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Kurzfassung

In den vergangenen Jahren ist das Energielibertragungssystem mit der Zunahme der
Produktion angewachsen. Jedes Jahr werden daher neue Ubertragungsnetze in Betrieb
genommen und die bereits bestehenden Ubertragungsnetzwerke werden erweitert. In der
Vergangenheit wurde der Strom in groflen Kraftwerken zentral erzeugt und vom
Hochspannungsnetz Ubertragen. Jetzt werden jedoch zunehmend auch groRe Mengen der
elektrischen Energie vom Nieder- und Mittelspannungsnetz (bertragen. Die Anlagen zur
Nutzung der erneuerbaren Energien sind grundsétzlich auf der Mittelspannungseben
angeschlossen. Die modernen Netze missen somit nicht nur  mit einer schwankenden
Stromerzeugung sondern auch mit verschiedenen Fehlern umgehen kdnnen. Mit wachsender
Netzausdehnung steigt auch die Wahrscheinlichkeit fir einen Fehlereintritt. Folglich missen
neue Verfahren entwickelt werden, um die Zuverldssigkeit und Stabilitat der Netze auch im
Fehlermodus zu verbessern.

Derzeit werden oft kompensierte Mittelspannungsnetze zum Schutz vor einphasigen
Erdfehlern verwendet, wobei der Neutralleiter entweder (ber eine Drossel oder einen Widerstand
mit der Erde verbunden ist. Damit kann der Fehlerstrom begrenzt und die Netze im Fehlerfall
weiter betrieben werden. Gleichwohl haben auch die modernen passiven Kompensationsanlagen
Probleme mit der Abstimmgenauigkeit, den Abmessungen sowie aufgrund der Komplexitat des
Antriebssystems. Moderne leistungselektronisch basierte Kompensationsanlagen werden
zunehmend in MS-Netzen eingesetzt, um die Blindleistung (STATCOMs) zu kompensieren und
nichtlineare Laststrome zu filtern. Sie kdnnen auBerdem verwendet werden, um den Fehlerstrom
zu kompensieren und eine optimale Ausnutzung der Ubertragungskapazitaten der Leitungen zu
ermdglichen. Da diese innovativen leistungselektronischen Kompensationsanlagen bei relativ
hohen Frequenzen arbeiten, kdnnen auf’erdem wertvolle Materialien wie Kupfer und Stahl, die
fur die 50-Hz-Drosseln notwendig sind, eingespart werden.

Diese  Arbeit  widmet  sich der Entwicklung eines Hochleistungs-
Mittelspannungswechselrichters ~ sowie  dessen  zur ~ Kompensation  notwendigen
Steuerungssystems. Der Kompensator dient  dabei zur Eliminierung des einpoligen
Erdfehlerstromes (Grund- und Oberschwingungskomponenten) und kann daher im
Ubertragungssystem als Aquivalent der Petersonspule oder des Widerstands betrachtet werden.
Der auf der Hilbert-Transformation basierende Steueralgorithmus wird ebenfalls erértert.

Kapitel 1 enthdlt Informationen zu vorhandenen  Erdungsmethoden und
Kompensationstechniken. Dartber hinaus werden ihre VVor- und Nachteile diskutiert. Es werden
verschiedene Konfigurationen fir Spannungswechselrichter untersucht, die fir Anwendungen
bis in Bereiche der htheren Mittelspannung geeignet sind.

In Kapitel 2 wird die vereinfachte Ersatzschaltung eines Netzwerks betrachtet.
AnschlieBend werden die analytischen Gleichungen in af-Koordinaten flr die verschiedenen
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Moden abgeleitet. Basierend auf diesen Erkenntnissen wird die symmetrische
Komponentenmethode zur Steuerung des Umrichters vorgeschlagen. Eine verallgemeinerte
Methode der symmetrischen Komponenten, die auf der Hilbert-Transformation basiert, wird
vorgestellt. Darlber hinaus sind die Algorithmen zur Hilbert-Filtersynthese angegeben.

Kapitel 3 verwendet eine Wechselrichter-Ersatzschaltung, um die Regelungsstruktur zu
entwickeln und deren Parameter zu bestimmen. Ein Betriebsartenregler wird entworfen, um den
Fehlerbeginn und das Fehlerende (Loschen oder Selbstléschen) detektieren zu kénnen. Dariiber
hinaus wird ein Algorithmus zur Bestimmung der Erdkapazitit des Netzes vorgeschlagen, um
den notwendigen Erdfehlerstromsollwert zu bestimmen. Zum Schluss werden komplexere
Verteilnetzstrukturen betrachtet. Die Struktur der Oberschwingungskomponentenregler wird
abgeleitet und deren Besonderheiten bezuglich der betrachteten Netzkonfiguration diskutiert.

Die Simulationsergebnisse sind in Kapitel 4 zusammengefasst. Die Simulation erfolgte
unter Nutzung des Programmsystems Matlab/Simulink. Durch die Simulationsergebnisse fur die
jeweiligen Netzwerkmodi konnten die zuvor abgeleiteten Algorithmen verifiziert werden.



Abstract

In the last years, the power generation systems have increased constantly with the increase
in production. Every year new distribution networks are put into operation. The already existing
networks are expanded. Moreover, in the past the power had been generated centrally in large
power plants and transmitted by the high-voltage transmission grid, now vast amounts of the
electric energy are handled by the low- and medium-voltage grid. The renewable energy sources
are basically united in medium voltage grids. The modern grids has to be able to handle the
fluctuating power generation and various sort of faults. With the growing grids the fault chance
increases. Consequently, the new methods have to be developed to improve the reliability and
stability of the grids in fault modes.

Currently, to protect from one-phase ground faults the compensated networks are used
with the neutral connected with the ground through the reactor or resistor. It allows to limit the
fault current and the networks be able to be operated. Nevertheless, the modern compensation
devices have the problems with the tuning accuracy, dimensions and the complexity due to the
drive system. The modern power electronic devices are used in MV grids to compensate the
reactive power (STATCOMSs) and to filter the non-linear loads currents. They could be used to
compensate the fault current and to allow the optimal utilization of lines as well. Moreover, since
these converters operate at relatively high frequencies, valuable materials like copper and steal,
used for 50 Hz reactors, can be saved.

This work is dedicated to the development of a high-power medium-voltage power
converter and its control system. This converter is used to compensate the one-phase ground
fault current (main and high frequency components) and therefore is considered as the equivalent
of the reactor or resistor in the classical system. The control algorithm based on the Hilbert
transformation is proposed as well.

Chapter 1 gives the information about existing grounding methods and compensation
techniques. Moreover, their advantages and disadvantages are discussed. Different dc-ac
converter configurations suitable for high-power medium-voltage applications are considered.

In chapter 2, simplified equivalent circuit of a network is considered. The analytical
equations in af-coordinates for the different modes are being obtained. Based on the findings,
the symmetrical components method is proposed to control the converter. The generalized
symmetrical components method based on the Hilbert transform is introduced. Moreover, the
Hilbert filter synthesis techniques are given.

Chapter 3 examines the converter equivalent circuit to develop the control structure and to
determine the controller parameters. The modes controller is introduced being able to define the
fault start and the fault finish (extinguishing or self-extinguishing). Moreover, the network
capacitance measure technique is proposed to determine the possible ground fault current value.
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Finally, the complex distribution grids are considered. The high-frequency components
controllers are introduced and compared in terms of grid configuration.

The simulation results are given in chapter 4. The simulations are carried out in Matlab
Simulink. The simulation results in different network modes are examined to confirm the

obtained algorithms.
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CHAPTER 1. NEUTRAL GROUNDING OF POWER DISTRIBUTION
SYSTEMS AND CAPACITIVE CURRENT COMPENSATION METHODS
IN MEDIUM VOLTAGE NETWORKS.

This chapter gives the short overview of the existing alternating current (AC) systems
neutral treatment techniques. The overview includes advantages and challenges of the methods
concerning AC networks grounding. The motivation of the active converter medium voltage
alternating current (MVVAC) system grounding is given. The different converter topologies are
considered.

This chapter closes with the aims and objectives of the thesis.



Neutral grounding classification

The method of a neutral-point treatment is not important during the normal operation of a
grid. However, the neutral grounding methods have a wide effect on the system behavior in the
fault modes. As well as a lot of technical and economical network features (short circuit
capacity, surge and overvoltage protection, insulation types, protective relaying etc.) depend on
the neutral grounding modes. The grounding modes directly affect the system behavior and the
maximum levels of the earth-faults currents. Many papers and standards have discussed the
grounding of electrical distribution systems [1, 2]. Currently the neutral grounding method of
power systems can be classified as follows [3]:

o Solidly (effective) grounded system (Figure 1.1);

Neutral ungrounded system (Figure 1.2);
Arc-suppression coil neutral grounded system (Figure 1.3);

o Resistive neutral grounded system (Figure 1.4).

In the solidly grounded system all the transformers installed at substations belonging to the
same rated voltage are solidly neutral grounded (Figure 1.1). Overhead transmission lines are
usually solidly grounded. The high value one-phase ground fault (GF) current is the distinctive
feature of the solid grounding. The GF current may exceed the 3-phase fault current in a solidly
grounded system. Nevertheless, the high value fault current is cleared quickly by the relay
protection devices. In Europa, AC distribution networks in excess of 110 kV are solidly
grounded (high voltage alternating current (HVAC) networks), mainly because of the insulation
costs rise. Almost all the medium voltage (2 — 35 kV) networks are operated as the neutral
ungrounded systems with the three-phase connection of the feeders (Figure 1.2).
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transformer Transml_ssmn
HV line

Power
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Figure 1.1 Solidly grounded system
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Figure 1.2 Neutral ungrounded system
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Figure 1.3 Arc suppression coil (ASC) neutral grounded system
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Figure 1.4 Resistor neutral grounded system
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By far, distribution systems around the world have evolved into different forms. And
different approaches in the system grounding are used. For example, in North America the four-
wire multiground medium voltage systems predominate [4]. A phase and the neutral supply
single-phase loads connected to the phase-to-ground voltage. Each load is supplied by the single-
phase step-down transformer (Figure 1.5). Distribution overhead lines are divided into several
circuits by the automated switches or reclosers. The recloser is the specialty distribution pro-
tective device which is capable of automatically reclosing and interrupting fault current [5, 6].

HV/MV
transformer

4_@—- Distribution
Network

Loads

-

e

Figure 1.5 Four-wire multigrounded system

One-phase ground fault and neutral ungrounded system

The one-phase GF is the most frequent accident likely to take place in medium voltage
systems. The relationship between fault causes and the fault type was surveyed for example in
[7, 8] and is shown in Table 1.1.

Table 1.1
Fault Percentage
One phase to neutral 63%
Phase to phase 11%
Two phase to neutral 2%
Three phase 2%
One phase on the ground 15%
Two phase on the ground 2%
Three phase on the
ground 1%




This statistic cannot fully demonstrate the situation, but the predomination of the one-
phase faults can be seen.

The intentional neutral grounding connections do not exist in the neutral ungrounded
system. These networks have the advantage to be able to be operated with the sustained fault
until the fault is cleared. The absence of the neutral connection results in low values of the one-
phase GF current equal to the system capacitance current. It happens because there is no return
path available for the earth fault current to flow. However, the current still flows from a faulted
phase conductor to the ground through the phase-to-ground disturbed capacitance (Figure 1.6).

[ Load

Ca Cb CC

Figure 1.6 Equivalent circuit of the faulted isolated neutral system

When the one-phase GF occurs, the fault current mainly returns in the two healthy phases
through the phase-to-ground capacitances. Nevertheless, three-phase load transformers are
supplied by the line voltages and the GF does not affect the feeders. It can be seen in Figure 1.7
keeping the line voltages without any changes. The vector diagram in Figure 1.7 (a) is supposed
without existence of the negative voltage sequence. Therefore, the faulted line can be operated in
the presence of the earth-fault. However, the earth-fault has to be eliminated due to the following
reasons:

- Whenever the GF occurs, the unfaulted phase voltages increase and become

approximately \/§ times nominal phase voltages. The decreasing of the unfaulted phase
insulation could result the two-phase fault with more damage as well;

- There is a chance that line workers and public would be subjected to touch and step
voltages with the GF current flowing through the pole;

- Sometimes the voltage of the faulted phase can fluctuate creating significant overvoltages
due to the arcing GF [9, 10]. The arc is an electrical phenomenon in which the voltage of the
faulted phase would have been fluctuating due to the capacitive charging current.

5
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According to electrical installation rules (EIR) [11] 6 — 35 kV networks can be operated
with the isolated neutral. However, there is the current threshold above which the network must
be grounded (compensated) through a reactor or a resistor [12]. In Russian Federation the

isolated neutral system must be equipped with the arc suppression coil or the resistor with level
of the earth-fault current more than 10 A (RMS).

In Germany [13] the residual GF current should be less than 60 A (RMS).

e a ‘-“ e a

Ua ual

a) b)

Figure 1.7 Vector diagram before (a) and after (b) the phase a one-phase GF

The existing of the high frequency components in the ground fault current is one of the

important problems as well [14]. In [12] the ground fault current of the 10 kV substation was
measured and the harmonic composition is shown in Figure 1.8.
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Figure 1.8 Effective ground fault current values for 10 kV substation

The high frequency components can be generated by the voltage sources or by nonlinear
loads. In the Chapter 3 this case will be considered in details.

