (t) Vi (t) Vo (t)]T (3.8)

o ) =[in® i, ®) O (39)
The transformation of the three-phase voltage and three-phase current from abc to

the mno coordinates are:
Vimno (1) = M o (E)Vipe (1) (3.10)

i.mno (t) =M (t)rabc 09) (3.11)

with the mno transformation matrix M, (t) being defined as:
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sin 6, (t) cos ¢, (t) sin G, (t) cos ¢, (t) sin &, (t) cos ¢ (t)
M mno(t) =1 sin 8, (t)sin ¢, (t) sin G, (t)sin ¢, (t) sin G, (t)sin ¢ (t) (3.12)
COS G, (t) cos G, (t) cos 4, (t)

and the inverse transformation which transfers the mno back to the abc coordinates being
given by:
Vabe (£) = M g ()i (1) (3.13)
Tape (£) = M g (Do (1) (3.14)
where the inverse transformation matrix ML (t) is defined as the transpose matrix of
(3.12):

M ro =M mno (3.15)

sin &, (t) cos ¢, (t) sin &, (t)sin ¢, (t) cos, (t)
M rjﬂno(t) =1 sin &, (t) cos ¢, (t) sin &, (t)sin ¢, (t) cos b, (t) (3.16)
sin &, (t) cos ¢ (t) sin &, (t)sin ¢, (t) coséb, (t)

Matrices (3.12) and (3.16) are continuously adjusted by six time-dependent angles (&, ,
6y, 6.0, .9, 9. ), named mno angles, which are updated depending on the instantaneous

normal vector (a vector reference for the mno transformation), as will be shown in

sequence.

3.2.2 — The Instantaneous Normal Vector

The instantaneous normal vector is defined as the third vector of the set of three

vectors that also includes the instantaneous voltage vector and the derivative of the
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instantaneous voltage vector (which is also the instantaneous tangent voltage vector),
which all together form an orthonormal set (Figure 3.2a).

The instantaneous normal vector iy, (t) is obtained as shown in Figure 3.2a as the
cross product of the instantaneous voltage vector v,,.(t) and the instantaneous voltage

tangent vector dv,.(t)/dt in abc coordinates:

ane () = ape (0% 220 = 5, 0+, 05+, (¢ (3.17)

This vector is normalized to unit magnitude to yield the first mno basis vector 6

given by:

A ﬁvabc(t)
) == 3.18
O( ) |ﬁvabc(t)| ( )

Figure 3.2b illustrates the components of the normal vector for a section of the
voltage locus curve, defined by the endpoints of the voltage vector v, (t). The normal
vector is orthonormal to the mn plane, which is the plane defined by three immediately
consecutives endpoints of the voltage vector V. (t —At), Ve (t), and V. (t + At), as
At — 0. In a digital implementation, At is a suitably small sampling time-step. The mn

plane also contains the instantaneous voltage vector and its tangent vector (Figure 3.2a).

The instantaneous voltage tangent vector is calculated as:

dVabc (t) ~ [Vabc (t + At) B Vabc (t)]
dt At

(3.19)

which requires at least two immediately consecutive voltage samples of the measured

voltage for the purpose of the derivative calculation. The origins of the normal vector
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Manc (t) and voltage vector V. (t) coincide with the origin of the coordinate basis, also the

center of the voltage locus curve (assuming no DC offset on the unbalanced phases).

Phase C
Phase C

Phase & FPhase B Phase A Phase B

(@) (b)

Figure 3.2: Instantaneous normal vector: (a) orthonormal set, (b) abc normal vector components

For a steady-state balanced three-phase voltage, the normal vector and the mn plane
are stationary, with the mn plane being equivalent to the af plane, defined by the af0
transformation. For a fundamental component periodic unbalanced voltage, the mn plane
is still stationary, but no longer parallel to the o plane. Furthermore, during transients, the
normal vector and the mn plane become time dependent, i.e. they may change their
orientation every time-step.

If the three-phase voltage keeps changing dynamically, the mn plane and the normal
vector will adjust themselves according to the instantaneous voltage conditions. The
orientation of the instantaneous unit vector 6 (normalized normal vector) tracks the
measured voltage, allowing the calculation of the mno angles, which can be subdivided in

two sets of three angles: the mno pitch angles &, (t), 6, (t) and &, (t); and the mno yaw



Chapter 3 - The mno Instantaneous Power Theory 43

angles ¢, (t), ¢, (t) and & (t).

These angles establish relationships between the abc stationary coordinates and the
adjustable mno reference frame. The mno angles represent an essential step to calculate
each of the mno matrix elements and, consequently, to update the instantaneous mno
voltage and mno current components. Figure 3.3 illustrates the abc and the mno reference
coordinates, along with the projections used to evaluate the angles among the basis vectors,

which will be explained in sequence.

1
0.3
0.6
04
0.2

0

Phase C

-0.2

-0.4

-0.6

0.8

04 02 0 0.2 04 0.6 038 1

1 08 -06
Phase A Phase B

Figure 3.3: Creation of the mno basis (abc reference frame; mno reference frame; mn plane; projections;

and zero sequence axis)
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3.2.3 — The mno Angles
The mno pitch angles &, (t), 6,(t) and 6,(t) represent the angles between the
directional unit vector 6 and the directional unit vectors of the original abc reference frame.

They are calculated by using the dot product as:

6, (t) = arccos(a - 6) (3.20)
6, (t) = arccos(B : 6) (3.21)
0. (t) = arccos(C - 6) (3.22)

where, in a matrix representation, 4=[1 0 0], b=[0 1 0] and ¢=[0 0 1],
corresponding to each one of the abc directional unit vectors. The mno pitch angles are

illustrated on Figure 3.4.

Phase C

Phase B

Phase A
Figure 3.4: The mno pitch angles and the abc projections of the abc unit vectors onto the 6 unit vector

This set of angles tracks the orientation of the mn plane, allowing the evaluation of

the vectors &, (t), 50 (t) and C, (t), which are the respective projections of the unit vectors
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A~

a, b and ¢ onto the unit vector 6 (Figure 3.4), defined using the dot product as:

dy(t)=cosd, -6 (3.23)
be () = cos g, - 6 (3.24)
Co(t) =coséb, -6 (3.25)

The magnitudes [a, (t)|, ‘Bo(t)‘ and |C, (t)| of the vectors expressed by Equations (3.23),

(3.24) and (3.25) are used at the third line of the mno matrix M, (t) to calculate the abc

components contribution in the ¢ direction.
The mno pitch angles can be applied to evaluate zero sequence content as a
measurement of the system imbalance or to limit the excursion of controlled current signals

in voltage sourced converter (Chapter 4). For instance, two fixed parallel planes orthogonal
to the fixed zero sequence axis 2 =11 1]T can be employed as allowed maximum and

minimum limits for the zero sequence current excursion. Figure 3.5 illustrates this concept
for an unbalanced three-phase voltage excursion, which relates to the actual instantaneous
value of the zero sequence current, not the magnitude of the zero sequence current. For
example, considering an unbalanced three-phase condition at fundamental frequency, the
zero sequence current would be a fundamental frequency AC current; and the planes would

show the limits of the positive and negative values for this zero sequence current.
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—— max zero séquence-limit
— rio zero sequence
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ro sequence
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Phase C

@) (b)

Figure 3.5: Fixed zero sequence planes: (a) view from outside the limits, (b) view from inside the limits

Besides the mno pitch angles, there are the mno yaw angles. The projections onto
the mn plane of the unit vectors &, b and ¢ (Figure 3.6) are respectively referred to as
amn (), by, (t) and Cmn(t). The mno yaw angles ¢, (t), #,(t) and . (t) represent the
angles made by these vectors a,(t), B (1) | Cmn(t) with the directional unit vector m,

which is the normalized projection of the unit vector a onto the mn plane:

Q|

mn(t)
mn ()]

M =

(3.26)

o

and hence ¢, (t) = 0. The unit vector m is the second mno basis vector.

The calculation of the mno yaw angles can be subdivided in two steps. First, the
vectors d.. (t), b, (t) and €, (t) are evaluated as a subtraction of two vectors as shown
in Figure 3.6 and given by:

amn(t) =4a—-3a,(t) (3.27)
B (t) =b — by (t) (3.28)

Cmn(t) =C—Co (1) (3.29)
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where &, (t), b, (t) and C, (t) can be respectively evaluated by Equations (3.23), (3.24)
and (3.25).

Secondly, the angles between &, (t) and by, (t), as well as between &, (t) and
Cmn (t) are calculated (Figure 3.6), with the angle ¢, (t) set to be zero by definition, as a
locked reference between &, (t) and the basis vector rf :

Pa(t)=0 (3.30)

&, (t) =arccos M (3.31)
[ (1) Benn 1)

_ é:mn(t) : ffmn(t)
o) = areeo o Olem ) (3.32)

Phase & ’ . Phase B

Figure 3.6: The mno yaw angles and the abc projections of the abc unit vectors onto the mn plane
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Note that the direction of the third and last unit basis vector i of the adaptive mno

basis is orthonormal to the other basis vectors ¢ and m, being calculated as:
A(t) = 6(t) x m(t) (3.33)
Figure 3.7 summarizes the main steps necessary to calculate the mno angles of an

arbitrary three-phase voltage at a specific instant, as well as the mno basis vectors.

