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Resumo da Dissertacao apresentada a COPPE/UFRJ como parte dos requisitos
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Lucas do Nascimento Gomes

Agosto/2020
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Luis Guilherme Barbosa Rolim
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Neste trabalho, um controle baseado em synchronverter é proposto para operar
um STATCOM como compensador sincrono. Além disso, para lidar com condig¢oes
de desequilibrio de tensao que podem aparecer na rede, um novo método de com-
pensacao de desequilibrio de tensao é desenvolvido para funcionar em harmonia com
os modos de operacao do controle principal. O modelo de gerador sincrono usado
é derivado de um modelo de maquina CA genérica na representagao de vetor es-
pacial. Detalhes praticos sobre o projeto do controlador sao abordados, bem como
um modelo de pequenos sinais para analise de estabilidade e parametrizacao. Dois
cenarios sao simulados: um sistema em grande e outro pequena escala, sendo este
ultimo utilizado como uma etapa de validagao para implementacao em protoétipo ex-
perimental. As simulagoes e os resultados experimentais confirmam um desempenho

satisfatorio do controle proposto.
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In this work, a synchronverter-based control strategy is proposed to operate the
STATCOM as a synchronous compensator. Moreover, to cope with unbalanced con-
ditions that may appear at the grid, a novel voltage imbalance compensation control
is developed to work harmoniously with the main synchronverter model. The used
base synchronous generator model is derived from a general AC machine in space
vector representation. Practical details about the controller design are addressed as
well as a small-signal model for stability analysis and parameter tuning. Two sce-
narios are simulated: large-scale and small-scale system, the latter being used as a
validation step for implementation in a small experimental setup. Both simulations

and experimental results confirm the suitable performance of the proposed control.
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Chapter 1
Background and Motivation

This chapter presents a background and motivation for this thesis. At the end,

the document’s structure is outlined.



1.1 Introduction

The use of renewable energy resources to supply the ever growing demand is
changing the way how power grids are operated. Wind and solar photovoltaic (PV)
Distributed Generation (DG) units rely on power electronic systems to connect and
exchange power with the grid, due to their intermittent nature [II] and inherent
grid frequency incompatibility. They also have little to no mechanical inertia, thus
if they are not connected to an energy storage system, the overall grid inertia will
be reduced, compromising the system stability and power quality[12]. For microgrid
control and protection, those are challenges that deserve special attention [13].

From a power quality point of view, the presence of non linear loads along with
those DG converters units contribute to a high harmonic current injection in the mi-
crogrid, which may cause interference in communication systems, increase in losses
and spurious tripping of circuit breakers. Voltage and current unbalance due to un-
even distribution of single-phase loads and DG units are also a concern for microgrid
operation and control. Such conditions increase losses due to excessive neutral cur-
rent in the distribution feeder, reduce the transformer capacity and, in synchronous
machines, produce an oscillating active power component at double system frequency
causing excessive vibration and mechanical stress, thus reducing its efficiency[14].
Therefore, great effort is being employed to mitigate or solve those issues[15].

To handle power system stability issues, synchronous condensers (SCs) and static
synchronous compensators (STATCOMs) are well known to have satisfactory per-
formance dealing with frequency and voltage deviations within both bulk power
systems and microgrids [I6HI8]. For power quality issues, series and shunt active
filters are used in [19] to compensate source voltage unbalance and current harmon-
ics, while [20] utilizes an unified power quality compensator (UPQC) to provide a
complete compensation solution at the point of common coupling (PCC). A micro-
grid unbalance compensator is proposed in [21] to compensate the negative effects of
unbalanced microgrid operation by using a three-phase four-leg power converter at
the PCC, eliminating excessive neutral current. However, with a high penetration
of non-inertial DGs, simple addition of these equipments to the grid may not be
physically and economically feasible. So, a great deal of research effort is invested
in control strategies for power-electronic interfaced DG units to handle stability and
power quality issues locally. A local control strategy is proposed in [22] to compen-
sate voltage unbalance in a droop-controlled microgid while sharing the compensa-
tion effort without dedicated communication between DG units, whilst [23] creates
a set of primary (local) and secondary (centralized) controls to compensate voltage
unbalance in the same conditions.

A control strategy that has become popular in recent years is the concept of



Static Synchronous Generators [24], which consists of making a power-electronic
interfaced DG mimic the behavior of a synchronous machine from the point of
view of the power system operator. In literature, some schemes go by different
names: Virtual Synchronous Generators or Virtual Synchronous Machines (VSG or
VSM/VISMA)[I], 25] and Synchronverters [2]. They have some structural differ-
ences between them, however, both show great potential in dealing with stability
and power quality issues for bulk power systems and microgrids. The reasons for
this are: (i) decades of experience with control and stability studies for synchronous
machines that can be directly applied to these solutions; (ii) some variables of their
mathematical models are no longer bound by the physical characteristics of con-
ventional generators, meaning they can be dynamically changed in real-time within
the physical limits of the controlled converter, i.e. rotor inertia, presence of damper
windings, etc; (iii) possibility of adding control loops to perform different tasks. Sev-
eral studies have been made exploring the aforementioned features. In [26] and [27],
VISMA and VSG algorithms were used, respectively, to make DG units contribute
to power system stability and comparing different inertia and droop values, while
[28] explores wind and photovoltaic DG integration with the grid using a synchron-
verter algorithm with a variable inertia function. In [3] the first synchronverter-based
STATCOM is introduced, while [4] takes it one step further and designs a modified
synchronverter-based Static Var Compensator (SVC) with Power System Stabilizer
capabilities to damp electromechanical oscillations.

Few works, however, explored improvement of grid power quality in terms of
harmonic content and voltage imbalance. In [29], [30] and [31], the VSG strategy is
employed with a comprehensive control framework to compensate current imbalance
and active power oscillations under unbalanced grid voltage conditions. Since the
VSG is a current control strategy and especially after droop controllers were found to
be intrinsically phase-locked loops [32], several works were developed by combining
the Double Synchronous Reference Frame (DSRF) current control loop with VSG
algorithms, aiming to improve its power delivery performance under unbalanced
grid conditions [33] or to compensate voltage imbalance in isolated microgrids [34].
Although they achieved the desired results, this type of control is complex to tune
and synchronous reference frame transformations are very computational intensive.

There are even less works with synchronverter based strategies with power quality
improvement controls. To compensate harmonic content in the grid, [6] and [7] both
employ the synchronverter strategy coupled with resonant or proportional-resonant
controllers. In both works, the systems have generator roles and focus on mitigating
power quality issues on the grid aiming to improve their own power delivery per-
formance. Therefore, there is a gap in research for synchronverter based solutions

aimed exclusively for power quality improvement in distribution and microgrids,



especially regarding voltage imbalance.

1.2 Objectives

Motivated by the aforementioned issues, the main objective of this thesis is to
design a synchronverter-based STATCOM control with a voltage imbalance compen-
sation capability: the S-STATCOM. It is intended to mitigate voltage imbalance at
the PCC in distribution and microgrids, while also providing the standard operation
modes of a regular STATCOM at the distribution level (D-STATCOM), which are
reactive power delivery, voltage support at the PCC and reactive power load shar-
ing through droop control. Also, it has the ability of grid synchronization without
the use of Phase-Locked Loop (PLL) or Frequency-Locked Loop circuits. This is
achieved by combining the contributions of [3] and [64], respectively.

The starting point was deriving a synchronous generator model in space vector
representation from the general AC machine model of [36] that will be used for the
S-STATCOM, which will naturally lead to the model equations in the stationary ref-
erence frame a3, thus making the design and implementation of the synchronverter
straightforward.

Finally, the voltage imbalance compensation capabilities were implemented
through Proportional-Resonant (PR) controllers fed by a Decoupled Second-Order
Generalized Integrator (DSOGI). This structure is easily integrated to the main con-
trol due to also being in the stationary reference frame, which keeps the tuning and
implementation of the whole S-STATCOM control straightforward. By compensat-
ing the voltage imbalance at the PCC, it actually supplies the required fundamental
frequency oscillating power downstream of the PCC and balances the power flow
upstream.

Frequency and time domain analyses were also conducted. In the frequency
domain, a small-signal model was developed for the S-STATCOM and its transfer
functions for each signal. Input and output relationships were obtained to evaluate
its stability and tune the parameters. As for time domain analysis, two simulation
scenarios were built in MATLAB/Simulink to evaluate the proposed control perfor-
mance: a large-scale and small-scale system, the latter being a validation step to

implement the control in an experimental setup.

1.3 Document Structure

Chapter [2]introduces the current concepts for emulation of synchronous machines

and focus on the synchronverter and applications relevant to this work.



Chapter |3| focuses on deriving the synchronous generator model in space vector
representation to be used in the S-STATCOM.

Chapter 4] develops the actual S-STATCOM model, describing each of its oper-
ation modes. Development of the voltage imbalance compensation and small-signal
model are also addressed. In addition, practical details for building the simulations
and small-scale experimental setup are discussed.

Chapter [5| shows simulation and experimental results to evaluate the proposed
control.

Chapter [6] presents conclusions and suggestions for future work, based on the

results and performed analysis.

List of Publications

There is a manuscript derived from this work under review process with the title:

L.N Gomes, A.J.G.A Ferreira, R.F.S Dias and L.G.B Rolim,
“Synchronverter-based STATCOM with Voltage Imbalance Compensa-

tion Functionality”, in IEEE Transactions on Industrial Electronics.



Chapter 2

Overview of the Synchronverter

Concept

This chapter presents an overview of the Synchronverter concept. It addresses
details of the synchronous generator model, design of control loops and power stage,

applications and differences between similar emulated synchronous machine strate-

gies.



Emulation of synchronous machine characteristics as a control strategy to drive
inverter-connected energy sources has been a growing trend in this decade. This ap-
proach can be divided in two groups: Synchronverters and Virtual Synchronous Gen-
erators or Virtual Synchronous Machines (VSG or VSM/VISMA). A quick search
on 06/04/2020 in the IEEE database revealed 123 results for Synchronverter and a
combined total of 834 for Virtual Synchronous Machine and Virtual Synchronous
Generator, which is a significant increase compared to the results found by the au-
thor of [5], especially for the Synchronverter concept. Advantages of using this ap-
proach include years of experience in modeling and stability studies of synchronous
machines, that can be incorporated in the design of VSI control strategies. Also,
parameters such as rotor inertia and number of poles are no longer bound by con-
structive characteristics of the machine and can be chosen or dynamically changed
in real-time to meet performance and stability requirements suitable for operation
of a grid connected converter, all within its physical constructive limits. In addi-
tion, droop control usually embedded in these models allows intermittent renewable
energy sources to share power and interact with the power system as synchronous
machines do, by allowing the use of secondary and tertiary controls to regulate grid
frequency and voltage by the power system operators. Figure[2.1{shows the concept’s

idea, in which several types of energy sources can be seen as a single synchronous

machine connected to the grid.
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Figure 2.1: Emulation of synchronous machine [IJ.

As for the control strategies themselves, Synchronverter and VSG or
VSM/VISMA both rely on emulating virtual inertia through the swing equation,
however, there are some structural differences between them. Although [37] states
that VSG and VSM/VISMA are different controls in the sense that the former is

voltage controlled and the latter is current controlled, [I], [38] and [39] show ex-
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amples of the same VSG nomenclature being used for several topologies that can

be voltage or current controlled. Therefore, strategies different from the Synchron-
verter will be referred to as VSG herein. Figures [a] and [b] show a basic VSG and

Synchronverter control structures, respectively.
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Figure 2.2: Comparison between synchronous machine emulation strategies.

The main difference that can be observed is that the VSG gets phase and magni-

tude information for the PWM control signal, e*, directly from the active and reac-

tive power droop control loops, respectively. Those in turn, rely on accurate power

measurements at the PCC for its correct operation. As for the synchronverter, it

only needs the PCC current measurement to work, since it calculates reactive power

and electrical torque internally through the synchronous machines’ dynamic equa-

tions [2]. It does need voltage measurement at the PCC for its regulation, but it is
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not nearly as critical as the one needed in the VSG structure. In addition, the syn-
chronverter was designed to control power electronic converters through its output
voltage, while most VSG structures rely on the utilization of virtual impedances or
dedicated current control loops to control converters through their output currents,
thus requiring additional synchronization circuits, since it requires an active grid
to connect. Figure || shows a basic power circuit that can be used by both control
strategies, highlighting their main differences. The synchronverter requires a PLL
only for initial grid synchronization, while the VSG may depend on its measurements
for the entire operation.

Due to the aforementioned reasons and growing research interest in the synchron-
verter concept, this control structure was chosen to develop the work presented in
this thesis. In addition, few works were found in literature that address the syn-
chronverter concept as base control of power quality enhancement, STATCOM or
equivalent devices. Therefore, in this chapter, the synchronverter concept will be ad-
dressed in detail and some applications in power quality and non-generating devices

will be discussed.

2.1 Synchronverter concept

The concept of synchronverter is to operate a converter in a way that mimics the
behavior of a synchronous machine, by using its dynamic equations [2]. It consists
of a power part and an electronic part, i.e, the controller. The power part is a
three-phase bridge connected with a LC filter, as shown in Figure The filter
inductors Lg and resistors Rg represent the series impedance of the virtual stator
of the machine, while L, and R, represents an equivalent grid impedance, allowing
the system downstream of the circuit breaker (CB) to be modeled as an infinite bus.
Voltages vg. of the filter capacitors are considered the virtual synchronous machine
terminal voltages. V. is the dc-side voltage of the converter, which is considered
to be constant. However, in real world applications, this voltage is tied to a DC
source that can be a PV, energy storage, fuel cell, etc, meaning it can no longer
be considered constant as its variations represent the available energy at the DC
source. Nevertheless, it allows the converter to operate on all of the synchronous
machine modes: power sharing through frequency and voltage droop or constant
power exchange. For a STATCOM, this voltage is held by a capacitor, which is
responsible for supplying converter losses and store enough energy to compensate
grid disturbances, the latter being also true for the rotor of a synchronous condenser.

The synchronous machine dynamic model used in this concept is presented with
the following considerations [2]: it has a round rotor so that all stator inductances

are constant, only one pair of poles per phase so that the mechanical speed of the
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Figure 2.3: Synchronverter power part from [2].

rotor matches the grid frequency, no damper windings in the rotor, no saturation of

the iron core and no eddy currents. The equations that describe this model are:

1
w= j[Tm—Te—Dp(w—wref)], (2.1)
T, = Myi, (i, sin6), (2.2)
e = waifS,il\l-/e, (23)
Q) = —wMyif(i, cosb), (2.4)
where
sinf
sinf = | sin(@ — ) |, (2.5)
sin(0 + &)
cost)
cosf) = |cos(0 — )|, (2.6)

cos(0 + %)

and (-,-) is the vector inner product. Each parameter is described as follows:

e J is the virtual rotor inertia;

e T, and T, are the applied mechanical torque and electrical torque, respectively;
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e w and w,e are the actual and reference virtual rotor angular speed, respec-

tively;
e D, is the damping coefficient;

e My is the maximum mutual inductance between the virtual stator windings

and virtual field winding;
e i is the virtual rotor field winding current;

e e is the back-electromotive force or back-EMF, also referred to as the internal

voltage of the synchronverter;

i is the virtual stator current vector;

e () is the reactive power.