Thus, there are following neutral ungrounded system disadvantages:

o Overvoltages during ground fault transient process;

e The arcing faults likely to occur;

o Phase-to-ground insulation have to resist to the line voltages (or even higher voltages);

o Complexity to locate a fault;

« Dangerous for the general public and operational staff;

o Protective devices failure to operate.

Arc suppression coil neutral grounded system

In order to reduce the GF current the reactor connected between the substation transformer
and the ground is used. The reactor was suggested in 1916 by Petersen [15] and currently is
called arc suppression coil (ASC) or Petersen coil.

The reactor inductance can be adjusted to match closely the network phase-earth
capacitance. Consequently, the result fault current is resistive and low in magnitude depending
on the accuracy of the adjustment. But, during the arcing fault the voltages of the unfaulted
phases can be even higher due to the departing from the ideal tuning. It can stress the insulation
and convert the one-phase GF into phase-to-phase fault. Whenever the earth fault occurs, the
earth fault current flowing through the fault place causes the line-to-neutral voltage across the
ASC (Figure 1.9).



Load
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Figure 1.9 Equivalent circuit of an ASC grounded faulted system

This produces the lagging inductive (compensating) ASC current that flows from the
reactor to the ground. At the same time the leading capacitive current flows from the two
unfaulted lines through the capacitance to the ground and to the fault. The lagging current from
the reactor and the leading current from the disturbed capacitance are 180° out of phase. By the
properly reactor tuning, the inductive and the capacitive component can compensate each other,
leaving only the small resistive current component [16]. Thus, with the sustained fault the net-
work can operate until the fault can be cleared. If the ground fault is in the air, it may be self-
extinguishing. The selection of the ASC impedance should be performed for example by the
methods [17, 18]. At the same time the suppression of the arc can be possible by the ASC tuning
within limits described in [19, 20]. Departing from the ideal tuning can cause the hazard
overvoltages.

Nowadays, there are regulated and unregulated ASCs and they can be classified according
to the following features:

1. Uncontrolled reactors.

2. Drive-controlled reactors.

Uncontrolled reactors have a fixed impedance (calculated by the standards) to decrease the
ground fault current to an acceptable value. In fact it is inductance connected between the neutral
and the ground.

Drive-controlled reactors can be tuned in resonance with the total system capacitance to
eliminate the ground fault current. It can be done by the variation of the winding turns, the air
gap adjustment or the magnetic flux adjustment.



There are some thyristor controlled coils [21] as well. In series with the coil the thyristor
switch is connected controlling mean value of the coil current. Thyristor controlled coils
overcome above drawbacks. However, they generate the low order harmonics. The thyristor
commutation can result the network interference as well.

The following types of control principles are used [22]:

1. Artificial earth fault;

2. Residual neutral voltage analysis;
3. 50 Hz current injection;

4. Double frequency current injection.

The artificial earth fault method is based on the searching of the GF current minimum by
the ASC adjusting. It leads to the compensation in case of the fault. But it is not used to control
ASCs but only to check the quality of the control algorithm.

The next method supposes the system to have the natural asymmetry. However, the
symmetrical system is likely not to generate the residual voltage. At the same time, when the
system generates the residual voltage, the 50 Hz current injection method could probably lead to
the wrong measurement result.

The double frequency current injection method does not have the disadvantages of the
previous techniques. However, in ASC grounded systems it is supposed to have an additional
equipment to generate the double frequency current. It will be discussed in the Chapter 3.2
applied to the active power converter.

There are following advantages of the ASC neutral grounded system:

o Ability of the continuous operation with the sustained fault;

e Low fault current in magnitude (resonance tuning);

o  Self-extinguishing capability of the one-phase GF (only in overhead lines).

Despite the active using all types of ASCs in the modern medium voltage systems it still
has the following drawbacks:

o Arc overvoltage possibility under departing from the ideal tuning;

o  Transformation possibility into two-phase fault under departing from the ideal tuning;

o Large weight and dimensions;

e Precise mechanical drive system requirement;

e Inability to compensate high frequency components (the complex passive structures
should be used).

Resistive neutral grounded system

The resistive neutral grounding method is wide used as well (Figure 1.10). It can be an
alternative to the ASC neutral grounded system. It was also proposed by Petersen in 1916.

9
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Figure 1.10 Equivalent circuit of a resistor grounded faulted system

According to [16] there are two neutral grounding methods through the resistance: the high
resistance grounding and the low-resistance grounding. Although there are no recognized
standards for the levels of the ground fault current that define these two classes, in practice there
is the clear difference. The high-resistance-grounded system is designed to limit the GF current
to the value that could be allowed to flow for an extended period of time, maintaining the service
continuity. The transient voltages from the arcing GFs are also reduced. Usually, the GF current
IS limited to 10 A or less.

High-resistance grounding method has the following advantages:

o Transient overvoltage is decreased due to the ground fault current value restricting;

e Service continuity is maintained,;

o Public safety.

However, there are following drawbacks:

o Electrical system growth restriction due to the finite resistance value;

e Necessity of the resistance thermal protection.

The low-resistance grounded system is designed to obtain the sufficient ground fault
current for the selective relay operation. Typically the GF current is between 100 A and 1000 A.
The low-resistance grounding has the advantage of contribution the direct and selective
disconnection of the faulted circuit. It requires the GF current to be large enough to actuate the
GF relay protection. The low-resistance grounding method has the following advantages:

« Direct and selective disconnection of a faulted circuit;

e Transient overvoltage decrease.

However, there are following drawbacks:

e The electrical system growth restriction due to the finite resistance value;

e Service continuity is not maintained,;
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e Necessity of the resistance thermal protection;

e Ground fault current value increase.

In some cases for the both classes the neutral point has to be provided by the special
auxiliary transformers (star-interstar or zigzag).

Lately, many articles about the ASC with the parallel resistance grounding have been
published [23, 24]. Authors point out the following advantages:

e Simultaneous capacitive current compensation with improving the decay rate of
overvoltage;

e Increase the arc self-extinguish probability.

However, this grounding method is demand more thorough research and experiments.
According to the articles [25 — 27] there are no advantages compared to the classic methods
(ASC and resistance grounding).

The listed drawbacks showed that the issue about the grounding methods remains open.
Currently, the continuous power and length growth of the networks can be observed. And more
and more new resistors and arc suppression coils need to be installed. At the same time, the
active power converters are more and more used in the distribution networks and feasible
topologies for a wide variety of applications aroused in the last decades. A relatively young
research field is the use of active power converters for the neutral grounding. Recently some
publications about active converter grounding have been published e.g. [28 — 31]. Modern power
electronic devices allow to be used in medium voltage networks to protect from GFs and to
control the neutral grounding. In the GF mode such device is able to compensate the capacitive
fault current by injecting the zero-sequence current.

Active power converter grounded system

As stated in the previous section, the active power converter grounding can be used as the
alternative to the existing neutral treatment techniques. Furthermore, the active earth fault
current compensator (AEFCC) has more advantages compared to the ASC or the resistor. It can
be utilizable for different purposes. However, depending on the task the different features can be
required. The following section presents the different converter topologies regarding the
application purpose.

The converter topologies mainly differ in their functionality, galvanic isolation, voltage
level and number of phases. The converter can complement the existing neutral grounding
method as well.

The first topology depicted in Figure 1.11(a) represents the one-phase converter connected
between the neutral and the ground. The converter can operate with the ASC in parallel as well
(Figure 1.11 (b)). By controlling the neutral (zero) current, the proper ground fault current
compensation is ensured. Regarding to the converter, any topology of multilevel ones can be
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used. The applicability of this topology is limited by being able to control only zero sequence.
The application with the step-up transformer is permitted to allow higher voltage levels.

__L ASC __L
f*@J . *@J

(a) One phase converter topology (b) One phase converter topology
with ASC

g (g

1] _
EAAS

(d) Three-phase isolated
converter topology

| T [
B
i ! : : : |
| R T
l
PN RGN,
I ! I
RGN -
Il K S
(e) Three-phase MMC topology (f) Three-phase hybrid topology

Figure 1.11 Power stage topologies

The three-phase topologies are depicted in Figure 1.11(c), (d), and (e). The three phase
topologies expand the converter functionality. The GF current compensation is ensured as well
by splitting DC capacitors to create the neutral. The 4-leg converter can be used but it has larger
number of switching devices. Furthermore, the positive and negative sequences can be
controlled. Thus, the converter acquires the features of the active power filter. For the proper GF
current compensation the negative sequence control is required as well. It will be shown in the

next chapters. Thus, there is one more drawback of the one-phase topology.
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To achieve the required voltage level the additional step-up transformer should be used in
some cases (Figure 1.11(d)). It should be noticed that the transformer has to be five-limbed to
allow the zero sequence magnetic flux to flow. At this point of view the modular multilevel
converter (MMC) structure (Figure 1.11(e)) has the advantage allowing very high voltage levels
by the series connection of the bridge or half-bridge modules.

Regarding to the converter, any topology of multilevel ones can be used as well as four leg
multilevel ones. The disadvantage is only the control range while using the converter as the
ground fault compensator and the active power filter at the same time.

To avoid the disadvantage of the three phase topology the hybrid converter depicted in
Figure 1.11(f) can be used. It consists of two converters with the common DC link. The one-
phase converter is intended to control the zero current and to create the neutral connection. The
second one has to control the negative sequence, to eliminate the high frequency components and
to maintain the DC capacitor voltage.

The ability of the joint operation of the all topologies with the ASCs or grounding resistors
is supposed.

Summarizing, the active power converter grounding has the following advantages:

e High accuracy;

e Hast response time compared to arc suppression coil;

o Decreasing weight and dimensions;

e Increasing efficiency;

e Autonomous operation capacity;

e Ground fault current value determination ability algorithmically without additional
equipment;

This work focuses on the three-phase multilevel neutral-point clamped converter. This
topology is universal for the all kind of networks. The proposed algorithms can be demonstrated
to control zero and negative sequences.

Sections conclusions

1) The literature analysis has showed the current state of research. The comparison of
grounding methods is performed as well as GF current compensation methods. The main
advantages and drawbacks have been specified.

2) Despite widespread using there is still the scientific problem to provide the service
continuity and the sustainable network operation. The existing grounding methods not in all
cases are able to manage with the tasks.

3) The use of active power converter as the grounding device contributes significant
improvement of the network operation whenever the fault occurs.
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4) Power converter grounding device is not investigated enough to be used as the
protective compensation device. The main problems to be solved to develop the AEFCC are
presented in the aim and objectives of the thesis.

Aim and objectives of the thesis

The aim is to develop the AEFCC and its control system to be applied to compensate
ground fault capacitive current and high frequency components. The control algorithm can be
used in the already existing active filters or reactive compensators as an additional option.

Obijectives of the thesis to be solved:

1) To perform the analytical review and to develop an average mathematical model of the
AEFCC grounded network.

2) To develop the suitable control strategy for the proposed AEFCC to adjust in-
dependently the positive, the negative and the zero sequence current as well as high-frequency
components.

3) To verify both the proposed grounding method and the control strategies by the
simulation.

3) To perform the comparison of the obtained control strategies to be suitable to provide
the required compensation and the adjustment quality. The various techniques are to be
compared with respect to features, advantages, drawbacks.

4) To develop the algorithm to determine the ground fault current value, the ground fault
presence, the ground fault self-extinguishing. The algorithm should be adjusted to every mode
and to switch between them.

5) To select the suitable power converter topology to be able to operate with the medium
voltage.

6) To simulate the selected power converter topology with the developed control
algorithms to confirm the results obtained in every mode.

14



CHAPTER 2. MATHEMATICAL MODEL OF THE GRID

This chapter describes the mathematical model of the network in modal coordinates to
realize the compensation principle. Based on the model, some transient processes with the
converter are considered and the converter influence on the ground fault current value is
investigated. Both the isolated neutral system and the ASC grounded neutral system are
considered.