N

—

() neo

;abc(t) > ;;abc(t)'—" 3(() — Ha(t) E{)(t) | zl:;m.n(t) S ¢a(t)
Op(® b, b0 | 8y
( G0 [T €0 ( o0 | | B0

2>

o> O

Figure 3.7: Main steps to evaluate the mno angles

The angles ¢, (t) and ¢, (t) can be used to calculate the projections of the vectors

an, (1), b, (t) and Con () inthe M and i directions (Figure 3.8) through the following

expressions:

By (t) = by (t) COS ¢, (1) (3.34)
Crn (1) = Cun(t) cOs ¢ (1) (3.35)
by () = By (t) sin g, (t) (3.36)

Ch )= ~Cnn (t)sin e ) (3.37)
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Phase C

-1 -0.5 0 0.5 1
Phase & Phase B

Figure 3.8: Projections of the abc versors onto the mand i directions

Due to the positive and negative values that the sine function can assume and the
positive direction of the 1 axis, a negative sign on Equation (3.37) must exist to represent

the accurate direction in the i axis.

The magnitudes ‘Bm(t)‘, Em ()], ‘Bn (t)‘ and |c,, (t)| related to the vectors expressed
by Equations (3.34) to (3.37) are used at the first and second lines of the mno matrix
M o (t) to calculate the abc components contribution in the m and n directions.

Finally, as an illustrative example, all the projections of the abc components onto
the mno reference frame are shown in Figure 3.9, highlighting the output components of

the mno matrix transformation without the abc and mno basis vectors.
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Phase C

Phase & Phase B

Figure 3.9: Projections of the abc unit vectors onto the i, A and 6 directions

3.2.4 — The aB0 Transformation as a Special Case of the mno

Transformation

The a0 transformation becomes a particular case of the mno transformation for
balanced conditions. The calculation of the mno angles for a balanced three-phase voltage
using the procedure presented in the Section 3.2.3 leads to the following numerical results
for the mno pitch angles:
0,(t) =54.73°

6, (t) = 54.73° (3.38)

0, (t) =54.73°

and to the following values for the mno yaw angles:
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g, (t) =0
¢, (t) =120° (3.39)
¢. (1) = -120°

Substituting these angles in the mno matrix (3.12) gives:

sin(54.73%) cos(0) sin(54.73°)cos(120°) sin(54.73°)cos(—120°)
M no () =1 sin(54.73%)sin(0) sin(54.73°)sin(120°) sin(54.73°)sin(—-1207) | (3.40)
cos(54.73%) cos(54.73°) cos(54.73°)

which, after simplifications, leads to the af0 transformation C,go (Clarke’s

transformation) from the mno matrix:

(L) (B)| a2
Minnol) = (@(o) (@_{ —] (@E gj -2 i E —f = Copo(3.41)

The elements of the a0 transformation are time invariant. In contrast, the adaptive
time dependent mno transformation adjusts its elements to different dynamic conditions.
As stated earlier, the instantaneous voltage and current vectors can be expressed in

a three-phase a0 cartesian coordinate system by using the Clarke transformation as:
V50 (£) =V, ()& +V 5 (t) B+, (1)0 (3.42)
o0 (®) =i, (V& +i4 (1) 3 +io (t)0 (3.43)

where &, ﬂ and O are the unit vectors of the a0 cartesian system. Figure 3.10a shows

the three three-dimensional cartesian coordinate systems for a balanced scenario: the abc
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reference frame; the mno reference frame; and the a0 reference frame, which coincides
to the mno reference frame for this condition.
Figure 3.10b shows exactly the same scenario of Figure 3.10a, except that it is from

a different point of view, i.e. from the top of the zero sequence axis, where the three-

A

dimensional representation of the unit vectors a4, b and ¢ are shown similar as the
traditional planar representation of the symmetrical components used in phasors diagrams,
proposed by Fortescue [32].

The zero sequence axis is reduced to a single point on the o plane. This plane also

contains the @ and A directional unit vectors, able to represent positive and negative

sequence values.

Phase C

11 Phase A

Phase & Phase B Phase B

(@) (b)
Figure 3.10: Clarke’s transformation represented in the abc three-dimensional coordinate system:

(a) three-dimensional view, (b) view from the top of the zero sequence axis (two-dimensional view)

The representation proposed by Fortescue in the frequency domain (Figure 2.3,

Chapter 2) includes zero sequence components in a planar representation (along with the



Chapter 3 - The mno Instantaneous Power Theory 53

positive and negative sequences), as a projection “shade” on a plane of a “tilted” three-
dimensional vector, like the vector ¢ proposed by the mno transformation.

When the system is unbalanced, the 6 vector of the mno transformation is no longer
aligned with the zero sequence axis, and its projection on the fixed af plane (balanced
plane) is represented by a vector, not a single point. The reader is reminded of the Allegory
of the Cave analogy [1] sustained in the introduction (Chapter 1).

The next section introduces the second part of the mno transformation, a direct-

quadrature decomposition of the mno components.

3.2.5 — The Direct and Quadrature mno Matrix

Each of the three instantaneous mno components obtained from the matrix

M o (t) are decomposed into two direct-quadrature components by the following matrix:

(3.44)

0
1-j 0 0
0

! 0

0 1+

0 1-j
where the operator j=+/-1.

The matrix (3.44) is applied to the mno voltage v, (t) and mno current inno (D),

generating the respective dg mno voltage and current components through the

transformation:

Vr?]?lo(t) =M dqvmno(t) (3.45)
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iqn’?r?o(t) =M qumno(t) (3.46)
which creates dqg mno components for the voltage and dg mno components for the current
being defined as:

79,0 =i Vi v ® vio v o o] (3.47)
0 =is0 90 o 110 o o] (3.48)
Equations (3.45) and (3.46) generate two extra dg components for each one of the

three components of the mno vectors v, (t) and i (t), totalizing six mno components

for the voltage Vrﬂﬂo(t) and six mno symmetrical components for the current i}?ﬁo (t).

The inverse transformation which provides the mno components in terms of the

corresponding dg mno components are calculated for the voltage and the current as:

Vy =v3 +vd

v, =vd +vd (3.49)
Vo =V +v§

i =i% +id

ip=id +id (3.50)
i =ig +iJ

3.2.7 — Numerical Example
Consider the following unbalanced voltage and current with positive, negative and

zero sequence content (per unit values and angular frequency w=2~50rad/s):
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V, (t) = 0.8cos(wt — /6)
vp (t) = cos(at — 27/3) (3.51)

Ve (t) = cos(at + 27/3)

i, (t) =1.5cos(wt)
ip, (t) = cos(at — 77/9) (3.52)

i (t) = cos(wt + 1)

The matrix M,,(t) is evaluated based on the voltage. Figure 3.11 illustrates two

mno
cycles of the above waveforms in the abc and mno coordinates, as well as the o450
components for comparison. Note that due to the particular choice of the references of the

mno coordinate system previously introduced, the 6 component for the mno voltage Vo

is zero.

Figure 3.12 shows the excursion of the instantaneous voltage and current vectors in
the abc and the mno three-dimensional reference frames for one cycle. The instantaneous
voltage and current vectors allow the calculation of the instantaneous power, as it will be

demonstrated by the mno instantaneous power equations presented in the next section.



56

Chapter 3 - The mno Instantaneous Power Theory

(nd) o3ejjon (nd) oFey0A (nd) oS00

time(s)
®)

, (b) abc current, (c) mno voltage,

time(s)

(€
Figure 3.11: The mno and o0 components: (a) abc voltage

(d) mno

current, (e) a0 voltage, (f) af0 current
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Figure 3.12: Voltage and current signals loci in the abc and mno time domain three-dimensional reference

frame: (a) abc voltage and abc current, (¢) mno voltage and mno current

After generating the instantaneous mno components, the dg mno matrix (3.44) is

applied. Figure 3.13 illustrates the voltage and current signals with the z/2 rad phase shift

between the dg components.
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Figure 3.13: The dg mno components: (a) dq m voltage, (b) dg m current, (c) dq n voltage, (d) dgn

current, (e) dg o voltage, (f) dg o current
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3.3 — The mno Instantaneous Power Components

This section presents a new method developed to calculate the three-phase
instantaneous power. The technique is based on the instantaneous mno voltage and mno
current components generated by the mno transformation. It allows an independent
calculation of constant and oscillating terms which contribute to the total instantaneous
active and reactive power on general three-phase transmission topologies.

The technique stands out during unbalanced AC conditions with three independent
voltages and three independent currents, i.e. with positive, negative and zero sequence
power flowing through the system. Such feature along with the development of new power
control strategies emerged as a pursued research outcome which allows a constant power
flow to be established in grid connected voltage sourced converters under unbalanced
conditions.