In this model, is the classical swing equation. The damping coefficient D,, works
as a combination of the virtual mechanical friction losses in the virtual rotor and the
frequency-drooping coefficient [2], responsible for active power sharing with other
machines and/or inverters with droop control. Since the prominent effect of this
parameter is for droop control, it will be referred to as droop coefficient from now
on. For non-generating synchronverters, D, can be 0 since it does not exchange
active power with the grid, however, it contributes to stability of the system and its
removal must be carefully studied [3][5]. As for equations[2.2] [2.3|and [2.4] they are all
proportional to the product of My and ;. Since My is a constant and ¢ is regarded
in this model as a constant adjustable parameter [2], they are considered as a single
variable M i that represents the magnetic flux generated by the virtual rotor field
circuit. Amplitude of the back-EMF voltage vector e is given by E = wMjyiy,
meaning that it is also proportional the virtual machine angular speed, which makes
the synchronverter dynamics closer to a real synchronous machine than the VSM
strategy.

The electronic part is responsible for calculating this model, which is shown in
Figure 2.4l Interaction with the power part is made through the internal voltage
signal e, which acts as a three-phase reference signal to be used in a PWM technique.
Synchronverter control is achieved through two loops, one of active power and one of
reactive power. The active power loop is responsible for regulating the active power
output by adjusting the phase angle # of the back-EMF voltage through the swing
equation. It contains the frequency-droop loop that can be easily tuned through its
main parameters, which are the droop coefficient Dp and the virtual inertia J. Dp
is defined as [2]:
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Dp = —%, (2.7)

which is the ratio between change in total torque and change in angular speed.
As for the virtual inertia J, since it is not tied to physical constructive aspects of
the machine, can be calculated from the loop’s time constant 7 = J/Dp, that can
be chosen to meet desired performance requirements. Moreover, the virtual inertia

can be expressed as a normalized per unit inertia constant H, defined by [40]:

1 2
§an
Sbase

To converter based generation, especially the ones using controls mentioned in

H= (2.8)

this chapter, definition of H can be expanded to:

o Awailable/Stored  Energy
~ System Base Power

(2.9)

which is a more convenient way to associate it with energy storage. Meaning that,
with proper controls, PV generators working in setpoints below the MPPT or fast-
acting storage units can provide inertial response to the system [12]. For a STAT-
COM, the per unit moment of inertia H is calculated for the energy stored in the

DC bus capacitor:

H =2 _deen. (2.10)

where C' is the capacitance and V., is the nominal voltage of the DC bus. In
addition, variable inertia strategies can be employed to achieve improved system
dynamics. In [2§], this idea is used to couple wind and PV generation through the
DC link, since both have intermittent power outputs, i.e., inertial responses. In
[41] is implemented an adaptive virtual inertia scheme with fuzzy logic, to improve
the dynamic response of a PV generator connected to a microgrid. In [39], adaptive
virtual inertia is investigated in detail and proved its effectiveness in damping power
and frequency oscillations, while keeping satisfactory system response.

The reactive power loop is in charge of providing reactive power support and
voltage regulation at the virtual stator terminals or PCC. Voltage droop constant
Dy is responsible for the reactive power sharing with the grid and /or other converters
and synchronous machines with similar functionalities. The constant K is the dual
equivalent of J in the reactive power loop and generates the excitation flux Mjyis

from the virtual rotor field circuit [2], as described by the following equation:

Myip = %/[Qset = Q+ Do(Viey — Vy)ldt. (2.11)
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The logic to calculate the voltage droop coefficient Dy, is equivalent to calculating
D,,. It is defined as the ratio between change in reactive power and change in voltage,
ie:

AQ

And K, similarly to J, can be tuned through the voltage-droop loop time constant
7, = K/w,Dg by assuming that v, ~ e, hence V, ~ E.
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Figure 2.4: Synchronverter control block diagram [2].

The synchronverter control benefits from years of experience in modeling of syn-
chronous machines for all types of analysis. Small-signal modeling for stability
studies can be found in [42], which also proposes the use of virtual resistance to im-
prove stability and efficiency. A modified virtual flux control loop is proposed in [43]
to improve the synchronverter dynamic response, while [44] seeks more resemblance
to a real synchronous machine with its model, including response for 3-phase faults
and severe voltage sags. Especially for the synchronous machine emulation controls
mentioned in this chapter, [45] explores the synchronous frequency resonance effect
that may cause power oscillations and power angle instabilities due to the fast acting
flux dynamics in inverters driven by these controls. The synchronous machine model

that will be used in this thesis has the same constraints and assumptions of [2], but
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will be defined from a space-vector generic AC machine model developed in [36],
which will result in a model in the stationary af reference frame. From a control
design point of view, the synchronverter is a non-linear MIMO system, which is not
trivial to tune for exact dynamic response. In [46], the authors give some helpful
insight about the influence of internal and grid parameters on the synchronverter’s
performance and stability that can aid in the tuning process, however, only [35],
[47] and [48] provided actual tools to achieve it. The first is an HVDC transmission
system based on synchronverter control, aiming to improve stability of the system
itself and the neighboring AC areas connected to each end, which was achieved by
employing a coordinated tuning technique based on pole placement of the system
modes. The last two works presented parameter tuning solutions through small-
signal analysis of the synchronverter model, although the former is for a heavily
modified version of it. In this thesis, an approach similar to the one found in [47]
will be used to tune the S-STATCOM parameters due to its compromise between
simplicity and accuracy.

Besides the ones already mentioned, applications of the synchronverter strategy
range from grid-friendly PV and wind power systems [49][50] to damping of inter-
area power oscillations [51]. And since it is able to control the active and reactive
powers independently, it can be used to implement the control of a STATCOM,
i.e., a synchronous machine equivalent operating as a synchronous condenser, when
P,.; = 0. Using this premise, the standard synchronverter presented in this section
will be used as baseline to develop the S-STATCOM control. Few publications and

works were found on this subject and some will be addressed in the next section.

2.2 Non-generating Synchronverters

The term “non-generating synchronverter” was first used in [5] to define appli-
cations of the synchronverter strategy that do not focus on active power generation.
This is not a new concept for VSM strategy, as can be seen in [52], [53] and [54]
where the authors design and analyze a VSM-based STATCOM.

However, for synchronverter control, the first work of the kind was published
in 2012 by Nguyen et al [3], presenting a synchronverter-based STATCOM control
shown in Figure 2.5 It still calculates the back-EMF and reactive power through
equations [2.3] and [2.4] but it eliminates electrical torque calculation. Instead, the
active power loop is entirely modified to associate the phase angle of e to the DC
bus capacitor voltage. The PI controller generates a signal based on the DC bus
voltage difference to be compared to the angular speed reference, resulting in the
synchronverter speed tracking the grid. This speed is utilized to the calculation of

system equations and into the integrator to generate the back-EMF phase angle,

14



regulating the active power to maintain the DC bus voltage. The PI controller
generating the phase angle is meant to speed up the process.

Another change compared to the original synchronverter [2] is the decoupling
of reactive power and voltage loops, allowing independent regulation of reactive
power output or voltage at the PCC by activating switches Sg or Sy, respectively.
When both switches are activated, the voltage-droop functionality for reactive power
sharing is enabled. This structure is used in the proposed control and will be better

explained in chapter []
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Figure 2.5: Synchronverter-based STATCOM from Nguyen et al [3]

In 2015, a paper was published by Emmerik et al [4] entitled “A Synchronverter
to Damp Electromechanical Oscillations in Brazilian Power Grid”. It modifies the
original synchronverter structure shown in Figure to substitute the shunt con-
nected Static VAR Compensator (SVC) in Bom Jesus da Lapa bus that currently
performs this task. When combined with a regular Power System Stabilizer (PSS),
it showed great performance in damping the typical oscillations that appeared after
a perturbation was applied to the system. Only difference between this structure
and the original is the lack of frequency droop coefficient, since it did not have an

energy storage to exchange active power with the grid.
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Figure 2.6: Non-generating synchronverter used in [4]

Later in 2018, Emmerik’s PhD thesis [5] expanded on this concept. Firstly,
a proportional gain was added in parallel with the virtual inertia integrator and
a circuit equivalent to a PLL is found, allowing the use of a vast collection of
techniques developed by the scientific community in tuning this type of circuit.
Secondly, a small-signal model and tuning methodology was developed to damp
synchronous frequency resonance (SFR) effects [45] that may occur when converters
using virtual inertia emulation are connected to high X/R grids. Also, thorough
comparison was made between Emmerik’s system and the one proposed in [3] and a
noticeable shortcoming was found on the latter. By limiting the active power loop to
one PI controller associating the change in DC bus voltage to the power angle, it was
harder for the system in [3] (Figure to achieve compromise between damping
SFR effects that could lead to instability and keeping DC bus voltage oscillations
withing acceptable levels. The improved synchronverter structure from [5] (Figure
demonstrated to be more flexible in this sense, therefore more suitable for
connection in bulk transmission systems.

The control structures presented in this section contributed to grid power qual-

ity in the sense of providing voltage regulation at the PCC and frequency stability
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through inertial contribution. In the next section, some applications of synchron-
verter control focused on performance under unbalanced conditions or in grids with

high harmonic content are presented.
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Figure 2.7: Improved non-gerenerating synchronverter from [5].

2.3 Power Quality Applications

At distribution level and microgrids, the increasing penetration of converter con-
nected generators and loads makes power quality concerns an ever growing issue.
Voltage regulation, imbalance, frequency stability and harmonic content are among
the challenges scientists and engineers have to tackle to provide customers with
reliable sources of electrical energy.

Concerning the synchronverter concept role on those issues, strategies presented
in the previous sections already address voltage regulation and frequency stabil-
ity, but do not perform analysis under unbalanced voltage conditions or grids with
high harmonic contents. Two papers were found addressing such issues and will be
presented here in this section.

The first is from Conrado et al [6], which aims to compensate voltage harmonics
at the PCC. Figure shows the control structure. It uses instantaneous power

theory [55] to separate the harmonic content from the measured PCC currents and
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pass them through Proportional-Resonant (PR) controllers [56]. Their output is a
voltage signal to be added to the back-EMF voltage generated by the main syn-
chronverter control. The resonant component of the PR controller is actually the
sum of several resonant components, each tuned to a specific harmonic frequency, al-
lowing compensation of each one without interfering with the main controller. This
is possible because of the PR controller characteristic of providing high gain at the

resonance frequency and high attenuation out of it.

Grid
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Figure 2.8: Synchronverter based control to compensate grid harmonics by Conrado
et all6]. One-line diagram of the system showing control blocks; Multi-
frequency tuned PR controller transfer function; (]ED Current controller for harmonic
compensation.

The second paper is from Caicedo et al [7]. Its main objective is to study the
synchronverter performance when connecting wind and PV generation to a weak
grid with nonlinear and unbalanced loads. It was found through simulations that the
synchronverter power output was compromised by harmonics in the PCC voltage,
therefore, a resonant harmonic compensator was proposed to fix this issue. Fig[2.9
shows the control structure.

Both the pure resonant and the PR compensator from [6] share characteristics of
modularity and lack of cross coupling when used with signals in stationary reference
frame. Several controllers can be tuned to different resonant frequencies and their
outputs can be added without significant influence on each other and the main
control. This was a motivating factor in this thesis to use a synchronverter model in

the stationary reference frame as in 7] and PR controllers for the voltage unbalance
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compensation functionalities.

2.4 Partial conclusions

Emulation of a synchronous machine as a control strategy for grid connected
inverters is a growing trend. The VSG and Synchronverter are the most popular
approaches to integrate renewable energy sources to the grid, due to its intrinsic
inertial response feature that can mitigate energy availability and intermittence is-
sues when properly designed and tuned. Both approaches have structural differences
between them. The VSG based control strategies use only the frequency droop equa-
tions from a synchronous machine model and rely on accurate power measurements
from the PCC, while the Synchronverter strategies use a more complete synchronous
machine model, which calculates active and reactive power through the back-EMF
generated by the rotor magnetic flux loop. Such characteristics make the VSG ap-
proach easier to design and implement, while the Synchronverter ones share a closer
resemblance with real synchronous machines, which raises the question of which one
is more grid-friendly regarding the existing hierarchical controls from the point of
view of the power system operator.

As a consequence, the Synchronverter based control strategies are less researched
then the VSG ones, which leaves room for improvement in design, tuning, imple-
mentation and applications. In this section, some of those topics were presented
with focus on synchronverter power quality applications, on which only a few works
addressed at the time of publication of this thesis.

Nevertheless, their contributions were significant and showed several synchron-
verter based controls, ranging from operation as an SVC to damp power system
oscillations to operation as a STATCOM or active filter, providing reactive power,
voltage support and harmonic compensation. To the author’s knowledge, voltage
imbalance compensation by a synchronverter based control strategy is a topic lacking

research effort, which motivated the development of this work.
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Chapter 3

Synchronous Generator model in

the af reference frame

In this chapter, a synchronous generator model is derived from the generalized
symmetric AC machine model presented in [36], which is in space vector represen-

tation. The result is a synchronverter model in the stationary reference frame with

a modified reactive power calculation.
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3.1 General symmetric AC machine model in

space vector representation

One of the applications of mathematical modeling by a vector representation of
an AC Machine is for speed driving control, more precisely using the vector control
throughout a power electronic converter, named as VSD (variable speed drive).
Modeling of AC machines in this way incorporates most of its qualitative features
for control purposes, with the benefit of not restricting its voltages and currents to
be sinusoidal and balanced [36]. The synchronous generator (SG) model that will
be used in this thesis will be derived from the general AC machine model developed
in [36], which will be briefly explained here. For details on its development, see [36].

The general AC machine model is developed with the following considerations:
it is a three-phase, two pole motor with round rotor, resulting in an uniform air gap
between rotor and stator; all phases are symmetrically distributed along the rotor
and stator volume; permeability of stator and rotor iron are assumed to be infinite;
saturation and iron losses are ignored. To represent the machines’ quantities in
vector form, complex reference frames for stator and rotor are defined, which are
perpendicular to the line that crosses the stator and rotor central turns, respectively,
as shown in Figure . Angle 6(t) = wt represents the rotor position measured from
the stator coordinates.

Secondly, stator and rotor flux linkages are defined in space vector representation

as follows:

[
n
=
~—
|

Lsig(t) + M;lig(t)e’V)], (3.1)
®(t) = Lain(t) + Mylig(t)e ). (3:2)

Ls, Lr, Rg and Rp are the self inductances and resistances of stator and ro-
tor windings, respectively. M is the maximum mutual inductance between stator
and rotor windings. It should be noted that the flux linkage is a real value, as it
represents a physical quantity. The complex flux vector represents the amplitude
and angular position of the peak flux density in the air gap. Subscript S denotes
that the quantities are related to the stator windings and also referenced to stator
coordinates, while subscript R denotes that they are related to the rotor windings
and referenced to rotor coordinates. Therefore, the term e*?®) indicates that the
current vector ip is rotated to the stator or rotor coordinates before its influence on
the flux linkages can be calculated.

