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Abstract

With the increasing prominence of DC microgrids in recent years, addressing the challenges
faced by DC microgrid protection systems, particularly in relation to the absence of current
zero-crossing and arc mitigation during circuit switching, has become crucial. In this regard,
Z-source circuit breakers and their modifications have emerged as promising solutions for
medium-voltage DC microgrid protection. These devices offer natural commutation, simple
control, low losses, and high fault-clearing speed. This project select and compare different Z-
source topologies and their modifications for both unidirectional and bidirectional operation,
using comparable performance parameters for medium-voltage microgrid applications. The
topologies were simulated using the OpenModelica software to evaluate their functionality
and performance.
keywords: Fault, Circuit Breaker, Topologies, Z-source, DC microgrid
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Chapter 1

Introduction

Topics related to DCMGs have achieved popularity in recent years, due to the advantages
that these present compared to their counterparts, the so called alternating current mi-
crogrids (ACMGs). Some of the advantages of DCMGs include higher efficiency, greater
expandability, greater stability, easier control, greater reliability, greater compatibility with
renewable energy sources, and fewer conversion steps [61, 48, 20]. However, implementa-
tion of DCMGs involves new technical challenges to reach their full potential; among them,
the implementation of a suitable protection of the system [5, 36]. Moreover, it has been
highlighted that there are currently no standards or guidelines for DCMG implementation
[89, 38, 23, 73, 88, 1].

DCMGs are projected as the stage for modern distribution systems due to the prolifer-
ation of distributed generation (DG) [8, 51]. DCMGs can be defined as a group of loads
and DC sources that function as a single controllable system, providing energy to its local
and clearly defined area [20, 51]. DCMGs are composed of sources that are driven by power
electronics devices. These devices, under certain operative conditions, may handle currents
between two and three times the nominal current for at least tens of microseconds [75, 74|,
while conventional AC sources can sustain a fault current greater than 20 times their nomi-
nal current for hundreds of milliseconds [17]; in consequence, the protective devices used for
ACMGs do not fulfill the minimal requirements for DCMGs. The proliferation of DCMGs is
an important step in making the future power system load-adaptive, an important require-
ment for DG. Nonetheless, conventional MCBs for DC protection struggle to extinguish
the arc generated when interrupting the fault current, and they also feature relatively slow
tripping times, which represents a potential risk for sources and loads |38, 36].

The design criteria for electrical fault-protection circuit breakers in DCMGs must con-
sider the following characteristics: low power loss, reliability, speed, continuity, economy,
and simplicity [61, 23, 55|. Regarding microgrid protection, three aspects are addressed:
protective circuit-breaker circuits, protection system design, grounding and ground fault iso-
lation [38|. Regarding microgrid fault protection circuits, the most common protections are
fuses, MCBs, SSCBs, and HCBs [38]. Circuit breakers’ evolution for DCMGs has basically
consisted of fuses, MCBs, SSCBs, and HCBs.

Fuses are divided into two types: fast-acting fuses and time-delay fuses. Fast-acting
fuses are used to protect the output of converters and are widely used in stationary battery
protection [4, 21|. Time-delay fuses are used for high-frequency current peaks that occur
when energizing certain loads or when starting motors. The selection of a fuse for an ACMG
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requires a response time between 10-100 ms to correctly operate and interrupt the fault;
however, DCMGs require a maximum of 0.5 ms [4]. Although the fuse is an inexpensive
protection device with very simple construction characteristics, it has the disadvantage of
having to be replaced after each fault, and does not have the possibility of discriminating
between a transient or a permanent fault.

MCBs are devices that use mechanical parts to interrupt the flow of current in the event
of a fault. The current interruption process is always accompanied by an electric arc at the
moment of interruption. To mitigate the impact of the arc, passive and active current circuits
have been proposed, in which a resonant LC series circuit is used for creating a zero-crossing
that extinguishes the arc [2|. The main advantages of mechanical switches consist of having
low losses and low investment costs; however, the fault clearance time is between 30 and 100
ms, which is too high for DCMG requirements.

SSCBs constitute an alternative to MCBs, since they do not have mechanical moving
parts to operate. Additionally, the operation of SSCBs is performed by semiconductor de-
vices. In general terms, SSCBs have the following characteristics: fast operation, arc-free,
soundless, long operation useful life, and reliability. SSCBs are used for a variety of applica-
tions [17]. Different types of silicon semiconductor devices are used for the SSCB gate-turn-
off thyristor (GTO), the silicon insulated-gate bipolar transistor (IGBT), integrated gate-
commutated thyristor (IGCT), and cathode metal oxide semiconductor controlled thyristor
(CS-MCT), each having its advantages and disadvantages. The main characteristic of these
switches is their speed, with operating times lower than 100 us; however, SSCBs present high-
power losses, and are expensive and also too large for some applications, since they require
heat sinks [7]. Another group of SSCBs is devices in which the predominant material is a
wide band gap (WBG), such as silicon carbide (SiC) JFETs, SiC metal-oxide-semiconductor
field-effect transistors MOSFETS, SiC static induction transistors (SiC) SITs, gallium nitride
(GaN) high electron mobility transistors (HEMTs), and gallium nitride (GaN) FETs. WBG
semiconductors exhibit superior material properties than those based on silicon, which en-
ables the operation of these power devices at higher-temperature operation, higher blocking
voltage capabilities, and higher switching frequencies; however, WBG technology itself is
still evolving towards its maturity [90].

HCBs are a combination of the best features of mechanical and solid-state switches in
a single device, overcoming their corresponding drawbacks. Indeed, hybrid switches feature
small conduction losses, very short operating times, long service life, and high reliability,
and do not require special cooling equipment, which shows a new direction in the research
and development of switches for engineering applications [17|. However, the switching speed
strongly depends on the mechanical parts of the system [49].

Solid-state switches generally use an auxiliary circuit to bring the current to zero through
voltage or current switching in order to prevent arc formation. However, the auxiliary devices
must be ready to act before the fault current exceeds the switch’s maximum capacity value,
so the fault detection time is a critical issue for conventional solid-state switches. To miti-
gate this issue, a creative design called the Z-Source circuit breaker has been proposed, which
possesses significant characteristics such as natural commutation, automatic disconnection
of the faulted load, simple control circuit, fault source isolation, inherent coordination capa-
bility, Z-source impedance fault limiting capability, and bidirectional power capability. This
circuit breaker utilizes a portion of the large transient current that occurs during a fault
and directs it through capacitors to naturally trigger a Silicon-Controlled Rectifier (SCR)
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for switching purposes|14].

In the present project, a comparison was made between the classic Z-source topology and
its modifications to observe their behavior in the presence of electrical faults caused by over-
currents in medium voltage DC microgrids. A total of 19 representative topologies, designed
for either uni-directional or bi-directional operation, have been selected from the literature.
These topologies have been classified based on their intended purpose, and simulations using
the OpenModelica software have been performed for all of them. Through these simulations,
the topologies are analyzed and compared using parameters that provide insights into their
functionality and suitability for operating in a medium voltage DC microgrid (DCMG).

1.1 Problem statement

DC microgrids (DCMGs) offer numerous advantages over AC microgrids, such as higher
efficiency, greater stability, and compatibility with renewable energy sources. However, the
implementation of DCMGs presents technical challenges, particularly in terms of achieving
suitable protection. Currently, there are no standardized guidelines for DCMG protection.
The existing protection devices such as fuses, mechanical circuit breakers (MCBs), solid-state
circuit breakers (SSCBs), and hybrid circuit breakers (HCBs) have limitations in terms of
response time, arc extinction, power losses, and size. To address these challenges, Z-source
circuit breaker (ZCB) topologies comparison was performed which offers features like natural
commutation, fault isolation, coordination capability, and bidirectional power flow.

Publications on topologies based on modifications of the classic Z-source have been grow-
ing in recent years. The reviewed topologies in the literature have specific focuses, such as
addressing speed-triggering issues, resolving the number of elements in conduction, optimiz-
ing switching losses, applications for low-voltage networks, and accommodating load current
variations. Each topology is simulated with specific parameters for a particular purpose.
However, it is not clear whether all these topologies are suitable for medium-voltage DCMGs,
as they need to be compared using the same parameters as those used for medium voltage
DCMGs. Furthermore, it remains unknown whether the modifications made to the classic
Z-source topology for both uni-directional and bi-directional operation have fully resolved
the applicability of Z-source topologies and their modifications in any medium-voltage mi-
crogrid. Additionally, understanding the different implemented switching strategies to shut
down the circuit breaker is important as a knowledge base for future research endeavors. It
is imperative to select the topologies according to the solutions.