The equations presented for the mno power theory are an extension of the p-q theory
concepts introduced in the Chapter 2, which are based on the stationary /0 transformation.
The instantaneous active and reactive powers are evaluated, respectively, by the dot and
the cross product of the instantaneous mno voltage and the instantaneous mno current
vectors. In this approach, the active power comes out as a scalar and the reactive power as

a vector:
p(t) = ano(t) : i#mno ® (3.53)

A(t) = Vipno(t) x i.mno ® (3.54)
Accordingly, the instantaneous active power is obtained as:

P(t) = Pm () + P () + Po () = Vi ()i (1) + v, (O (1) + Vo (V)i (1) (3.55)
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and the instantaneous reactive power magnitude is given by:

~Vlan®F +[an®F +[a,0F  (3.56)

)| = |am O + g, (DA +, (1)0

where
O N B ONCEACN®) (357)
00 (1) = Y ((tt)) \./ ((tt)) = Vo ®)in (1) = Vin (0 (1)] (358)
N N R ONCETAOAD) (359

Figure 3.14 illustrates power waveforms related to Equations (3.55) to (3.59) for

the unbalanced voltage and current condition (3.51).
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Figure 3.14: Instantaneous power: (a) active power, (b) reactive power

The waveforms for p and |q| perfectly agree with the total active and reactive

instantaneous power calculations of the modified p-g theory [9], except that the mno power

components Py, , Pn» Po:dm-d, and g, are not consistent to the respective af0 power

components p,,, Pg, Po.d, 4 and do, defined as:
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P = Py () + Pp(t) + Po(t) =V, Oy () +V Oz ([0) +Vo (Dig(t)  (3.60)

4] =]a, O + a5 04+ a0 = [0, OF +[a OF +[®OF  @61)

Substituting the dg mno components (3.49) and (3.50) into Equations (3.55), (3.57),

(3.58) and (3.59) enables the decomposition into the following form:

p(t) = p(t) + p(t) (3.62)
O (1) = Ty (1) + Ty (1) (3.63)
On (®) =0y (1) + G, (1) (3.64)
Uo (1) = Go (t) + T (1) (3.65)

where p(t) and p(t) correspond respectively to the constant and oscillating components
of the active power; T, (t),d,(t) and g, (t) are constant terms associated to the reactive
power vector; and q,(t), d,(t) and g, (t) are oscillating components related to the

reactive power vector. These power components are referred to as the mno instantaneous

power components, with the components related to the active power being calculated as:
P(t) =+ (DI (©) + Vi O ©) + V5 O @©) + v I3 0) +vS ©)ig ) +v3 ©)id (1) (3.66)

P(t) = +vd (i ©) + v i ) +v3 i (€) +va ©)id ) +vI ®id () +v3 ©)id (t) (3.67)

and the reactive power components given by:

O (1) ==V (©)i5 (€) —vJ @i () + V5 ©ig (©) + v ©)id (©) (3.68)
G (1) = v @i (1) —v§ @ ) +vI OIS @) +v ©)id (t) (3.69)
Tn () = +V3 (O ) +v3 O ) - vi i (©) - v i @) (3.70)

Gn (1) = +vJ @IS (1) + v O ©) - v i (©) - v ©id @) (3.71)
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To (1) = —v3 (0 (©) — v (©)F 1) + VS ©)i5 @) + V3 ©if @) (3.72)

To (1) = —v3 (0 (©) — v (©F 1) + VS ©)i5 @) +V3 ©if @) (3.73)

In matrix notation, Equations (3.66) to (3.73) can be represented by:

(PO [va® vE® vi® VIO Vi v |
PO | [ vAm vi® vie) vi® viw v [iSw]
G (1) 0 0 —vi() -vi() vi@® Vi@ g
WO | 0 0 O -w® IO wO [RO| 57
WO [ vie vie o 0 —vim —va@m [ id()

G® | | v vi® o 0 —vi@® —va@®|id )

G | [-vi@®) -vi@) vat) vi@® O 0 [id®)
Go® ] [-vI@ -vi@) vi®) ve@ 0 0
Vmno

The dot product used to calculate the total instantaneous active power p(t)

produces a scalar result, without a geometric interpretation. However, the reactive power

vector (3.54) can be expressed as the vector:
G = [T ®) + 8 O+ [@, () + G O + [0, © + T (D6 (3.75)
composed by the sum of two other vectors:
Gmno(t) = G () + Ty (DA + G, (£)0 (3.76)
Amno(t) = T ()M + Ty (DA + T (1)0 (3.77)
which respectively represents the constant and the varying three-phase instantaneous

reactive power vector as:

qe) = C:1mno )+ amno ®) (3.78)
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Figure. 3.15: The mno reactive power vector decomposition

Figure 3.15 considers the same steady-state unbalanced case presented before

(3.51), illustrating the instantaneous reactive power vector G(t) and the locus of the

endpoints of G(t) in a plane. The reactive power vector G(t) is composed of vectors
ﬁmno(t) , with fixed orientation and its origin at the origin of the mno coordinate system,
pointing to the center of the reactive power curve; and amno(t) , Which rotates at twice the
system frequency with its origin at the endpoint of o (t) and endpoint coincident to the
endpoint of ¢(t). For balanced steady-state scenarios, ‘a”mno(t)‘ is zero, thus
G(t) = Tmno (1)

Figure 3.16 shows the results achieved for the instantaneous mno power
components (3.74) related to the unbalanced scenario (3.51). Figure 3.16a shows the active

power components (3.62), followed by Figures 3.16b, 3.16c, 3.16d which illustrate the mno

reactive power components (3.63), (3.64) and (3.65), respectively.
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Figure. 3.16: Instantaneous mno power components: (a) active, (b) m reactive, (c) n reactive,

(d) o reactive.

The mno instantaneous power components defined at the above equations provide

an unique method to separately calculate the constant and the oscillating terms of the active

and reactive powers flowing through the cross section of a general three-phase transmission

system.

The next chapter will present applications of these mno power components on

voltage sourced converters, proposing algorithms to control the instantaneous power when

the converter is connected to an AC network subjected to dynamic conditions.
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Chapter 4

The mno Instantaneous Power
Components  Control for Grid

Connected Voltage Sourced Converters

Based on the mno theory previously introduced, a novel method capable of
controlling the instantaneous power on grid connected voltage sourced converters is
presented in this chapter. The advantages of the procedure stand out under unbalanced
conditions, mainly when zero sequence voltage and current are present. It enables the
system to sustain constant power unlike previous approaches, which either ignore zero
sequence power focusing on three-wire systems, or which state that such feature is
impossible to be accomplished during unbalanced scenarios with zero sequence power.
The technique is applied to general conditions, including balanced or unbalanced scenarios
in three-wire systems (without zero sequence power). The performance and effectiveness
of the proposed control approach and the proposed power conditioning scheme were
demonstrated using electromagnetic transient simulation of a voltage sourced converter

connected to an AC system.
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4.1 — Grid Connected Voltage Sourced Converters

Voltage sourced converters have been increasingly used to fulfill many needs
related to power conditioning in electric networks. These include bulk power transmission
over long distances, underwater cable transmission, interconnection between asynchronous
subsystems (50Hz and 60Hz), design of DC grids, integration of distributed generation
resources (renewable energy) and energy storage systems, among others [68, 69].

The converter technology is well established in power systems, available not only
for HVDC systems (High Voltage Direct Transmission) but also for FACTS applications
(Flexible Alternating Current Transmission System), such as STATCOM devices (Static
Synchronous Compensator), both at the transmission and distribution level. Such
converters enable versatile modes of transmission [70, 71]. Its application has been
constantly expanded due to the fast development of higher ratings electrical switches,
enhanced bridge topologies and advanced robust control strategies [72].

Modern converters make use of the IGBT (Insulated-Gate Bipolar Transistor), a
fully controllable electrical switch able to conduct and to interrupt current. This switch is
connected with inverse-parallel diodes (free-wheeling) to create reverse conducting switch
cells, which provide bidirectional current flow and unidirectional voltage blocking
capability. These cells may be connected in series and in parallel in order to meet larger
voltage and current requirements, being usually referred to as a valve. The valves are
arranged in a structure called bridge, the core interface between the AC and DC subsystems
[73].

A typical grid connected voltage sourced converter is essentially composed by the

converter bridge, DC capacitors, phase reactors, transformers and filters, as well as the
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control, monitoring, protection and other auxiliary apparatus. Figure 4.1 shows the basic

components of such system.
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Figure 4.1: Grid connected voltage sourced converter

An advanced feature of voltage sourced converters is the capability of controlling
the active and the reactive powers independently. Before discussing the power control
technique proposed in this thesis, a brief description is presented in regards to the different
possible layouts and connections at the AC/DC interface, as well as their influence on the
manner in which the instantaneous power is transferred through the converter, especially

during unbalanced voltages and currents.