Next, stator and rotor phase voltages are calculated and presented in space vector

form:
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vs(t) = Rsis + —=, (3.3)
. d®
Vg(t) = Reip + —dtR. (3.4)

By substituting (3.1)) and ( . in and ), they can be rewritten as:

di d
= Rgiq+ Ls—> + M;—[ijel? :
ve(t) = Rsig + L5 + fdt[_m (3.5)
d d ,

As for the mechanical part, electrical torque is defined as

2 .
T.(t) = 3M;Slis(ipe”)], (37)
where the imaginary part is proportional to the cross product of the stator and rotor

current vectors [36]. The swing equation is then given as

dw 2 o o
S = Te(t) = Tult) = ng%[lg(lReﬂe) | — T (6, w, t). (3.8)
Thus completing the general symmetric AC machine model, represented by the

equations below:

dig | d

Vg = Rsis + Ls + My Zlig(t)e”) (3.9)
di d.

vy = Rpip + Ly C;f + My lise™), (3.10)
d

J= = ng%[iS(iReﬁ)*] —T(6,0,1), (3.11)
df
— = w. 12
i (3.12)

Equations and can each be split into real and imaginary parts, re-
sulting in a set of 6 scalar differential equations. They are valid for any current and
voltage waveforms without zero sequence components, at varying load torque and
speed. This model can be adjusted and simplified to analyze several non salient

machines, as long as the initial assumptions remain valid.
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3.2 Synchronous generator model

The synchronous generator model used in this thesis is derived from the gener-
alized symmetrical AC machine model presented in [36]. Equations through
, which define the generalized model in space vector representation, are re-
peated below in per unit and generator convention. Subscript S denotes that the
quantities are related to the stator windings and also referenced to stator coordi-
nates, while subscript R denotes that they are related to the rotor windings and

referenced to rotor coordinates, which are depicted in Figure [3.1

dig d

vs = —Rsig = Ly — My ige”], (3.13)
. di i.
Vi = —Rpip = Lr—t = My lise ™), (3.14)
d 2 |
2H = Tlt) = Tult) = (0. 0,0) = SMSlisline)),  (3.15)
Cji_f - e (3.16)

Stator central line

o Rotor Reference Frame
Rotor central line™,

&3

O | 0(t) = wt

Stator Reference Frame

Figure 3.1: Symmetrical AC machine

By applying the conditions defined in [2] and presented in Section for the
synchronous generator model used in the original synchronverter, equation ({3.14))

describing rotor dynamics can be ignored, since the rotor current is considered a
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constant adjustable parameter. This constraint is similar to a permanent magnet
synchronous machine, which is represented in [36] by a rotor circuit of the generalized
model being fed by two constant DC current sources of magnitude Ir/2, as shown
in Figure [3.2b] By considering the aforementioned constraint, an adaptation to the
rotor circuit in Figure is made to better represent this model’s virtual rotor
and it is shown in Figure The rotor current vector for this case is:

ip =15 — Efeﬂ”/?’ - Efeﬂ’r/?’ =5l (3.17)
LR RR iRIZIF LR RR lRlzl.f
—YYY VAN < Y Yym VA <
Ir /A
iR2 2 iRZ 2
—Yrrmn VW —s —Yrrmn VW —<
IF lf
s Z s Ed
| YYYN VAN < YYyYm VA <
(a) (b)

Figure 3.2: |a) Equivalent rotor circuit for a Permanent Magnet Synchronous Motor;
@ Adapted virtual rotor circuit for the synchronous generator model.

By substituting (3.17) in (3.13)) and evaluating its last derivative, it leads to:

di 3 ;
Vg = —Rgsig — Ls% —Jjwy et (3.18)

where the back-EMF or internal voltage e is readily identifiable as the term

— j%wM 71 fej9 in space vector representation, and can be rewritten as
3 o
e = —j§waZf€J9

= —jgwaif[cos(Q) + jsin(0)] (3.19)

= ;waif[sin(G) — jcos(6)].

Notice that (3.18)) can be represented in stationary a3 reference frame by Clarke’s
amplitude invariant transformation without any simplifications by applying the fol-

lowing relationship (see Appendix):

3
Vs =5V (3.20)

where v, is the complex vector composed of Clarke’s amplitude invariant « and /3
components. Complex vectors in this form will be represented in this section with

the lowercase index of its equivalent space vector and no underline. Applying this
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logic to (3.18)), it can be rewritten as:

3 3 3 dig 3 . .
JVs = —§R5is - iLsd_lt + §wa1f[sm(0) — jcos(6)]
di ,
v, = —Rgi, — Lsd_lt + e, + jeg (3.21)
. di,
Vg = _RSIS — LSE + e.

where vy, iy and e are the Clarke’s amplitude invariant complex vectors representing
the virtual stator terminal voltage, current and back-EMF space vectors, respec-
tively. Notice that the 3/2 factor cancels out, which means that the amplitude of
those quantities in Clarke’s amplitude invariant representation can be considered
equal to the amplitude of their space vector representation. Therefore, power cal-
culated at the machine terminals will represent the actual three-phase power as if
they were calculated with quantities in the Clarke’s power invariant representation.

Evaluation of the electrical torque equation yields:
To(t) = MyifS[—ige™’]

N :
= §Mfzf[zsa sin(0) — iy cos(0)] (3.22)
Ealsa i €plsp

w w

where e, €, isq, isp are Clarke’s amplitude invariant complex vector components
that represent the back-EMF and virtual stator current space vectors, respectively.
Since reactive power calculation is not embedded in the generalized AC machine
model, it must be included in another way. An intuitive approach is to calculate it

through the instantaneous power theory [55], which would lead to
q = €8lsq — €alsp- (3.23)

However, this would need a 3/2 scaling factor because both back-EMF and cur-
rent stationary frame components are representing e and ig space vectors (see Ap-
pendix). Besides, this approach considers reactive power calculation at the inverter
terminals, which is not interesting in practice because of the voltage drop across
the filter inductances and eventual coupling transformer would cause a significant
difference between reactive power measured at the PCC. In comparison to a real
SG, the voltage drop across the stator leakage reactance is significant since typical
values may range from 10 to 20% in the generator’s base power [40]. This also
implies in significant difference in reactive power output calculated before and after
the stator impedance. On the other hand, active power output is often considered

the same (disregarding mechanical losses) when calculated before and after stator
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impedance, since the armature resistance is small enough to be neglected. The
same happens for a synchronverter or VSG, maybe even worse concerning reactive
power output difference between converter terminals and PCC due to the filter and
coupling transformer impedances.

Therefore, calculation of reactive power ¢ is defined at the virtual stator terminals

in a similar way to the instantaneous power theory [55], yielding

q= Usﬂisa - Usoais,é’a (324)

where vy, = V; cos(fs) and vsg = Vi sin(f,) are the amplitude invariant, stationary
reference frame components of v,. Vi and 0, are the virtual stator voltage amplitude
and phase, respectively.

Finally, the damping coefficient D), is added to representing the combined
effect of mechanical friction losses and frequency drooping as in [2], thus completing
the synchronous generator model in the stationary af frame to be used in the S-
STATCOM. Space vector equations of the model are repeated below and Figure
shows its block diagram of implementation without the controls. As in the
conventional synchronverter, the control inputs are the virtual mechanical torque

T, and virtual rotor magnetic flux Myis.

di,
vy(t) = —Ri, — Lsd—lt te, (3.25)
dw X
2H— = T(t) = Tu(t) = Dylew — "), (3.26)
do
E = WWp. (327)
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Active Power Loop
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Figure 3.3: Synchronous generator in the stationary frame
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Chapter 4

S-STATCOM Proposed Control

Scheme

The S-STATCOM complete model is defined in this chapter. Details of its op-
eration and control design are addressed. Building process of both simulations and

prototype are also discussed.
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In this chapter, the first section presents a quick overview of control strategies
for grid connected converters to deal with voltage imbalance. The second section
develops the complete model of the S-STATCOM and explains each of its 5 modes
in detail: self-synchronization with the grid, reactive power exchange, PCC voltage
regulation, reactive power/voltage drooping and the voltage imbalance compensa-
tion. The third section focuses on the creation of a small-signal model and derivation
of its transfer functions, with the purpose of establishing design criteria for the DC
bus voltage controller that achieves the best compromise between system stability

and dynamics.

4.1 Control Strategies to Mitigate Voltage Imbal-

arnce

Balanced electrical power systems deliver energy through sets of three phase
voltages that are sinusoidal, equal in magnitude and phases 120° apart from each
other. However, under abnormal operating conditions or certain grid characteris-
tics, they might become unbalanced, i.e, present different magnitude and/or phase
displacement from each other at the fundamental frequency.

For three-phase systems, this asymmetry is studied through the symmetrical
components theory, which consists of transforming an unbalanced set of three-phase
phasors into two sets of balanced three phase phasors and one set of three phase
phasors with equal magnitudes and phase angles, called sequence components: pos-
itive, negative and zero, respectively. This is achieved by applying the Fortescue

transform:

Vo V.
vVt =[A] [V, (4.1)
A\ A
where the A matrix is
1 1 1
A= |1 a® a], (4.2)
1 a a?

with a = % +J ‘/7?: being the Fortescue operator. Then, a voltage asymmetry
index is quantified as being the ratio between its negative and positive sequence

components. This is called the Voltage Unbalance Factor (VUF), a common asym-
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metry index used in European and international engineering standards, as well as
in the brazilian Operational Procedures for Distribution Grids (PRODIST) [57]. It
is usually presented as a percentage:

A4
BVUF = < x 100. (4.3)

The causes for voltage imbalances are numerous: untransposed transmission
lines, unbalanced three-phase loads, uneven distribution of single-phase loads, etc
[14][58], as well as their adverse effects to the loads and grid itself. For instance, it
generates a reverse torque in motors causing unwanted vibrations and overheating.
In PWM driven converters, it causes DC voltage oscillations and the appearance of
non characteristic harmonics in the AC current, increasing THD, heating of compo-
nents and overall loss of equipment lifespan.

Recently, with increased adoption of single-phase, converter connected DGs [59]
and charging of electric vehicles (EVs) [60], the voltage imbalance problem is a
growing power quality concern, especially for distribution and microgrids. Their
higher equivalent impedances and lower X/R ratios makes them more sensitive to
voltage related problems. Several solutions are available to balance distribution
grids, usually involving just one device (UPQC [20], SVC [61], active filter [62] or
STATCOM [63]) with sufficient power rating to mitigate the imbalance problem.
This is possible because distribution grids may have more space and substations
available to connect such devices . Microgrids on the other hand, may not have this
advantage. Therefore, the research effort is focused on hierarchical control of the
converter connected DGs to share the unbalance compensation effort [21][22][23].

Other types of control strategies for converter connected DGs are just to im-
prove their performance under unbalanced conditions. In [§], a wide variety of con-
trol strategies, especially in the stationary reference frame, are proposed to increase
control reliability of grid connected converters during adverse voltage conditions.
For grid synchronization purposes, the DSOGI-FLL shown in Figure is an adap-
tive filter coupled with a frequency locked loop (FLL) that provides robust grid
frequency locking and, when combined with the Positive-Negative Sequence Calcu-
lator (PNSC) block, provides positive/negative sequence detection even when the
grid voltage is polluted with harmonics. As for grid imbalance immunity, compen-
sation and ride-through control strategies, the double synchronous reference frame
(DSRF) current control loop shown in Figure is the most popular due to its
compatibility with PLL circuits.
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4.2 S-STATCOM Model

Creation of the S-STATCOM model is based on the previously defined SG model
in space vector representation, shown in Figure [3.3] Its development in per unit no-
tation and in stationary reference frame gives some advantages to the complete
S-STATCOM model: 1) easier implementation of the equations; 2) lower computa-
tional burden for simulation tools and/or Digital Signal Processors (DSP) in charge
of controlling an actual converter; 3) calculation of reactive power at the PCC using
Clarke’s amplitude invariant transformations without the need for 3/2 factor scal-
ing; 4) increased compatibility with resonant controllers, which are the basis of the
S-STATCOM voltage imbalance compensation capabilities.

Control loops are then added to the SG model in order to achieve the desired
functionalities, which include self-synchronization with the grid, reactive power ex-
change and sharing, voltage regulation and imbalance compensation. Except for the
latter, each feature was achieved with the following isolated work’s contributions:
1) Synchronization algorithm proposed in [64] is employed to create clear and sim-
ple startup procedure, 2) A PI controller to regulate the DC bus capacitor voltage
[65], 3) Decoupled reactive power exchange and PCC voltage regulation loops pro-
posed in [3]. For the voltage imbalance compensation, a novel Voltage Imbalance
Compensation Loop (VICL) is developed.

This completes the S-STATCOM model. Its structure is shown in Figure [4.3
with each Control Loop (CL) highlighted:

e CL la and 1b: both part of the Synchronization loop, responsible for achieving

initial grid synchronization during the converter startup [64];

e CL 2: Active Power loop, responsible for maintaining grid synchronization
by regulating the active power necessary to maintain the DC bus capacitor

voltage at specified levels [65];

e CL 3: is the Decoupled Reactive Power and PCC Voltage Regulation loops
[3];

e VICL is the Voltage Imbalance Control Loop, responsible for the compensation

of voltage imbalance at the PCC.

Table describes the possible modes of operation according to the switches’
states. Switches Sy and Sy allow three main modes of operation: direct control
of reactive power (q-mode), PCC voltage regulation (V-mode) and reactive power
sharing (Droop-Mode)[3]. Switches Sp and S¢ are part of the initial synchronization
algorithm, during the S-STATCOM startup. Switch S} enables voltage imbalance
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compensation (VIC), which works simultaneously with the main modes. Fach con-
trol loop will be explained in detail, along with the modes associated with them in

the following sections.
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Figure 4.3: Proposed S-STATCOM control strategy.