Furthermore, to design the control system two different techniques to decompose the
system into symmetrical components are considered and compared.
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2.1. Three phase coordinate model

The three-phase system can be represented as it is shown in Figure 2.1.1.
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Figure 2.1.1 Equivalent circuit of a neutral ungrounded system

As it mentioned before, there is no connection between the system conductors and the
ground. Nevertheless, there is always the capacitive coupling between each phase and the ground
due to the disturbed phase-to-ground capacitance. The capacitance between the phases exists as
well, but it has little effect on the system characteristics and is disregarded. The network can be
considered as the linear and symmetrical system. Since, the parameters distribution has no
contribution on the processes considered, all capacitance and inductance are assumed to be
equal. The case when the network parameters should be considered disturbed or lumped will be
considered in Chapter 3.3. In general case, any number of RL loads Lar, Lbt, Let, Rat, RoL, ReL are
supplied by the system.
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The mathematical model can be expressed in the basis of phase variables F = [é

Referring to Figure 2.1.1, the following equations can be obtained in matrix notation:

=it (R [ i R ] e,
R LB =0

i =i i =i i i (2.1.1)

j<m -[RL'“]+[L"‘“]dL$—uk +uM =0

© ~[cr]aut
dt

As one can see from the equation 2.1.1, the three phase circuit is very complicated to solve
it directly. For a better overview, the Clarke transformation is more conveniently to describe
transmission lines. One can obtain three one phase equivalent circuit which can be solved easier.
The symmetrical coordinate method can be applied as well. However, regarding the GF the

Clarke components method is more convenient.
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Clarke components model

According to the a-$-0 coordinate method currents and voltages can be defined by the
following equations:

u, . 2 -1 -17u,
Us |=3 0 V3 -V3||u, |= Uogpo :[Ta/m]'uabc
U, 1 1 1 U,
- _ (2.1.3)
I, . 2 -1 -1 |1,
i,/i :g 0 3 _\/§ : ib = iapo :[Tapo]'iabc
iy 11 1 I
And respectively the inverse transform ([T,, 2 }1is the inverse matrix):
1 0 1
uabc = [Tam}l : ua,BO’ iabc = [Tam}l ’ iaﬂO’ I:Taﬁo}l =|-1/2 \/§/2 1 (214)
~1/2 -+3/2 1

For simplicity the equivalent circuit (Figure 2.1.1) involves only one load. The definition
of a-$-0 components from the equation 2.1.1 is:

Capo =€ - Taﬂ0] e" =€y [T“/"” }1

i;po =i ‘[Tapo] i = i;ﬁl' '[Taﬁo}l

ifﬂo =i '[Ta/m] i© = i§ﬂ0 '[Taﬂ0}1

o = 1" [T =ity [T

Uz = U -[Ta/m] uk =uk, .[TW}1 (2.15)
iy =, - [T, U, =uy-[T

Uy = Uy - [Taﬂo] u, = U, '[Taﬂo }1

Substituting the equation 2.1.5 into 2.1.1:
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Capo [a/m} =i;ﬂo'haﬂ0}1‘([Rs] [ ])+ I,,/;o [ aﬂ0} -([Ls]+[L”])+..

+ uaﬂ0 -[Ta/m}l - 2/}0 'haﬂ0}1 (2.1.6)

aﬂ0 [aﬁo}l [RL]+ 'apo[ ﬂ0}1 [LL] uaﬂﬂ [aﬁO}l_uaﬂ0 [apo}

a/m [Taﬂ0} = 'apo [a/M} + Iaﬂ0 [Tapo}l

Multiplying by [T ﬁOJ and considering that[ ﬁo] [Taﬂo] =1:

Capo = aﬂ0 aﬁo} [Tapo] ([Rs] [R D+ 'apo [ aﬁo} ‘[Tapo]‘([Ls]+[Ln])+--

+ gy~ oo 2.1.7)

aﬂo [aﬂoy [Taﬂo [RL]+ 'aﬂo aﬂ0} [Tapo [LL] uaﬂo Uapo

a/10 = Ia/10+| afi0

Multiplying and extracting impedances one can see that [Rj,,,,]:[Taﬂo}l [Ta/,o][Rs]. And

finally, the equation for the circuit in a-£-0 domain is:

n i S n k n
€up0 = lapo ([Raﬂ0]+ [Raﬂo])+ 'a/ro'([La/zo]+ [Laﬂ0])+ Ugpo — Uapo

aﬂ0 [Raﬂ0]+|aﬂ0 [Llo_zﬁ0:| uaﬂ0 Uapa (2.1.8)

a/m = Iaﬂﬂ + 'a/m

In order to obtain the equivalent circuit it should be noticed the following:

0 0

[ aﬂ0] 1 M Uy, [ aﬂo] (2.1.9)
Uns

Considering the symmetrical transmission line the neutral voltages u, and u,: can be
assumed equal to zero. The equivalent circuit in a-$-0 domain corresponding to the equations
2.1.8 and 2.1.9 is given in Figure 2.1.2.
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Figure 2.1.2 Equivalent circuit in a-£-0 domain

One-phase to ground fault case

Considering the one-phase to ground fault as in Figure 1.6, the fault point can be depicted
in Figure 2.1.3.
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Figure 2.1.3 Equivalent fault conditions circuit in a-5-0 domain

In order to obtain the equations, the fault conditions at the point f (Figure 2.3) should be
written. The fault conditions in abc domain are (the simplest case of the fault):

f_ f st
u, =0,1, =1, =0

(2.1.10)

Transforming the equations 2.1.10 into a-f-0 domain the following equations can be

obtained:

0 u!

f 1 f f f
Uy =[Taﬂo} Uy | =U, +U, =0

f
U, uof
if i 1 f \/g.f
a

2
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The equation 2.1.11 shows the existence of the coupling between « and 0 equivalent
circuits. The circuit of the g component does not affect the GF in this case. The GF equivalent
circuit is shown in Figure 2.1.4.
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Figure 2.1.4 Equivalent fault circuit in a-£-0 domain

It should be noticed that in the case of b or ¢ phase fault, the equivalent circuit would look
different and the p component would be involved as well. However, in order to study the
principles of the coupling and compensation only a phase fault can be considered.

In order to obtain the equation for the ground fault current the equivalent circuit should be
solved in complex values. As one can see from Figure 2.1.4 the load does not has any effect on
the zero current. Thus, the load can be neglected or considered as the current source. The load,
for example a thyristor bridge, would influence only on the high frequency components of the
ground fault (it will be shown in the chapter 3). All subsequent calculations are made with the

condition X=X . Given the above and equation 2.1.1, the fault current in the steady state can

be obtained as follows:
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It is obvious being the active and inductive resistance very small. Thus in equation 2.1.12 it
can be also neglected:

E,

f f
|_=1-5£—7 (2.1.13)

_J. 3

ASC and converter grounded system

The ASC grounded system is shown in Figure 1.9. The transformation into a-f-0 domain
can be carried out in the same way (equations 2.1.3 — 2.1.9). And the equation for the neutral
voltage should be considered as well (Figure 1.9 and 2.1.1):

Uy = Rasc - (ia +ip +i¢ )+ Lase -(ia+ig+ic ) =3-Rasc -lg +3- Lasc lp (2.1.14)

Considering the equation 2.1.8 the equivalent circuit for the ASC compensated system in
the case of the ground fault is depicted in Figure 2.1.5.
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Figure 2.1.5 ASC compensated equivalent fault circuit in a-£-0 domain

It should be noticed that the ASC resistance and inductance multiplying by 3 and divided
by 2 according to the equations 2.1.14 and 2.1.11 respectively. The ground fault current value in
this case can be found as follows:
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=, —— === 2.1.16
— _j'XzZC'ZASC é (2.1.16)
ES
" =151] =15-=%
— —_— Zo

It can be seen the ground fault current dependence on the zero sequence impedance. From
the equation 2.1.16 the well-known resonance tuning conditions can be obtained.

Now, the equations for the active converter grounded system can be obtained. The
converter can be represented as three current sources. The three phase connection is shown in
Figure 2.1.6.

Knowing the active power converter features, in a-5-0 domain the converter can be
presented as three independent current sources. It is shown in Figure 2.1.7 (f circuit is supposed
to be the same as a).
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Figure 2.1.6 Active converter grounded circuit



Figure 2.1.7 Active converter compensated equivalent fault circuit in a-£-0 domain

According to the equivalent circuit in Figure 2.1.7 the ground fault current in steady state

can be found as follows( I(C+CO) is the total current of the a and 0 capacitance):

E§+j-x"‘ (1, - 1%)

Ii: — 3 - I -
U R xR )
e Bl ) R XE R X
c+co) = g T lg T 1o = —

e X R+ X R
IQZI(CH:O)'%; ﬁ:R2+j'X;L+R2+j-X2L (2.1.17)
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(2.1.18),

Thus, in any case there can be found lo value to match and compensate ground fault
current. This process could be considered as equivalent to ASC resonance tuning. However, the
tuning process is one of the problems to be solved. The ground fault current cannot be measured
directly due to the absence of the neutral conductor. It will be discussed in the Chapter 3.2. All
the network currents and voltages can be found using the inverse transformation (equation 2.1.4).
The obtained expressions can be found in APPENDIX (equations 5.1.1 — 5.1.3).

Figure 2.1.8 shows the ground fault current dependency on the converter current value
with the different network capacitance.
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Figure 2.1.8 GF current dependency on the converter current value
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For L, C, R the typical 6/10 kV network cable parameters are used (C=0.5 pF/km). It can
be seen that there is the converter current value at which the ground fault current is totally
compensated. Also the resonant dependency can be seen. One can conclude that there is no
necessity to compensate ground fault current with capacity less than 1-2e-5 F due to the lack of
the high currents. And economically it is not effectively due to the large ASC inductance value
required.

The ASC and the active converter can be operated at the same time as well. In this case the
converter is operated to complement the ASC (see Figure 1.11(b)) and would be required to
compensate only a remainder of the ground fault current and the high frequency components.
The equivalent circuit for this case is shown in Figure 2.1.9.
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Figure 2.1.9 Hybrid compensated (the converter + ASC) equivalent fault circuit in a-p-0
domain

In this case the GF current in steady state can be found as follows:
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Figure 2.1.10 shows the required converter current depending on the ASC inductance value
for different network capacitance values.
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Figure 2.1.10 Converter current dependency on the ASC inductance

It can be seen from Figure 2.1.10 the complexity to match close to the network
capacitance. Due to the step inductance change (in most cases) the AEFCC would be operated as
the additional device to compensate the capacitive current and its high frequency or active
component. At the same time with the ASC already installed the converter total power could be
also reduced (in terms of the GF current compensation) depending on the coil’s inductance. And
as it has been said before, with the capacitance less than 1-2e-5 the economic inefficiency can be
seen from Figure 2.1.10 (with the capacitance 2e-5 F the required inductance is already 0.156 H).
But in the networks with the small capacitance the functionality of the operated active power
filter (if one is installed) can be expanded.

In order to obtain the current waveforms in steady state and in the transient process, the
obtained equations should be determined analytically. The obtained equations can be found in
the APPENDIX.

Figure 2.1.11 show time diagrams of the Laplace inverse transformation of the equations
5.1.4-5.1.6 in the APPENDIX for the fault mode without converter (the fault have occurs in 0.02

S).
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Figure 2.1.11 Networks currents in the fault mode and ground fault current

It can be seen from Figure 2.1.11 appearing the unsymmetrical currents after the ground
fault. The mode without any loads was considered and the GF current is equal to the faulted
phase current in this case. With the system capacitance growth the system asymmetry would
increase. It could create the additional damage for the system equipment as well.

Figures 2.1.12, 2.1.13 show time diagrams of Laplace inverse transformation of the
equations 5.1.7-5.1.9 in the APPENDIX for the fault mode with converter (the fault occurs in
0.02 s, the converter starts to operate in 0.055 s).
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Figure 2.1.12 Converter grounded network currents in the fault mode
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Figure 2.1.13 GF current with converter operating

After the converter has started to operate (in 0.055 s) the network currents become
symmetrical as well as the GF current becomes zero.

2.2 Symmetrical component transformation

The best current and voltage control quality can be reached by the separation control
system into three independent loops (positive, negative and zero). It allows reacting more
sensitively to a load distortion. Controller limiting properties can be also improved. As it will be
shown in Chapter 3 the negative and positive sequence controller should be used to compensate
high frequency components as well.

To control the AEFCC, initially the symmetrical components are to be decomposed. The
different decomposition techniques will be considered in this section.