4.1.1 — Converter Bridge Topologies and AC/DC Interface

Equipment’s Connections

Voltage sourced converters can be designed in a variety of configurations with
respect to the converter bridge topology, as well as its connections with the AC and the DC
subsystems [73].

The two-level VSC is the simplest bridge model (Figure 4.2a). The voltages at each
one of the AC phases are switched between two discrete DC voltage levels. The majority

of the VSC systems built in the last decade were based on this arrangement.
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The three-level scheme is the first attempt to improve the deficient harmonic
performance of the two-level bridge. It can produce three discrete voltage levels on each
phase (Figure 4.2b). They can be designed with capacitor-clamped or diode-clamped, but
their practical interest has decreased due to the high complexity when attempting to

increase the number of levels beyond three.
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Figure 4.2: VSC bridge topologies: (a) two-level, (b) three-level diode-clamped

The Modular Multilevel Converter (MMC) is the latest and most advanced VSC
bridge technology (Figure 4.3). Each valve is composed by independent submodules,
commonly designed as half-bridge or full-bridge (also named H-bridge) structures. The

converter produces multilevel stepped voltages with low harmonic content at the AC side,
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avoiding the use of AC filters, and even possibly without transformers, offering minimal

switching losses.
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Figure 4.3: Modular Multilevel Converter with half-bridge submodules

On the DC transmission side, the terminals of the bridge may be arranged as
monopole, symmetrical monopole, or bipole configuration. Monopole schemes present a
single conductor at high voltage, with the other terminal being at ground potential. Hence,

the symmetrical monopole is characterized by DC poles connected on each terminal of a
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single converter bridge. The bipole transmission also employs a pair of poles on the DC
transmission side, but with two converters bridges at each converter location. Figure 4.4

illustrate these different DC schemes.
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Figure 4.4: Two-terminal VSC configurations: (a) monopole, (b) symmetrical monopole, (c) bipole

Moreover, the DC substations may have different arrangements in regards to the
DC network. In a back-to-back system, both converters are at the same location, being

commonly employed to allow power transfer between two asynchronous AC systems. The
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two-terminal scheme (point-to-point) is the most common DC configuration used to
transfer power over distances. Additionally, voltage sourced converters may be connected
into a DC grid as a suitable solution to transmit power among more than two locations
using ring, star or meshed DC networks.

The bridge topologies and the connections to the AC and the DC subsystems greatly
affect the ability of the transmission system in order to fully control the instantaneous
power under unbalanced scenarios. This issue is critical during dynamic transient events
involving zero sequence current components, such as remote single-phase faults.

The zero sequence current has not been extensively explored in VSC systems, being
typically disregarded by using particular connections that do not allow its flow [17, 74].
The zero sequence current can be blocked depending on the converter bridge topology and
connections between the AC and DC transmission sections. For example, circuits
previously shown in Figures 4.2 and 4.3 do not allow zero sequence current to flow.

As it will be shown with the novel control method proposed in this thesis, instead
of blocking, if the zero sequence current is permitted to flow during unbalanced transients,
then the proposed control makes possible to keep the power flow constant at the pre-
contingency level. It should be noted that for such topologies, the voltage sourced converter
must be equipped with robust controls to deal with such zero sequence components, in
conformity with standard regulations and overloading limits for the ground and neutral
currents.

In converters that permit zero sequence current to flow, besides the traditional

connections of each of the three phases of the AC system to the converter bridge, allowing
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positive and negative current components (Figures 4.2 and 4.3), an extra path for the zero
sequence current must be provided.

There are different zero sequence current permissive scenarios through the AC/DC
interface for the two-level bridge: one strategy is from the midpoint of the capacitors used
across the DC side of the VSC, by connecting such point to the neutral or the ground
(Figure 4.5a); another design relates to the four-leg converter, which has an additional leg
connected to the neutral (Figure 4.5b).
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Figure 4.5: Two-level voltage sourced converter zero sequence current permissive connections:

(a) midpoint of DC capacitors, (b) four-leg converter

The four-leg topology can also be extended to the half-bridge MMC, adding an
extra leg to the structure shown in Figure 4.3. Another configuration for the multilevel
converter refers to the cascade H-bridge wye connected. In this case, the submodules must

be designed with H-bridge structures because of its capability to output bipolar voltages,
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considering the AC phases are connected to one terminal of the converter’s legs in a wye

configuration (Figure 4.6).

phase a

phase b
phase ¢
neutral or ground
AC H-Bridge bC AC H-Bridge bC AC H-Bridge bc
AC H-Bridge DC AC H-Bridge DC AC H-Bridge DC
] re— ] | Smmn = ——
H-Bridge H-Bridge H-Bridge
ic_ | submodule | EC ic_ | submodule | EC ic_ | submodule | EC_
r I B r I LB r I -
I E— I EO— | ———
| | |
AC H-Bridge DC AC H-Bridge bC AC H-Bridge bc

Figure 4.6: MMC VSC with cascade H-bridge wye connected

Furthermore, the substation apparatus connected in between the PCC (Point of
Common Coupling) and the AC terminals of the bridge, such as power transformers, phase
reactors and filters, must also be considered. The transformer plays an essential role,
although new MMC topologies present transformerless designs. However, if a transformer
IS required, it must be zero sequence current permissive.

It is common to block zero sequence currents, as stated previously, with the use of
delta transformer connections, focusing the analyses on three-wire systems. However, this
type of winding connection may lead to overvoltage, for example during transient single-
phase faults [74]. Delta configurations may also lead to DC voltage imbalance (demanding

use of choppers, for instance), as a consequence of pole-to-ground faults [74]. For all these
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cases, the high impedance to the zero sequence makes fault detection more difficult due to
the small value of the fault current.

One alternative arrangement for the zero current path through the transformer is the
wye-wye configuration, which allows connections with the neutral point of the wye
winding topology. Another possible configuration is the use of zig-zag transformers, also
called T-connected grounding transformers, usually employed by the addition of a wye-
delta transformer with grounded neutral and the delta windings terminals in open circuit,
providing low impedance path for the zero sequence current [75].

Once the equipment’s layouts that allow all the current sequences to flow through
the voltage sourced converter are described, it is time to move forward towards the control
over these current components. The following sections present a background of voltage

sourced converter control techniques.

4.1.2 — Classical Control Techniques

The control structures developed for voltage sourced converters are directly or
indirectly related to the control of the AC current and the DC voltage. The VSC works with
a constant voltage polarity on its DC side (reason for the converter’s own name) but allows
bidirectional flow of DC current, and therefore the electric power can also flow
bidirectionally. On the AC side, the current through the reactance (phase reactors and

transformer) is established by the voltage difference between the AC system voltage v, (t)
and the controlled AC converter voltage v.(t) (Figure 4.7). The model for the

interconnection with the AC side is given by:
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di(t)

Vo (1) = Vs (1) +Ri(t) + L=

(4.1)

ve(t) v(t)

Converter Resistance Phase Point of Common
AC Side Reactor Coupling

Figure 4.7: Converter connection model of the VSC to the AC network

The magnitude and phase angle of the converter AC side voltage can be
independently adjusted by switching the converter valves using PWM techniques (Pulse
Width Modulation). The modulating signals are replicas of the phase voltages that are to
be applied, being synthesized by the main control system of the converter, which is
monitoring electric variables at the AC/DC interface. The active and reactive powers can
be controlled by regulating the converter voltage magnitude and phase angle as:

_ViVsing
X

P (4.2)

V& VY cosg

Q X X

(4.3)

where V¢ and V, are respectively the voltage magnitude of the system and the converter, X
is the equivalent reactance, and ¢ is the phase angle difference between vg(t) and v,(t).
Hence, the modulating signal has equal magnitude V, for the three phases, and equal phase

displacement ¢ in regards to respective phases of the system voltages.

The first control methods developed for VSC focused just on balanced AC
scenarios, aiming to establish a balanced set of voltages (positive sequence) at the point of
common coupling (PCC). This strategy allows only two degrees of freedom, i.e. the

magnitude and the phase shift of the converter voltage with reference to the system voltage.
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The well-known direct control and vector control are the main techniques proposed to
accomplish this task [73].

The direct method controls two variables of the system, which for example can be
the active power and the reactive power, based on Equations (4.2) and (4.3). This is

achieved by proper selection of the magnitude V_ and the phase shift ¢ . The AC voltage

can also be controlled through the reactive power, and the DC side voltage can be
controlled through the active power, depending on the VSC application. The two measured
values are compared to the two respective reference orders, with the two output errors being
processed by separated controllers, usually Pl controllers (Proportional Integral
Controllers). These controllers synthesize the signals for the modulation section, typically
a PWM (Pulse Width Modulation) which thereafter generates the pulses for the switching
components [76], in order to change the magnitude and the phase angle of the three-phase
voltage at the converter terminals. This method has inherent cross-coupling between the
active and reactive current components, and hence a change in the active power order
causes a transient in the reactive power and vice-versa. Unfortunately, it also does not have
the capability to limit the current magnitude.