4.2.1 CL 1: Startup and Synchronization

The algorithm proposed in [64] is used for the initial S-STATCOM synchroniza-
tion with the grid during its startup, being deactivated afterwards. It is represented
by CL la and 1b in Figure [4.3] To understand how it works, consider the one-line
diagram in Figure [4.4] showing a synchronverter connected to a grid represented
by an infinite bus, which can also be extended to represent the S-STATCOM. The

active and reactive power delivered by the synchronverter at the PCC is given by:

P = Z%[EV; cos(0 — @) — V.2 cos(p)], (4.4)
Q= [V sin(o — 8) - VPsin(e)], (45)

where F and V, are the internal and PCC voltage magnitudes in per unit, with ¢
and 0, its respective phase angles. Z; and ¢ are the transfer impedance in per unit
and its angle, respectively. 6 = 6 — 0, is the power angle of the synchronverter. If it

is connected to a transmission line as in [5], then ¢ &~ 90° and the power equations
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Modes

Sc | Se | Sp Sq Sy Si Description

1 ] 2| ON | ON | OFF | OFF Startup synchronization
2 1 | OFF | ON | OFF | OFF g-Mode

2 | 1 | OFF | OFF | ON | OFF V Mode

2 1 | OFF | ON | ON | OFF Voltage Droop Mode

2 | 1 |OFF| ON | OFF | ON q+VIC Mode

2 | 1 |OFF | OFF | ON | ON V+VIC Mode

2 1 |OFF | ON | ON | ON || Voltage Droop+VIC Mode

Table 4.1: S-STATCOM’s Operation Modes.

can be simplified to

EV, sin(4)
p=_—9"" 4.
EVycos(6) =V,
- Xt 9 (4'7)

where X, is the transfer reactance. Since the synchronverter has full control over
its active and reactive power outputs, it can control them to be P = () = 0. Such

conditions imply that:

E=V,
6 =9,

(4.8)

meaning that the synchronverter is fully synchronized with the grid. This is used in
[64] to implement a synchronization procedure, which consists of creating a virtual
current isy,. from the difference e(t) — v,(t) by implementing a virtual impedance
with L >> R, ie.,, ¢ ~ 90°. That current is fed to the synchronverter model
equations and then to the power loops, which will converge to (4.8) and synchronize
it with the grid. The PI,,,. controller in CL 1b is intended to speed up the process.

When the synchronization mode is activated on the S-STATCOM, S¢ is at po-
sition 1 allowing the virtual synchronizing current iy, to flow into the control and
initialize the process. The DC bus voltage PI controller is disabled through S¢ to
satisfy the condition of P = 0. Switches Sp and S, are on to enable PI,,. and
to force ¢ = 0, respectively. During this mode, converter switching is disabled and
only the control signals are being processed, to avoid high voltage surges caused by
synchronization transients while it is reaching for the condition in . Converter

switching is turned on when other modes of operation are enabled, along with the
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Figure 4.4: S-STATCOM one-line diagram

DC bus voltage control.

4.2.2 CL 2: Active power loop

For a non-generating synchronverter, the damping factor D, does not have the
same meaning of frequency drooping compared to the original synchronverter since
it does not exchange active power with the grid [5]. Compared to a real SG, it can be
interpreted only as a mechanical friction coefficient in the small-signal model. From
a control point of view, D, is essential for the active power loop stability and should
not be removed unless utilizing the variant of [5]. Without it, the control path from
AT, to # would become a double integrator, which may lead to instability. Although
in [4] the damping coefficient is removed, this is possible only because the DC bus
voltage is made constant, which is not true in a more realistic scenario, where this
voltage is tied to some sort of energy storage and /or power availability at the energy
source and varies accordingly with any changes in it. Therefore in [5], the virtual
damping coefficient is kept and re-positioned in parallel with the inertia integrator,
transforming the frequency droop loop first-order low-pass filter structure in a PI
controller and, consequentially, the active power loop in an enhanced-PLL.

In the S-STATCOM model, virtual damping D, is also maintained but in its
original position, forming a low-pass first order filter with time constant 7, = 2H/D,,.
This is due to two reasons: 1) to take advantage of the self-synchronization algorithm
in [64] and 2) to keep the significance of H as an energy storage indicator for inertial
response as in a standard SG model, unlike in [5] and [2] where it only represents a
swing time and the actual system inertia is represented by external energy storage
controls. The role of the active power loop then stays the same, which is to maintain
grid synchronization by balancing T, T, and T..

For the S-STATCOM, T, will represent the amount of active power needed to
cover converter losses and maintain the DC bus voltage regulated at a reference
value. This is realized by a PI controller in CL 2 (Figure . The minus sign in
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its output indicates that the active power direction is from grid to S-STATCOM.

4.2.3 CL 3: Decoupled Reactive power and Voltage Regu-

lation Loops

The synchronverter in [2] has the voltage droop loop inside the reactive power
control loop that acts as the additional reference needed to execute the reactive
power sharing. However, it is unable to regulate voltage at its terminals. The
strategy proposed in [3] that makes the reactive power and voltage error signals to
interact with the virtual flux Myi; integrator independently, creates two independent
control loops for reactive power exchange and terminal voltage regulation, called Q-
mode and V-mode. In addition, the voltage drooping capability is maintained by
adding both error signals to the Myis integrator, and it is called Droop-mode. This
strategy is adopted in the S-STATCOM model and each mode is explained in detail

in the next sections.

Direct reactive power exchange: g-mode

In this mode of operation, S-STATCOM controls the reactive power at its termi-
nals to follow a specified reference value. Operating the S-STATCOM in this mode
requires that the control switches conform to Table .1 In it, the virtual flux M;i;

is generated from the comparison Ag = ¢* — ¢ given by

1

Since Myiy is proportional to the amplitude £ of the internal voltage e, a Ag # 0
produces a variation of £ which in turn varies Vj, which is the amplitude of the
PCC voltage v,. Therefore, because of the integrator in the loop, ¢ will vary until

it reaches ¢* with no steady state errors, provided that ¢* is constant.

PCC voltage regulation: V-mode

Variations in load on the grid cause fluctuations in voltage v, especially if the
grid is weak. This affects the power quality of the loads supplied by this connection
point and may cause them to malfunction. This fluctuation also affects the stability
of the grid as a whole, so one of the main functions of a STATCOM is the voltage
control at its connection point. Operating the S-STATCOM in this mode requires
that the control switches conform to Table [4.1] It works similarly to g-mode: from
the comparison AV = V* — V), the change in virtual flux Myi; generates a variation
in £/, which in turn varies V; until it reaches the reference value V*. Change in Myiy

for this mode is given by
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1

For correct operation of this mode, it is necessary that a method of amplitude
detection is implemented to detect the voltage amplitude Vj to be regulated. Since
the S-STATCOM model is in the af reference frame, amplitude detection is realized
simply by applying the relation:

Vit = (g2 + ()2 (4.11)

Unlike in [2], the S-STATCOM does not need a low-pass filter in a practical
implementation of the amplitude detection block, because its input receives the
filtered, positive sequence components of the DSOGI4+PNSC block, which will be
better explained in Section [4.2.4. For calculations of T, and ¢ however, low-pass
filters tuned to damp 2w oscillations are necessary, because the currents involved in

the calculations are expected to be unbalanced.

Droop Mode

This mode is responsible for the reactive power load sharing with the grid and/or
other devices equipped with droop control, which can be standard synchronous
generators, grid-connected converters with emulating synchronous machines and so
on. It does not need to be specifically between two or more S-STATCOMs. However,
evaluation of these scenarios are out of the scope of this thesis.

In steady state, the integrator input that generates Myis for the S-STATCOM

operating in Droop-mode is given by:

Aq AV
— =0. 4.12
K, K (4.12)
Therefore, the voltage droop D, = —AA—‘% defined in [2] is of the form:
Agq K
D, = ——L =21, 413
! AV K, (4.13)

From this relation, the parameters K, and Ky are adjusted according to [3]. The
voltage droop D, is a S-STATCOM design parameter and is defined here so that the
converter delivers its nominal reactive power to a variation of 10 % of its nominal

operating voltage, i.e, in pu:

Qn 1
D = = =10 4.14
1T 01V, 01 P, (4.14)

where (),, is the nominal capacity and V,, is the nominal amplitude of the phase-

to-neutral voltage of the system. The time constant of the voltage control loop,
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according to [2] is:

K,
To~ — =K, = w, =1 pu. (4.15)
W,

The value of this time constant is chosen as one cycle of the grid voltage. Once
defined, K, can be calculated from (4.13) as:

K, = K,D,. (4.16)

When connected to the grid without any devices with droop control to share the
reactive power load with, the S-STATCOM behavior in Droop-mode is to output
reactive power in a way that the new set point in relation to ¢* generates a change
in voltage that, in relation to V", meets the droop definition of the model, that is:
Aq o q* — qdroop

- _ S 4.17
! AV Vr— vafdroop ( )

g

D

4.2.4 Voltage Imbalance Compensation Loop

As mentioned before, one of the main concerns regarding power quality in dis-
tribution and micro-grids are the voltage imbalances that may occur due to many
different types of loads and DG units connected to it. For instance, charging of
cycles of electric vehicles can cause significant burden on one or two phases of the
system, as well as simultaneity of single-phase solar generators or simple load dis-
connection. Therefore, this work’s proposal with the S-STATCOM is to compensate
voltage imbalances at the PCC, which is achieved through the Voltage Imbalance
Control Loop (VICL) shown in Figure . It was developed to take advantage of
the S-STATCOM main control structure in af reference frame, as it uses a Decou-
pled Second-Order Generalized Integrator (DSOGI) along with a Positive/Negative
Sequence Calculation block (PNSC)[8] to extract positive and negative sequence
components of measured grid voltage. For the actual signal compensation, it uses
Proportional-Resonant (PR) controllers tuned at the grid frequency.

Two features are worth noticing on this scheme: the resonant frequency of the
DSOGTI is tuned online by the active power/frequency droop loop and its positive
sequence voltage output is used to feed the voltage control loop without the need of
extra filters to attenuate 2w frequencies. The negative sequence estimation could be
accomplished with standard notch filters tuned to 2w, however, if the grid frequency
is slightly different than nominal, i.e. on an isolated microgrid with no hierarchi-
cal control to bring its value back to nominal, the notch filter would distort the
negative sequence component and feed the controller with it, degrading its overall

performance. Since the DSOGI is an adaptive filter, this issue may not affect the
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Figure 4.5: Grid unbalance control strategy

proposed controller. This evaluation will be left for future work.

The voltage imbalance compensation (VIC) works as follows: the negative se-
quence voltage components acquired by the DSOGI pass through a couple of PR
controllers tuned at the grid frequency. The resulting signal is then subtracted from
the back-EMF signal e,g provided by the main control structure, compensating the
negative sequence voltage detected from the grid. To better understand the VICL’s
operating principle, take the system of Figure [4.4] as baseline, where it shows the
S-STATCOM connected to the grid’s Thévenin equivalent.

Consider that voltage V, at the PCC is unbalanced and of the form V, = VE+
V" Zero sequence components will be ignored for this analysis, since the proposed
system is three-wire. With voltage unbalance control enabled, back-EMF voltage e
will also have a negative sequence component generated by the controller, resulting
in a signal of the form F = E* + E~. Positive and negative sequence impedance of
Zy linking generator model and PCC will be considered equal. Therefore, fg will be:

BV, BV BV

I = = 4.18
g Zt Zt—‘,— + Zt— Y ( )

when VIC is activated, £~ assumes the value of £~ = —+ V= with v > 1. This
happens because the controller also needs to compensate the negative sequence
voltage drop on Zy, through the power/current i, injected, hence its value must be
higher than the one measured from the grid. The ~ factor can be an indicator of
grid strength, meaning how much more negative sequence voltage (i.e. voltage and
power) must be injected to bring the unbalance factor at the PCC below the desired
2% limit set by international standards [14][58]. The effect on the current is given

by (TT0):

f BV Vi)

4.19

which will deliver a voltage drop across the transfer impedance that compensates
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the negative sequence voltage at the PCC.

4.3 Small-signal model

To better understand the stability and dynamics of the S-STATCOM and design
the PI,. controller regulating the DC bus voltage, a small-signal model is derived
based on [47] and [5]. Consider the one-line diagram in Figure [4.4] representing the
S-STATCOM connected to the grid, where E is the S-STATCOM internal voltage
and Z; is the impedance between it and the PCC.

The power transferred between S-STATCOM and grid at the PCC is given by
and , which are repeated below for convenience:

P = Z%[EVQ cos(d — ) — \/;]2 cos(p)], (4.20)
Q= Z%[E’Vg sin(p — 0) — V:qQ sin(¢p)], (4.21)

where ¢ is the angle of Z; and § is the S-STATCOM power angle. Notice that,
unlike in [5], there is no need to consider system frequency resonance in this model
since the S-STATCOM is targeted to distribution sized networks or smaller, which

have a higher resistance, making this effect negligible.
Linearizing (4.20) and (4.21)) at the operation point P,(E,,d,), change in power

transferred can be written as:

AP = AA6 + BAe

(4.22)
AQ = CAS + DAe
where
_ AP _ EOV;W : o AQ . Eo‘/;]o
A= 2= = Z sin(p — d,), C=Z35= Z cos(p — do),
APV, CAQ V.
B= o = cosly — b, D= R& = Fsinlo—0)

When connected to the grid, E,, V,, and d, will suffer small variations. Therefore,
A, B, C and D can be considered constant values, indicating a linear relationship
between variation of active and reactive power with load angle and internal voltage,
respectively. From here, a small-signal model of the S-STATCOM without DC bus
voltage controller can be constructed as in Figure that is valid for the main
operation modes ¢, V and Droop.

By using the Mason’s Gain formula [66], the following transfer functions are

obtained:

41



AP
Aw A6
* s 1 w, AP
AP o D ™51 ale T A )
C
B
Ae —
. ] T AQ
AQ s > KDys > D )——>

AQ

Figure 4.6: Small-signal model of S-STATCOM without DC bus voltage PI con-
troller.

AP AKD,s+ AD

N D) , (4.23)

AP  2HBs?*+ BDps

N D) : (4.24)
2

AQ _ 2HDs*+ DDps + AD7 (4.25)

AQ* D(s)

AQ  —CKDys

AP+ D(s) (4.26)

where the eigen equation D(s) is given by

D(s) =2HKD,s* + (2HD + KD,Dp)s* + (AKD,+ DD,)s + (BC + AD).

From which the stability can be evaluated. Parameters A to D are defined mainly
by grid characteristics, whilst the S-STATCOM parameters H, D,, D, and K can
be tuned to meet desired performance requirements. Some authors in [67] and [43]
relied on adding virtual impedance to their controls and this would affect parameters
A to D in this analysis, however, this is out of the scope of this work. The approach

taken for tuning the aforementioned parameters is as follows:

1. The per unit inertia H is fixed at its maximum value, calculated from the

energy stored within the DC bus capacitor;

42



2. Typical synchronous generator droop parameters are chosen as a starting

point;
3. Stability analysis is performed around typical variations of those parameters.