Classical symmetrical component method

The classical symmetrical component method based on the representation of the any
unsymmetrical system in the form of the symmetric components sum: the positive, the negative
and the zero sequence [32, 33]. According to the method the voltage sequences can be
determined as follows:



Ua

_ ot - 0
uabc - lJb - uabc + uabc + uabc

uC
- - ) o
Ua 1 a ﬁ Ua
+ + 2
Up [=Uappc =718 1 @l |u, (2.2.1)
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uy a a’ 1jlu
- ) -
a 1 a° a Ua
_ _ 1 2
Up | =Uape =73] @ 1 a’|-|u,
_ 2
U, a a1 ]]u]
UO
1
0 0
ud, =|u =§(ua+ub+uc) (2.2.2)
uO

The operator a in the equation 2.2.1 is 120° phase shifting operator. It can be defined as
follows:

(2.2.3)

The operator a can be implemented by digital filters. It can be implemented using for
example the first-order IR (infinite impulse response) filter or the delay. The transfer function in
z-domain can be written as follows:

b +b -7
H(z)=% (2.2.4)

In order to obtain the effect of the phase-shifting by 120° and to have the gain close to 1
the following conditions are to be performed:

(2.2.5)
| {H{exp[j—z.? b H}_g



To determine the coefficients bo, b1 and ao the following replacement in equations 2.2.4
should be performed:

z:exp[j 2'?'f°j (2.2.6)
d

After the transformation and separating into the real and the imaginary part the following
equation system can be obtained:

(ai-b0+b1)'cos(2"]f' f°J+ai'b1+bo

d

2.7 fO] ) 2 2.2.7)
f

1+2-a1-cos( +a°,

d

2.7 1,

(ai'bo_bl)'sln[fd j :ﬁ
1+2-a1-cos(2'71f'f"}raz1 2

d

From equations 2.2.7 bo, by coefficients can be expressed:

2. )| i 27 £y
b_ﬁ.{aﬁcos(fd ﬂ sm( 5 ] 228)
" 2.sin| 27T

fd
\/5-{1+a1-cos{2'”'f°ﬂ+a1-sin[2'”'foj
b, = fq fq (2.2.9)
2.sin| 27 To
fd

Now the coefficient a1 can be calculated. At the random frequency fe the expression for the
transfer function module, taking into account the equation 2.2.5, is:

b§+2-b0-b1-cos(2'7;' fEJ+b12

d

1+a1-2~cos(2'7? fE}Laf
d

(2.2.10)
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Further, the equation 2.2.10 should be squared and equated to 1. With the substitution of
equations 2.2.8 and 2.2.9 the following expression for the coefficient a; can be obtained:

2-x/§osin(2'7;'f°j—3

d

a1=
3~cos(2'7;' f°]+x@~sin(2'7;' fo]

d d

(2.2.11)

Taking into account the equation 2.2.11 equations 2.2.8, and 2.2.9 can be rewritten as
follows:

2-x/§-sin[2'7;'f°}—3

b, =— d (2.2.12)
3.cos| 27 To |4 f3.sin| 2% To
fd fd
b, =-1 (2.2.13)
Figure 2.2.1 shows the structural diagram of obtained algorithm.
Positive +
u, u,
>
u, Uy
» H() t— H@ | He) —»
U ug
P H(2) H(z) —» H) —»

Negative

+ T
+ +
+ a
.
+ +
U,
— H@) — HE@ —» Hp) ———P
Ug
— H(2)

——»| H@) 1 HE) ——»

Figure 2.2.1 Structural diagram of the classical symmetrical component method

To confirm the developed algorithm Matlab/Simulink simulations are performed. The
following unsymmetrical system was considered (Figure 2.2.2):
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u, =130-sin(w-t)

4, =100-sin| @-t- 2% |+20.sinf w-t+ 2% +10-sin(w-t) (2.2.14)
° 3 3

u, = 100-sin| w-t+2% |+ 20-sin| w-t— 2% +10-sin(e-t)
g 3 3

150

———phase A
——phase B
100 phaecll

Volatge,
=

th
=

-100

-150 ol
0 D 02 0.04 0.06 D 08 0.1

Time, s

Figure 2.2.2 Initial unsymmetrical voltage system

Using the developed algorithm the following results have been obtained. Figures 2.2.3 —
2.2.5 show the extracted positive and negative sequence components.
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Figure 2.2.3 Positive sequence voltage components
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Figure 2.2.4 Negative sequence voltage components

The efficiency of the obtained algorithm can be seen from figures. This method shows
relatively fast transient process but can be used only at main frequency. The large number of the
filters to be used is the disadvantage as well. Therefore there are some restrictions of the method.
It cannot be used to decompose system changing main frequency.
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Generalized symmetrical component method

Similarly to the classical method for the three phase system the decomposition method for
m-phase nonsinusoidal system can be considered [34, 35].
Let an initial arbitrary asymmetric m-phase electric quantity system be given by the vector

u with components depending onv (V =, 1).

2

1
The functions belong to L, [0, 277] space with the norm us|| = o I(Ui)z dv , respond the
0

2
condition jui dv =0 and have the limited frequency spectrum:
0

T
u=[u, u, .. u_, ul (2.2.15)
Then the generalized symmetrical component method allows representing the vector # as

the following sum:

u=u'+u" +u (2.2.16),

0

T
where u’ = [uo u u® uo] is the vector of quantities, forming the zero sequence

system and consisting of m identical functions U ° ;

+

u*:[ul+ u, .. u

4
m-1

+

um]T is the vector of quantities, forming the positive

+
sequence system and consisting of functions Ui ;
u :[ul’ U, .. Uy, ur;]T is the vector of quantities forming the negative

sequence system consisting of functions U; .

The positive and negative sequence vectors satisfy the following conditions:

iuf =0, u'(v)=u;[v—(i—1)2z/m],

~U*, (urur, )= cos(2a/m);

i+1

uy =0, u (v)=u;[v—(i—1)2z/m],

m
i=1

Hui‘H:UA‘, (u7u;,, )=cos(2z/m);

i+1
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According to proposed in [36] geometric analogies, for decomposition algorithm
development the analytical signal concept was used [37]. Representing from the initial
asymmetric m-phase electric quantity system E the analytical signal by adding the Hilbert
transform of e as the imaginary part:

_)
u=u+j-u, (2.2.17),
where u,, =[u1h Uy, o Ugppn Upp ]Tis the Hilbert transform of u.

The Hilbert transformation of # can be obtained as follows:

u, = H{u}= H{uo +ut+ u'}: H{u0}+ H{u+}+ H{u'}:

2.2.18
u +u; +u ( )
1 [ bl g, 0
T N—-T
H{u} = 0 (2.2.19),
0 L I {u} dr
T N-T
The analytical signal has the following properties:
o | = ]
(”h’”): 0,
u) =~2u (2.2.20)

u—R(u).

The elements of the zero sequence vector and its Hilbert transform are expressed by:
0 g
[r°] (2.2.21)
1

Or in the scalar form:
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(2.2.22)

The analytical signal concept can be considered as the symbolic method generalization.
With the symbolic method sinusoidal signals can be represented by complex numbers. Thus, for
the non-sinusoidal signals the classical symmetrical component method for the decomposition

can be applied as follows:

d N — N
u' = [T+]-y, u = [T‘]-t_t (2.2.23)
i 1 a‘m—2 am—l_
am—l 1 am—2 am—2
L L
T “m (2.2.24)
a® a 1 a
| a g2 _mfl 1 |
i 1 m—1 a? a ]
1 a 1 .. gs gz
[ =
m ’ 1 (2.2.25),
a™" a™ a
_gm—l gm—z a 1 |
In the scalar form equations 2.2.23 can be rewritten as follows:
uw'o=uy U U =l g
T (2.2.26)
H_ = U{ ur; ! U; = ul + julh
1S (ki 1 & (ko
u;’ :—ZQ( I)Uk . Up :—ZQ( I)ukh’
M= Mo
2.2.27)
o1& K—i 18 ki (
Ui :_ZQ ( )Uk’ Uip —_ZQ ( )ukh
M =1 M=
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The real parts of the symmetrical components (i.e. vectors u' ut, u ) according to the

equation 2.2.20 are defined as follows:

u’ = R(u:o} u = R(i], u = R(;j (2.2.26)

Considering the arbitrary 3-phase system (zero components are defined according to the
equation 2.2.22) the following equations can be obtained:

u =u-u’ (2.2.27)
_ _ _ T
u =[u1+ u, ug] (2.2.28)
U =y —u’ (2.2.29)
+- _[ +- +- +—]T
up =l Uy Ug, (2.2.30)

The voltage multiplied by the operator a can be expressed as follows:

2. T T
on il =+
u(v+—}:u(v)-a=u e 3 =u-e (6 Zj—
’ (2.2.31)
j'z( T . 71'] \/§ 15 1 1 \/§
=u-e 2[cos=+jsin= [=—2.u-e 2-Z.u=-Z-Uu+—-u,
6 2 2 2

Finally, taking into account equations 2.2.23-2.2.25 the positive and negative components
of the a-b-c system can be expressed:

; 11
us 2 2| |ur 0 1 -1]|u;
u, _Ld 1 ] The I -1 0 1]||uy
2 2 243
u; 1 1 u; 1 -1 0]|u;
S |
i 1 1 1] (2.3.32)
! 1 5 |0t s
u, |[==|-= 1 —-=||u |+——=|-1 0 1 |-|u,
3| 2 2 2.3
uc_ _1 _1 1 U: 1 _1 O u+h
L 2 ]
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Applying the Clarke transformation to the positive sequence vector (2.3.32) and recalling
that u,, = j-u,” one can obtain:

111
3 6 6||u|ly 1 1
= 1 1 1 =z 3 3
u+ :u+ T =| —— — _ . u+ . 3 —
“ap abc [aﬁ] 6 3 6 b 0 \/5 \/§
_1 11 3 3
. 6 3 ]
+ 1 1
1 -1ju - _=
i e 112 -3 3 (2.3.33)
—m -1 0 1] u, |13 \/§ 3 =
1 -1 0f[y+][0 X X
¢ 3
V3

One can see that the expressions in brackets can be considered as a-f components for the

4+—

initial quantities u,,. without the zero sequence. Considering this the following equations can be

obtained:

N +-_ 3 +- - _ gt
1 ua ] u/)’ 1 ua uﬁh
+ - S
Uyp = ol e T o] e e (2.3.34)

Transforming the negative sequence vector:

11 1
3 6 6|u|ly -t 1
TFRRToAR  )  RS: 3 [PF N S R
Zap = Tabe"Lap 6 3 6/l ||g V3 3
_1 11 3 3
| 6 6 3.
To 1 —1]|u| | _% _%
J +- A
s 0 1|3 _ (2.3.35)
243 ° V3B
1 —1 0 u;" 0 ? —?
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Uj _1 ua u/ﬂ:l

£ 2 Uy + U
- (2.3.36)

U_j _ 1 u(x + uﬂh

B~ o - }

— 2 Ug™ - Ug,

Equations 2.3.34 and 2.3.36 can simplify the transformation into the positive and negative

sequences. Only two Hilbert filters are required to obtain the U;,; and U;,; signals compared to

the previous method. The positive sequence component could be used as PLL as well. It will be
considered in the next section.

The method described could be applied in a specific frequency range of interest where the
Hilbert transform is performed. The range is defined by the Hilbert filter bandwidth had been
selected beforehand.

Hilbert filter synthesis

There are some situations, where the real and imaginary parts of Fourier transform related
to each other by the Hilbert transform [38]. The Hilbert transform is important in the signal
processing as well, where it derives the analytic representation of a real-valued signal. Let the
signal s(t) with existing a nonzero orthogonal complement sn(t) related by:

Ts(t)-sh (t)-dt=0 (2.2.37)

sh(t):T ) 4, (2.2.38)

It can be seen the Hilbert transform being the convolution of the signal s(t) with the
function h(t) =1/(xt). The function h(t) is the impulse response of the linear filter creating the
orthogonal component of the input signal. The frequency response of the Hilbert filter can be
obtained applying the Fourier transform on the function h(t):

0

H(jo)= [ e 1'dt = j -sign(w) (2.3.39)

-t
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Thus, the frequency response defined by:

H(jo) J, foro<0 (2.2.40)
)= L.
J —J, form>0

It follows from the equation 2.2.40, having the Hilbert filter the effect of shifting the phase
of the negative frequency components by +90° and the phase of the positive frequency
components by —90°.

The impulse response of the Hilbert filter in accordance with the equation 2.2.40 is
expressed by:

h(n):ii j-eiw"dm—ifj-ejw"dm
2m < 2m
H]
2 sin (TE'n/2)1n>
=3 T n
0, n<0 (2.2.41)

0

However, these ideal systems cannot be realized since the impulse response is non-causal.
Nevertheless, the approximation of the Hilbert filter can be obtained. In this section some
approximation techniques for using in converter control systems will be considered. First some
requirements and assumptions are to be imposed. Currently various PWM techniques are used to
produce the sinusoidal output voltage and current. At the output of the converter the filter is used
to obtain the first current and voltage harmonic. However, the output current and voltages still
contain high harmonics which are processed in the control system including the Hilbert filter.
Thus, the Hilbert filter should have the phase and magnitude stability at the main frequency. It
means having constant phase shift and gain close to 1. Having gain close to 1 at the high
frequencies is required as well.

Hilbert transformers can be designed either as Finite Impulse Response (FIR) or as Infinite
Impulse Response (IIR) digital filters. FIR Hilbert transformers perform the magnitude
approximation and can have the exact linear phase with the stability guaranteed. The simples
Hilbert filter design method is truncating the impulse response to finite length. The Hilbert filter
transfer function in this case is expressed as follows:

H(z) = NZl h(n)-z™ (2.2.42),

where N is the filter order.
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However while truncating the frequency response ripples appeared known as Gibbs
phenomena. Using the windowing method it can be avoided. This method uses the truncating by
applying a window. By retaining the central section of the impulse response in this truncation,
the linear phase FIR filter can be obtained. The impulse response can be expressed by the
product of the Hilbert filter impulse response (equation 2.2.41) and the window:

H(n) = h(n)-w(n) (2.2.43)

There are following most commonly used windows:

N -1 N -1
— <n<
w(y={ " " T)EnE (2.2.44)
0, for anothern
27N N -1 N -1
—a)- b - <n<
w(n) = a+(l—a)-cos( N ), for  —( )<n< 5 (2.2.45)
0, for another n
27n 4n N -1 N -1
0.42-0.5-cos(——) +0.08-cos(——), for — <n<

w(n) = S N (=) 5 (2.2.46)

0, for anothern

The equation 2.2.44 is the rectangular window, 2.2.45 is the Hann window when «=0.5 and
the Hamming window when a=0.54, 2.2.46 is the Blackman window. Figure 2.2.5 shows the
frequency responses of the 31-oreder Hilbert filter using different window types (equations
2.2.44-2.2.46).