Alternatively, the vector control approach [76] converts the abc three-phase
voltages and currents into a dq reference frame by using the reduced Park’s transformation
(Section 2.2.4). It presents the advantage of controlling two chosen variables
independently. The cross-coupling is removed by feed-forward control loops. Two dq
current references are generated from two separate outer Pl controllers which are
processing the errors from two measured variables, compared with their respective

reference setpoints. These dq current references are compared to the respective measured
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system currents in the dq domain, with the errors adjusted by other two fast inner Pl
controllers. Such conventional vector control utilizes four PI controllers (two outer and two

inner controllers). The dq equations for the same model shown in Figure 4.7 are given by:

% ) % [ Rig (1) =V (1) +Vey (] - 004 (0
) (4.4)
Igt(t) - % [_ Riq (t) - Veq (t)+ Veg (t)]+ @i (1)

Unfortunately, a major drawback of these both classical control techniques is the
high sensitivity to grid disturbances and, consequently, the deficient performance under
unbalanced AC scenarios. The control for unbalanced conditions is a challenging issue,

demanding enhanced schemes to better accommodate dynamic transient events.

4.1.3 — Control Methods under Adverse AC Conditions

The three-phase voltage and three-phase current at the AC side of the converters
are far from being continuously and perfectly balanced during the power delivery. Many
dynamic events and different load conditions force the system to unbalanced scenarios,
which generate undesirable oscillations in the power transfer.

The voltage sourced converters should be able to withstand impacts in the power
flow, riding through disturbances in accordance with limits set by applicable grid codes
and avoiding unnecessary disconnections by the protection schemes. Additionally, the
VSC is also expected to deal with harmonic distortion, following network
recommendations and standards [13-20].

The classical controllers are not able to handle general AC grid conditions, as

previously mentioned. Therefore, several solutions have been explored in the past, by
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appropriately injecting synthesized currents to attenuate power oscillations. These control
strategies include rotating reference frames [86, 87] with proportional-integral controllers
[85, 88], stationary frames [17] with proportional-resonant controllers [16, 89], as well as
nonlinear hysteresis and predictive deadbeat controllers, among others [90].

Significant studies regarding the control under unbalanced and distorted AC
conditions date from the 1990s, with the first analyses focusing on tracking the positive
and negative reference currents with one single controller [81, 82]. Developments were
made based on two independent control loops for each sequence (positive and negative)
through double synchronous reference frame current controllers [83, 84]. This permitted a
reduction in the oscillations in the transmitted power when using dq signals generated with
Park’s transformation [85, 91, 92].

The current controllers based on individual reference frames for positive and
negative sequence have a good performance (four independent degrees of freedom),
especially the ones based on the instantaneous power theory [18, 19]. Nevertheless, dealing
with zero sequence transients is still complicated due to the intrinsic oscillating behavior
of the zero sequence power [65], which affects the total three-phase energy flow per time
unit. This is one of the reasons why zero sequence content is not welcome in most circuits,
being frequently avoided [65]. The p-q theory states that it is not possible to independently
control the constant and oscillating power terms (Chapter 2). Indeed, in many
circumstances, certain circuit connections are conveniently chosen to prevent the zero
sequence current circulation.

Fortunately, the mno power theory introduced in Chapter 3 allows the zero

sequence current to be controlled in order to guarantee a constant power transfer.
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Subsequently, a method able to independently control the constant and oscillating terms of
the instantaneous power in voltage sourced converters systems is presented. The mno
instantaneous power components control allows the converter to independently control the
current magnitude and phase angle of each of the three abc phases individually. Simulation

results are presented in order to verify the proposed control structure.

4.2 — The mno Instantaneous Power Components

Control

The mno instantaneous power components control can be used to generate the
required instantaneous current on each phase of the AC side of the voltage sourced
converter to match a specific operating requirement, such as sustaining a constant power
flow, minimizing the propagation of power disturbances and oscillations during
unbalanced conditions. The advantages of the procedure stand out under unbalanced
scenarios characterized by concomitant presence of zero sequence voltage and zero

sequence current content.
The dg mno instantaneous current components reference vector i}?ﬁ;(t) is
synthesized at the mno coordinates domain from the constant power orders given through

the mno instantaneous power components vector P (t) and also based on the dg mno

instantaneous voltage components vector V,ﬂ%o(t) evaluated from the measured voltage

Ve (t) at the point of common coupling. The necessary phase current vector i:;c (t) atthe
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original abc coordinate system are then generated by applying the inverse mno
transformation.

The phase currents can be easily controlled by using a hysteresis current controller
[77]. Due to its simplicity, the hysteresis current controller was selected to be applied,
although other control techniques can be employed to implement the current controller,
such as proportional resonant controllers [78]. Details about the hysteresis current
controller implementation will be provided at Section 4.2.5. Figure 4.8 illustrates the mno

instantaneous current control scheme for a voltage sourced converter connected to the AC

network.
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Figure 4.8: The mno instantaneous power components control scheme with hysteresis current controller

Although a two-level converter topology is assumed, the method is conceptually
applicable to different converter topologies (e.g., multi-level converters), as the
interactions with the AC grid remains equivalent concerning the connections which allow

the positive, negative and zero sequence current components to flow.
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In sequence, each section of the proposed control method is introduced, along with
simulation results to illustrate the mno power components control. Before describing

control details, the characteristics of the test system are introduced.

4.2.1 — The Grid Connected Voltage Sourced Converter Test System

The operational principle of the control proposed in this work is tested in a grid
connected voltage sourced converter as shown in Figure 4.1, with the control concept as
shown in Figure 4.8. The two-level three-phase converter bridge topology is designed as
illustrated in Figure 4.5a, connected to the AC network using a wye-wye transformer.

The converter has a nominal power rating of 400 MW with nominal DC voltage at
+320 kV. The converter is operated to generate the specified active power and reactive
power infeed to the AC network. The converter is part of a DC transmission system where
the remote converter regulates the DC voltage to its rated value.

The DC capacitors time constant is set to 2 kJ/MVA, calculated by dividing the
energy stored in the capacitor at rated DC voltage by the rated power of the converter. The
converter transformer has a nominal turn’s ratio of 1:1 with 0.1 pu leakage impedance. The
neutral of the transformer is connected to the capacitors midpoint on the DC side, which
alternatively can also be grounded.

Phase reactors were designed with an impedance of 0.12 pu to interface the
converter with the AC network, providing adequate fault current limitation from AC side
short circuits and also attenuation to the high frequency current ripple. As a tradeoff, a large

reactor provides lower current ripple, however it slows down the dynamics of the converter.
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On the other hand, a small reactor increases the dynamics response, allowing higher current
ripple.

High pass-filters are connected as shunt elements between the converter and the
transformer, reducing harmonic content from the bridge switching devices and protecting
the power transformer.

The AC network connected at the point of common coupling is represented by
Thevenin’s equivalent of a 345 kV voltage source at 50 Hz with a series impedance to

express value five (5) of short circuit ratio.

4.2.2 — Grid Synchronization

Successful performance of the proposed control structure depends on the
synchronization system, responsible to generate reference signals that constantly and
rapidly update the controller. The mno theory considers the voltage as a time dependent
vector at the mno three-dimensional cartesian reference frame. Therefore, synchronization

is established by tracking the mno angles of the grid voltage 6,(t), &,(t), 6. (t), ¢,(t),
@, (t) and ¢, (t), which enables the instantaneous update of the mno reference frame, and,

therefore, the calculation of the mno components, as explained in the Chapter 3.

The synchronization scheme can be subdivided in three steps, following the
procedures described in Section 3.2 of Chapter 3: calculation of the instantaneous voltage
tangent vector (normalized derivative), generation of the instantaneous normal vector to

yield the basis vector 6, and calculation of the mno angles. Figure 4.9 illustrates the

synchronization section.
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Figure 4.9: The mno grid synchronization

The derivative vector components are obtained by generating signals in quadrature
with the phase voltages. Different techniques for the QSG (Quadrature Signal Generator)
can be employed. The method adopted in this thesis is based on a SOGI structure (Second
Order Generalized Integrator) which is able to process the signals similar to a delay-free
filter [93]. Figure 4.10 gives a block diagram of the SOGI scheme applied to each measured

phase voltage of the system.

Vinput - } k @

SOR0

} -1 qv,

Figure 4.10: SOGI-QSG control diagram
The transfer functions for the components in phase and in quadrature are:

V,(S) kaws

_ (4.5)
Vinput () 5% + keos + 0?

qv,(s) keo?