For a typical synchronverter control, it can be shown that the system is stable
for a wide range of these parameters [37]. However, this may not be the case when
a PI controller is added to the active power main control path, due to the addition
of a free integrator. Therefore, system stability must be re-evaluated. To do so, the

DC voltage PI controller is added to the active power loop as shown in Figure [4.7|

>

O*
t
Y

KD,s

Figure 4.7: Block diagram of S-STATCOM small-signal model with PI controller

A controller in this position can be interpreted as a secondary frequency con-
troller [5][68], which in this case, besides correcting deviations from the grid fre-
quency, maintains the DC bus voltage at desired levels. Gain K, represents the
relationship between S-STATCOM frequency and DC bus voltage, which can be
related through the energy stored in the capacitor and the kinetic energy accu-
mulated in the virtual rotor of the S-STATCOM. Those values should be equal in

steady-state, therefore a maximum moment of inertia is calculated:

E. = Ly, (4.27)
cvz o Juw?
%)

g w;C. (4.29)

n

Then, gain K. is obtained by linearizing the same energy expressions at their

respective operation points, which are the nominal frequency and DC bus voltage.
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By substituting (4.29)) in (4.32), the expression for K, is found

AE, = AR}, (4.30)

CVieoAVye = Jw,Aw, (4.31)
A

W _ Vo (4.32)

A‘/dc Jma:nwo
Aw w2V

= 4.33
AVdC VdQCwO ’ < )
Aw W,
e 4.34
A‘/dc ‘/dc ( )

Showing that the relationship between S-STATCOM frequency and DC bus volt-
age is linear. Once the nature of this relationship is established, the process of ap-
plying the Mason’s Gain formula is repeated for the block diagram showed in Figure
m. That way, the controller’s influence can be observed through all 1/Os. Figures
through show the Bode diagrams for all transfer functions with varying

position of the zero introduced by the Pl;. controller.

APIAV, AQIAV,,

Magnitude (dB)

Magnitude (dB)

:
. . . . . b . . . . . .
T T T T T T T T T T T
El e
2 = =
51351 i 3 ot
£ . £ ~
-180 . O W N . . Mt 0 . . . . . Nvw:
107 1072 107 10" 10' 10? 10’ 10* 107 10”2 107 10” 10! 10* 10° 10
Frequency (Hz) Frequency (Hz)
= B
APIAQ AQ/AQ
0 T T T - 0 T T T
= 20 —-10-
a o
2 2
T 4oF 200
] E
;:'u -60 - 540 =
= 80F =0l
198 8
= o
= E
2 0 345
E E N
= S
90 -90
10 10 10 10 10 10° 10 10 10 10° 10 107 10
Frequency (Hz) Frequency (Hz)

Figure 4.8: Bode plots of each S-STATCOM transfer function

Notice that transfer functions AP/AQ* and AQ/AQ* in Figures and
are not affected by the controller, which is expected since it is not in their forward
control path. In Figures and , the controller’s influence is clear in AQ/AV,
and AP/AV}, transfer functions. Also, stability margins for the later are shown for
different values of K, 4./ K, 4.. Phase margins decrease as the value of K; 4./ Ky, ac
increases as shown in Figure , meaning that PI controller time constant 1/K;,, 4.
is approaching the value of 2H. If it gets smaller, i.e., K, 4. > 1/2H, the system
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Figure 4.9: Phase Margin of AP/AV}, for different K;/K, values.

will experience unwanted oscillations due to the controller responding faster than
its inner loops and it may lose stability.

Therefore, in addition to this constraint, the performance requirements adopted
in this work to tune the PI controller for the DC bus capacitor voltage are: 1) Damp
oscillations that may appear in the DC bus voltage due to resonance with the filter
and/or grid; 2) Minimize settling time and overshoot for the DC bus voltage. From

there, the following guidelines are developed:

o 1 < K, a/Kp ae < 100x dominant pole of D(s) to ensure K;,q. < 1/2H;

e 0.5 < K, 4. < 1 so that the dominant poles of AP/AV} are the ones intro-
duced by the PI controller.

Figure shows the root locus of AP/AV} zoomed in at the design region
for multiple values of K, 4./ K, .- These guidelines are not set in stone. Oscilla-
tions that appear for K, > 1 may be damped enough depending on the value of
Ky ae/Kpyac. Values of K, 4. below 0.5 result in a slower, more damped response

that can be a better fit depending of the overall system performance criteria.
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Chapter 5

Evaluation of the Proposed

Control

This chapter focuses on evaluating the proposed control strategy. It provides
details of the workflow adopted in this thesis, which goes from building detailed
simulations to assembly of a small-scale experimental prototype. Both simulation
and experimental results are provided to assess the performance of the proposed

control strategy.
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Evaluation of the S-STATCOM control strategy begins in the first section by
defining the procedures to do so, which includes guidelines for building detailed and
accurate simulation environments, that are used for proof of concept and preparation
for assembling the small-scale prototype.

Two simulation environments were built and its results are shown in the second
and third sections, respectively. The first scenario consists of a medium voltage dis-
tribution grid Thévenin equivalent, represented as radial feeder. The S-STATCOM
is connected at the feeder’s end to mitigate voltage imbalance issues. The second
scenario is a detailed simulation of the small-scale experimental prototype in the
conditions it is expected to run, which is directly connected to the low voltage
distribution grid, also represented as a Thévenin equivalent.

In the fourth section, details of the small-scale prototype assembly process are
discussed, along with its results. The last section concludes the chapter with a

discussion about the overall results.

5.1 The Implementation Process

This section aims to show the workflow in this thesis to evaluate the proposed
control strategy. It provides practical guidelines for building detailed simulations
and comments on the discretization process for the S-STATCOM model.

The workflow proceeded as follows:
1) Building of detailed large-scale simulation for proof of concept;

2) Building of detailed simulation for control validation in the small-scale proto-

type;
3) Model discretization for programming in a Digital Signal Processor (DSP);
4) Assembly of small-scale prototype.

Modeling and simulation of power systems depends on what phenomena and
situation needs to be analyzed. This is especially true when power electronic con-
verters are involved, because their operation actually changes the grid structure at
each switching state [69]. This introduces several problems for offline and real-time
simulations, such as numerical oscillations and DC bias in AC quantities [70]. Of-
fline simulators such as PSCAD and MATLAB Simulink apply solutions based on
switching between integration methods and variable step size to mitigate some of
those issues [71].

The simulations built in this thesis are mainly to observe the behavior of a single

power converter with the S-STATCOM control in its several modes of operation.
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Details of switching and harmonic analysis are not the focus, but a detailed con-
verter model is chosen anyway to evaluate the overall system performance and make
sure such issues are not interfering with control stability. Therefore, the following
steps are taken to ensure construction of a proper simulation environment: choosing

simulation time-step, model discretization and simulation fine tuning.

5.1.1 Simulation time-step

Proper selection of simulation time step is required to properly observe the de-
sired simulated system dynamics. In [72], algorithms for estimating the optimal
step size and simulation time are discussed, to achieve the best compromise be-
tween model accuracy and computational time in EMTP-based simulators. The

simplest one is to determine them by the following equations:

min(T)
100
tmaz = 5 X max(T), (5.2)

At = (5.1)

where At is the simulation time-step, t,,., is the maximum simulation time and T
is a vector of all possible time constants of the model. Since simulations in this
thesis have only one PWM driven power converter and a simple grid equivalent, it
is reasonable to assume that the smallest time constant of the model is the PWM
switching frequency. Therefore, At is chosen as in and the simulation time
chosen will be larger than in to show the dynamics of all S-STATCOM modes,
as will be explained in the next chapter.

As for numeric integration methods, trapezoidal and backward-Euler have the
best compromise between accuracy and numerical stability [71]. Both are used in
PSCAD with numerical oscillation damping algorithms, while MATLAB Simulink
has a variety of other methods for fixed and variable time-step simulations. In
this thesis, the simulation tool chosen is Simulink with fixed time-step simulations,
Tustin/Backward-Euler solver and fully discretized model components, which is sim-

ilar to PSCAD simulation environment.

5.1.2 Model Discretization

Since the control is intended to be programmed into the DSP that will drive the
experimental prototype, it must be transformed in a discrete time domain model
that is stable and matches the original created in continuous time domain. For simu-
lations in this thesis, the Simulink Model Library has discretized model components
that are used in the discrete-time simulations, which makes this process easier. For

the DSP however, each model equation is manually discretized and programmed in
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C language into the DSP through its dedicated software. This section is intended to
explain the discretization method adopted and how it is applied to the S-STATCOM
simulation environment.

There are several ways to approach the system discretization problem [66]. The
one used in this work is based on approximating a continuous data system in the
s-domain into a transfer function in the z-domain of discrete data systems, by ap-
plying a transformation that maps the stable region of the s-plane into the z-plane.
This transformation consists of substituting the variable s for an expression in z,
which is obtained by applying the z-transform to a time-domain expression of an
integrator, represented in one of the following methods: Euler, Backward-Euler or
Tustin/Trapezoidal. Each method of integration generates a different s to z domain
transformation with its own set of advantages and disadvantages.

In this thesis, the main concern with discretizing the S-STATCOM control model
is to retain its continuous time characteristics, especially its stability. Therefore, the
Tustin based transformation is selected for discretizing the S-STATCOM control
model, due to its main feature of mapping the stable region of the s-domain into the
stable region of the z-domain. The remainder of this section is dedicated to explain
the process to obtain this transformation and how it is applied in the S-STATCOM
control discretization.

Consider a simple, continuous-time integrator:

& = e(t) & u(t) = /0 e(r)dr

Its output given by the Tustin/Trapezoidal rule is:
e(kTs) + e((k — 1)Ts)
2 )
where t = kT, k is the time-step index and T is the sampling time. By taking

u(kTy) = u((k — 1)Ty) + T

the z-transform, the discrete equivalent of H(s) is obtained:

U() = 27U (:) + (B () + 27 B(:)
(1—-2"HU(z) = E(1 + 2 HE(2)

2
2z-1
iZ‘FlU(Z) = E(z).

Meaning that to discretize a continuous-time transfer function, the following

substitution should by applied:

- 2 z2—1
s — .
T,z+1

(5.3)
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Since this transformation maps the entire left-hand side of the s-plane into the
unit circle of the z-plane, the overall frequency response characteristics of the con-
tinuous time system are maintained but with a shift at resonant frequencies, which
is called frequency warping. This can be compensated by applying a frequency

prewarping technique, which consists of modifying ([5.3)) to:

wWo z—1

tan(2l) 2 + 17

54— (5.4)

where wy is the frequency of interest that the designer wants the digital system
response to match the continuous one. This is especially important for discretiza-
tion of the PR controllers of the S-STATCOM that compose the VICL, which are
designed by following the guidelines on [56]. The DSOGI due to its resonant na-
ture should also be discretized with the Tustin based transformation, as it better
preserves stability and frequency response of the continuous-time system, hence
preventing aliasing in the output [73]. Figure shows a comparison of different
discretization methods and the effect both warped and pre-warped Tustin based

transformations.

90 = ——Continuous

---ZOH @ Ts =160 p s
——~Tustin @ Ts=160 p s
—— ~Tustin @ Ts = 160 p s w/ Pre-warp| |

Phase (deg)
[«
\
,

90 T = e e L L - - ___C ]

54 56 58 60 62 64 66
Frequency (Hz)

Figure 5.1: Bode-diagram of PR-controller for comparison of discretization methods.
Ty =160 ps, K, = 0.1, K, = 100, w. = 3.77 rad/s

As stated before, the Simulink environment has discrete-type component blocks
available in its library, such as PI controllers, integrators and discrete transfer func-
tions. Those blocks allow the user to choose which integration method should be
used to discretize the selected component, that can be Euler, Backward-Euler and
Tustin/Trapezoidal. The discrete transfer function block allows the direct imple-
mentation of a discrete system transfer function after applying or (5.4) to
a continuous time system transfer function. Therefore, discretization of the S-
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STATCOM control model in Simulink’s simulation environment is achieved by using
such discrete-type component blocks. In particular, the PR controllers of the VICL
are implemented with the discrete transfer function blocks, which receive their reso-

nant transfer functions discretized with the pre-warped Tustin based transformation.

5.1.3 Simulation fine-tuning

This step may be performed during or after the simulation assembly and it is
important to close the gap between simulated and experimental results. Most actions
taken here are optional for the offline simulation and it would work anyway, but are
paramount for real-time implementation as will be discussed next.

When simulating controller and power system in the same environment, it is
advantageous to work with two time-steps: the main smaller one for the power
system and an integer multiple of it for control discretization. This is because a
digital controller driving a real converter is receiving and processing information at
a different speed compared to what is happening in the continuous real life system,
which naturally involves the delays of measurement systems, data acquisition and
processing. Therefore, these delays should be considered in the simulation.

To represent the measurement systems, a first order low pass filter with time
constant representing the phase difference between input and output can be imple-
mented. As for the data acquisition rate, a zero-order hold block can be implemented
in the measured signals at a sampling time that represents the frequency which the
controller process data.

A good practice to speed up the simulation is to introduce a unit step delay
between systems discretized at different sampling rates, which is the case for a refer-
ence signal entering a PWM generator block. This represents the actual behavior of
a digitally implemented PWM modulator, where the value stored at the comparator
register only takes effect after the current PWM cycle, i.e. with a one period delay.
It also allows the simulator prioritize calculation of the faster block and is useful to
break unwanted algebraic loops, such as the one formed by CL 1b in Figure 4.3|

Additional measures should be taken concerning integrator blocks and PI con-
trollers in the model, mainly to prevent numerical overflow and outputs outside
critical values that can potentially damage the controlled quantity, such as the PI
controller for the DC bus voltage. Those actions are: output saturation, accumula-
tor reset and anti-windup.

Saturation means enforcing upper and lower limits to the integrator output,
preventing unwanted behavior of the control. However, if its output stays for too
long at a limit, the accumulator may reach very large values, i.e it winds-up. When

the input changes signs and starts unloading the accumulator, it will take some
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time before it returns to the linear region. For a PI controller, this means a slower,
oscillatory response that is undesired. To solve his problem, there are anti-windup
techniques that prevents the accumulator to load beyond the saturation limits. Here,
this technique is implemented through a logic that stops the integration action if
the PI controller output is greater than a saturation limit and the signs of its input

and output signals are the same. The pseudo-code is:

IF PI_Output((k-1)Ts) >= UpperLimit AND PI_Output((k-1)Ts) > O AND...
PI_Input(kTs) > O THEN

PI_Output = UpperLimit

ELSE IF PI_Output((k-1)Ts) <= LowerLimit AND PI_Output((k-1)Ts) < O AND...
PI_Input(kTs) < O THEN

PI_Output = LowerLimit

ELSE

Resume integration

A particular case of integrator that is expected to suffer numerical overflow if
not dealt accordingly is the one that generates the phase angle in CL 2 (Figure [4.3).
Its output increases linearly from 0 to 27 and back again to zero at the specified
frequency, generating the internal voltage phase angle. In the offline simulation, this
resetting action for the phase angle can be easily implemented by a MOD function
with integrator output as numerator and 27 as denominator. However, the inte-
grator is still increasing its value, demanding more memory, processing time and
closer to reaching numerical overflow. This can not happen in real-time implemen-
tation, therefore the reset action should also assign the new integrator output to the

accumulator variable. The pseudo-code for this action is:

IF u(kTs) >= 2*pi THEN
u(kTs) = u(kTs)-2*pi
u((k-1)Ts) = u(kTs)

5.2 Simulation Results - Scenario 1: 25 kV Dis-

tribution Feeder setup

Distribution feeders are more prone to power quality issues, such as voltage
imbalances and harmonics, due to their proximity of non-linear loads such as electric
vehicles, single-phase DG units and uneven load distribution throughout its phases.
These conditions are favorable to the implementation of equipment such as the D-

STATCOM [I6], to mitigate or eliminate power quality issues. For this reason,
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the system model chosen to test the S-STATCOM is based on [10], which is a 25
kV three-wire distribution feeder represented by an equivalent network and the D-

STATCOM connected to one of its buses, as shown in Figure [5.2]

25 kV B] 21 km Feeder B2 B3

2 km Feeder
100 MVA

—

3Mw
0.2 MVAr
Y C == Ve J
i 25025 kV

= 3 MVA

— i T -

25/0.6 kV
6 MVA

Load

H D-STATCOM
by Contro

4
i Control Input

Figure 5.2: Grid used for analysis of D-STATCOM in [10]

Grid parameters of the model remained mostly the same and are shown in Table
b.1l A 25 kV distribution network is represented by a Thévenin equivalent at bus 1.
Then, a 21 km feeder modeled as a pi-equivalent circuit connects bus 1 to bus 2 and
a 3 MW load. A 2 km feeder modeled as a simple inductive impedance connects
bus 2 to bus 3, followed by a load connected through a 25/0.6 kV transformer.
The D-STATCOM is connected in parallel with the whole system through three
1.25/[25/4/3] kV transformers in A — Y, configuration.