1.2 Research question

In the context of the protection of medium voltage DC microgrids, there is a doubt as to
whether the Z-source topologies and their modifications have already solved the problem of
the absence of zero crossing of the current before faults in DC microgrids; the arcing problem
in switching; the fault clearance times necessary to protect DC microgrids; high conduction
losses; the total safety of the source and the load before an overcurrent in the load and the
reduction of the weight and volume of the switching circuits. It is also important to know
what is the difference between the strategies used by some topologies that have allowed to
have a differentiating factor or advantage over the operation of others topologies?
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1.3

Project Objectives

1.3.1 General Objective

To compare the overcurrent fault response of Z-source circuit breaker topologies for DC
microgrid applications.

1.3.2 Specific Objectives

To classify Z-source topologies according to the type of solution they propose.

To select a suitable software to develop topology simulations: Matlab, ATPdraw,
Python, LTS SPICE, OpenModelica.

To simulate the different topologies of the Z-source circuit breaker with emphasis on
fault clearing time and series resonance behavior, according to the minimum require-
ments of DC microgrids.

To evaluate whether Z-source topologies are suitable for DC microgrid applications.

1.3.3 Methodology

Z-source circuit breakers are strong candidates for providing overcurrent fault response pro-
tection in DC microgrids due to their autonomous and natural commutation that utilizes
the fault current for commutation. However, their performance under a fault is still under
research. There are a large number of researchers that are proposing new topologies with the
aim of improving performance. In this project, overcurrent fault response of various Z-source
circuit breaker topologies for DC microgrid applications are compared. To compare different
Z-source topologies, the following factors were considered :

Z-source topologies in the literature was reviewed and classified into two main groups:
1) mono-directional topology, and 2) bi-directional topology. Within these two groups
a second classification was made into topologies that do not use magnetic couplings
and topology that use magnetic couplings. In addition, within the different topology
groups with the same principle of operation and similarity of design and behavior, a
representative topology was selected.

Z-source topologies are constantly evolving, Z-source topologies with features that ad-
here to the fundamental characteristics of the clasic Z-source were chosen[59]. These
features include the exclusive use of SCRs by reverse current switching, diodes for
current flow blocking, natural commutating, and passive elements such as resistors,
capacitors, and resistances as loads. In addition, it was chosen topologies that use RD
damping circuits for power dissipation. Topologies using solid-state devices such as IG-
BTs or IGCTs were excluded. In total, eleven single-directional and eight bidirectional
topologies were analyzed.

Several Z-source topologies have been simulated in the literature for different voltage
levels and parameters depending on the proposed applications. In this project, all
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topologies were simulated for a medium voltage DC microgrid using the same param-
eters, which facilitates the comparison of results and allows observing differences in
behavior. However, it should be noted that the topologies can optimize their behavior
for specific applications by varying their parameters.

The study of losses in circuit breakers is not included in this project because the selected
circuit breakers’ characteristics allow for an estimation of conduction and commutation
losses based on the number of elements interacting in each state.

This project does not cover the operation or characteristics of control circuits or fault
detection systems. Regarding the types of faults, serial fault currents are not consid-
ered. Only parallel fault currents are considered.

Taking into account the aforementioned considerations, the simulations were carried
out using ideal elements in order to facilitate comparison purposes. OpenModelica
software, which includes the "Electrical" library, was selected for the simulations due to
its efficient numerical methods for dynamic simulations of electrical circuits at various
voltage levels and dynamic systems, as well as its user-friendly graphical interface. The
numerical method used was DASSL, since it is an implicit numerical method suggested
by the OpenModelica community. The simulation data is exported to CSV files for
further analysis using free Python software tools, including Pandas and Matplotlib.
Pandas is ideal for handling large amounts of data with minimal memory resources,
while Matplotlib offers more advanced graph editing options than OpenModelica.

All topologies are simulated in the time domain to observe the behavior of variables in
fault current, commutation, resonance and power dissipation events. Analysis in the
frequency domain is not included.

The main parameters used for all circuits are: voltage source Vi of 6.000V | source
inductance Ly of 10uH, capacitors C' of 200uF |, inductors L of 2.4mH , R damping
resistors of 0.1€2, fault resistor Ry of 20m{2 SCRs and Ideal diodes with the minimum
resistor assigned by the simulation software.

The following variables are analyzed in this research: fault current, which indicates the
occurrence of a short circuit event; the current flowing through the SCR to visualize the
switching process; the currents flowing through the capacitors and inductors involved in
the switching and resonance processes; the voltages across the capacitors and inductors
involved in the series resonance of the circuits. Additionally, the voltage and current
in the load, as well as the current in the source inductance that are monitored to verify
whether there is any current returning to the source due to series resonance.

Finally Analysis of the results of simulations is performed that allows comparison of:
peak currents during energization of the commutation circuit, fault clearance, com-
mutation times, common connections between source and load, power losses involving
steady state and commutation elements, galvanic isolation, behavior under abrupt
variations of load current other than faults, current return to the source due to series
resonance, and operating directions.
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e Once the comparisons have been made, you can have more clarity on the suitability of
Z-source topologies and their modifications , within the scope of the simulations, to be
the overcurrent fault protections in DC microgrids or what are the future challenges
for these topologies to reach their maximum development.

1.4 Structure of chapters

This master thesis has being divided in the following Chapters: Chapter 2 includes a review of
circuit breakers that have being used for protecting MGs, in this chapter, there are included
the evolution of DC Breakers .Part of this chapter was taken from a paper that was published
in applied sciences Journal and is part of the contribution of this research work [59]. Chapter
3 includes the most recently Z-sources topologies that were found in technical literature.
This chapter includes, for each topology, the diagram, the description of components, and a
complete explanation of the principle of operation. Chapter 4 corresponds to the simulation
results of the Z-source topologies described in chapter 2. Chapter 5 is a comparison analysis
of z-sources topologies in terms of their performance. Finally, Chapter 6 concludes the most
relevant aspects of this thesis.



Chapter 2

State of the art fault current protection
DC microgrids

2.1 Introduction

This chapter aims to provide context on the general characteristics of DC microgrids, types of
faults, challenges faced by overcurrent protection in DC microgrids, overcurrent protection
devices, and the evolution of DC microgrid fault protections. The information presented
in this chapter is based on the article "Circuit Breakers in Low- and Medium-Voltage DC
Microgrids for Protection against Short-Circuit" [59], which is an integral part of the current
project.

2.2 DC Microgrid Faults

A DCMBG is defined as a MG in which the power interchange is given in the DC bus [21].
A DCMG may be powered from AC sources, although these sources must be connected to the
DCMG through AC to DC interfaces (power inverters) [55]. Figure 2.1 shows a conceptual
diagram of a DCMG with the location of the protection devices (PDs) that are covered in
this document.
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Figure 2.1: Conceptual diagram of a DCMG.

Faults in DCMGs can be divided into two principal types: the short-circuit fault current,

and arc fault current [1]. This paper focuses on the short-circuit fault current.

Figure 2.2 depicts the types of short-circuit faults that may take place in DCMGs pro-
duced by over-current and short-circuit events. The following two types of faults are con-
sidered: line-to-line fault and line-to-ground fault. A line-to-line fault occurs when an un-
desirable connection is established between the positive and negative lines, creating a short
circuit that connects the supply voltage terminals. In line-to-line faults, the wires are directly
connected to each other; therefore, line-to-line faults are of low impedance, which are more
dangerous, though they are easier to detect. In line-to-ground faults, one or both conductors
are connected to the ground. Therefore, line-to-ground faults are high-impedance faults in
most cases; nonetheless, they can be low-impact depending on the grounding setting used
for the DCMG |9, 61, 37]. The ground fault is the most common type of fault in industrial

systems [21].

b)

T ==

= Glround
-_ 4 T

Figure 2.2: Types of faults: (a) line-line fault, (b) line-ground fault.