Vinput (S) 82 + kas + a)2

(4.6)
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where Vi, (S) corresponds to one of the phase voltages of the abc three-phase voltage;

v, (s) and qv,(s) corresponds, respectively, to the component in phase and in quadrature

(derivative) of the input phase voltage at the frequency w; q refers to the quadrature
operator; and k is an appropriately selected filter gain designed to provide unitary quality
factor. The Equations (4.5) and (4.6) are initially tuned at the nominal frequency, where
the gains are unitary:

O IR THC)

=] (47)
Vinput (S) s=0j Vinput (S) s=0j

Figure 4.11 shows the effects of noise on the input voltage signal v, , of the SOGI-

nput
QSG structure of Figure 4.10. White noise with uniform frequency distribution and peak
amplitude equal to 20% of an undistorted voltage at fundamental frequency is added on

the Vippyut at 550 ms.
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Figure 4.11: SOGI-QSG response for noise effects
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The direct v, and quadrature voltages qv,, remain essentially unperturbed with

such additive noise, thereby demonstrating the strong noise rejection capability of the
SOGI-QSG. The reason for this is that measurement noise typically has high frequency
components and the SOGI-QSG is highly discriminatory to frequency components higher
than the tuned frequency. Harmonic distortion can be analyzed using a M-SOGI-QSG
(Multiple Second Order Generalized Integrator Quadrature Signal Generator), a control
structure able to synchronize multiples frequencies of the system voltage [94].

Figure 4.12 illustrates the SOGI-QSG performance for a 0.8 pu voltage dip along

with a phase shift of /6 at phase a between 450 ms and 650 ms, with the input voltage
Vinput OF the control structure of Figure 4.10 equals to the voltage at phase a v, (t) .

-y = v, /dt
1.25 4

1.00

e T e T

o R i
-0.75
-1.00
-1.25 -
time  gaog 0.450 0.500 0.550 0600 0650 0.700
Figure 4.12: SOGI-QSG response for voltage sag and phase shift
This method is applied to each phase voltage v, (t), v, (t) and v.(t), generating
derivative of these input voltages dvst(t) , dvgt(t) and % which are the components
dvabc (t) _

of the instantaneous voltage tangent vector it
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The next step generates the normal vector by calculating the vector product between

dVabc (t)

the voltage vector v, (t) and the derivative voltage vector according to Equation

(3.17) of Section 3.2.2. The components of the normal vector are calculated by the
equations:

dve () _ dvy (©)
dt dt

N4 (1) = Vo (V) Ve () (4.8)

dva (t)  dv, (t)

0 =ve 2 - L0y, (4.9)
() = v, @ T2 - ety g (4.10)

The normal vector components are normalized to yield:

. (1)
0,(t) = (4.11)
Jra®) + () + (0 ()

Ny (t)
oy (t) = (4.12)
’ V2 )7 + (1 (O + (e (1))

ne (1)
oc(t) = (4.13)
JOa ) + (0 ®) + (e ()

which corresponds to the components of the unit basis vector 6(t) :
6(t) = 0, (t)a + oy (t)b + 0, ()¢ (4.14)
The performance of the synchronization structure is illustrated by using values of

the same illustrative example presented in Chapter 3, with positive, negative and zero

sequence content (Section 3.2.7). Therefore, the unbalanced voltage scenario:
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v, (t) = 0.8cos(wt — 7/6)
v, (t) = cos(awt — 277/3) (4.15)

V. (t) = cos(wt + 27/3)
is simulated for 10 cycles, from 450 ms to 650 ms. Figure 4.13 shows the three-phase

voltage V,,.(t) along with the correspondent basis vector components o, (t), oy (t) and

0 (t) obtained by control using the control structures early described.
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Figure 4.13: Unbalanced voltage for Equation (4.15) and correspondent basis vector components 6(t)

Once the normal vector, and consequently the unit basis vector 6(t), is accurately
tracking the voltage dynamics of the system, the mno angles can be updated. This
calculation is performed using the equations presented at Section 3.2.3 (Chapter 3). The

angle ¢, (t) is set to zero, attaching the phase angle references between the voltages v, (t)
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and v, (t), as explained in Chapter 3. Figure 4.14 shows the mno pitch angles &, (t) , 6, (t)
and 4, (t), as well as the mno yaw angles ¢,(t), ¢,(t) and ¢.(t) for the unbalanced

voltage case of Equation (4.15).
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Figure 4.14: The mno angles components for Equation (4.15): mno pitch angles and mno yaw angles

The unbalanced disturbance can be rapidly detected within 15 ms (approximately
at 465 ms), with the control structure accurately synchronized to the dynamic conditions.
On the removal of the unbalanced condition at 650 ms, the synchronization signals return
to their balanced values approximately within 15 ms.

Table 4.1 shows numerical values of the components of the unit basis vector 6(t)

and the mno angles for both conditions (balanced and unbalanced) once the transients

between the conditions are not present.
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Unitary basis vector 6 mno Pitch Angles mno Yaw Angles
AC voltage

05 (t) [ 0p(t) | Oc(t) | Oa(t) | (1) | O (V) | Sa(t) | (1) | (V)
condition
Balanced

0.5773 | 0.5773 | 0.5773 | 54.73° | 54.73° | 54.73° e 120.00° | -120.00°
(t=400ms)
Unbalanced

0.6956 | 0.3213 | 0.6426 | 45.92° | 71.26° | 50.02° e 109.18° | -144.29°
(t=500ms)

Table 4.1: Grid synchronization values of the unit basis vector 6 and mno angles for balanced voltage

condition at 400 ms and unbalanced voltage condition of Equation (4.15) at 500 ms

The synchronization structure is an essential section of the mno instantaneous
power control because it provides the instantaneous information needed to update the
elements of the time-dependent mno transformation. By using this type of synchronization
control, the voltage sourced converter does not require the traditional phase locked loop
(PLL) for synchronization. Investigations have shown that traditional PLL dynamics might
have undesirable impact on the performance of voltage sourced converters during

imbalances when connected to weak AC systems [95, 96].

4.2.3 — The dg mno and the Inverse dg mno Implementation
The synchronization control structure provides the mno angles &,(t), 6,(t),
6.(), ¢,(t), ¢, (t) and ¢, (t) necessary to update the elements of mno transformation

matrix M ,,o(t), which allows the mno instantaneous voltage V,,,o(t) components to be

instantaneously updated. Subsequently, the dq mno voltage components Vrﬂ‘ﬂ]o(t) are
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obtained by the direct-quadrature mno matrix M y,. This set of six sequence components
allows the parametric visualization of the voltage in the three-dimensional frame (Section
3.2.5, Chapter 3).

The controller implementation of the direct-quadrature mno matrix My, uses the

SOGI-QSG structure presented earlier. The sequence component v% (t) presents the same
phase angle reference of the component v (t), which in turn has the same phase reference
of the voltage v, (t) . The signals in quadrature lag the direct input by z/2 rad. Figure 4.15a

illustrates the implementation of the mno transformation for the voltage.

The voltage components V%%o(t) are utilized by the instantaneous power controller

block illustrated at Figure 4.8 to generate the six dg mno current components references,

with the aim of producing oscillation free active and reactive powers as ordered by the

input vector P (t), following an specific power control strategy, which will be discussed
in detail in the next section.

Once the dg mno instantaneous current references are synthesized, it is necessary
to return to the abc coordinate system using the inverse mno transformation. First, the dq
mno current components references are converted to mno components using Equations
(3.49) and (3.50), and then to abc coordinates using Equations (3.13) and (3.14), as shown

in Figure 4.15b.
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Figure 4.15: The dg mno implementation: (a) direct transformation, (b) inverse transformation

The mno transformation allows changing to a dimension where the mno
instantaneous power components can be applied, as introduced in the Chapter 3. The
inverse mno transformation returns to the abc coordinate system, providing the abc current
references necessary to be established at each phase of the VSC, following a determined

power strategy.

4.2.4 — Power Control Strategies

The mno instantaneous voltage components combined with the mno instantaneous
current components are employed to calculate the instantaneous total power flowing at the
three-phase transmission line, according to the Equation 3.74 introduced in the Chapter 3.
Such mno power equation can be reversed, i.e. instead of calculating the power from the
mno voltage and mno current components, the current components necessary to obtain the

desired active and reactive powers can be calculated as with V,,,, as in Equation (3.74)

using the following expression:
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o () =Vino (0B (1) (4.16)
where the power order vector is represented by:
50 =[p"0 7O ® 30 G0 G ® 0 a o] (4.17

and V,,~, being the inverse matrix of the mno voltage matrix V,,,, given by:

VA e v vie v v |
VR va® Vi vi®) v ve)
0 0 —vi®) -vi®) vi®) vi(
v | 00 WO w0 VO v 418)
Vo) vi) 0 0 —vq() -vi(
vi) ve® 0 0 —va() —va()
—Vi ) -V va® vi® 0 0
Vi) —va®) va® va® 0 0

and the generated reference current vector is represented by:

=dag* .d* -g* -d* -o* -d* -g*

Heo=[ro o oo ool (@.19)
As the main objective is to maintain constant instantaneous power flow, the active

and reactive powers oscillating terms in (4.20) are set to zero, providing a power order

vector as:

'O =[p"® 0 g7 0 ;0 0 v 0f (4.20)
Considering ripple elimination, the constant term P (t) of the mno instantaneous

power components is set equal to the desired active power order. For the instantaneous

reactive power, which is represented by the magnitude of the vector G(t) as explained at

Section 3.3 (Chapter 3), the oscillating terms @, (t) , G, (t) and d, (t) are set equal to zero,
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and the net reactive power magnitude becomes \/ [q,’; (t)]2 + [q; (t)]2 + [q; (t)]2 , which may
provide possible different choices in the selection of the constant reactive power
components g, (t), ,(t) and q, (t).