Table 5.1: Scenario 1 Grid parameters.

’ Parameter \ Value H Parameter \ Value ‘
Sshort—circuit 100 MV A Cecders 5.338 nF /km
Vi 25 kV fn 60 Hz
Grid X/R 10 Sir 6 MVA
R fecders 0.1153 Q/km Xt—load 0.05 pu
R eeders 0.3963 Q/km Xi /R 1 60
L eeders 1.048 x 1073 H/km || Load transformer ratio | 25/0.6 kV A —Y,,
L(}eedm 2.730 x 1072 H/km
eeders 11.33 nF /km

Since both S-STATCOM and the D-STATCOM from this model are PWM-
based, its converter components and structure are also maintained. It consists of
a voltage-source PWM inverter with two IGBT three-phase bridges in a twin con-
figuration, a 10000 uF capacitor as a dc source and an LC filter bank to attenuate
voltage and current harmonics, as shown in Figure [5.4, This inverter configuration
behaves as three single-phase, full-bridge inverters with unipolar voltage switching

PWM. The main three-phase bridge receives the PWM control signal and the other
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receives the same signal displaced by 180°, producing voltages with its fundamental
components also displaced by 180°. When they sum up at the output to form each
phase voltage, the resulting waveform has harmonics that appear only at double the
switching frequency when its modulation index is even, as opposed to an odd value
in regular bipolar switching scheme [74]. This allows converter operation at lower
switching frequencies and utilization of smaller filters to suppress voltage harmon-
ics. In addition, the IGBTs for each bridge can be rated at half the desired output
voltage of the system, since the line voltages are distributed across four switches
instead of two. Each three-phase IGBT bridge is represented by a single block in
Simulink, that considers each of the six IGBTSs as an ideal switch in series with an
on-state internal resistance R,,, and a forward threshold DC voltage source V;. Also,
in parallel with each IGBT model, there is a series Rg-C, snubber circuit and an
antiparallel diode, modeled as a forward DC voltage source V4 when conducting.
Figure [5.3| shows the described bridge model in detail. All converter parameters are
shown in Table and are the default values from the system in [10].

+  Collector ¢ *
: ! %
V G e S R
ce ﬂ E —> T . sb
g T Cy V., on (+> Ve = C,
- Emitter Vf
Vce |
Figure 5.3: IGBT model used in the three-phase bridge model in Simulink.
Table 5.2: Scenario 1 Converter parameters.
’ Parameter ‘ Value H Parameter ‘ Value ‘
Sh/base 3 MVA Cy 10000 F
Vi base 25 kV DC bus voltage 2400 V
Coupling transformers X/R 30 Switching Frequency | 1680 Hz
Sy 1 MVA %3 Ry 1 kQ
X; (at transformer base) 0.03 pu Cy 10 puF
Coupling transformers ratio | 1.25/25/v/3 kV Ron 0.001 2
L f 800,uH Vf 2V
Cf 100,U,F Vfd 0.8V
Ry 0.663112

In this scenario, the S-STATCOM control replaces the D-STATCOM’s and two
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Figure 5.4: 3-ph diagram of S-STATCOM converter structure for Scenario 1 simu-
lations

different cases are simulated. Case 1 evaluates the S-STATCOM’s main functional-
ities: grid synchronization (Sync-mode), reactive power delivery (Q-mode), voltage
regulation at the PCC (V-mode) and reactive power sharing (Droop mode). Case 2
focus on the voltage imbalance compensation capabilities and how it interacts with
the main modes. Details on voltage and current dynamics, control performance and

accuracy are provided throughout the simulation’s events on both tests.

5.2.1 Case 1: S-STATCOM Main modes

This simulation will be carried on MATLAB/Simulink environment. The model
is fully discretized using the bilinear method. Inverter switching frequency is
fs = 1.68 kHz and simulation time-step is set to 5 ps (120 times smaller than
the switching period 7), providing enough resolution to represent harmonics and
system dynamics [72]. Control inputs and outputs are sampled at 32 times the sim-
ulation time-step, which is 160 us, using zero-order hold blocks. The load connected
to bus 3 will be a balanced three-phase 5 MVA load with 0.8 inductive power factor
as shown in Figure [5.50 No imbalances will be inserted in the simulation at this
time.

Control parameters of the S-STATCOM are calculated according to Chapter
and presented in Table |5.3] The model is initialized with w;,;; = 1.0 pu as initial
condition for the inertia integrator, otherwise it will incur in a singularity when

calculating T,.
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Table 5.3: Scenario 1 Control parameters.

Parameter ‘ Value H Parameter ‘ Value ‘
H 9.6 ms Lgyne 5 x 107* pu
Dp 20 Ky vie 0.5
Dqg 10 Kivae/Kp-vaic 10
Kq 0.16 K, vicr 0.1
Ky 0.016 Kr_vicr 100
Ky syne | 0.5/377 We 3.77 rad/s
Ki_syne | 20/377 kpsoar V2
Ryyne 0.01 pu

B2

B3

25kV B] 21 km Feeder
100 MVA

—

3MW
0.2 MVAr
Y C == Vic J
| 25025kV

- 3MVA —L

—_— H T

2 km Feeder

25/0.6 kV
6 MVA 4 MW

3 MVAr

H S-STATCOM
beeeel Control

[}
i Control Input

Figure 5.5: One-line diagram of the Case 1 system

Startup and synchronization

Simulation starts at ¢ = 0s with the S-STATCOM’s switches turned off and the
DC bus capacitor being charged up through the diodes. Voltage at the PCC is 0.97
pu due to the heavy load. At t = 0.5s, the control is turned on in Sync-mode and
it starts synchronizing with the grid, which takes less than 0.2s according to Figure
5.6l Grid frequency is successfully tracked, voltage difference between e and v, stays
constant and around 2%. Also, voltage amplitudes and phase difference, shown in
Figures and respectively, meet the conditions defined in (4.8]), meaning the
synchronization algorithm ensures the converter stays synchronized until an order

to switch modes is deployed and the the converter switches are turned on.

S-STATCOM main modes

At t = 1.0s, the SSSTATCOM enters in g-mode, simultaneously activating the
IGBT bridges, DC bus capacitor voltage control and deactivating the grid synchro-
nization algorithm. The initial harsh transient is due to the DC bus voltage control
following a step in its reference value. This behavior is expected and it is not a

problem in a simulation environment, but must be taken care of in any real-time
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Figure 5.6: S-STATCOM Synchronization Process: @) Phase A Voltages, E[) back-
EMF and Grid Voltage Amplitudes, |c|) Phase A voltage difference, @ Power angle

implementation of the system, as observed later in Section[5.4] It stabilizes after 0.2s
and it is ready to operate its main modes, as shown in Figure [5.7] After initial grid
synchronization, S-STATCOM is ready to receive further commands. Simulation

events designed to evaluate its modes take place as follows:

1) Reactive power order of ¢* = —1 pu at t = 2.0s;
2) Switch to V-mode with V* = 1.0 pu at ¢ = 4.0s;
3) Switch to Droop-mode at t = 6.0s;

4) Simulation ends at t = 8.0s.

Figure shows the dynamics of several quantities during the events. Grid
synchronization is kept throughout all simulation. On the first event, at t = 2.0s,
the S-STATCOM is given a ¢* = —1 pu control order and accurately reaches its
target in 0.16s with no overshoot, as shown in Figure As a consequence, the
PCC voltage V, decreases to 0.895 pu. Active power consumed over time is shown
in Figure and accounts for the VSI, filter and coupling transformer losses, in
addition to maintaining DC bus voltage. During operation at nominal capacity, the
maximum average consumed power is approximately 0.0136 pu (41 kW).

When switching to V-mode at ¢ = 4.0s, reactive power goes from -1 pu (3
MVAr inductive) to 0.52 pu (1.56 MVAr capacitive) in 0.25s without overshoots,
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successfully regulating V, at 1.000 pu, as shown in Figure The change from
inductive to capacitive power factor was due to V;; being previously below 1 pu.

The last event is the S-STATCOM switching to Droop-mode at t = 6.0s, sharing
the reactive power load with the grid. It takes 0.15s to reach steady state, with
Vy, = 0.94 pu and Q = —0.40pu (1.2 MVAr inductive). Therefore, the difference
between reactive power states achieved by the S-STATCOM in g-mode and Droop-
mode is AQ = Qo—g — Qo—Droop = —1.00 — (—0.40) = —0.6 pu. Similarly, the
difference between V, at V-mode and Droop-mode is Avy = Vy_v — Vy_proop =
1.00 — 0.94 = 0.06 pu. Substituting those values in , it gives:

AR - 06
Av — 0.06
Showing that the Droop-mode is also working as intended. Notice that droop

D =

q

10. (5.5)

control in general works to improve voltage at the PCC by sharing the reactive power

load among generators and power quality devices, and in this case the PCC voltage
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when Droop Mode is active is worse than prior to the S-STATCOM’s connection
to the grid. This is due because Droop Mode takes into account the PCC voltage
at g-Mode instead of its state prior to the S-STATCOM’s connection to the grid,
meaning that the voltage improvement in the simulation events showed above are
relative to the PCC voltage when the S-STATCOM is in g-Mode with ¢* = —1 pu.
To obtain a PCC voltage improvement in Droop-Mode relative to its state prior to
the S-STATCOM’s connection to the grid, ¢* should be set to 0 at all times. This
concludes the evaluation of the S-STATCOM main modes.

5.2.2 Case 2: Voltage Imbalance Compensation

The voltage imbalance compensation capabilities of the S-STATCOM will be
analyzed. Simulation parameters remain the same, except for the following. To
create voltage imbalance, a 200m feeder is added in between the 5 MVA load and
the 25/0.6 kV transformer, along with a single-phase breaker in its phase B, which
will open at a specified time to emulate an open-circuit fault and cause the voltage
unbalance. Also, a 4 MW, 25 kV three-phase load L1 is added before the 25/0.6 kV
transformer at bus 3, to be analyzed under the unbalanced conditions and how the
S-STATCOM can mitigate them. Figure [5.8| shows the new grid setup.

25kV Bl 21 km Feeder B2 2 km Feeder B3 0.2 km Feeder
100 MVA Y4 ‘L p
C
25/0.6 kV
3IMw 6 MVA 4 Mw
0.2 MVAr L 3 MVAr

4 MW

% 2525k
j 3 A

T

E | SSTATCOM |y
Control

i Control Input

Figure 5.8: One-line diagram of the Case 2 system

As for the control structure of the S-STATCOM’s voltage imbalance compensator
(VIC), DSOGI and PR controllers are fully discretized with the bilinear method at
160 us. Its parameters are calculated according to Section [5.1.2] and shown in Table
5.3l

Since the synchronization process is the same in both cases, the analysis will

focus on events after grid connection, which occur as follows:

1) Reactive power order of Q. = —1 pu at t = 1.0s;

2) Trigger voltage unbalance by opening the 5 MVA load phase B breaker, at
t = 2.0s;

60



3) Activate VIC at t = 3.0s;

4) Switch to V-mode with V,.; = 1.0 pu at t = 4.0s;
5) Switch to Droop-mode at ¢t = 6.0s;

6) Simulation ends at ¢ = 8.0s.

As in case 1, Figure |5.9| shows the dynamics of several quantities of interest for
this analysis. Notice that the dynamics before the voltage imbalance is triggered
are exactly the same as in case 1 (Figure . At t = 2.0s when phase B of the
5 MVA load is opened, voltage at bus 3 reaches a 2.24 % VUF as shown in Figure
5.11} which is slightly higher than the recommended 2 % [14][58]. The effect on L1
active power signal can be seen on Figure [5.10] which shows a 2w oscillation with
0.05 pu amplitude (150 kW). As for the S-STATCOM, its losses are compared in
three situations when operating at ¢* = —1 pu: VIC on, VIC off with imbalance
and VIC off without imbalance. The results in Table [5.4] show that the VIC in this
case contributed to the losses in 0.07%. Also, the increased 2w oscillations in active
and reactive power after VIC is enabled are expected, since the S-STATCOM is now
supplying all oscillating power to the load.

Table 5.4: Converter losses comparison for case 2, Scenario 1.

Case Losses
VIC OFF, w/o imbalance | 48.1 kW (0.0160 pu)
VIC OFF, w/ imbalance | 48.2 kW (0.0161 pu)
VIC ON 50.1 kW (0.0167 pu)

When the VIC is activated at ¢ = 3.0s, VUF at the PCC drops to 0.06% in about
0.05s and stays at this level throughout the simulation, as shown in Figure [5.11b]
Notice the power oscillation in L1 vanishes and the VIC control did not interfere
significantly in the dynamics of the following events. At ¢ = 4.0s, PCC voltage V is
regulated to 1.00 pu taking the same 0.25s to change its reactive power output and
fulfill the control order.

To verify the Droop-mode, average reactive power is calculated for each mode
when VIC is activated, since it can not be done visually because of the oscillations.
Verification through resulted in D, = 10.03 pu. This is due to the slightly
higher reactive power output to supply the unbalanced grid.

When VIC is activated, it is expected that the current supplied by the S-
STATCOM becomes more unbalanced to account for the oscillating power that it is
supplying to compensate the imbalance in voltage, as shown in Figure [5.12] VIC is
activated in the most extreme steady state case of this analysis, where g,.y = —1pu

in g¢-mode. Current in the affected phase i, is 28% higher then in the previous event,
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Figure 5.9: Results for Scenario 1 modes when VIC is on. @) Frequency tracking
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Figure 5.10: Effect of the voltage imbalance on load L1 and subsequent activation
of S-STATCOM’s VIC mode.

where VIC was still off, reaching 1.41 pu compared to the previous amplitude value
of 1.13 pu, which would probably trigger overcurrent protections. However, in the
other operating modes, which are more common to a STATCOM operation [16], the

currents stayed within limits.
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5.3 Simulation Results - Scenario 2: Small-scale,

grid connected setup

To validate the control strategy, the system showed in Figure [5.13]is simulated
in the MATLAB/Simulink environment. The parameters used in the simulation are
shown in Tables [5.5] and [5.6], which represent the actual ratings of the experimen-
tal prototype setup. All parameters are calculated according to the concepts and
procedures shown in the previous sections. Since this setup is significantly smaller

than the one in the first scenario, the PI controller gains for the DC bus voltage had
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Figure 5.12: S-STATCOM line currents when VIC is activated.

to be recalculated in order to achieve better performance with the larger grid and
filter impedances.