Concerning the behavior of the fault in DC systems, in steady-state operations, if the
current ripple is small, it can be affirmed that the effect of the inductance is negligible.
However, under a short circuit, the CB must act by opening the circuit which produces
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a quick change in the current; under a fault, the effect of the inductance is considerable,
and over-voltages are generated. These over-voltages may produce arcs in terminals of the
CB. It is important to mention that the arc is easily extinguished in AC systems where
the voltage waveform crosses through zero; however, this does not occur in DC systems in
which the voltage waveform is constant and not crossing through zero. In consequence, arc-
extinguishing devices are required to effectively clear faults in DCMGs [54, 58|. Therefore,
protection systems for DCMGs must be faster than those of AC systems. In DCMGs,
protection must be configured for all faults on the upstream side of the microgrid because
all resources feed the faults, which can have different characteristics in terms of magnitude,
wave-front, fault current direction, and operation mode (island or grid-connected modes).

Fault response characteristics of DC systems can be divided into (a) transient state and
(b) steady-state. These correspond to the transient part of the fault injected from the
DC connection capacitors, the converter cable discharge, and the steady-state part injected
from the power sources [69]. The transitory part of the fault currents can also be split into
slow, medium, and fast front transitory. Voltage-dependent charges, converter control, and
batteries cause slow front transients. Over-current in capacitors used as filters cause medium
front transients, while recovery voltage transients at the opening of the protective devices
(PDs) cause fast front transients [16, 19].

2.3 DC Circuit Breakers

CBs for DCMGs have basically been composed of fuses, MCBs, SSCBs, and HCBs. All of
these circuit breakers are still in use. This section explains their characteristics in detail,
as well as their most relevant technical aspects.

2.3.1 Fuses

The fuse consists of an element in the form of a metallic conductor with a pair of contacts
between them, and a box or cartridge to carry the fuse element. Depending on the voltage
level, the cartridge is usually fitted with a device using material such as quartz sand for arc
extinction inside. The principle of operation of the fuse is the heating effect of the electric
current. If the current passes through a conductor with a certain resistance, the loss due
to the resistance of the conductor dissipates in the form of heat. Under normal operating
conditions, the heat produced in the fuse element is easily dissipated into the environment due
to the current flowing through it. When a fault occurs, such as a short circuit, the current
flow through the fusible element exceeds the prescribed limits. This creates excess heat,
which melts the fuse and breaks the circuit.

Fuses are usually made of copper or silver and are mainly installed in series with the
line. During a fault, the heat from the increased current blows out the fuse, causing the
line to open. Fuses are used as the simplest and most economical form of protection in DC
systems [7].

The selection of a fuse for an ACMG requires a response time in the range of 10-100 ms
to operate and interrupt the fault; however, the nature of a DCMG requires a maximum
operating time of 0.5 ms, which represents a limitation [4, 24|. For the selection of fuses, it
must be guaranteed that the time constant of current rise during the fault is lower than a
certain limit, since a slow rise in temperature allows the heat-absorbing material to extinguish
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the arc [21|. Fuses are ideal for applications in low-inductance DC systems, because the
time for the fuse to blow out must be minimal [29]. Although a fuse is a very simple
and inexpensive form of protection, it has several disadvantages: it must be replaced after
operation and does not have the possibility of discriminating between a transient and a
permanent fault [29]. Additionally, when a fault occurs in a single line, fuses only isolate the
failed pole, leaving the other pole active; despite this, fuses are considered a good option to
protect batteries and photovoltaic systems when trip time and cost are considered, as well
as the protection of load-feeders working together with mechanical switches and relays [9].
In the Ref. [68], fuses were considered as a viable alternative to mechanical DC breakers;
however, fuses installed in DCMGs must be provided an auxiliary device to extinguish the arc
produced in the opening of the fuse during a fault. The authors in the Ref. [68] recommended
a time constant to faults of >6 ms; however, this could decrease the fuse’s ability to interrupt
the current and extinguish the arc. In the Ref. [64], a detailed analysis of fuses used in
power converters was presented. Fuses were found to be an effective means of protection,
although the required amount of capacitance at the output of the voltage-balancing converter
can be high, which affects the total cost of the system; therefore, in terms of power converters,
the ideal application is to use the fuses as backup protection for the main switch. Fuses are
not recommended as backup protection in DCMGs with ring configuration, since in this case,
there are bidirectional current flows which require a communication system and the isolation
of the cable in case of a fault [64].

2.3.2 Mechanical Circuit Breakers

MCBs are devices that use mechanical parts to interrupt the flow of current in the event of a
fault. The operating mechanisms of MCBs can be divided into hydraulic, spring, pneumatic,
and magnetic [7]. Spring and magnetic operating mechanisms are more common in vacuum
CBs (VCBs). When a MCB reacts to a fault, its moving contact starts to separate, and the
contact area is reduced. The current density increases and the energy begins to evaporate
the metal, resulting in a plasma arc, which restarts due to the capacitance and inductance
of the system. Although the contacts are physically separated, the arc keeps the current
flowing. As the contact separation increases, the degree of the arc column is influenced by
the characteristics of the surrounding medium. The arc current will be terminated when
the arc plasma becomes a dielectric medium. Moreover, the ability to limit the current is
determined by the difference between the arc voltage and the system voltage. To mitigate
the impact of the arc, several solutions have been proposed: (a) MCBs with passive current
switching, (b) MCBs with active current switching, and (c) artificial current zero vacuum
switch (ACZ-VCBs). In MCBs with passive and active current switching and ACZ-VCBs,
a voltage opposite to the system that conducts zero-crossing artificial currents is created by
a resonant inductive (L) capacitive (C) series circuit [2]. In the passive switching method,
when the switch is open, a current flows through the LC circuit with a capacitor that has
not been pre-charged, and it starts to oscillate and creates a zero crossing current, in which
case the mechanical switch completely interrupts the current flow, increasing the voltage to
a certain specific value. Once the voltage reaches such a value, the current flows to energize
the energy-absorbing circuit, which is, in most cases, a metal oxide varistor (MOV) used to
dissipate the stored energy.

Figure 2.3a shows a MCB with passive commutation. Its components are: (1) the branch
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of the switch, (2) branch of the series resonant circuit, and (3) branch of the energy-absorbing
circuit. In the case of active switching, the capacitor has already been pre-charged, and when
the switch opens, the capacitor injects a negative current equal to the fault current to make
a zero crossing of the current. During the interruption process, the magnetic energy is stored
in the inductor and the varistors are connected in parallel with the switch to mitigate the
over-voltage and absorb the energy stored in the inductor. Figure 2.3b shows the mechanical
switch with active current switching.

MOV MOV

L1 c1 ” 2 L1 c1 ;,Iclo" ' I

CB CB
— ey e
a) b)

Figure 2.3: (a) MCB with passive resonance, (b) MCB with active resonance |7].

In the VCB, once the contacts are separated, the arc current generated across the elec-
trodes is extinguished using a vacuum chamber so that a vacuum arc is initiated at the
contacts. This arc is then extinguished and the conductive metal vapor condenses on the
metal faces, and the dielectric strength in the electrode is reduced. VCBs feature arc volt-
ages lower than 100 V, and they do not limit the arc currents of MVDC MG. VCBs are
effective because they avoid re-ignition of the arc after zero current. The most frequently
used approach of VCBs in MVDC interruption is based on artificial current zero (ACZ). Fig-
ure 2.4 depicts a general circuit of an ACZ-VCB. The interruption process begins with the
separation of the VCB followed by the formation of a vacuum arc conducting line current il.
As the electrode gap of VCB reaches a certain safe stroke to withstand the recovery voltage,
the commutation circuit breaker (CB) injects a high-frequency oscillating commutation cur-
rent i2, which is generated by discharging a pre-charged commutation capacitor C1 through
inductance L1. In consequence, the superimposition of i2 forces il to drop to zero. Then,
VCBs can be interrupted by extinguishing the vacuum arc. A metal oxide arrester is used
to suppress the over-voltage across the VCB.

MO
+ i2
CB L1 c1!l <
i1
VCB |

Figure 2.4: General circuit of an ACZ-VCB.

The main advantage of MCBs is low losses and low costs; however, the fault-clearing time
is between 30 and 100 ms [76, 91|, which is too high for DCMG requirements.
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2.3.3 Solid-State Circuit Breakers

This section contains the description of SSCBs, the most recent advances in terms of semi-
conductors and materials, and also the most recent topology of SSCBs reported in the
technical literature.