In this research, the q;] (t) and q; (t) reactive power orders are set equal to zero;

consequently, the reactive power term q; (t) is set equal to the desired reactive power

order. This strategy is tantamount to make the orientation of the reactive power vector

parallel to the instantaneous unit vector 6(t) of the mno reference frame.

A

It can be seen from (4.16) that such condition forces the & current components
ig*(t) and ig*(t) to be zero in the adjustable mno reference frame. Therefore, the current

locus lies in the time-dependent mn plane, just like the voltage, i.e. both voltage and current
present only mn components different than zero in the mno reference frame, even though
zero sequence components are not zero in the af0 stationary basis. The mn components
represent positive, negative and zero sequence content in a plane, similarly to the
symmetrical components planar representation proposed by Fortescue [32].

This power control strategy provides four degrees of freedom related to four
components of the dg mno synthesized currents i,%(t), ig (), iﬁ' (t) and iJ(t) to accomplish
the total power ordered P’ (t), P (t), cTJ(t) and G;(t) under voltage scenarios which
may include positive, negative and zero sequences represented by v,?] ) v ) vﬁ (t) and
vi(t).

Considering operation with the unbalanced voltage condition of Equation (4.15)

characterized by positive, negative and zero sequences, active and reactive power orders
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respectively at 1.0 pu and 0.25 pu were given, based on the power strategy previously

described.
Figure 4.16 shows results related to the unbalanced voltage of Equation (4.15): the
mno voltage components; the dq mno voltage components; as well as the af0 voltage

components for comparison with the mno voltage components, showing the zero sequence

T
SRR
AR

Equation (4.15): mno voltage components, dg mno voltage components, a0 voltage components

Figure 4.17 illustrates results related to the instantaneous power and current: the
instantaneous active and reactive powers under the unbalanced voltage; the synthesized dq

mno current components; the respective mno components to achieve the oscillation free
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active and reactive powers as ordered; the equivalent generated reference current in the abc
domain; as well as the a0 current components for comparison with the mno current
components and to illustrate the zero sequence current content.
It is evident that even during the unbalanced voltage condition from 450 ms to
650 ms, the active and reactive powers remain essentially constant due to the transient
controlled injection of the synthesized currents components of Figure 4.17. Note the abc
currents are distorted during this transient condition. This is a tradeoff for maintaining the
total active and reactive powers constant.
Once the necessary reference currents are evaluated, the next section presents the
design of the controller which compares the reference current components with the
measured current components, regulating the AC side converter voltage required to

establish the reference current and, consequently, establish the desired power flow.
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Figure 4.17: Instantaneous power and current components of the mno instantaneous current components
control for scenario of Equation (4.15): instantaneous active and reactive powers, dg mno current

components, mno current components, abc measured current, a0 current components
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4.2.5 — The Hysteresis Current Controller Implementation

The current controller is implemented through a current reference PWM controller,
also known as hysteresis controller, bang—bang controller or on—off controller, which is a
feedback structure that switches between two states. This control compares the current
references with the current measurements flowing at the point of common coupling to
control the current on each phase.

The principle of hysteresis current control is quite straightforward: hysteresis

comparators are used to impose a dead band or hysteresis around the reference current
i;(t). The current control implementation employed + 0.1 A band from this reference

signal. Figure 4.18 illustrates these band limiting signals surrounding the reference current
for phase a.
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Figure 4.18: Current reference and dead band limiting signals

The switching frequency is high and varies during the fundamental period, as it can
be seen in Figure 4.19, which represents an expanded view of a 10 ms section of Figure
4.18, including the actual measured current at phase a. The hysteresis bands are fixed over
the fundamental period and the controller output oscillates between the limits imposed by

the band limiting signals.
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Figure 4.19: The hysteresis controlled current

The pulses are generated every time the controller output hits one signal of the band.
Figure 4.20 illustrates the PWM pulse signals generated for one of the switches of the
converter bridge.
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Figure 4.20: The hysteresis control and the PWM pulses

The advantage of the hysteresis control scheme is that it provides excellent dynamic
performance because it acts quickly. The previous graphs of Figures 4.18, 4.19 and 4.20
show part of the current at the phase a to illustrate the hysteresis control method, which is
applied to each one of the three-phase current references, generating the required pulses
for the converter switching cells as illustrated in Figure 4.20. Also, the current harmonics
(in balanced steady-state) are small, thus reducing the necessity of an expensive low-pass
filter. The disadvantage, however, is that the technique produces unpredictable high

frequency components due to the switching instead of fixed frequency components as in a
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conventional SPWM. These high order frequencies can be filtered by the link filter between
the converter and the point of common coupling.

This design provides a comprehensive understanding of the dynamic performance
of the mno instantaneous power components control for grid connected voltage sourced

converters during unbalanced AC conditions.

4.2.6 — Unbalanced and Balanced Application Scenarios

The mno instantaneous current components control was previously described using

the unbalanced voltage sag at 0.8 pu concomitantly with a phase shift of /6 rad at phase

a (Equation 4.15), as an illustrative numerical example. This section presents results for
three other scenarios, using the electrical system previously introduced: a two-phase
voltage sag in phase b and phase c, both at 0.7 pu (unbalanced); a more severe single-phase
voltage sag in phase b at 0.2 pu (unbalanced); and a three-phase voltage sag at 0.8 pu in
phases a, b and ¢ (balanced).

The first case is characterized by the following abc voltages:

V, (t) = cos(at)
Vp (t) = 0.7 cos(at — 277/3) (4.21)
V. (t) = 0.7 cos(wt + 277/3)

Figure 4.21 shows the results related to the scenario of Equation (4.21): the abc
measured voltage; the mno pitch angles; the mno yaw angles; the mno voltage components
and the correspondent dg mno voltage components; as well as the 50 voltage components.
The unbalanced transient is simulated for 10 cycles, from 450 ms to 650 ms. The mno

instantaneous power control is able to synchronize the six mno angles within approximately



Chapter 4 - The mno Instantaneous Power Control for Grid Connected VSC 100

one cycle. These angles allow to update the orientation of the mn plane and the elements
of the mno matrix, evaluating the mno and the dq mno voltage components, as shown in
Figure 4.21. The a0 voltage components are also presented for comparison with the mno

components, illustrating zero sequence voltage content.
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Figure 4.21: Voltage components and mno angles of the mno instantaneous current components control for
scenario of Equation (4.21): abc measured voltage, mno pitch angles, mno yaw angles, mno voltage

components, dg mno voltage components, a0 voltage components
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Figure 4.22 illustrates the instantaneous power and current components results for
the same condition expressed by Equation (4.21): the instantaneous active and reactive
power, the synthesized dq mno current components reference, the correspondent mno
current components, and the abc current measured at the point of common coupling, as
well as the correspondent a0 current components. The instantaneous active and reactive
powers sustain constant respectively at 1.0 pu and 0.25 pu.
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Figure 4.22: Instantaneous power and current components of the mno instantaneous current components
control for scenario of Equation (4.21): instantaneous active and reactive powers, dg mno current

components, mno current components, abc measured current, current components
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The second scenario is a severe single-phase voltage sag at 0.2 pu in phase b:
Vv, (t) = cos(at)
Vp, (t) = 0.2cos(wt — 272/3) (4.22)

Ve (t) = cos(at + 27/3)

Figure 4.23 illustrates waveforms for the voltage components as well as the mno

angles, following the previous graphical presentation sequence of Figure 4.21.
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scenario of Equation (4.22): abc measured voltage, mno pitch angles, mno yaw angles, mno voltage

components, dq mno voltage components, a0 voltage components
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The mno synchronization control tracks the six mno angles within approximately

one cycle, as illustrated in Figure 4.23. Note the increased zero sequence voltage

component magnitude in the af0 voltage components of Figure 4.23 when compared to

Figure 4.21, charac

-
1.25

terized by the single-phase voltage dip at 0.2 pu.
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Figure 4.24: Instantaneous power and current components of the mno instantaneous current components

control for scenario of Equation (4.22): instantaneous active and reactive powers, dq mno current

components,

The mno, d

mno current components, abc measured current, a0 current components

g mno and abc current components clearly presents higher harmonic

distortion when compared to Figure 4.22. The af0 current components illustrate zero

sequence current content during the 200 ms transient. Note also phase a and phase ¢ with
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elevated magnitude during the imbalance, which can be reduced by decreasing the power
order during the imbalance, or by imposing limits for the maximum zero sequence content
allowed, similarly as illustrated by Figure 3.5 (Chapter 3).
The third scenario shows a three-phase voltage sag at 0.8 pu:
V, () = 0.8cos(at)
Vp (t) = 0.8 cos(awt — 277/3) (4.23)
V. (t) = 0.8cos(wt + 27/3)

This scenario illustrates the general extended application of the proposed control
approach, including balanced conditions. Figure 4.25 illustrates waveforms for the voltage
components as well as the mno angles, following the previous graphical presentation
sequence of Figures 4.21 and 4.23. The mno angles preserve equal values before and after
the voltage sag, which are identical to Equations (3.38) and (3.39).