In addition, since this scenario is a preliminary step for real-time implementation,
a protective measure expected in the experimental setup is implemented in the
simulation, which is the addition of pre-charge resistors Rc to limit the current
surge in the system startup. Grid voltage is adjusted to 1.03 pu to simulate the
conditions which the experimental prototype will be submitted.

Simulation was conducted with zero-order hold blocks connected to the measure-
ments at 15 kHz switching frequency, to match the PWM-synchronized data acqui-

sition from the small-scale prototype. Simulation time step is T, = 6.667 x 1077 s.

Table 5.5: Scenario 2 converter parameters.

‘ Parameter ‘ Value H Parameter ‘ Value ‘

Sh/base 80 VA Ly 2.2 mH

Vi fbase 16.2,/2 V R, 0.140

DC Voltage 30V Cy 10pF

St 150 VA R, 5Q

Transformer ratio | 16.2/220 V Ca 7.16mF
R, 0.05Q fn 60 Hz

L, 570uH Switching frequency | 15 kHz

5.3.1 Startup and grid connection

Simulation starts at ¢ = 0 s in conditions described in Section [4.2.11 The circuit

startup follows the sequence of events that are described in Section and are
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Table 5.6: Scenario 2 Control parameters.

Parameter ‘ Value H Parameter ‘ Value ‘

H 40.3ms Lgyne 10uH
Dp 20 Ky vie 1.15
Dqg 10 Kivae/Kp-vac 2
Kq 0.16 K, vicL 0.1
Ky, 0.016 Kr_vicr 100

K, _sync | 0.5/377 We 3.77 rad/s

Ki_sync | 20/377 kpsoar V2
Royne 0.05Q2

_____________ -

L
Cd TrVdC Wt ,WW\
€ e Vse
e )

: ...............................  S-STATCOM To Switch
ettt e e eaa e raeaaeearaaaea e e et et aa ey »] CO?IU"OZ GateDere

Figure 5.13: S-STATCOM power circuit

intended to mitigate the high initialization currents. Figure |5.14] shows the startup
sequence results. The CB is already on and DC bus capacitor pre-charge sequence

starts with the line currents barely reaching 0.5 pu, configuring a safe startup as

shown in Figures [5.14aland [5.14bl Grid synchronization is reached at t = 0.3 s with

smooth frequency tracking and less than 2 % error between e and v,, as shown in
Figures |5.14c} 5.14d| and [5.14ff At ¢ = 1.0 s, the transient from steps 4) and 5) of
the startup procedure defined in Section are observed in Figure [5.14] when the
S-STATCOM control is switched to g-mode with ¢* = 0 and the DC bus voltage is

regulated to its reference value of 30V. The system stabilizes around ¢ = 0.8 s.

5.3.2 S-STATCOM Operation Modes

With the system stabilized and properly connected to the grid, the operating

modes will be tested. The simulation events are:

1) Reactive power order of ¢* = —1 pu at t = 2.0s;

2) Switch to V-mode with V" = 1.0 pu at ¢ = 4.0s;
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3) Switch to Droop-mode at ¢t = 6.0s;

4) Simulation ends at t = 8.0s.

Figure shows the simulation results. DC-bus voltage was maintained in its
reference of 30 V during all simulation time, showing very small dynamics in the
occurrence of the events, according to Figure Active power also remained
close to zero, enough to account for converter losses and DC bus regulation (Figure
5.15b)). The S-STATCOM was able to accurately track the grid frequency at all
times and showed smooth transitions between operating modes (Figure [5.15¢]). At
t =1 s, the reactive power order was achieved quickly and accurately by the control
(Figure [p.15¢). By absorbing 1 pu of reactive power (80 VAr), the voltage Vj fell
to 0.93 pu. On switching to V-mode at ¢t =2 s, SSSTATCOM quickly adjusted the
voltage at the PCC to 1 pu by absorbing approximately 0.32 pu of reactive power

66



(25.6 VAr) (Figures [5.15d| and [5.15¢]).

After switching to Droop mode at ¢t = 4 s, the reactive power generation went

to -0.67 pu, causing the voltage V to stabilize at 0.967 pu. The change in reactive
power with respect to the initial order of -1 pu and the change in voltage V, with

respect to the nominal voltage are in accordance with the droop definition:

AQ  (1-067)  0.33
AV (1-0.967)V,,  0.033V,

=10 =D, (5.6)

0.2

0.1

-0.1

P (pu)
(=]

3
_02F 4y =10pu : o = 1O

o3l . i

Q (puw)

60.3
60.2

60.1 ]
60 ; !
g-m H Y |

59.9r
59.81

Frequency Tracking (Hz)

59.7F

Figure 5.15: Simulation results for the remaining operation modes of Scenario 2.
(a) DC bus capacitor voltage. (b) Active Power (c) Reactive power. (d) Grid (blue)
and internal (red) voltage amplitudes. (e) Grid frequency tracking.

5.3.3 Voltage Imbalance Compensation

To test the proposed control functionalities, a grid imbalance is emulated by
adding an inductive impedance of Ry = 0.2€2 and Ly = 2.7mH in series to phase
C of the S-STATCOM power circuit in Figure [5.13] as shown in Figure [5.16 The
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analysis will be simpler than in the first scenario and will focus on the effectiveness
of the VIC when the S-STATCOM is operating at nominal capacity, which is when
the voltage imbalance is more prominent. Synchronization process is omitted and

simulation events are now as follows:

_____________ -
| - S-STATCOM Power Circuit |
€, Rs Ng,é\ {saivsa "

I . P

e N H
| Ca e SCalte s
I Ce NWV\E"ZSC . ot
| ¥ J':',} J':';} N Ry Ly

: ............................... ~ S-STATCOM To Switch
e e eeeaeeeeaaeeeaeeaeeaeaeeaeeaeeaeeaeaereaaeeaeaaeieraeaaans » COI’[U’OZ Gate Drive

Figure 5.16: S-STATCOM power circuit with Z;; added to phase C to create voltage
imbalance

1) Reactive power order of ¢* = —1 pu at t = 1.0s

2) Trigger voltage unbalance by adding Zy; in series with phase C, at t = 2.0s
3) Activate VIC at ¢t = 3.0s

4) Switch to V-mode with V* = 1.0 pu at ¢t = 4.0s

5) Switch to Droop-mode at ¢t = 6.0s

6) Simulation ends at ¢ = 8.0s

The PR controller gains for VICL are K, = 0.1, Kr = 100 and w. = 0.0lw,, =
3.77 rad/s. Figure shows the effect of VIC activation on the grid voltages.

Before VIC activation, the voltage unbalance factor was around 8.2%, as shown
in Figure which is four times larger than the maximum 2% allowed [14], [5§].
At t = 1.5 s, VIC is activated and quickly reduced the unbalance factor to less than
0.1 %.

Figure [5.18| shows other quantities of interest during the events. After ¢t = 2.0s,
2w oscillations can be seen clearly appearing in the DC bus voltage (Figure |5.18b)),
when the voltage imbalance is added, which is expected. They also appear in the
frequency tracking signal (Figure and measured reactive power at the PCC
(Figure [5.18d)), however, it did not interfere significantly with the other modes of

operation at any point. V-mode tracked the 1.0 pu voltage order as expected (Figure
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and droop verification with resulted in D, = 10.07, which is due to the
slightly higher reactive power needed to supply the unbalanced grid.

Figure [5.19| shows the effect on the line currents when VIC is on. As in the
previous large-scale scenario, current in the affected phase i. experienced the largest
variation of 33% compared to its previous amplitude value when VIC was off. Cur-
rent i, reached the largest amplitude value of 1.59 pu, but its previous condition of
1.41 pu would already trigger an overcurrent protection in such an extreme unbal-
anced condition. Nevertheless, the currents stayed within limits in all other modes

of operation with VIC on.
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5.4 S-STATCOM  Small-Scale Experimental
Setup

To validate the simulation results and effectiveness of the control strategy, a
small-scale prototype is built based on Figure [5.13] In addition to the depicted
components, it also needs voltage and current sensors, gate drivers and a DSP with
an 1/O interface, which will host all controls necessary for the prototype to work
properly.

Two reasonable priced Texas Instruments devices were used in this project. First
one is a development kit called LaunchPad model LaunchXL-F28377S with an em-
bedded C2000 series DSP TMS320F28377S (Figure[5.20). It has a 200 MHz internal
frequency, 1 Mb Flash memory, 164 kb of RAM, 24 ADC channels to collect exter-
nal data and 24 PWM channels for implementation of gate switching logic. The
LaunchPad has an USB interface for communication with the PC and exposed pins
for easy access to most of the DSP’s terminals, which are also fully compatible with

the next device.

Figure 5.20: Texas Instruments development kit LaunchXL-F28377S, now discon-
tinued

Second one is the BOOSTXL-DRV8305EVM BoosterPack add-on (Figure [5.21)),
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which is a three-phase inverter aimed for driving brushless DC motors that is fully
compatible with the LaunchXL-F28377S. It is made of three half-bridges with 2
MOSFETS each, with a maximum switching frequency of 200 kHz. It has current
and voltage sensors for the three phases and one for the DC side, each with a range
of 15 A RMS and 45V respectively. In addition, it has several embedded protections
on its drive stage, e.g short circuit and thermal. Its small and compact structure
fits over the upper portion of the LaunchPad and connects to it through the pins,
where all control signals are sent and received to ensure proper operation. Both
devices cover the converter part, control logic, communication with PC and sensor

data processing.

Figure 5.21: BoosterPack BOOSTXL-DRV8305EVM add-on for the LauchPad

Extra devices needed for the prototype are an external sensor to measure voltage
at the PCC and a startup circuit to disconnect the pre-charge resistors on command.
Figure shows the complete system.

In it one can view all the peripherals connected, forming the complete experi-
mental setup. The LC filter for each phase in the center of the figure connects the
DSP + BoosterPack assembly to the startup circuit. This in turn connects to the
step-up transformer and the voltage measurement circuit through a circuit breaker

and a second set of inductors representing Z;, which were used to emulate a weak

72



DC-Bus Capacitor

DSP+BoosterPack *“—?

Figure 5.22: S-STATCOM experimental prototype

grid at that point of connection, providing a more inductive characteristic to a net-
work that is predominantly resistive. Therefore, the point of connection with the
grid should be understood as the terminals of these inductors from now on. To the
left of the transformer, is the 6.5 mF' capacitor connected to the BoosterPack, which
has two capacitors of 0.33 mF connected in parallel on its DC bus, summing up to
7.16 mF.

The steps involved in the realization of the small-scale prototype, in addition to
the simulation, are: construction of the external voltage sensor, system boot circuit
construction and operation, C code creation for the DSP and sensor calibration.
Aside from the first one, each of those steps are well explained in [75] and will be

briefly reproduced here to outline the main characteristics of this project.

5.4.1 Voltage measuring circuit

The voltage measuring circuit is designed to condition the read signal to the limits
of the DSP analog-to-digital converter (ADC), which only recognizes voltage levels
from 0 to 3V. It consists of two 15:1 single-phase, open-delta connected transformers
on both the high and low side. On the low side, the common point of the open delta
connection was connected to the tap of a variable resistor of the type trimpot, which
in turn was connected between the 3.3 V level and the ground of the DSP, forming
a voltage divider, as shown in Figure [5.23

This scheme adds a DC offset to the sinusoids, placing them within the range
of positive voltage values required by the ADC. Another two trimpots were used to

adjust the amplitude of the resulting sinusoids so that they did not exceed the read

73



= TH

-

- T2

%H}HF

§ (£

—10nF

T
:

Ve
Figure 5.23: Voltage sensor used in the experimental small-scale prototype

limit values of the ADC. The conditioned signals in Figure [5.23| represent two line
voltages of the network, v,. and v,.. However, the control requires measurements of
the three phase voltages to function correctly. Therefore, a mathematical manipu-
lation is made to extract the three phase voltages from these two line voltage values
by assuming that there is no zero sequence component circulating in the converter,
which is reasonable since the whole system is 3-wire. From such conditions, it can
be stated that

Vg + vy +v. =0, (5.7)
Uab —I— ch + vca - 0 (58)

Next, a relationship between phase voltage v. and the measured line voltages

can be drawn, since it is a common voltage for both measurements. This yields

Vpe + Vge = Vg + v — 20,. (5.9)

From (5.7)), v. = —(v, + vp) and then (5.9) becomes

1
Ve = —§<ch + Vge)- (5.10)

By manipulating ((5.7)), (5.8) and (5.10), the following set of equations describing

the system phase voltages is obtained
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Vg = %(QUac - ch)7
Uy = £ (2Upe — Vae), (5.11)
Ve = _%(vac + ch)-

5.4.2 Startup Sequence

For the S-STATCOM implementation on a small-scale experimental setup, a
complete startup sequence is developed to safely initialize the system. Consider
the S-STATCOM power circuit shown in Figure where R¢ are the pre-charge
resistors connected through relay controlled switches, v, is the grid voltage, v, is the
S-STATCOM terminal voltages and Cy is the DC bus capacitor. The S-STATCOM
is powered down, i.e., V. = 0, the three-phase bridge’s switches are off and the

pre-charge resistors are connected. The startup sequence then goes as follows:

1) The CB is manually closed and Cj is pre-charged through R to avoid high
current surges. In a practical implementation, this would also power up the

sensors and control circuits, if they are not fed through an external source.
2) S-STATCOM control initializes the synchronization algorithm [64].

3) Once synchronization is achieved, i.e. when (4.8)) is satisfied, the SSSTATCOM

is ready to enter in one of its modes of operation.

4) When activating one of the modes, four actions occur simultaneously: activa-
tion of the converter switches, bypass of pre-charge resistors, activation of the

DC bus voltage control and deactivation of the synchronization algorithm

5) After the DC voltage regulation transient, the S-STATCOM will be fully op-

erational in the chosen mode.

In the initialization circuit, two resistors of 10 {2 in parallel per phase were used to
represent R¢ to limit the startup currents. Details of its construction and operation

are well developed in [75].