SSCBs General Description

SSCBs do not have mechanical moving parts to operate in case of electrical faults, since this
is performed by semiconductor devices. Compared to MCBs, SSCBs are much faster and
feature greater accuracy in controlling their operation. With the rise of power electronics in
the 1970s, the SCR thyristor appears as one of the first solid-state switches. With the de-
velopment and contribution of power control systems between 1980 and 1990, the growth of
solid-state switches became remarkable, whose predominant material is silicon (Si), such as
SCRI15], IGBT [89], IGCT [6], GTO [39], and CS-MCT [86]. Si devices have a high level of
maturity and are commercially available with a wide range of voltages and currents. SSCBs
have the following advantages: fast operating times of less than 100 us, no arc, no sound, no
gas emissions, long service life, and high reliability and applicability [23, 25, 57|. However,
SSCBs have the disadvantage of presenting high power losses, and being very expensive and
large, due to the need for heat sinks |7]. Another group of SSCBs is the devices proposed since
1989 [3], in which the predominant material is a wide band gap (WBG), such as SiC JFETs
SiC ETO, SiC MOSFETs [45], SiC SITs [70], GaN HEMTs, and GaN MOSFETs [74]. WBG
semiconductors exhibit superior material properties than silicon ones, which enable the op-
eration of power devices at higher-temperature operation, higher blocking voltage capability,
and higher switching frequencies [66, 50]. Although WBG semiconductors offer significant
improvement over silicon ones in power efficiency, switching frequency, and operating tem-
perature, their proliferation into the mainstream power electronic market is impeded by high
device cost and reliability concerns, and this is mainly because the WBG technology itself
is still evolving towards its maturity |76].

SSCBs can be damaged due to overvoltage of the inductive components of the system,
hence the importance of reducing this voltage for the safety of the device. To protect the
solid-state switch from overvoltage at the moment of opening, additional elements are re-
quired, such as resistors, capacitors, diode (RCD) Snubber Circuits, metal oxide varistors
(MOV), and freewheeling diodes [88, 46]. In the Ref. [37], the authors described the advan-
tages and disadvantages of different SSCB snubbers: the metal oxide varistor (MOV), single
snubber capacitor, dissipative snubber, RC snubber, and RCD snubber. They concluded
that RCD snubber is the best option and is able to avoid the oscillation between C and L
by using a fast recovery diode to clamp the changing voltage; it is, therefore, a suitable can-
didate for medium-capacity applications [37]. The protection control, heat cooling system,
sensor, and damping system for a SSCB are depicted in Figure 2.5.
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Figure 2.5: Conceptual diagram of a typical SSCB.

One of the main drawbacks of SSCB is the lack of galvanic isolation in the open state.
This can be overcome by adding an auxiliary circuit based on two mechanical switches in
series with the SSCB [7] (see Figure 2.6). This circuit is opened after the trip of the SSCB,
guaranteeing complete isolation between load and supply. Galvanic isolation of SSCBs is
a key feature for achieving fault detection, isolation, and DCMG reconfiguration. The me-
chanical switches that provide physical isolation are as follows: (1) a mechanical switch to
handle the high current that appears through the SSCB when the SSCB interrupted the
fault current, and (2) a secondary mechanical switch for interrupting the leakage current
during isolation [69].

(Leakage Current)
I

11
. SSCB

Mechanical- Switch
(High Current)

Figure 2.6: Galvanic isolation circuit for SSCBs.

Recent Developments of SSCBs

The following paragraphs show the most recent developments of SSCBs in terms of the type
of semiconductors and material used:

In the Ref. [80], the authors compared the switching waveforms of Si GTO and SiC GTO
switches. The latter is known as an automatic turn-off device that controls high voltages and
large currents. GTO is preferred for DC applications because it has an independent gate for
turn-on and turn-off. The results showed Sic GTO times of 2.21 us, which are lower than Si
GTO times of 10.82 us.

In the Ref. [81], a SSCB based on IGBTs was implemented in a DCMG. The designed
SSCB was capable of low-end lighting protection applications and tested at 50 V. A 15 A
continuous current rating was obtained, and the minimum response time of the SSCB was
nearly 290 times faster than that of conventional AC protection methods. The development
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of this technology shows promise for the future of integrated power systems; nonetheless,
the cost associated with these new technologies remains an obstacle in the growth of com-
mercial DC systems.

In the Ref. [6], a new SSCB was designed based on IGCT technology for an aircraft
DCMG. The authors proposed a new IGCT-based SSCB that uses Y-shape coupled inductors
that forces the current to zero to isolate short-circuit faults. With this implementation, there
is no need to add a snubber or clamp circuit across the IGCT because the Y-shape coupled
inductors drive inductive currents to zero before the IGCT commutates off. They obtained
a SSCB with an efficiency of 99.94%, and operating time of around 20 us.

In the Ref. [88], a suitable IGBT for low-voltage (around 400 V) fault protection of a
DCMG was proposed. The simulation results showed that the SSCB acted reliably and the
fault current dropped to zero within 15 us until the fault was removed from the system
and reconnected within 8 us, while the rest of the system continued to operate normally.
However, the high conduction loss and cost of the semiconductor breakers technology was
considered as the main obstacle to their wider use in electrical protection applications.

Si IGBT-based breakers have also been proposed to interrupt fault currents In the
Ref. [88]. However, these breakers feature relatively high power losses due to the finite
conductivity modulation effect of the IGBT [27]. Besides, the maximum current interrup-
tion ability of these breakers are also limited by the saturation current of the IGBT which
reduces the short-circuit requirements from 10 to 5 us. However, Si IGBT would reduce the
on-state losses to increase the channel width-to-length ratio [30].

In the Ref. [90], St MOSFET, Si CoolMOS, SiC MOSFET, and SiC JFET with the lowest
on-resistance Rds (on) for a rated breakdown voltage devices were studied. The SiC junction-
gate field effect transistor (JFET) has the best maximum turn-off capability, the maximum
current that a switch can interrupt, and the highest peak power density.

In the Ref. [45], a photovoltaic-driven SSCB with latching and current-limiting (LCL)
capabilities (SSCB-LCL) was proposed. In case the load current is exceeded, the SSCB-
LCL limits the load current during a pre-configured time by the user. If the fault persists,
after the pre-configured time has elapsed, the load is disconnected from the input. External
commands were also included for controlled load disconnection or restarting the SSCB-LCL.
This circuit contains very few components, does not require external supply, and provides a
large bandwidth control signal.

In the Ref. [55], the authors proposed a SSCB that detects short-circuit faults by sensing
the drain source voltage, in which case it extracts power from the fault condition to turn
off and stop a SiC JFET. The authors proposed a new two-terminal for the SSCB that
can be placed directly on a circuit branch without requiring any external power supply or
additional wiring.

In the Ref. [54], a semiconductor DC circuit breaker using SiC static induction transistor
(SiC) SITs was investigated in applications for data centers at 400 V. SiC SITs have extremely
low on-state resistance and a very large safe operating area. The experimental results showed
that the SiC SIT’s fault current decayed to 0 A within 20 us.

The authors in the Ref. [74] experimentally demonstrated the feasibility of using 650 V
GaN bidirectional devices in SSCB applications. GaN devices outperform silicon MOSFETs
with regard to the on-resistance value during operation (Rds) versus the breakdown voltage,
allowing a further increase in switching frequency and efficiency, and reduction in physical
size. The authors reported a new bidirectional SSCB, which comprises a single 650 V, 200 m¢2
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dual-gate, bidirectional, normally-on, GaN-on-Si HEMT as the static switch, and a fast-
starting isolated DC/DC converter and a diode bridge as the fault detection and protection
driver. When a fault occurs, the switch opens, bringing the current to zero in 0.8 us.

In the Ref. [91], a discussion on the basic concept and general design methodology of the
intelligent tri-mode SSCB (iBreaker) was provided. Commercial LVDC GaN FETs in vari-
ous SSCB designs that offer m{2-resistance and passive cooling were presented. The SSCB
ibreaker identifies and exploits a distinct pulsewidth modulation (PWM) current-limiting
(PWM-CL) state in addition to conventional on and off states in a bidirectional common-
inductor buck topology without needing additional semiconductor power devices. The
[Breaker can operate in the "on" state for continuous conduction of normal load currents,
or in the "off" state to interrupt fault currents. In addition, it can operate in the PWM-CL
state with a moderate overcurrent for a short period of time to facilitate intelligent functions,
such as soft startup, fault authentication, and fault location. The iBreaker switches from
the PWM-CL to the off state if it deems the overcurrent condition to be a true short-circuit
fault rather than a startup scenario after a short time-period. The tri-mode iBreaker quickly
limits a detected overcurrent to 2—3 times of the rated nominal current within a few microsec-
onds, and conducts a fault authentication process within a preset time window (typically a
few milliseconds) while operating at a relatively low overcurrent. This significantly reduces
the stress on the wiring and power semiconductor devices, and reduces the current rating
and cost of semiconductor switches.