——Hilbert

— Hilbert with Hemming w.
Hilbert with Henning w.

—— Hilbert with Blackman w.

Gain

0 [P B M M M
-3 -2 -1 0 1 2 3 4
Angular frequency, rad/s

Figure 2.2.5 Frequency responses of 31-oreder Hilbert filter using different window types
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It can be seen, that the optimal frequency response has the Hamming window in terms of
the gain. However in terms of Chebyshev criteria the windowing method is not optimal due to
the fact that the maximal approximation error is not minimized. Thus there is the optimal filter
design method with the minimax error. The optimal filter synthesis is implemented by using
Remez algorithm [33]. Matlab/Fdatool can be used for the synthesis due to the method
complexity. Figure 2.2.6 shows the filter frequency responses with the different order have been
designed using Remez algorithm. The all filters are designed for the 50 Hz main frequency
component with the band-pass up to 19 harmonic (950 Hz).
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Figure 2.2.6 Hilbert filters frequency responses with the different order

It can be seen that for n>24 the acceptable quality can be achieved. However, in each case
the individual approach is required. The harmonic spectrum, the available tools for the design
and implementation are to be analyzed. In some cases first the Butterworth filter is to be used to
reduce the Hilbert filter order.

The IR filter (equation 2.2.4) can be applied in systems with the stable main frequency.
The IIR Hilbert transformer performs the phase approximation. It means that the phase response
of the system is approximated to the desired values in the given range of frequencies. The
magnitude response allows passing all the frequencies, with the magnitude obtained around the
desired value within the given tolerance [34].

The 2-order Hilbert filter (equation 2.2.4) is used as the example. According to the method
described above, to obtain the effect of shifting the phase-angle by 90 degree and having gain
close to 1 at the frequency fo the following conditions are to be performed:
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R{H%x{12¢;“IH=° (2.2.47)
oo 222

After the transformation and separating into the real and the imaginary parts the following
equation system can be obtained:

(al.bOerl).cos(2 :d f°j+al.b1+b0
1+a1-2-cos[2'7z'f°j+al2
fd
2-r-f
a, -b, —b;)-sin 0
(1 0 1) ( fd j 1

2.7 f -
1+a,-2-cog =7 70 |4 a2
fd

=0

(2.2.48)

From the equation 2.2.48 ho, b1 coefficients can be expressed as:

by = —cot(z':fo'l fOJ— a .sin‘l[z':fo'l f°j
(2.2.49)

b, = a, - cot 2:7 o +sin™! 2:7 o
fd fd

For the random frequency fe after writing the expression for the transfer function module
and equating it to 1, with taking into account the equation 2.2.49, for the a; coefficient the
following expression can be obtained:

sin[z'n'foj—l
a, = fy (2.2.50)

2-7-f,
COS|
fy

And after substituting the equation 2.2.50 into 2.2.49:

?:% (2.2.51)

46



To verify the filter efficiency the signal with high frequency harmonics was used. Figure
2.2.7 shows signals at the filter input and output.

150 —
[ input
B output
100 =
50
-
35
= OF
G
-
=50 =
-100 =
7]50-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Time, s

Figure 2.2.7 Input and output of the Hilbert filter

It can be seen from Figure 2.2.7 that the phase shift between the input and the output is -
90°. Thus, the filter designed can be used for the symmetrical component decomposition in the
systems with the stable main frequency.

It should be noticed that the power distribution system can be considered as the system
with the stable frequency (49 — 51 Hz). Then, the obtained filter characteristics should be
examined. The amplitude response and the frequency response can be obtained as follows:

@)= e | =Vl (e ) + (R (HEe™ )Y

. jo (2.2.51)
®(w) = arg(H(e" ) = arctg(; |H_|zjw ]

According to the equation 2.2.51 the amplitude and the frequency response can be
obtained. Figure 2.2.8 show the responses.
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Figure 2.2.8 Amplitude and frequency responses of the Hilbert filter

It can be seen from Figure 2.2.8 being the gain equal to 1 and the phase response is
acceptable. While the frequency is being changed within 49-51 Hz the filter phase shift is
changed within 268 -272 degrees. The stability of the whole control system will be examined
later.

The whole transformation algorithm is depicted in Figure 2.2.9.

| PLL |y
: atan{f —E—>
u i u+p ) :
Uabc %9 Eq2.2.36) P '
—4—P Uapc—Uyp Uﬁ’ i ) '___a:k____J
> ﬁ;;aé’
Ugh ’
—Hoo(2)
Usn
Hoo(2)

Figure 2.2.9 Transformation algorithm into the positive and negative sequence

To verify the generalized symmetrical component method the same unsymmetrical voltage
system as for the classical method was used (equation 2.2.14).
Figures 2.2.10 and 2.2.11 show the estimated positive and negative sequence components

respectively.
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Figure 2.2.10 Positive sequence voltage components
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Figure 2.2.11 Negative sequence voltage components
It can be seen from figures that generalized symmetrical component method can be used
for decomposition.
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Section conclusions and recommendations

1) The analytical expressions for the mathematical network model in a-p-0 domain in the
different operating modes are obtained.

2) With the high capacitance values the network currents could be unbalanced and affect
the supply and load transformers.

3) The ground fault current could not be compensated accurately due to the ASC control
discreteness and its resonance dependency on the coil inductance.

4) The ground fault current cannot be measured directly due to the absence of the
connection between the system ground and the neutral point. The zero sequence current cannot
be calculated by measuring the network currents as well.

5) The total converter power could be decreased by the joint use of the AEFCC and ASC
already installed. At the same time the ground fault compensation quality could be improved due
to the converter features.

6) The AEFCC has to be able to control the zero current. The positive and negative
currents control can allow the converter use as the active power filter or STATCOM and to
improve the control quality.

7) The classical symmetrical component method is computationally more complex. And it
has the one disadvantage being able to operate only with the main harmonic. This disadvantage
imposes some restrictions on the use in the systems with the floating frequency and limited
microprocessor capacity.

8) The generalized symmetrical component method is multipurpose in terms of the input
harmonic composition. It is simpler compared to the classical method besides the Hilbert filter
realization. While using the generalized components method a specific frequency range of
interest to be decomposed can be selected.

9) Before the Hilbert filter synthesizing, first the filter structure (IIR or FIR) has to be
selected. It depends on the system operated with and the microprocessor capacity. Then the order
and the band-pass restrictions are to be imposed.

10) It is recommended to use the IIR filter in power generation systems with the stable
frequency and the FIR filter in systems with floating frequency.

11) The power distribution system can be considered as the system with the stable
frequency. Thus the obtained IIR filter can be used for the control algorithm.

50



CHAPTER 3. POWER CONVERTER CONTROL

Modern converter control systems are built in constant values. To convert three-phase
sinusoidal values Park and Clark transformations are used. It allows to obtain the reduced
number of controllers with the astatic regulation and the zero error in steady state.

The equivalent circuit transformation of the converter into d-g-0 domain will be considered
in this chapter to synthesize the converter control algorithms. Further the high frequency
harmonic equivalent circuit of the network will be considered and its influence on the GF
current. The algorithm to determine the ground fault current value will be developed as well.
The modes controller is introduced, which allows switching between different network modes,
including the fault.

The chapter closes with the conclusions and recommendations.

3.1. Current loops design

Zero sequence dg-transform

To define the AC zero component the equation 2.2.2 can be used for the three-phase
system. However, to transform the zero signal into a-$-0 domain at least two signals are
required. It can be performed using the analytical signal notion and the Hilbert transform. The

0
zero sequence component U ~ can be represented as a a-f-0 pseudo space vector as follows:

-

Ug, =U°+ j-uy (3.1.1)

Further the input signal can be considered as the a-component and its Hilbert transform as
the f-component. Thus, the equation 3.1.1 can be transformed into the d-g-0 reference frame as
follows:

ug, =u’ e
) [UE} (3.1.2)
ua

Obtaining the zero dq signals the controller can be designed.
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Positive and negative sequence

In order to synthesize the control algorithm, the equivalent converter circuit shown in
Figure 3.1.1 is used (it is based on Figure 2.1.6). The converter can be considered as three ideal
voltage sources without high harmonic components with the LR filter. It is supposed that during
one switching period the converter voltages are constant.

load

u- -
: L
T
Ui | ii
b | b
I
ui | =i
ek
I, A Iy A I :
La La La |
R R R |
a a a |
|
|
|
|
|

Figure 3.1.1 Equivalent converter circuit
The following equation system can be written for this circuit:

—i iy
ey =ly-R+L-13+Uy

€y = ib -R+L- ib+ UE) (3.1.3)

€ =ig R+ L i +ug

The equation 2.3.3) can be written in the matrix form:
e—i-[R]—i-[L]zui (3.1.4)
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On the basis of the equation 2.3.4 the following equations can be written for the positive,
negative and zero sequence:

.[L-]: ui- (3.1.5)

First, the positive sequence equation dg-transform is considered. Initially ap-transform is
to be performed. The first equation 3.1.5 should be multiplied by the transformation matrix [Taﬁj

(without considering zero sequence) as in equations 2.1.5 and 2.1.6:

e [T )1 [T VR 1 Mg VT T [T ][0 ] [T ) [T | =0 [T

2 1 1
3 3 3
[Taﬁ] B NG
0o = _X+
3 3
(3.1.6)
After transformation of the equation 3.1.6 the following can be obtained:
eop—iap | Rap |=iap| Lop | = Ul (3.1.7)

Further, the dg-transformation is used. The equation 3.1.7 has to be multiplied by the
following transformation matrix:

—sin(y+ (t)) cos(;/+ (t)) (3.1.8),
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where 7/+(t) is the positive sequence instantaneous angle of the network (u(i;;;

The transformation can be derived as follows:

ap | Tia |1 Tda |- Rp |- T |- T Tl -

] [} {1 1] <ok (]

- | [T t(ﬁdﬂ‘ﬁdﬂl‘i;ﬁj:

s ) ] i )-

<[] 1] ST ] S -

_ qu:(igq 'TdE]'%[Tdﬂ_l+%i5qJ=

o] oW it [ i

SEET" ) o] ) i
Lo e

Finally the following equation for the positive sequence can be obtained:

+
dq._

P
qu'

eJq—qu-[RJq]—[Léq][W]'i [LJ&CJ:UQEI

In the scalar form the following equation system can be written:

ej =ig -R+L-ig—w-L-ig +ug
+ it it s i+
eq =lg ‘R+L-lg+w-L-ig +ug

54

).

(3.1.9)

(3.1.10)



Similarly, the transformation for the negative sequence can be performed. The second
equation 3.1.5 has to be multiplied by the transformation matrix [TaﬂJ first. The following

equation can be obtained for the negative sequence:

€up ~iap | Rap |~iap’| Lap | = Uip (3.1.11)

In order to use the dg-transformation the equation 3.1.11 has to be multiplied by the
following transformation matrix:

[Td‘qJ i cos(y‘ (t)) —sin (;/‘ (t))

sjin(y‘ (t) cos(r (1) (3.1.12)
F0-2 )

After multiplying the following equation can be obtained:

[l o ]

(3.1.13)
_ 0 1
W=
-1 0
In the scalar form the equation 2.3.17 can be written as follows:
eg =ig R+ L g+ Leig +ug
(3.1.14)

. i — i—
&g =g -R+L-Iq—a)-L-ld +g

The zero sequence dg-transformation is performed using equations 3.1.1 and 3.1.2. The
zero sequence system equation in the scalar form can be written as follows:

-R+L-ig—w-L~i8+uéo
(2.3.19)

-0 -0 .0 i0
€ =g -R+L-Iq+a)-L-1d +g
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The obtained equations 2.3.12, 2.3.18, 2.3.19 can be represented by the equivalent circuits

showed in Figures 3.1.2 - 1.1.4.

e’ - 0)ng
v R e
— - u;
N -4 0)'L'i+ i+
eq R L Iq /_\‘d uq
-

& R L i 2tk |
—(D—:l—-—>—<>—'u;‘
_ oLy Ug

0 o oL
R L 0§ = o
— . )—— ¢
0 - i0
eq R L I(;) C(LK?E Uq
. !