5.4.3 DSP code implementation

The code was written in the Code Composer software from the MonoMtrServo_-
377s_vl sample project available in the Control Suite extension. This approach
allows one to take advantage of the boot and protection routines of the DSP and

BoosterPack that are already set up. All control code was discretized as explained
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in Section [5.1.2l To implement the discrete transfer functions in C code, required

for programming the DSP, they should be rearranged in the form:

U(z)  bo+bizt 4 4 b1z 4 by 2™

H(z) = = 5.12
(2) E(z) l4+az7t+...+a, 12" +a,z" (5.12)

and then apply the time delay theorem [66], which means that:
U(z)z" ' = u|(k — 1)Ty). (5.13)

Therefore, the resulting equation is:

w(kTs) = boe(kTs) + bie[(k — 1)Ts] + ... + byp—re[(k — (m — 1))T] + bel(k — m) T+
o —aqul(k = DT — ... — ap_quf[(k — (n — 1))Ty] — apul(k — n)Ty],
(5.14)

which represents the transfer function output at the current time step in function
of the input and output values in previous time steps. This can be implemented in
C code with vectors to store the values of previous time steps. Other project details

such as sensor calibration are well developed in [75].

5.4.4 Experimental Results

Experiments with the small-scale prototype are carried out the same way simu-
lations do, as shown in the previous section. Results were collected with a RIGOL
DS1064B oscilloscope with phase voltage and line current measurements at the PCC.
The startup sequence is started as described in Section with the DC bus ca-
pacitor pre-charge. Figure shows the three-phase currents during the instant

of turning on the circuit-breaker that connects the system to the grid.
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Figure 5.24: Three-phase currents at system startup i.e. DC bus capacitor pre-
charge.
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Note that the current amplitude does not exceed 2 A, which is less than 0.5
pu, resulting in a safe system start-up. Once initialized and synchronized, the S-
STATCOM is then switched to g-mode with ¢,.y = 0. Although simulations indicate
that transients from step 4) of the startup defined in Section are safe, the DC
bus voltage control was implemented with a ramp of 1.5 s in its reference value as

an extra precaution, which is shown in Figure [5.25
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Figure 5.25: Step-up ramp on the DC bus voltage reference.

Once the DC bus reference voltage has been reached, the system is stable only
by absorbing active power to maintain it and is in Q-mode ready to receive a re-
active power command. Figure [5.26| shows the DC bus voltage and line current
transients after a -1 pu reactive power order. The command is answered quickly by

the prototype and the DC bus voltage transients closely follow the simulations.

160 . Gns ([ ey F B 96EmA
H H H H H w H H H H H

DC Voltage (V)

| : : 5 Q- mogde E b : : ) 02 04 06 08 | 12
..... Time [s
S Q=01 -l pu s (b)

CH1lz S.0@l CHZ~ 2.88A CHZI~ 2000 [HiEF0 2.068A
(a)

Figure 5.26: DC Voltage and line current transients for a -1 pu Reactive power
order. (a) Vg (blue) and 74 on the oscilloscope screen. (b) V. signal acquired from
the oscilloscope.

Since the whole system is 3-wire, verification of the reactive power is done with
measurements of two phase voltages and two line currents acquired from the oscillo-

scope, as shown in Figure The three-phase reactive power is then calculated
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by the mean value of the signal resulting from ([5.15]). The obtained value was -79.82
VAr.

1 ) ‘ ‘
Q= %((Ub — Ve)ig + (Ve — 0a)ip + (Vg — Vp)ic) (5.15)
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Figure 5.27: @ Phase voltages A and B (blue and red) and line currents A and
B (green and orange) for the S-STATCOM experimental setup in g-mode @ ¢, =
—1pu; (]ED Calculated reactive power signal in g-mode with an average value of -79.82

VAr

The next event is switching to V-mode. Figure shows the dynamics of
the DC bus voltage and line currents after the transition from Q-mode with Q,.; =
—1 pu to V-mode with V,.; = 1.0 pu. Since voltage at the PCC was higher than
1.0 pu before the S-STATCOM’s connection, it kept absorbing reactive power just
enough to fulfill the control setpoint, as predicted by simulations. Figure[5.28bshows
the regulated three-phase voltages with an amplitude of 13.17 V, approximately
0.996 pu.

On switching to Droop mode, the system is expected to reach a setpoint that
agrees with , where AQ is the change in reactive power between modes QQ and
Droop and AV is the change in the PCC voltage between modes V and Droop. Fig-
ure [5.29 shows the results for the Droop mode on the small scale prototype. The DC
bus voltage and current dynamics are in accordance with the simulation. Reactive
power and voltage amplitude at the PCC are -48.69 var and 12.67 V respectively,
resulting in a droop coefficient of 10.38.

Some results show a slight imbalance due to a mismatch between the Zg’ in-
ductors, which is also perceived in the calculation of power waveforms. However, it
was not enough to disrupt the control at any point during its evaluation, even in
initial the synchronization with grid, as it can be seen in the results above. This
characteristic of the setup was even one of the motivating factors for pursing an

imbalance compensator add-on to the basic synchronverter control.
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sients when switching from Q to V-mode. (b) Three-phase voltages at V-mode on
steady-state.
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Figure 5.29: Droop-mode measurements. (a) Vy. and I, transients when switching
from V to Droop-mode. (b) Phase voltages A and B (blue and red) and line currents
A and B (green and orange). (c) Three-phase voltages at Droop-mode on steady-
state. @ Calculated reactive power signal in Droop-mode with an average value of
-48.69 VAr
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5.4.5 Voltage Imbalance Compensation

At the small-scale prototype, the creation of an unbalanced grid was done the
same way as in the simulations, by adding an inductive impedance of Ry = 0.202
and Ly = 2.7mH in series with Z; on phase C. Moreover, the PR controller gains
on VICL are the same as in the simulations. The controller was analyzed with the
S-STATCOM on Q-mode and a reactive power order of -0.8 pu to emulate the worst
possible unbalanced conditions. The reactive power order could not be higher due
to a limitation of the BoosterPack current sensors.

The initial condition of the system’s voltages and currents in this scenario are

shown in Figure which agrees with the simulations (Figures and [5.19)).
The calculated voltage unbalance factor is 10.33%.
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Figure 5.30: Initial unbalanced grid conditions. (a) Three-phase (phase-neutral)
voltages: A in blue, B in red and C in green. (b) Three-phase (line) currents: A in
red, B in green and C in orange.

Figure [5.31] shows the results of VIC activation on grid voltages. Transients are
as fast as predicted in simulations and the new calculated voltage unbalance factor is
1.14%, ten times less than the initial condition. Line currents increased in the same
manner predicted in simulations, with the affected phase current 7. experiencing a

32% variation and 4, reaching the highest amplitude of 1.55 pu.
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Figure 5.31: Measurements for VIC-mode. @) VIC-mode activation transients of
the three-phase voltages, (]EI) Three-phase voltages at steady-state with VIC-mode
activated, VIC-mode activation transients of the three line currents, @ Three
line currents at steady-state with VIC-mode activated.

5.5 Results discussion

In this chapter, two systems were simulated to evaluate the S-STATCOM’s con-
trol performance in several modes of operation its. The first was a large-scale setup
with a 3 MVA system in a twin converter configuration, connected to a 25kV dis-
tribution grid equivalent circuit. The second was a small-scale 80 VA system with
a single three-phase converter, intended as a validation step to the implementation
of an experimental setup and lastly the experimental setup itself.

Both scenarios show that there is no limitation regarding converter topology
and any PWM based strategy can be implemented to drive the converter, using the
back-EMF' signal e of the model as control signal. Parameter tuning of the DC
bus voltage PI controller through the developed guidelines was effective, with DC
bus voltage dynamic showing a well balanced compromise between settling time and
overshoot. Also, the S-STATCOM control itself performed well in all scenarios and

operation modes, reaching their designated set points with smooth dynamics and
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withstanding the transitions from balanced to unbalanced grid conditions.

When the S-STATCOM VIC-mode is on, it essentially acts as an active filter
supplying oscillating power locally and compensating voltage imbalance at the PCC
and buses upstream. Therefore, to generate the oscillating power with a balanced
set of voltages, the negative sequence current component must increase, causing
significant variations in the amplitude of each line current. Such effect is noticed
in all scenarios and in the experimental setup, with an average of 30% variation in
the amplitude of the current in the affected phase that originated the unbalanced
condition. Current amplitudes reached as high as 60% above nominal capacity,
which would certainly trigger overcurrent protection. However, even considering
this situation a control limitation or design factor, it must be taken into account
that it was observed under extreme steady-state operation conditions unlikely to
occur in a real world scenario. In V and Droop modes with VIC activated, currents
were well within range in both systems. Even with the highly unbalanced currents
when VIC was on, the S-STATCOM modes were not significantly affected, mainly
because of the filtering in T, and ¢ calculations, as well as in the voltage measurement
signals by the DSOGI4PNSC structure.
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Chapter 6
Conclusions and Future Work

In this thesis, a synchronverter based STATCOM control was developed with
voltage imbalance compensation capabilities to be used in distribution and micro-
grids. A synchronous machine model is developed in space vector representation to
serve as basis of the main model, due to its simplicity of implementation, reduced
computational effort and easier compatibility with resonant controllers. The Volt-
age Imbalance Control Loop takes advantage of this feature by utilizing a DSOGI
tuned by the active power loop to detect the negative sequence voltage of the grid
and compensate it through PR controllers.

In addition to the standard modes of operation of a STATCOM, the proposed
solution is also capable of synchronizing with the grid without PLL of FLL circuits.
A small-signal model is developed to better understand the system dynamic behavior
and tune its parameters. Simulations in large and small scale were conducted to
evaluate the control performance in each mode of operation. In both scenarios,
the control performed well and reached all of its designated set points, showing
that it is capable of performing the tasks of a regular D-STATCOM. The voltage
imbalance compensation capabilities makes the S-STATCOM perform as an active
filter, locally supplying the oscillating power required by the source of imbalance
and fully compensating the voltage imbalance at the PCC and upstream, which is
clearly seen in the large scale simulation.

The S-STATCOM manages to compensate the voltage imbalance in all scenarios,
at the cost of highly unbalanced line currents with amplitudes reaching as high as
1.6 pu under extreme conditions. However, they did not interfere significantly in
the control modes due to filtering of the S-STATCOM voltage and power signals.

An experimental prototype based in the small scale simulations was also built to
validate the control and it performed as expected, following its designated control
references with dynamics close to the ones observed in simulations. Although the
S-STATCOM showed excellent performance compensating voltage imbalance, the

highly unbalanced currents are a limitation for its deployment in the field, which
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requires higher converter ratings then the nominal capacity of the system, along

with additional overcurrent protection.

Suggestions for future work

e Evaluate the S-STATCOM performance on grid disturbances (faults, load
shedding, voltage flickering, etc);

e Oscillating power-flow analysis and oscillating power sharing at fundamental

frequency;
e Include converter safety measures, i.e peak current limitation;

e Evaluate reactive power sharing through voltage droop control with several
units (S-STATCOM or other systems with voltage droop control).
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Appendix A

Space Vector Concept

Vector representation is a widely used technique in the field of power electronics
[55]. It consists of taking time varying quantities to compose vectors on the complex

plane. For instance, consider the set of three-phase balanced sinusoidal voltages

Ve = V,sin(wt + ¢y ),
vy = V,sin(wt + ¢y — 271/3), (A.1)
ve = V,sin(wt + ¢y — 47/3),

where V, is the voltage amplitude, w the angular frequency and ¢y the phase. A

space vector representation of this voltages will be
Vope = Va€’® 4 0,723 4 g ed4/3, (A.2)

where e72"™/3 =0, 1,2 is a unitary complex phase shifter. By replacing 1 in
(A.2) and using the identity e/’ = cos(d) + jsin(f), the voltage vector v,,. can be

rewritten as

3 3 »
Ve = = Volcos(wt + ¢y ) + jsin(wt + ¢y)] = Vel witév) (A.3)

—abe 9 2
demonstrating that the voltage vector v, has constant amplitude and rotates with
the same angular frequency w, direction and sequence of the time varying voltages
(A.1). Now, when applying the Clarke’s power invariant and amplitude invariant
transformations to voltages (A.1)), it results in the following:

Vo = \/gvo cos(wt + ¢y )

: A4
Vg = \/gvg sin(wt + ¢y) (A4

Power Invariant —
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vV = V, cos(wt +
Amplitude Invariant — ( o) : (A.5)

vg = V,sin(wt + ¢y)

Notice that the o and # components of both Clarke transformations are similar
to the real and imaginary parts of [A.3] respectively. This means they can compose
a vector in the complex plane that rotates in the same way (A.3)) does, and has the
form:

Vag = Uy + jU,B~ (AG)

Therefore, the relationships between norms, i.e amplitudes of the space vector

representation and Clarke’s complex vectors are:

2
Power Invariant — v,z = 3 Yabe: (A7)
Amplitude Invariant — vap = 3¥abe: (A.8)

Now, consider the following set of three-phase currents:

iq = I,sin(wt + ¢1),
ip = I,sin(wt + ¢y — 27/3), (A.9)
ie = I,sin(wt + ¢y — 47/3),

where I, is the current amplitude, w is the angular speed and ¢; the phase. By
creating the i, space vector as in along with complex vectors using each of the
Clarke’s transformations, apparent power S = vi* can be calculated and compared
for each representation. Active and reactive power as stated by the instantaneous
power theory [55] uses Clarke’s power invariant transformation and will be used as

baseline for comparison:
Vaﬂij;ﬁ = Ua’ia + Uﬂig + j(Uﬁ’ia — Uaiﬁ)
3 3 i
= 5‘/;[0 cos(¢y — ér) + JEVOIO sin(¢v — ¢r) (A.10)
= P3p + jQs4,

where P, is the three-phase active power of the system and ()34 is the three-phase
reactive power. If the same calculation os repeated for voltages and currents rep-

resented in Clarke’s amplitude invariant transformation, active and reactive power
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would result in:

Vagizﬁ = Ualaq + Vglg + j(Ugia — ?)a’ig)

= VoI, cos(dy — ¢1) + jVolosin(oy — ¢1) (A.11)

2

2
3 3¢>+J3Q3¢

As for the space vector representation, active and reactive power are:

3\° .
Xabci:;bc = (5) ‘/;[oej((bv_(z)l)

3\? 3\?
= <§) VoI, cos(py — ¢r) + (§> VoI, sin(opy — @) (A.12)
3

3
:—P .—
5 3¢>+32Q3¢>

In conclusion, a control strategy on the stationary frame of reference using
Clarke’s power invariant transformation will be in compliance with the instanta-
neous power theory, with power calculations representing the actual three-phase
power of the controlled system but stationary frame voltage and current amplitudes
scaled by a \/ﬁ factor compared to the actual phase amplitudes. However, if
the control uses Clarke’s amplitude invariant transformation, stationary frame com-
ponents amplitudes will match the actual phase amplitudes, but calculated power
will represent only 2/3 of the three-phase power, meaning that a reference value
for a power control loop would need so be scaled by 3/2 to compensate. As for
the space vector representation, calculated power represents 3/2 of the actual three-
phase power and stationary frame components amplitudes are also scaled by 3/2 in
comparison with the actual phase values. But notice that if a control strategy based
in a space vector model is fed with quantities in the stationary reference frame rep-
resented by Clarke’s amplitude invariant transformation, their scaling factors cancel
out and calculated power will represent the actual three-phase power of the sys-
tem, besides the stationary frame components amplitudes of voltages and currents

matching the actual phase values.
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