In the Ref. [77], the formation of Ohmic Contacts in SSCBs was presented. Ohmic
contacts are necessary since they ensure the flow of signals and power from the semiconductor
to the peripherals. However, the arrangement of ohmic contacts in p-type 4 H-SiC is still a
highly discussed subject, due to the intrinsic challenge of acquiring a low value of specific
contact resistance in p-type WBG semiconductors. Moreover, the shortage of metals that
provide a low Schottky barrier to p-type SiC and high ionization energy of the Al dopant
renders the arrangement of a tunneling contact to a p-type SiC extremely troublesome.

In the Ref. [65], a 4 H-SiC MOSFETs low-inversion channel mobility was reported. This 4
H-SiC MOSFETSs revealed stable behavior when at room temperature, as well as for moderate
stress periods. However, with rising temperature (=150 °C) and stress periods, a significant
threshold voltage instability was found to occur [33].

In the Ref. [65], it was indicated that CBs based on GaN should ensure much better
efficiency with respect to CBs based on SiC because of its higher critical electric field and
greater electron mobility. However, GaN also suffers from many manufacturing problems
concerning the more advanced SiC technology, such as the insufficiency of high-quality free-
standing substrates, which prohibits the advancement of vertical structures in the internal
design of transistors [56, 77].

In the Ref. [34], a short cathode metal oxide semiconductor controlled thyristor (CS-
MCT) was proposed in a 400 V SSCB, which achieved a 30% reduction in energy loss
compared to using a Insulated Gate Bipolar transistor (IGBT). However, this kind of SSCB
is only able to interrupt unidirectional fault currents and requires an additional DC source
to pre-charge the commutating capacitor, thus increasing the circuit complexity and limiting
its applications. In the Ref. [31], it was indicated that thyristors are superior to IGBTs in
terms of their rating, cost, drive circuit design, and reliability. Moreover, thyristor-based
circuit breakers are a common approach to tackle the conduction losses of solid-state circuit
breakers. In fact, thyristors constitute one of the best power electronic types of switches
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from the point of view of conduction losses, the rating, cost, symmetric blocking capability,
and reliability aspects; however, this breaker needs additional commutating circuits.

Z-Source: The New Generation of SSCBs

Z-source circuit breakers (ZSCBs) constitute one of the most recent lines of research and
development of circuit breakers for over-current faults in DCMGs. ZSCBs feature natural
switching, automatic disconnection of the fault load, simple control circuit, isolation of the
fault source, and inherent coordination capacity. Furthermore, the ZSCBs’ impedance fault
limits the fault current and can operate in bidirectional mode. The ZSCBs can take the
transient current that occurs at the fault and pass it through the ZSCB capacitor so that
the semiconductor-controlled rectifier (SCR) is disconnected. Chapter 3 delves into the Z-
source and its modifications.

2.3.4 Hybrid Circuit Breakers

This section presents the description of HCBs and their most recent advances in terms
of semiconductors.

General Description of HCBs

HCBs are a combination of the best features of MCBs and SSCBs in a single device, overcom-
ing the drawbacks of both devices. HCBs have small conduction losses, very short operation
times, long life, high reliability, and do not require special cooling equipment. Additionally,
they feature simpler control, and more compact volume [85], resulting in a new direction
of research and development of switches for engineering applications. Figure 2.7 illustrates
the current path in the different states for HSBs—in normal condition, the current /; passes
through MCB. When a fault is identified, the MCB starts the opening of its contacts and
sends a turn-on signal to the SSCB. The established arc voltage is increased until it exceeds
the voltage drop of the SSCB. In this case, the current can be naturally commutated from
the MCB to the SSCB. The SSCB continues conducting current I, until the MCB is able to
block the full voltage. At this point, the SSCB is turned off and the voltage increases quickly
because of the circuit inductors. While the voltage reaches its breakdown value, the fault
current I3 commutes to the MOV to clamp voltage and approach the current to zero. Finally,
when the fault current is zero, the RCB is opened to isolate the faulty line from the DC grid
to protect the MOV from thermal overload [25]. Moreover, a current-limiting reactor (CLR)
in series with a residual circuit breaker (RCB) was added to limit the rate of rise of currents
and to provide complete galvanic isolation.
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Figure 2.7: Diagram of conventional HCBs [7].

Recent Developments of HCBs

The following paragraphs have the purpose of showing the most recent developments for
HCBs in terms of the type of semiconductor and material used:

In the Ref. [18], the authors compared the general characteristics of press pack IGBT and
injection-enhanced gate transistor (IEGT) used in HCBs. Basically, the maximum blocking
voltage, maximum turn-off current, surge current, di/dt, on-state voltage, drive power, failure
mode, and voltage balance for series were compared. The IEGT was more suitable for natural
commutation than HCBs when the system fault current was not very high. Comparatively,
IGBT and IEGT were more suitable for very high current interruption, and IEGT was
the superior selection based on their experiments. The advantage of HCBs is that they
have very low on-state losses. Furthermore, the current can be turned off independently
from a natural zero crossing. However, HCBs are very expensive and their speed is highly
dependent on the mechanical parts of the system [18]. Consequently, a standard mechanical
circuit breaker cannot be used because of its lack of speed [49], which represents a limitation
for DCMG protection.To improve the speed of HCBs, several fast-acting mechanisms have
been proposed to reduce the commutation time of MCBs to SSCB, such as Thomson coil
and piezoelectric actuators, which act in hundreds of microseconds. However, in experiments
performed with HCBs, the whole process takes between 0.5 and 5.5 ms.

2.4 DC CB Evolution

This section has the purpose of showing the DC CB evolution. DC CBs have been evolving for
more that 100 years. For this reason, the time-line is divided after and before the definition
of DCMGs. Figure 2.8 corresponds to the evolution of DC CBs before the emergence of
DCMGs, while Figure 2.9 illustrates the evolution of DC CBs after the emergence of DCMGs.

Electrical fuses were patented over 100 years ago to operate in DC networks in the late
1890s [84]. The silicon SCR thyristor SCR appeared as a superior alternative to the mercury
arc rectifier in the 1950s for application to various AC power electronics devices, since its
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switching is based on zero crossing of the current. In 1980s, there was a considerable evolution
in DC CBs: (a) a DC MCB with LC series resonance to create zero crossing of the fault
current and mitigate the arcing problem in switching for HVDC networks was proposed [2].
In fact, the LC series resonance concept served as the basis for the development of the ZSCB
for MVDC and LVDC DCMG applications. (b) With the advent of PWM, the development
of auto turn-off devices having fast switching and high withstand capability was necessary.
Gate Turn-Off (GTO) thyristors meet this requirement and easily withstand high voltages
and high currents. The gate turn-off thyristor (GTO) has all the advantages of that of the
SCR, and can also be turned off when desired through its gate. Unfortunately, its gate drive
current requirements are difficult, making the drive circuit very complex. (c¢) IGBTs have the
best characteristics of MOSFET and BJT transistors with the speed characteristics of high
switching speed and high voltage capability, being quite practical in the low- and medium-
current ranges. Nonetheless, IGBTs were not suitable for simultaneous high-voltage and
high-current operation. (d) Another alternative was the MOS gate thyristors, such as the
MOS-controlled thyristor (MCT) and base resistance-controlled thyristor (BRT) for high-
voltage applications, due to their single gate drive capabilities and low forward voltage drops.
However, as these devices lacked the current saturation feature, they showed much poorer
short-circuit SOA characteristics compared to IGBTs [30].

e DC Mechanical resonant CB (MCB)
e Gate Turn-Off thyristor ( GTO)

e Insulated Gate Bipolar Transistor (IGBT) ‘ Z-Source DC Circuit}
m W ¢« MOS-Controlled thyristor (MCT) 1980s Breaker (ZSCB)
0 0

e Emifter turn-off thyristor &7\7
e SSCB on wide-bandgap ( BG) semiconductor
devices SiC, GaN, 4

1890s Thyrlstor (SCR) @ [ Integrated Gate Commutated Thyrlstor (IGCT)} m

Figure 2.8: Timeline evolution of DC CBs before the definition of DCMGs.