Figure 3.1.4 dq zero sequence equivalent circuit
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The equation 3.1.10 can be written as follows:

ky-ugt =ig -R+ L-ia’—a)-L-iJ+ufj+
. (3.1.12)
R+ L-iJ+w-L-i§+u(i]+

m+ _ :+
ky-Ug " =l

To synthesize the control system the direct method for DC-DC convertors is used [35].
After using the Laplace transform of the equation 2.3.20 the following system for the positive
sequence can be written:

kv.ug1+(s):ig(s).R.(1+%.sJ_w.L.i;(s)wy(s)

(3.1.12)
ky-ug " (s)=ig (s)- R-£1+%-sj+w-L-iJ(s)+ua+(s)

The positive sequence controller has the task to drive the signals as follows (kv is converter
gain):

i+ ik

I I

. =k, o (3.1.13)
q q

As it can be seen from the equation 3.1.12 the output current independence from voltages

Ug"(s), ug (s) has to be provided as well as the cross coupling influence has to be

eliminated. It can be performed by adjusting the signals as follows:

1 .
ug” (s)+—-(~w-L-ig (s)+uyg (s
wd ()| _| W ot Gmdt) (3.1.14)
U ()] ugt () (- Loi (s) vy (s)
q kv q
Substituting the equation 3.1.14 into 3.1.12:
+ + L
ky-ug” (s)=ig (s) R-[1+? sj
] (3.1.15)
g (s) =i (s)-R-(1+?-sj

57



Further, L and R parameters influence on the output current should be eliminated. Thus, the
voltage reference signals have to be driven as follows:

_ (3.1.16)

However, from the equation 3.1.16 one can see the presence of the differentiating element

(1+%-sj having Bode magnitude plot illustrated in Figure 3.1.5 (@, :%).

Zolg[

(2]

30

20 7

0

~ 8le

0.01 0.1 1 1

Figure 3.1.5 Bode magnitude plot of the differentiating element

It can be seen from Figure 3.1.5 the amplification of the signal at frequencies from above
the main frequency. It would cause the high frequency harmonics increasing in the control loops
and the stability loss. To avoid this impact, the current feedback and the integrating element

R-K; /s% should be used (ki is the Pl gain). Then, the voltage reference signals should be

driven as follows:

58



[lg*(s)—%-lg(s)J R-k; 1+%
{ui*isﬂ " (3117)
Uq S
(.g*(s)-%.i;(s)] R-K, 1+ﬁ
R

. k
() =" (s)—
S.i
1+ R
Ki
o ek (3.118)
()-8 (5)- —
S.i
1+ R
Ki
L
S.i

The dqg signals are DC, therefore the expression o is obviously aspired to zero.

Structurally the positive sequence loop is illustrated in Figure 3.1.6.

il

oL

w-L

Figure 3.1.6 Block diagram of the positive sequence loop

As one can see, the well-known current control loop is obtained. The method can be used
for the systems with 2 and more state-space variables as well.

59



Analyzing the equations 2.3.12, 2.3.18 and 2.3.19 it can be concluded being the zero
sequence loop similarly to the positive sequence loop. The negative sequence loop differs only in
the cross coupling sign. Thus, the block diagrams for the negative and zero sequence loops can
be depicted as in Figures 3.1.7 and 3.1.8.

= 0% 0%

Ig : Ug

w-L Ug

Figure 3.1.8 Block diagram of zero sequence loop

Current controller parameters determination

Using the direct synthesis method the controller structure can be obtained but it does not
consider the presence of some transfer functions such as filters. Thus, to take into account the all
filters, for the controller parameters determinations the Symmetrical (SO) and Modulus (MO)
Optimum criteria are used. First the equivalent circuit has to be composed taking into
consideration the all transfer functions and time constants. Since the all loops are identical, the

60



circuit only for d-component of the positive sequence is considered. Figure 3.1.9 shows the
simplified equivalent loop circuit for the d-component.

i+

R L iy Ug
— i
Gs (s)
Gr(s) ki

Figure 3.1.9 Simplified equivalent loop circuit for the d-component

Gy, (s)— is the transfer function of the current PI regulator, Gn(s) — is the transfer function

of the Hilbert filter, G/, (S)— is the transfer function of the low-pass filter using to avoid the

noisy in the control loop.

To apply the SO criteria the circuit showed in Figure 3.1.9 should to be transformed into
the open loop circuit. The power circuit is transformed in terms of the transfer function as well.
The modified open loop circuit showed in Figure 3.1.10. The cross coupling and the voltage
feedback can be neglected.

H m-H l 1
Id kv °ud Id

- Glgl (S)

Glp(s)
e

Figure 3.1.10 Open loop equivalent circuit for the d-component

~— Gu(s)

A

The Hilbert filter can be represented as the transfer function as well. As it mentioned above
the Hilbert filter function in z-domain expressed by:

bg+by -zt

H(z)=2—1"— ! —
dp+aq-Z
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Using the inverse z-transform the following equation can be obtained by the substitution

2_1:2—S-Td_
2+s-T,
[)(-.)4_2_#-'-d
2+S'Td 2'b0+2+S'(b0'Td —Td)
Cr(s)= 2-5Ty 2-a +2+5-(Tqg—aq-Ty) )
1+al.ﬁ 1 d —a-ld
+S-
d (3.1.19)
1450 T~ Ta
_ 2‘b0+2
1+s. 1~ Tg
2'al+2

However, the transfer function obtained does not always represent the first-order filter.
Thus to approximate the obtained filter transfer function the time constant is to be determined. It
can be easily done by using Matlab/Simulink. Or the analytical equation of the step response can
be obtained. Applying to the equation 3.1.19 the inverse Laplace transform and taking into

Td _al'Td __bo'Td _Td .

account = :
2-a,+2 2-b, +2

145.20Ta = Tg

hi (1) =L Gy ()] =L T2 f";ff =
14g.-d %" 'd (3.1.20)

2- d; + 2
_boTg—Td
——2.e 200*2 g
Finally, the following expression can be obtained to determine a time constant:
TY=17- Do Ty =Ty (3.1.30)
2-b,+2

In the case of using the FIR filter the approximation procedure is more complicated and
requires the computer programs (Matlab, Mathcad etc.) due to the high filter order (see Section
2.2). In general it can be expressed by:
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_ B by Ty —Ty )
hiRt) =L Gy (s)]=L" %[hn(Wj } (3.1.31)

The time constant can be approximately obtained from the filter features as well. It is
known that any physically realizable digital filter delays the input signal by the number of the
samples equal to the filter ordern-T .

After selecting the suitable method and the filter constant determination, the Hilbert filter
can be approximated by the first-order transfer function:

p -S+1

After finding the all transfer functions the MO criteria can be applied. According to this
method the open loop transfer function should be equal to:

1
2-TSs -5 (TSs-s+1
ﬂzS(#zs-F)

Ggpen(s) = (3.1.33)

The transfer function of the system (Figure 3.1.10) can be expressed by:

G (5)'GLP(S)'R_(1+:.L|.RL_S -Gp (s) =

u )
1 1 1 (3.1.34)

H ‘T LPc ' RL
T, s+1 T, " -s+1 R-(1+T, " -5)
~ 1 . 1

T +T50) s+1 R-@+T"-s)

-Gp (s)

The small time constant can be represented as the sum Tﬁz =TﬂH +T);PC. Eequating

equations 3.1.33 and 3.1.34 the following PI transfer function can be obtained:

Gp) (s) =

1+TRb s TR J14s.TRE
T, T a (3.1.35)

c - c ' RL
2-Tﬂz-s/R 2-T#Z/R s-Tﬂ
The closed-loop transfer function is expressed by:
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1 1 1
2-Tiy-s-(Tgy-s+D)+1 2.Tgy-s+1 T;-s+1 (3.1.36)

G((::Iose (s)=

T =2:(T +T7)

The negative and zero sequence current controller parameters can be determined in the
same way.

Voltage controller parameters determination

To compensate the reactive power of the ground fault the DC link voltage (see Figure
3.1.1) should be maintained consuming the active power from the network. This principle is used
in the active power filters without an additional voltage source. Thus, the additional voltage loop
should be used in the positive sequence controller as it is depicted in Figure 3.1.11.

load
* m+ H - iC
udc Gc () kv'ud 1L IJ 3'Uc'1+ - Idc 1 udC
/ pi (S R.[1+§-sj T ient C sl |
' “Hdc dc
Ugc c
GLP(S)
1
GH(S) t 1k 1
k,

Figure 3.1.11 Equivalent loop circuit for d-component

Usually for voltage outer loop the SO criteria is used. Thus, according to this method the
desired voltage open loop transfer function is expressed by:

\Y
4-Tls s+1 (3.1.3)

G(\)/pen (s)= 3

8-(T/‘,’Z)2-52+8-(T;‘1’2) s

The transfer function of the whole system is:
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3-Ug 1 1
Gy () Gose (S)- : : =
Pl close( ) A ] Cgc - S T;IZPV'S+1

2-Ug
/\+
Gy 8Ud 1 1 (3.1.38)
Pl c A LPv
T, s+1 2.0 4 Cac-s T, " -s+1

3-Ug _ 1
\'
2-Ude-Cye s-(Tﬂz -s+1)

v C LPv
Tﬂz =T# +Tﬂ

=Gp (5)-

Eequating equations 3.1.37 and 3.1.38 the following P1 transfer function can be obtained:

Y A
GV (S)_ 4.T)l/z.s+1 'S.(T#Z-S-i-l).z‘udc,cdc ~
T e i st g (Th ) ! A
( /12) ST+ ( /12) 'S 3-Uyg (3.1.39)

" v
_Udc Cye ‘4-Tyz~s+1
At 4TVss
3.Ug ux

3.2. Converter operation modes

Since, the ground fault is the temporary operation mode of the network and respectively
the converter, the operation mode controller is required as well. The controller has to be
consisted of the following functions:

- Network capacitance measurement to be able to calculate the potential GF current value;

- GF presence criteria definition;

- GF absence criteria definition;

During the operation the controller should be switched between every mode automatically.
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Ground fault current value determination

As stated there is no method to measure the GF current directly due to the absence of the
connection between the neutral and the ground of the system. Nevertheless, there are several
techniques used with the ASC or resistor:

- Periodically use of an additional high value capacitance between the phase and the
ground. The current flowed through the capacitance is measured and the network capacitive
impedance is determined. Knowing the network capacitance, the ground fault value can be
determined. The disadvantage of this method is the use of the additional equipment;

- Analysis of the residual zero current and the free oscillations of the neutral voltage. The
system neutral voltage cannot be zero during the operation as well as there is always the residual
zero current. It happens due to the variability of the loads and respectively the network
capacitance. However this method is mathematically complex and requires an additional
equipment;

- Generation of the zero sequence periodically current with the frequency different from
the network. This method uses an additional source connected to the signal winding of the ASC.
The zero sequence current causes the neutral voltage. Knowing the current and the voltage the
system capacitance can be determined.

Analyzing the existing methods one can conclude that the third method suits to the
converter and can be used but without the additional equipment and sources. The equivalent
circuit in a-f-0 domain with the converter is shown in Figure 3.2.1.

.o I
i i L
Ry Lu :I“_ Res L k: o R L,
- - | Y ig |
|
S O
| |
| |
! !
| |
° ] | °
i L -
s | !
| ! I
i I I
[ t I

Figure 3.2.1 Equivalent circuit of the system with the converter
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The a-f-0 circuit is represented in vector values. The converter can generate the zero
current with any frequency. The zero current with the network frequency could lead to the wrong
result due to the existence of the zero voltage (US,Ug or Uy ). However, the current generation

with the lower frequency (25 Hz for example) can be used for the determination. The zero
current is defined as follows:

N

iO(t) = |o(t)'5in(2'ﬂ" f(t) t) (3.2.1)

It can be seen from Figure 3.2.1 appearing the zero voltage. It can be expressed by:

Uoy =—J-XCo- log :—j—m - (3.2.2)
— - 2-7- f('[) . CO
From this equation a current network capacitance can be expressed by:
N
lot) iq )
C{ = - (3.2.3)

AN

50-7-Ugq 50'”'\/(”8(0 )2 +(u8(t) )2

The measured neutral voltage uo can contain not the only test frequency component.
Therefore, the additional low pass filter or the Fourier transform can be applied to extract the test
frequency harmonic before using the equation 3.2.3.

At the same time, the GF current can be expressed by:

AN AN

' =Upy-2-7-f-3-Cf (3.2.4)

Finally, the following expression can be obtained to determine the ground fault current
N A\

amplitude(U(I) zUof ):

A . 2 2
1T =il =2.72-1-3.C)- (ug) +(U8) ~ (3.2.5)
z2.,,.f.3.(3{,‘-ufj

It should be noted the need of the additional current loop to control the test current. The
loop parameters can be determined similarly to the previous section.
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Ground fault presence and elimination criteria

The ground fault presence can be defined by the neutral voltage value more than 10-15%
of the phase voltage. However, there is the problem with the fault elimination criteria definition.
Indeed, without the converter the zero (neutral) voltage after the fault elimination (or self-
elimination) would be equal to zero. However, due to the converter, even though there is no GF,
the converter continues to generate the zero current and “maintains” the GF. The network with
the fault place can be considered as in Figure 3.2.2. The closed switch S represents the fault and
the open switch the normal operation mode.

s s n f k L
Raﬁ Laﬂ : Raﬂ Raﬂ Lll;ﬂ
R

c
|1
|||

4
! N
gol
R I

—_———— e e —— — — — —

Figure 3.2.2 Equivalent a-4-0 circuit with the “switch”

Let us consider the fault process. At some point in time the switch is closed creating the

fault and the fault conditions. Measuring the zero voltage U, = uof the converter starts to operate

. ) : f -

and generate the zero current |y required to compensate the fault currently until it becomes
zero. In the case of the fault elimination (the switch would be opened) nothing would change, as
can be seen from Figure 3.2.2. The converter would still generate the current io creating the zero

voltage Ug according to the equation 3.2.2. And measuring the zero voltage U, the converter

would be operated as if the fault was still existed.
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In the first case there is the solid connection between the af circuit and the zero circuit.
And the zero voltage equal to the af voltage and cannot be controlled. In the second case the
converter makes the fault conditions. Nevertheless, it can be seen from Figure 3.2.2 to be in this

case the zero voltage the function of the converter zero current. And the zero voltage dependence
on the converter current can be shown.