Note in Figure 4.25 that the results for the a0 and for the mno voltage components
are identical, as described in the Sections 3.2.4 (Chapter 3), illustrating the broader general
application of the mno transformation and the 50 transformation as an special case of the
mno transformation. Figure 4.26 also shows the af0 and the mno current components
identical (balanced scenario), as well as the instantaneous active and reactive power

constant.
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scenario of Equation (4.23): abc measured voltage, mno pitch angles, mno yaw angles, mno voltage

components, dg mno voltage components, a0 voltage components
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Figure 4.26: Instantaneous power and current components of the mno instantaneous current components

control for scenario of Equation (4.23): instantaneous active and reactive powers, dg mno current

components, mno current components, abc measured current, a0 current components

For these three cases represented by Equations (4.21), (4.22) and (4.23), it is

evident that even during the unbalanced voltage condition from 450 ms to 650 ms, the

active and reactive powers remain essentially constant due to the transient controlled

injection of the synthesized currents components. Note the abc currents are distorted during

this transient unbalanced condition, a tradeoff for maintaining the total active and reactive

powers constant.



Chapter 5 — Conclusion 107

Chapter 5

Conclusion

The research topics addressed in this thesis are summarized in the following
sections, describing the main contributions and conclusions from the studies undertaken
during the research and development of the theory proposed in the present work. Moreover,
future tasks are proposed, with insights into potential new developments as a continuation

of this thesis, as well as different possible applications.

5.1 — Main Contributions and Conclusions

The key contributions of the present doctorate research are:

. The thesis presents a comprehensive description of the most important past
work in regards to vector transformations developed for analysis of unbalanced three-phase
voltages and three-phase currents;

. It charts the evolution of the instantaneous power concepts for single-phase
and three-phase AC systems, including their advantages and disadvantages for different
balanced, unbalanced and distorted scenarios. The modern power theories available to deal

with challenging adverse AC conditions were presented, highlighting the state-of-the-art
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of the p-q theory and the modified p-q theory, as a widely used robust tool when applied
to power conditioning;

. The present work describes the problem of power oscillations when power
is transferred in scenarios with unbalanced three-phase voltages and unbalanced three-
phase currents. This issue is more problematic with transients where zero sequence power
is present, i.e. zero sequence voltage and zero sequence current. This is one of the reasons
why zero sequence current is not welcome in most circuits, being frequently avoided,
focusing the analyses on three-wire systems;

. When investigating power oscillations associated to zero sequence
transients, a drawback is identified in the p-q theory, which describes the characteristics of
the zero sequence power similarly to the instantaneous active power in single-phase
circuits, with constant and oscillating terms concomitantly present. This theory states that
“zero-sequence components should be avoided in three-phase systems because these
cannot produce three-phase constant power”. The p-q theory is attached to the stationary
a0 transformation, which in turn sparked investigations towards a new transformation.

. The thesis proposes a new vector transformation method (the mno
transformation). It is a time-dependent adaptive transformation (not stationary like the o0
transformation), which converts three-phase voltages and currents from the abc domain to
a new mno domain. The mno transformation updates its elements instantaneously based on
the system voltage dynamic conditions. The direct and inverse transformations are
described with details;

. Based on the mno transformation, the mno instantaneous power equations

are introduced as an innovative procedure to calculate the instantaneous power, applicable
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to balanced or unbalanced AC conditions, including positive, negative and zero sequence
voltage and current components;

. An advantageous feature is recognised in the mno transformation and the
mno instantaneous power equations, which allows the calculation of the instantaneous
electric power in a particularly advantageous manner. It enables the decomposition of the
total instantaneous power into constant and oscillating terms, especially for adverse AC
scenarios with three independent voltages and three independent currents;

. Three-dimensional visualization methods are launched in order to track
voltage and current signals in the mno reference frame introduced, including three-
dimensional vector representation of the reactive power, with its decomposition into
constant and varying vectors, as well as the reactive power locus in three-dimensional
cartesian reference frame;

. The mno power theory is summarized as an enhanced instantaneous power
theory, improving previous concepts based on the p-q theory. It presents simple but
powerful techniques which expands the related power engineering knowledge towards the
solution of power oscillations in unbalanced three-phase circuits with positive, negative
and zero sequence power components;

. The mno power theory opens up the possibility of having constant active
and reactive power transmission in voltage sourced converter (VSC) during unbalanced
conditions, including operation under challenging scenarios with zero sequence power;

o A control algorithm was developed and tested for different three-phase
voltage dynamic conditions to map the mno components from abc coordinates and vice-

Versa,
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. The new power control method for grid connected voltage sourced
converters was introduced, which generates current orders for the VSC so that the
oscillatory components of active and reactive powers becomes zero. As the mno
transformation allows independent control of the constant and oscillatory components of
the instantaneous power, signals for the mno currents can be synthesised to accomplish
such task. The abc phase current orders for the voltage sourced converter can then be
calculated by the inverse mno transformation. A hysteresis controller was used in the VSC
to create the actual currents from these orders;

. The viability of the control method was confirmed using electromagnetic
transient simulation for a number of scenarios (single-phase voltage sag, single-phase
phase shift, two-phase voltage sag, three-phase voltage reduction, etc). The control
performance was satisfactory and the constancy in the instantaneous power was achieved
for the grid connected voltage sourced converters under such unbalanced conditions,
including operation with zero sequence voltage and current;

. One disadvantage of the proposed method was identified related to the
harmonic content of the controlled current, depending on how severe is the transient, such
as the single-phase voltage dip at 0.2pu. This was the tradeoff in order to keep the power
constant. Furthermore, this is likely to be a transient phenomenon under unbalanced
conditions only. In several situations, such as power transmission from a remote wind
power plant, it is important to maintain constancy of power, and small duration distortions

could be tolerated:;
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. The research presented in this thesis was submitted, reviewed and published
by the IEEE Transactions on Power Electronics. An electronic version of the paper is
available for download at the IEEE Digital Library as:

A. A. MONTANARI and A. M. GOLE, Enhanced Instantaneous Power Theory for

Control of Grid Connected Voltage Sourced Converters Under Unbalanced

Conditions, in IEEE Transactions on Power Electronics, vol. 32, no. 8, pp. 6652-

6660, Aug. 2017.

5.2 — Future Work

The following sections propose future tasks possible to be developed as a

continuation of this doctorate thesis.

5.2.1 — Synchronous mno Transformation

Research can be conducted to create a synchronous version of mno transformation.
The idea is to establish rotating references for the mn components at the adaptive mn plane,
which is a time-dependent plane. The procedure aims to be similar to the relation between
the two-dimensional af and dq transformations, incorporating advantages of the mno
power components. A synchronous mno transformation will permit the dg mn components
to become constant values in the synchronous domain, allowing the mno current

components to be regulated by proportional integral controllers.



Chapter 5 — Conclusion 112

5.2.2 — Reactive Power Control Strategies

The instantaneous total reactive power is defined as the magnitude of the vector
created by the vector product between the voltage and current instantaneous vectors. For
the inverse operation described in Section 4.2.4, i.e. to generate current references based
on the grid voltage and power orders, the same reactive power order can be given by an
infinite combination of vector components which may present equal instantaneous total
reactive power magnitude. Thus, other reactive power strategies might be possible to be

investigated.

5.2.3 — Control Improvements and Performance Evaluation

An important extension would be to make the mno current control method adaptive
to frequency changes. Distorted voltages scenarios can be addressed using M-SOGI-QSG
control structures (Multiple Second Order Generalized Integrator Quadrature Signal
Generator) tuned at different frequencies. Then, multiple resonant controllers structures
tuned in different frequencies can be used in parallel to control the current components.
This will also allow the detection of harmonic components, exploring other possible
functionalities of the converter in regards to active filtering, resonance damping or stability
issues.

The system performance can be tested for different adverse AC scenarios,
considering the voltage sourced converter operation for common unbalanced transient
conditions such as: voltage sags, overvoltages and voltage phase shift; with distortion. The
influence of the ground impedance, in the absence of the neutral wire, and other transformer

connections (e.g. the zig-zag) could also be investigated.
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5.2.4 — VSC Application Cases

Two breakthrough technologies are shaping the DC transmission developments: the
Modular Multilevel Voltage Sourced Converter and the Multiterminal VSC-HVDC
Systems (DC Grids). Thus, final application cases may be considered to evaluate the mno
instantaneous power control strategies for these systems.

The MMC-VSC Cascade H-bridge wye connected can been explored. For the
Multiterminal VSC-HVDC, the proposal control might help the DC grid high level
controls, such as the margin or the droop control, reducing the impact of power oscillations
in the DC network. The method might also aid to clear DC faults, as the zero sequence

current is under control, forcing the controlled component to be zero.
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