In the 1990s, considerable progress was achieved: (a) IGCT, which has all the advantages
of other thyristor-type devices, such as SCR and GTO, was proposed. IGCT features a
high voltage, and current and surge current capabilities, which satisfy the high current
trend of solid-state switch. The switching speed of IGCT is about six times slower than
that of IGBT, but that is not really a problem in switch applications, since IGCT-based
SSCB is at least 900 times faster than a typical EMCBs. (b) ETO, a hybrid device of
MOS and GTO that combines the advantages of GTO and MOSFET, was proposed. (c)
WBG semiconductors exhibit material properties superior to silicon, which allow operation
of power devices at higher operating temperature, higher blocking voltage capability, and
higher switching frequencies. In the Ref. [30], the authors presented recent applications with
SiC, GaN, and 4H-SiC materials, such as SIC ETO, SIC MOSFET, SIC SIT, SIC JFET, and
GaN MOSFET. In 2010, a novel alternative for DCMG protections for MVDC and LVDC
appeared: the Z-Source DC circuit breaker, ZSCB. This circuit breaker uses a z-source L-
C circuit to automatically switch a main path SCR during a fault. Compared to existing
DC circuit breakers, the z-source circuit breaker features very fast tripping, easier control,
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and the source does not experience a fault current [15]. Figure 2.9 corresponds to a time
line after the definition or emergence of DCMGs.

After the definition of DCMGs, DC CBs have evolved quickly, trying to satisfy the
DCMG requirements. Figure 2.9 shows the CBs for LVDC and MVDC in chronological order
obtained from the literature review that were validated with experiments, prototypes, or
simulations in the last 20 years. The participation of the different technologies and topologies
proposed as candidates for DCMG protection can be observed. IGBTs [89, 80] (2009, 2011,
2013, 2016, 2019) and IGCTs [6] (2009, 2021), the most widely used SSCBs for MVDC
and LVDC DCMG applications today, due to their characteristics and maturity, have been
available for more than 20 years. However, in recent years, the number of SSCBs proposed as
candidates for DCMG protection has increased. It should be added that ZSCBs [15, 40, 41,
28, 42] (2010, 2011, 2013, 2015, 2016) and derived topologies, such as TZSCBs [91, 82] (2018,
2020, 2021), are under development, which have proven to be strong candidates for DCMG
protection of SSCBs. MCTs [86, 87| (2010, 2021, 2021) were out of the market due to their
worse short-circuit SOA characteristics. However, CS-MCTs are presented as a candidate
for DCMG protection, with very good results. WGB SSCBs are continuously evolving as
an alternative to replace Si SSCBs: SiC ETO(2016), SiC MOSFET [33] (2010, 2016), SiC
JFECT [45] (2011, 2016, 2020), SiC SIT [70] (2014), and GaN FET [74, 65] (2016, 2019).
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Figure 2.9: Timeline evolution of DC CBs after the definition of DCMGs.
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Chapter 3

Z~source topologies and their
modifications

3.1 Introduction

3.2 Mono-directional topologies

In monodirectional topologies, the breaker circuit only operates in one direction. Some
topologies proposed in the literature use magnetic couplings for commutation and others
do not use magnetic couplings. In this section, the topologies that do not use magnetic
couplings are discussed first because they are more similar to the classical Z-source and then
the topologies that use magnetic couplings.

3.2.1 Topologies without magnetic couplings

In the topologies topologies without magnetic couplings; the fault is supplied through the
high frequency circuit in which, the current flowing through the capacitors reverse bias the
SCR for commutation.this section presents topologies without load variation and a topology
that includes load variations.

Classic Z-source topology

Classical Z-source topology opens an interesting line of research on the subject of overcurrent
fault protection in DC microgrids. This topology is also called Cross Z-source topology.
Classic Z-source breakers are characterized by natural commutation, fast operation, simple
control circuit, fault source isolation, automatic disconnection of fault load and inherent
coordination capability [14].

Classic Z-source topology is depicted in Figure 3.1. It is composed of one SCR, two
capacitors (C1), (Cs) two inductors (Ly),(L2) in parallel with diodes (D), (D) and resistors
(R1),(R2) series array. Assuming that inductors (L;) and (L), capacitors (Cy) and (Cy),
diodes (D) and (D) and resistors (R;) and (Ry) have the same values (L), (C), (D) and (R)
respectively. Z-source is between the voltage source (v,) and load composed of a capacitor
(CL) and a resistor (Ry). Gy is the conductance used to simulate the fault conductance
in the load. The aim of the Z-source breaker is safely disconnect the source when a short

21



COMPARISON OF ELECTRICAL FAULT RESPONSES IN Z-SOURCE CIRCUIT
BREAKER TOPOLOGIES FOR D.C. MICROGRID APPLICATIONS. 22

circuit occurs. Classic Z-source breaker has four operating states that are described as
follows: 1) First estate corresponds to steady-state operation, the source v, delivers energy
to the load Ry. The currents of the source, SCR, inductors and load are equal in steady
state to i;. The current passes through the low-frequency circuit composed of 0, 1, 2, 3,
and 4 which consists of the source, the SCR, inductor L;, load R and inductor Ls; in this
state, capacitors C are also charged with the source voltage and they behave as an open
circuit see state 1 Figure 3.2 . 2) Second state is the transient state or fault occurrence
state. When a fault occurs in 6, the fault current is supplied by the capacitors C; and
Cs in series and C. The series capacitors C' and ('} form a capacitive voltage divider.
Current . passes through the high-frequency circuit, formed by the capacitors C and Cj
and SCR following the red line through 7, 6, 9 and 1 in the direction of the source; please
see Figure 3.1. High frequency current of the capacitors increases until is equal to the low
frequency current through the inductors i, then the SCR is reverse biased and commutates
off (source is disconnected); please see iscr in state 2 of Figure 3.2 . 3) Third state, after
SCR is turned off, two series LC circuits are connected to the fault and load through 9,
2 and 7, 4; initiating an LC resonance series. Series resonance can be observed when the
voltage across the inductor L; matches the voltage across the capacitor C or the voltage
across the inductor L, matches the voltage across the capacitor Cy . When the capacitor
voltage is reached by the inductor voltage; the voltage at the output becomes zero due to
the disconnection of the source. When the resonant voltage of the inductor and capacitor
reach half the source voltage, the voltage across the SCR becomes negative. Then the SCR
is forward biased. For this reason, one of the functions of the control is to deactivate the
gate before the inductor and capacitor voltages at resonance reach half the source voltage or
activate the SCR with a single pulse. The resonance ends when voltages in the inductor tend
to become negative, please see state 3 of Figure 3.2. 4) Fourth state begins when the voltage
on the capacitor decays to zero after the resonance has ended. Current from the inductors
Ly and L, continues to flow through the diodes and resistors until the current decays to
zero, 2, 12, 13 and 4, 10, 11 respectively . The diodes does not allow the inductor current
to recharge the capacitor. The use of Z-source technology for medium voltage networks on
ships is proposed in [13]. Through simulations, Z-source performance has been validated
for medium voltage at 6.000 V DC, demonstrating instantaneous commutation and fault
clearance in tens of microseconds. Furthermore, the paper presents methods for sizing Z-
source elements. In [14], a laboratory prototype for low voltage at 400V DC was proposed,
yielding positive results. The paper also suggests employing Z-source technology for the
protection of power converters supplying motors. In [44], tests were conducted with a low
voltage prototype at 280-440V DC and a communication architecture was proposed for DC
microgrid implementation.in [60] it is proposed to add resistors to the capacitors to mitigate
capacitor inrush currents.Simulations are carried out for medium voltage networks at 6.000V
DC, obtaining a reduction of the inrush currents with additional resistors.
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Figure 3.1: Classic Z-source circuit breaker |13]
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Figure 3.2: Classic Z-source commutation states, adapted from [13]