The zero voltage uo expression is:

Up=—j-X¢"-lp (3.2.6)

Fig. 3.2.3 shows the zero voltage dependence on the converter current. The dependence

can be used to identify the fault elimination. The compensation current should be decreased for a
while to check if there any zero voltage changes.

s W ithout ground fault
e W ith ground fault

ol
20

Neutral Voltage, V

0.6

-50 -40 -30 -20 -10 0 10 20 30 40 50
Converter current, A

Figure 3.2.3 Zero voltage dependency on the converter current
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High frequency components compensation

As it mentioned above the obtained controller structure can be used for the high-frequency
components as well. Moreover, in the fault mode the high frequency harmonics compensation is
required in some cases (Figure 1.8). The equivalent harmonic circuit is shown in Figure 3.2.4.
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Figure 3.2.4 Equivalent harmonic circuit

Considering the equation 2.1.13, the GF current in this case would consist of the
components sum:
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1 f ~ @ I f E0c/7’(5) | Eaﬁ(7)
o~ n ' (5 n RYe) " ,
o -j.XCaﬂ _j.m —j-m
3 3 3
N
1~ E.pn)
¥
I M (3.2.7)
3

f

i"=10-sin(e-t+¢)+ l5)-SIN(G-@-t+9¢g)+ I(';)-Sin(7-a)-t+(o(7))+...

(O]

AN
f -
+... I(n)'SIn(n'a)'t+¢(n))

It should be noticed that the coupling between the o/ — circuit and the zero circuit depend
on the faulted phase (a, b or c). As it noted the sum of the high-frequency harmonics can be
larger than the main frequency component. In this case the main frequency component
compensation would not lead to the result and the converter installation would not improve
anything. However, the converter can generate the frequency components as well. The converter
current should be generated as follows:

o =y Sin(0-t+ =)+ 1 SIN(5- 0t g~ ) + (329

A N

+lgysin(7-o-t+@, —x)+..+..0,-sin(n-o-t+, - )

However, as stated in the previous chapter the fault current cannot be measured. Therefore,
the high-frequency (HF) current should be determined as well. And one of the key issues is the
determination of the HF components. They can be found measuring the system voltage. And
building the additional zero current loops the HF current can be completely compensated. The
control system is shown in Figure 3.2.5.

umO
ol da(n)
—Pp €0.(3.2.9)
o
Ugq(n)

Figure 3.2.5 Zero HF component control structure
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The zero sequence reference signals are determined for each harmonic in advance
measuring the system voltage. It should be emphasize the requirement of the Hilbert filter for
every HF component to obtain the af — transformation (according to equations 3.1.1 and 3.1.2)
or the wide-band Hilbert filter. With limited controller capabilities the one-fourth-period delay
can be used for HF components. The fault transient process (Figures 2.1.12, 2.1.13) can create
some resonances and additional HF overvoltages. To avoid it is possible by compensating the HF

- -

components before the fault. It can be done by eliminating the HF voltage sources €, €,4x

- -

. . i i
Driving the current source Ia/} the capacitance voltage Uaﬁ can be controlled as well

—

€ -
and the source voltages respectively. The additional capacitive filter at the converter output is

required.
From Figure 3.2.4 the following equation can be written:

- - - > - k—>
€ap(5) = lap(5) Rop(s) + X Lap(s) “lap(s) +ap(s) - Riap) + IX Lap(s) lap(s) +Yap)
- - -
i55(5) +ap(s) = lap()
(3.2.9)
- - - > - -
e =iS 0y RS ey 4+ (X3 Sy 4! Ry 4+ XD S +uk
ap(n) = lap(n)  Nap(n) * IALap(n) “lap(n) T lap(n)  Rapm) T 12 Lap(n) “lap(n) T Yas(n)
- - o
I8 +iap(n) = lap(n)

The source voltages could be compensated by the voltage drop across the source and line

. . s :
impedances. However, the voltage drop across the resistances Ralg, Rgﬂ and the impedances

9
Xﬁaﬁ, X Eaﬂ depend on the converter current ia_[,». Thus, the feasibility of the source voltages

compensation depends on the impedance value and the required converter current value to create
the sufficient voltage drop. Recalling the HF component existence in both positive and negative
sequence the control system for the n-component (n=3, 5, ...) can be depicted as in Figure 3.2.6.
With the insufficient ratio between the impedance and the current the zero sequence
compensation should be applied. The series compensation is the possible option as well [42].
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However, its consideration would require the additional research and it is out of the scope of this

work.
The ground fault current without and with the HF compensation is shown in Figure 3.2.7.

g 4
S
Q ~
0 +
\I/ <
o
o
L w@
®
D
L lk}:i

c
g—-i

. > g — V

m+
Ugq ()

g
Ugq(n)

Figure 3.2.6 HF components control structure
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Figure 3.2.7 GF current without (a) and with (b) the HF compensation

It is obvious the ground fault current does not contain the HF components when they had

been compensated before the fault. For simulation (Figure 3.2.7) the voltage compensation
technique was used.

Operation modes controller

Figure 3.2.8 shows the flowchart of the operation modes controller.
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Figure 3.2.8 Operation modes controller

Mode 1: After synchronization with the network and the initial conditions assignment, the
converter is ready to operate. In the first mode the ugc voltage is maintained by the d-component
of the positive sequence current iJ . The HF components of the source voltage are being

compensated by the tuning of the corresponding loops. At the same time the ground fault
presence is checked continuously and the converter is periodically switched to the mode 2.
Current directions of the mode 1 are showed in Figure 3.2.9.
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Figure 3.2.9 Operation mode 1

Mode 2: In this mode after receiving the signal test=1, the converter stars to generate the
zero testing current of the non-fundamental frequency to measure the network capacitance. The
ground fault presence is still checked continuously and the converter at any time can be switched
to the fault mode 3. After some time (the period is selected by the designer) the measured value

IS to be saved and the converter is switched back to the mode 1. The Ugqc voltage is also

maintained by the d component of the positive sequence currentiar . The current directions of the

mode 2 are shown in Figure 3.2.10.

Mode 3: For the ground fault presence the uo voltage change is used. When it is more than
70% of the phase voltage means the fault presence and the converter operates to compensate the
ground fault current i'. But the ground fault can be eliminated by the operational staff or can self-
eliminate itself. Thus, during the operation mode 3 the periodic check is required and the
obtained dependency (Figure 3.2.3) in the previous section can be used. The compensation
current is slightly decreased for a while (the duration is chosen by the designer) to check whether
the neutral voltage changes. And then the difference between the voltage measures (before
decreasing and after) is compared. When there is still the fault, the voltage would not be changed
and the difference would be equal to zero. Otherwise the difference would be greater than zero
and the converter can switch to the standby mode to wait for the zero current and voltage become
zero. Finally the converter is returned to the normal mode 1.
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Figure 3.2.10 Operation mode 2
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Figure 3.2.11 Operation mode 3

3.3. Complex distribution networks and future research

The distribution network represents the complicated system with plenty of the state
variables. In most cases it can be simplified and a lot of parameters can be neglected as it had
done in previous chapters. However, in some cases it cannot be performed due to some reasons.
In this section some complex network cases are considered.
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Figure 3.2.12 Long line circuit



Long distribution network

If the circuit in question operates with low AC frequency, the time delay between when the
AC source generate a voltage and when the source perceives this voltage back does not matter. It
is the round-trip time for the incident wave to reach the end of the line and reflect back to the
source. The signal magnitude and phase along the line are not equal due to the signal propagation
at some speed (this speed is usually accepted equal to the speed of light). Nevertheless, the input
line signal and the output line signal can be assumed equal and in phase with each other. The
equation to calculate the wavelength is as follows:

A=—rn (3.3.1)

For 50 Hz overhead lines, the wavelength 2 is 6000 km. For line lengths < /2, longitudinal
resistances are inductive and lateral resistances are capacitive. If the line length | is sufficiently
small (I <250 km for overhead lines and | <30 km for cables), the equivalent circuit diagram can
be further simplified, the longitudinal resistance can be considered as combination of R and L,
the lateral resistance can be considered as C [43]. The propagation effects are quicker than the
period of the signal and all the line impedances can be assumed to be lumped. Thereby, almost
all the 50 Hz lines can be considered short.

However, as noted in previous section the voltage source can contain the HF harmonic
components. According to the equation 3.3.1 the length of the line will decrease proportionally
to the harmonic number. And in some line length cases the system would contain disturbed “I"”
impedance section as it is depicted in Fig. 3.2.12.

The equations 3.2.5 and 3.2.7 cannot be used to determine the ground fault current value.
The line can contain different resonances as well. To obtain the equation to determine the ground
fault in this case requires an additional research.

Nonlinear loads

The HF harmonics can come not only from the voltage sources but from nonlinear loads.
In the case of the radial network as it had been considered in previous section the HF current
compensation principle (Figure 3.2.5) with the zero voltage measure would be applied. However,
operating the long loop line with different loads along, this principle would face some problems.
The example is depicted in Figure 3.2.13.
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Figure 3.2.13 Nonlinear load long line circuit

When the fault would occurred, all the HF current would affect the ground fault current. In
the short radial network knowing the capacitive impedance from the equation 3.2.3 and
measuring the zero voltage after the fault, the HF current components to be compensated can be
found as follows:

| UO(n)
(n) ~ n
T ; XC(Xﬁ(”)

-J. 3

(3.3.2)

However, in the complex network the disturbed impedance can be represented as the
lumped capacitance. Thus, the ground fault current cannot be compensated with the high
accuracy using the presented techniques. The zero sequence circuit (model) extension is required
as well.
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Section conclusions and recommendations

1) The GF current value calculation method is designed allowing algorithmically
determine the current network capacitance. The value of the test current and the test frequency
are selected by the designer for the network in question. The current value is not allowed to
change the neutral voltage more than 5% and to cause the network fluctuation.

2) The GF elimination criteria definition method is designed allowing identify the fault
absence during compensation. The manual reset can also be used for this after the fault
eliminating by the operational stuff.

3) Two HF zero current compensation techniques are proposed. The first one allows to
compensate HF components before the fault but demands the sufficient ratio between the
required compensation current and the line impedance. The second one should be used as the
replacement, but demands more Hilbert filters to perform the of —transform for every HF
component to be compensated.

4) The case not allowing the line representation as the short line was considered. The
consideration in detail requires an additional research.

5) The nonlinear load case was considered as well. The HF compensation technique can be
applied for the short lines. For the long lines with the disturbed parameters the equivalent circuit
and the method to determine the ground fault current were not studied.

6) The complex lines are proposed for the future research in this area.
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CHAPTER 4. SIMULATION TESTING

4.1. Simulation circuit

To confirm the obtained algorithms and the compensation principle Matlab Simulink
simulations were performed. The simulation block diagram with the whole control structure is
shown in Figure 4.1.1.

For the simulation the following network and converter parameters have been used:

Table 4.1.1
Network line-to-line voltage, V 6000
Source (transformer) 1
resistance, Q
Source (transformer) 0,1
inductive impedance, Q
Line resistance, Q 1,47
Line inductive impedance, Q 11,9
Line capacitance-to-ground, F 0,2e-4
Commutation frequency, Hz 3000
Test frequency, Hz 25
Test signal period, s 0.5
DC link capacitance, F 10e-3

To study the obtained algorithms, a three-phase three-level neutral-point clamped
multilevel converter is used. The modern power electronic devices are able to operate with such
network voltage. In real network the converter probably would have to have more levels or the
connection transformer. However to examine the algorithms it can be neglected.
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Figure 4.1.1 Simulation circuit with the control structure

To estimate inductance value the following expression can be used:
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Usually, the ground fault current value is within 20-150 A depending on the network
capacitance. Thus to be able to compensate 150 A current the converter power should have the
following power:

N
AN

Ui
szs-—ph~|ph:3-4890-50:733,5 kVA (4.1.2)

V3

Since the converter should be able to operate under the line-to-line voltage, the DC
capacitor voltage has to be 1.2-1.3 times more. Thus the DC voltage reference signal has to be
equal to 14000 V.

It can be seen from the equation 4.1.1 that the converter has the high value inductance
which comparable with the ASC. To avoid this MMC structure can be used. However, since the
converter topology is already selected, the parallel connection technique can be applied. The n
numbers of the converters operate with common DC link independently and connected in
parallel at the output. The output converter inductance has the following dependence on the
number of converters:

L

Figure 4.1.2 shows the converter connection structure. Every convertor has the filter
inductance (equation 3.2.5) connected in parallel at the output.