Parallel Z-source topology

In the parallel Z source topology, LC legs are connected in parallel after the SCR turn off,
hence referred to as parallel Z-source. In the parallel Z source topology, the circuit has been
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placed in line with the power transmission to provide a common point between the source
and the load. Parallel Z-source topology meets the disconnection characteristics of the classic
Z-source topology. Parallel Z-source topology is depicted in Figure 3.3. It is composed of
one SCR, two capacitors (C), (C2) two inductors (Lq),(Ls) in parallel with diodes (Dy),
(D) and resistors (R;),(R2) series array. Assuming that inductors L; and Ls, capacitors
C4 and (s, diodes D; and D,, and resistors Ry and R, have the same values L, C', D, R
respectively. Parallel Z-source is between the voltage source (vs) and load that is composed
by a capacitor (Cp) and a resistor (Ry). G is the conductance used for simulating a short
circuit in the load, please see Figure 3.3. The aim of this topology is to provide a common
ground between the source and the load, preserving the main characteristics of the classic
Z-source. Parallel Z-source breaker has four operating states that are described as follows:
1) First estate corresponds to steady-state operation, source v, delivers energy to the load
Ry. The currents of the source, SCR, inductors and load are equal in steady state to i,
current. The current passes through the low-frequency circuit composed by 0, 1, 2, 3, and
4; this circuit basically consists on the source, the SCR, inductors Ly, L, and load; in this
state, capacitor C7 and Cy are discharged, they behave as an open circuit. 2) Second state
is the transient state or fault occurrence state. When a fault occurs in 6, the fault current
is supplied by the capacitors C, Cy and Cp. The series capacitors C;, Cy and Cf, form a
capacitive voltage divider. Current i, passes through the high-frequency circuit, formed by
the capacitors C7, Cy and SCR following the red line through 0, 7, 2, 8, 6, and 9; in reverse
direction of the SCR current, please see Figure 3.3. High frequency current of the capacitors
increases until is equal to the low frequency current through the inductors iy, then the SCR
is reverse biased and commutates off. The parallel Z-source has the same behavior as the
classic Z-source until commutation occurs. 3) Third state corresponds to resonance series, it
is composed by the voltage source Vi, two capacitors C, Cy and two inductors L; and Ls.
After SCR is turn off, two series LC circuits are connected to the fault and load through
0,7, 1 and 8, and 3, 8; initiating an LC resonance series. Note that in this topology after the
SCR is commutates off, the voltage source is still connected to the resonant circuit. Indeed,
the source inductance is not negligible. If the source inductance is large, a series resonance
occurs between the capacitors C and the source inductance in the end state. Then, the
oscillations in the capacitor voltage grow . A filter design may be used to mitigate this issue
[12]. 4) Fourth state begins when current from the inductors iz; and izscontinues to flow
through the diodes and resistors until the current decays to zero, 1, 12, 13 and 3, 10, and 11
respectively.
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Figure 3.3: Parallel Z-source topology [13]

Series Z-source topology

Series Z-source topology is depicted in Figure 3.4. It is composed of one SCR, two capacitors
(CY), (Cy) two inductors (Ly),(Lz) in parallel with diodes (D;), (D) and resistors (Ry),(R2)
series array. Assuming that inductors (L) and (Ls), capacitors (C) and (Cy), diodes (D)
and (D), and resistors (R;) and (Ry) have the same values (L), (C), (D), (R) respectively
Series Z-source is between the voltage source (vs) and load that is composed by a capacitor
(Cr) and a resistor (Ry). Gy is the conductance used to simulate the fault in the load. The
aim of Series Z-source topology is to reduce the source current in the resonant state which is
absorbed by the source in the parallel Z-source topology, preserving the main characteristics
of the classic Z-source. Series Z-source breaker has four operating states that are described
as follows: 1) First estate corresponds to steady-state operation, the source vy delivers energy
to the load R;. The currents of the source, SCR, inductors and load are equal in steady
state to iy, current. The current passes through the low-frequency circuit composed of 0, 1,
2, 3, and 4; this circuit consists of the source, inductor L, the SCR, inductor L, and load.
In this state, capacitor C'1 are also charged with the source voltage and and capacitor C'2
is discharged, they behave as an open circuit 2) Second state is the transient state or fault
occurrence state. When a fault occurs in 6, the fault current is supplied by capacitors Cf,
(5 in series and C},. The series capacitors ', Cy and C}, form a capacitive voltage divider.
Current i, passes through the high-frequency circuit, formed by the capacitor C, SCR and
C5 following the red line through 9, 2, 7,6, and 8; please see Figure 3.4. High frequency
current of the capacitors i. increases until is equal to the low frequency current through the
inductors iy, then the SCR is reverse biased and commutates off. 3) Third state corresponds
to resonance series condition. It is composed of the voltage source vy, two capacitors C, Cs
and two inductors L; and L,. After SCR is turned off, two series LC circuits are connected
to the fault and load through 0, 1, 7 and 9, 2; initiating an LC resonance series. Note that
in this topology after the SCR is commutates off, the source voltage is still connected to the
resonant circuit, nonetheless the capacitor C; has been grounded to feed a large part of the
resonance currents. Then, the current reflected by the series resonance between the source
inductance and Z-source capacitance is considerably reduced [10]. 4) Fourth state begins
when current from the inductor continues to flow through the diodes and resistors until the
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current decays to zero, 1, 12, 13 and 3, 10, 11. The serial Z-source topology is a solution
that effectively addresses several issues present in classic and parallel Z-source topologies.
As a result, it has become a fundamental basis for subsequent designs. In the study by
Chang [10], the serial Z-source topology was proposed along with two methods for manually
tripping the Z-source breaker. These methods involved inducing either an external artificial
fault near the output or an internal artificial fault within the Z-source breaker.

G2 i,

—_—
=

Y
A
)|
N
+

if

Figure 3.4: Series connected Z-source|10]

Alternative classical Z-source topology

This topology is is depicted in Figure 3.5. It is composed of two SCRs, three capacitors (C}),
(Cy), (C3), Four inductors (Ly),(Ls),(L3),(L4) in parallel with diodes (Dy), (D2),(Ds), (D4)
and resistors (Ry),(Rs),(R3) (R4) series array. Assuming that inductors Ly, Lo, L3 and Ly,
capacitors C, Cy and Cj3, diodes Dy, Do, D3, D, and resistors Ry, R, R3, R4 have the same
values L , C, D, R respectively . The circuit breaker is between the voltage source (vs) and
load that is composed by a capacitor (C) and a resistor (Ry). G is the conductance used
to simulate the fault in the load. The aim of this topology is to improve the fault removal
speed of Z-source circuit breaker. This topology maintains the problems that can arise from
the lack of a shared point between the source and the load. In addition, this topology uses
two SCRs for commutation. This topology has four operating states that are described as
follows: 1) First estate corresponds to steady-state operation, the source v, delivers energy
to the load Ry. The currents of the source, SCRs, inductors and load are equal in steady
state to iy current. The current passes through the low-frequency circuit composed of 0,
1, 2, 3,4, 5, 6, and 7; this circuit consists of the source, inductor L, SCR,, inductor L,
load, inductor L3, SC'R; and inductor L4 In this state, capacitors C are also charged with
the source voltage, capacitors Cy and Cj are discharged, they behave as an open circuit. 2)
Second state is the transient state or fault occurrence state. When a a fault occurs in 10,
the fault current is supplied by the capacitors C, Cy and Cj in series and Cp.The series
capacitors form a capacitive voltage divider. Current i. passes through the high-frequency
circuit, formed by the capacitors, SCRs and fault, following the red line through 12, 6, 8, 2,
9, 10, and 11. Note that the current ¢, passes through SCR; and SCR,, which gives two
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possibilities of interruption. please see Figure 3.5. High frequency current of the capacitors
increases until is equal to the low frequency current through the inductors ¢y, then the
SCR is reverse biased and commutates off. 3) Third state corresponds to resonance series
condition. It is composed of the voltage source v, three capacitors C;, Cs, C3 and Four
inductors Ly, Lo, L3 and Ly. After SCR is turned off, three series LC circuits are connected
to the fault and load through 0, 1, 9; 5, 8, 3 and 7, 12 initiating an LC resonance series.
The components involved in series resonance have increased, resulting in higher snubbing
resistances compared to the traditional Z-source. Resonance ends when the voltage on the
inductors begins to turn negative. 4) Fourth state begins when current from the inductor
continues to flow through the diodes and resistors until the current decays to zero, 1, 13,
14; 3, 17, 18; 7, 15, 16 and 5, 19, 20. The energy stored in the inductor is dissipated across
the resistor. The following comparison analysis, presented in [35], demonstrates that the
fault currents and fault clearing times of this topology are superior to those of the classical,
series, and parallel topologies. During the commutation time, this topology exhibits lower
fault times and fault current, reduced the fault time by approximately (0.2ms). However,
it is important to note that the addition of one SCR in the conduction path will result in
increased losses. The results are validated by simulation for 6.000V medium voltage and low
voltage prototype.