Converter n
\\
| Converter 2

| Converter 1

T M|

Figure 4.1.2 Parallel connection circuit
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According to equations 4.1.1 and 4.1.3 5 converters are enough to decrease the output
inductance. In practice 7 converters will be used to decrease the inductance to the value 6 mH.
The control system is common for all converters, but the carrier signals in PWM are

2.7
shifted by e relatively to the first converter.

It should be noted that the parallel connection can be replaced by the MMC structure (see
Figure 1.11), which has the small filter inductance at the output [44]. But the MMC are
advantageous to use with the power more than 10 MVA. Thus, the converter would have the
additional functions. Using MMC the additional arm energy controllers are required [45].

4.2. Simulation results

Ground fault mode without converter

Figures 4.2.1 — 4.2.4 show the simulation results of the network without converter with the
fault appearing at the time 0,7 s.
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Figure 4.2.1 Network voltages after the GF without the compensation
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Measuring mode

Figures 4.2.5 — 4.2.7 show the simulation results of the capacitance measuring mode.
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Figure 4.2.5 Neutral voltage in the measuring mode (25 Hz)
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Figure 4.2.7 Measured network capacitance
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As it can be seen from Fig.ure 4.1.1 the measured 25 Hz voltage is transformed into dq
coordinates using the same principle as for the main harmonic (the Hilbert transform have been
used). Using the equation 3.2.3 the network capacitance can be found. Recalling the network
parameters from Table 4.1.1 one can see the accuracy of the measurement. To eliminate the HF
components the low-pass filter has been used.

Compensation mode

Figures 4.2.8 — 4.2.11 show the simulation results of the fault compensation appearing at
the time 0,7 sand self-extinguishing at 1,05 s.
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Figure 4.2.8 Fault current after the GF with the compensation
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Figure 4.2.11 Network voltages after the GF fault with the compensation

After the compensation started the network currents become balanced and the GF current
elimination can be seen in Figures 4.2.8 and 4.2.10. After the GF current self-extinguishing at
time 1.05 s, the converter checked the fault presence and finished the compensation. The
network voltages become balanced and the compensation current turns zero (Figures 4.2.9 and
4.2.11).

However, to confirm the GF elimination criteria (section 3.2) the fault time should be
extended in the model. Figures 4.2.12 — 4.2.14 show the simulation results of the fault
compensation appearing at time 0.7 s and self-extinguishing at 1.15 s. The period of check (see
Figure 3.2.8) depend on the simulation step of the modes controller. Thus after a specified
number of steps the GF presence is checked again at time 1.36 s, which is seen in Figure 4.2.14.
After the positive response (there is no GF any more) the compensation is finished.
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Figure 4.2.13 Converter compensation current
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HF compensation mode

Figures 4.2.15 — 4.2.17 show the compensation mode with the absence of the HF (5 and 7)
negative sequence voltages in the network with the fault appearing at the time 0,3 s. The HF
compensation principle is demonstrated for 5th and 7th harmonic components.

As it can be seen from Figure 4.2.15 the high value HF fault current is still flowing with
the exception of the fundamental harmonic component. The network voltages (Figure 4.2.16) are
unsymmetrical as well. As it mentioned before one of the HF compensation techniques is based
on the eliminating HF components before the fault.

Figures 4.2.18 - 4.2.21 show the processes with HF compensation. The HF compensation
starts at the time 0,1s. Figure 4.2.18 show the elimination of the HF voltage components (after
0.1 s). After elimination of the HF voltages the GF current does not contain any HF components
and the compensation process (see Figure 4.2.19) looks as in previous section (see Figure 4.2.8
or 4.2.12). However the converter currents contain the HF compensation components and are
shown in Figures 4.2.20, 4.2.21. Examining Figures 4.2.15-4.2.21 one can conclude the
efficiency of the proposed technique.
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CONCLUSIONS AND OUTLOOK

In this thesis, the concept of the active ground fault current compensation converter has
been demonstrated. Due to its advantages the power electronic device can change the arc
suppression coils which are used now in medium voltage grids. The three-phase multilevel
converter is chosen as most suitable converter topology. It offers the fast total ground fault
current compensation as well as high frequency components, the ground fault current presence
and elimination identification, the constant ground fault current value determination during the
operation. Particularly, important for the ground fault compensation, the time response dynamic
of the compensator.

The mathematical model of the network in modal coordinates to realize the compensation
principle is described. Based on the model, the transient processes with the converter are
considered and the converter influence on the ground fault current value is investigated. The
converter current dependences on the network capacitance are obtained.

Two different symmetrical components decomposition approaches are investigated: the
classical symmetrical components (CSC) method and the generalized symmetrical components
(GSC) method. It is found that the CSC is more complex and can be used only at the main
frequency of the input signals. The GSC is multipurpose in terms of the input harmonic
composition due to the Hilbert filter using. While using the generalized components method a
specific frequency range of interest to be decomposed can be selected. The different synthesis
approaches of the Hilbert filter structures are investigated. The second-order IIR filter structure
is chosen to be used in control algorithm.

In order to synthesize the converter control structure the mathematical model in dg-
reference frame is used. Applying the direct synthesis method for DC-DC convertors, the
converter control structure is obtained and the controller parameters can be calculated. It has
three independent loops in parallel (main harmonic) to control the output converter current:
positive, negative and zero sequence loop. The positive sequence loop is used to control the DC-
link voltage as well.

The operation modes of the converter are considered. Analyzing the existing methods of
the grid capacitance determination, the most suitable has been selected and examined. The
ground fault presence and elimination criteria are investigated and selected. The ground fault
presence is identified by the neutral voltage increasing more than 15% of the nominal voltage.
The ground fault elimination is identified by the zero voltage dependency on the converter
current (see Section 3.2).

The high frequency components compensation is investigated. Two different techniques
are considered: the compensation of the source voltages before a fault and the compensation of
zero currents after a fault. The voltage sources before the fault can be compensated only when
there is sufficient ratio between the line impedances and the converter currents. The HF current
compensation does not have any restrictions but requires more Hilbert filters to perform the dg-
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transformation for each HF component. Finally, the complex long line is theoretically considered
as well as the case of nonlinear loads. The effects of the complex long line need closer
investigation in the future.

The final chapter is dedicated to the power circuit parameters and simulation. The
simulations are performed in Matlab Simulink. The 7 3-level diode clamped converters, which
are connected in parallel to decrease the output filter inductance, are used. The simulations prove
all the synthesized algorithms for the main harmonics and for the HF components: the
compensation principle (main and HF components), the ground fault presence and elimination,
the grid capacitance measurement and the switching between the operation modes.

As the further investigation the circuit with the transformer can be considered as well as
the complex grid. The hybrid compensation circuit which includes the one-phase converter for
ground fault current compensation and the three phase active power filter can be the subject of
the future research work as well.
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Glossary

AC
GF
MVAC
HVAC
ASC
HV
MV
AEFCC
MMC
HF
FFT
SO
MO
IR
FIR
STATCOM
NPC
PI
PWM

alternating current
ground fault
medium voltage alternating current
high voltage alternating current
arc suppression coil
high voltage
medium voltage
active earth fault current compensator
modular multilevel converter
high frequency
fast Fourier transformation
symmetrical optimum
modulus optimum
infinite impulse response
finite impulse response
static synchronous compensator
neutral-point clamped
proportional-integral

pulse-width modulation
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Style of writing

Variables:

el small letter: time variables

e, i bold letter: matrix, column matrix or vector
r,L,C resistance, inductance and capacitance
I complex variables

X complex inductive and capacitive reactance
Z complex impedance

| amplitude values

b, a coefficients

h(n),w(n) impulse responses

Q complex vectors

i derivative

y gamma

T, time constants

Indexes

S source variable

n network variable (resistance, reactance)
a,b,c phase indexes

C capacitance variables(currents and voltages)
L1..Lm load variables

i, k,f Cross-sections

n neutral variable (voltage, current)

a30 Clarke domain components

a a circuit components

B S circuit components

0 zero circuit components (lower)

0 zero circuit d and q (DC signals) components (upper)
f fault cross-section components

+ positive circuit components

— negative circuit components

h Hilbert transformations

+— components without zero sequence

105



(n)

d circuit components

g circuit components

reference signals

current loop components

voltage loop components

low pass filter

modulation signals
filtered variables
test signal

harmonic variables
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APPENDIX

The network currents can be determined as follows:

i i +|('J
|:1 1 0 1 \/_
.' 1 I 3
_Iapo |: uﬁ0:| - _1/2 \/§/2 1 = E a 7 |b+| (511)
i ||-1/2 —3/2 1 N ._ﬁ
L 2 "7 °_
Considering the fault conditions (2.1.11) and (2.1.17 — 2.1.18):
. XnC
K Es+j- 22 (1,-1)) ]
525-‘-?: — X C +?;
(R§+j-X§L+R;+j.x;L-j.Ta)
S . XnC )
. K Es+j-—2(l,-1,
5=-%-5+§-I;+?‘)=- — 3 (—0 —) —
2X(Ri+JXEHRIH X )12
ES XnC Ik I
3. T x et (5.12)
2 R+ XE+R+j-X-j X)) 2
| e+ i % (1-12)
= LBl -3 - =
P T R XERI X))
\/§ Eb J chxlk I_o
2 (RS+J XE+RI+j- XM - X)) E

The capacitor currents can be found from three phase circuit (Fig.2.1.6):
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As it mentioned before, to obtain the transient process the equation system (2.1.1) should
be solved analytically using for example operational method. The system should be modified
considering the fault conditions (2.1.10, 2.1.11). To solve the system the following assumptions
have been used:

- the system parameters are balanced and linear (C] =C, =C_,L; =L =L}

R =Ry =RI.L =L, = L3, R =R =RY);
- to reduce number of state variables the system idling operation mode is considered,;
- voltage sources are balanced and ideal;

Using Mathcad the following Laplace equations can be obtained

ii(s)=if(s): 6'ﬂ'Cn'f'és'S

: (4-7° £?+5%)-(3-C"-L-s*+3-C"-R-5+1)

L=(L"+L) (5.1.4)
R=(R"+R°)

) 7-C"-E° f -(3-s+3-C"-L-s3+3-C”-R-s3—2-ﬂ-J§- f)
'b(s)__(4-;z2- f245?)-(3-C"-L-s?+3.C"-R-5+1)-(C"-L-s?+C"-R-5+1)

) (5.1.5)
z-C"-ES f -(6-7z-J§-C“-L- f.s2+6-7-4/3-C"-R-f -s)
(4-7°-£7+5*)-(3-C"-L-5*+3-C"-R-5+1)-(C"-L-5* +C"-R-s+1)
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. z-C"-E f (3-5+3:C" L:s"+3.C" R-s*-2. 743 f
IC(S)__(4~7r2- f24+87)(3-C"-L-s?+3.C"-R-s+1)-(C"-L-s° +C"-R-5+1)

) (5.1.6)
z-C"-E° f -(6'72'-\/§-Cn-L' f.s°+6-7-4/3-C"-R. f -s)

+(4-7r2-f2+sz)-(3-C”-L-52+3-C”-R-s+1)-(C“-L-52+C“-R-s+1)

The time diagrams of the Laplace inverse transformation are shown in Figure 2.1.11.
Solving the equation system based on Figure 2.1.6 the following current equations can be
obtained:

2-s-(|;—9.;z-cn-f ~E5j

i (s)=i'(s)= (5.1.7)
(8)=10) 3.(4-7° 12 +5*)-(3-C"-L-s*+3-C"-R-5+1)
3 2-J§-;z2-|_-|§5-c"2-fz-sz+2-J§.ﬂ2-R-ES.c"2-fz-s—ﬂ-L-ES-c"Z-f-s3j
it (s)=— +
»(8) (4-7%- £2+5%)-(3-C"-L-s*+3-C"-R-5+1)-(C"-L-s*+C"-R-5+1)
3.7 C B -8 424372 ESC- f2—3.7-EC"- f -5 . (5.18)

(4-7%- f2+5*)-(3-C"-L-5*+3-C"-R-5+1)-(C"-L-s*+C"-R-5+1)

,-L-C"-s*+1,-R-C" 82+ 1,5
3~(4~7r2~ f2+sz).(3.cn-L.sz+3.C".R.s+1)-(cn-L-sZ+C”-R-s+1)

+

3-{2-J§-EZ-L-ES-C”2.f2-32+2-\/§.;z2~R-ES-C”2.f2-s+7z-L-ES.c"2-f-s3j

ib(s)=-

(4-72 f2452)-(3.C"-L-s?+3.C"-R-s+1)-(C"-L-s2+C"-R-s5+1) ’

3.7-C" ES f.5242.4/3.22-ES-C"-f243.7-E-C"-f-s
+ 2 2 2 n 2 n n 2 n
(4-7%.£2+5?)-(3.-C"-L-s?+3.C"-R-5+1)-(C"-L-s?+C"-R-5+1)

) lyL-C"-8% 4+ 15-R-C" 8%+ [55
3.(4-72-f2+52)(3.C"-L-s2+3.C"-R-s+1).(C"-L-52+C"-R-5+1
(5.1.9)

The time diagrams of the Laplace inverse transformation are shown in Figure 2.1.12, 13
(from time 0.55 s).
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