® G2 i,

i O L, [ scr, L2 i
fin—-= @#

©® S @‘ Cy £ ®\GfC'L== EE@RL

Vg Dy R; b D, R if T T

: ® L3m®

e Moo &

~ o Ly~ | |SCR: D9 Rs

_K_WW_ Cs

D4 R4 Il

Figure 3.5: Alternative classical Z-source topology [35]

Series Z-source topology with response to load variations

One challenge of the Z-source to withstand load current peaks that are not caused by faults.
This is evident in situations such as motor start-up, where currents can surge to 10-15 times
their rated current [52|, or when loads are being switched within a DC microgrid. Series
Z-source topology with response to load variations are depicted in Figure 3.6 . It is composed
of the SCR, three capacitors (C7), (Cs) and (Cj3), two resistor (R;), (Rs),in series with C
and Cy respectively, two inductors (L;), (L2) in parallel with the diodes (D;), (Dy) and
the resistor (R3) (R4) series array. This topology is between the voltage source (vs) and load
composed of a capacitor (C) and a resistor (Ry). G is the conductance used to simulate
the fault in the load. The aim of this topology is to add to the Z-source series a capacitor C
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to supply sudden load changes or peaks that are not fault overcurrents, avoiding the SCR
commuting off. Resistors in series with the capacitors Ry, Ry are sized to limit the fault
currents. These resistors also serves for fault detection. This topology has four operating
states that are described as follows: 1) First estate corresponds to steady-state operation,
the source v, delivers energy to the load Ry. The currents of the source, SCR, inductors
Ly, Ly and load are equal in steady state to ¢; current. The current passes through the
low-frequency circuit composed of 0, 1, 2, 3, and 4; this circuit consists of the source, L,
the SCR, Ly and load. In this state, capacitors C; and C5 are also charged with the source
voltage and Cj is discharged, they behave as an open circuit; please see Figure 3.6. 2) Second
state is the transient state or fault occurrence state. This topology provides two important
high-frequency paths: paths 15, 16, 8 and 4, which supply the abrupt load changes without
the SCR commutates to off, which consists of Ry, C, C3 and load C',, Ry,. On the other hand,
path 14, 7, 2, 8, 6, 9 commutates the SCR off when a fault occurs in 6, which consisting of
Ry, Cs, SCR, C3, Cp. Since the current from C; does not pass through the SCR, the values
of Ry and C) can be modified to supply several steps of the steady state current [53].3)
Third state corresponds to resonance series condition. It is composed of the voltage source
v, three capacitors Cy, Cy, C3 and two inductors Ly, Lo; After SCR is turned off, two series
LC circuits are connected to the fault and load through 0, 1, 8, 16 and 12, 7, 3 initiating
an LC resonance series. 4) Fourth state begins when current from the inductor continues to
flow through the diodes and resistors until the current decays to zero, 1, 11, 10 and 3, 12, 13.
The energy corresponding to values of the inductor voltage is dissipated in the resistor.This
topology was proposed in [53|, and it yielded good results even under load current changes
up to three times the steady-state value. The system was simulated for medium voltage,
and a low-voltage prototype was used for experimental validation. Furthermore, a modified
proposal was presented where the resistors R1 and R2 were replaced with inductors in parallel
with diodes, yielding similar results.
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Figure 3.6: Series connected Z-source with response to load variations [53]

3.2.2 Topologies with magnetic couplings

Initially, the use of magnetic couplings was proposed for Z-source topologies to reduce the
weight and size of the switching circuit. However, it was discovered that magnetic coupling
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could be used within the commutation path|79, 63|, which allowed for a reduction in the
number of capacitors in the topologies. This section describes the behavior of unidirectional
topologies with magnetic coupling to reduce the size and weight of the circuit breaker, as
well as topologies that use magnetic coupling as a path of fault clearance.

Classic Z-source using magnetic coupling

Classic Z-source using magnetic coupling is depicted in Figure 3.7. It is composed of the SCR,
two capacitors (C1), (Cy) two coupled inductors(Ly,1),(Lmy2) in parallel with diodes (D),
(D3) and resistors (R;),(R2) series array. Assuming that inductors L; and Lo, capacitors
Ch and (s, diodes D and D, and resistors Ry and R, have the same values L , C, D, R
respectively. Classic Z-source using magnetic coupling is between the voltage source (vs)
and load composed of a capacitor (C) and a resistor (Ry). (Gy) is the conductance used
to simulate the fault conductance in the load. The aim of use coupled inductors on this
topology is to reduce the size and weight of the classic Z-source. Coupled inductors use
the same number of turns. The current in each inductor is the same. Then the inductors
voltages L,,; and L,,s are equal and the inductance value is halved.This allows the inductor
weight to be reduced by 30%. Moreover, the size of the inductor can be reduced by 50%.
Classic Z-source using magnetic coupling has four operating states that are described as
follows: 1) First estate corresponds to steady-state operation, the source v, delivers energy
to the load Ry. The currents of the source, SCR, inductors L,,1, L,,» and load are equal in
steady state to (ir) current. The current passes through the low-frequency circuit composed
of 0, 1, 2, 3, and 4 which consists of the source, the SCR, inductor L,,;, Load and L,,s ; in
this state, capacitors C; and Cy are also charged with the source voltage and they behave
as an open circuit. 2)Second state is the transient state or fault occurrence state. When a a
fault occurs in 6, the fault current is supplied by the capacitors C', C5 in series and C'. The
series capacitors C, Cy and C, form a capacitive voltage divider. Current i, passes through
the high-frequency circuit, formed by the capacitors C, Cy and SCR following the red line
through 9, 6, 8, and 1 in the direction of the source; please see Figure 3.7. High frequency
current of the capacitors increases until is equal to the low frequency current through the
inductors iy ), then the SCR is reverse biased and commutates off. 3) Third state, after SCR
is turned off, two series LC circuits are connected to the fault and load through 2, 8, and 4, 9;
initiating an LC resonance series. 4) Fourth state begins when the voltage on the capacitor
decays to zero after the resonance has ended. Current from the inductor continues to flow
through the diodes and resistors until the current decays to zero, 2, 7, 8 and 4, 10, 11. The
energy corresponding to values of the inductor voltage is dissipated in the resistor [43].
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Figure 3.7: Classic Z-source using magnetic coupling [43]

Series Z-source using magnetic coupling

Series connected Z-source using magnetic coupling is depicted in Figure 3.8. It is composed
of a SCR, two capacitors (C}), (Cz) two coupled inductors (Ly,1),(Lmz2) in parallel with
diodes (D;), (Ds) and resistors (Ry),(Ry) series array. Assuming that inductors L,,; and
L,,» capacitors C; and (5, diodes D; and Dy and resistors R and Ry have the same values
L., , C, D, Rrespectively .Series connected Z-source using magnetic coupling is between the
voltage source (v,) and load that is composed by a capacitor (C,) and a resistor (Ry). (Gy)
is the conductance used to simulate the fault in the load. The aim of the series-connected
Z-source using magnetic coupling topology is to reduce the size and weight of the series
Z-source while preserving the main commutation characteristics. Coupled inductors use
the same number of turns. The current in each inductor is the same. Then the inductors
voltages L,,; and L,,, are equal and the inductance value is halved and the same reduction
in size and volume as the Classic Z-source topology using magnetic coupling is obtained.
Series-connected Z-source using magnetic coupling topology has four operating states that
are described as follows:) First estate corresponds to steady-state operation, the source v,
delivers energy to the load R;. The currents of the source, SCR, inductor and load are equal
in steady state to i;. The current passes through the low-frequency circuit composed of 0,
1, 2, 3, and 4; this circuit consists of the source, the SCR, inductors and load. In this state,
capacitors C and (5 are also charged with the source voltage and they behave as an open
circuit. 2) Second state is the transient state or fault occurrence state. When a a fault occurs
in 6, the fault current is supplied by the capacitors C; and Cs in series and C. The series
capacitors C; and Cy andC', form a capacitive voltage divider. Current i, passes through
the high-frequency circuit, formed by the capacitors and SCR following the red line through
17,2, 8,5, and 6; please see Figure 3.8. High frequency current of the capacitors increases
until is equal to the low frequency current through the inductors iy, then the SCR is reverse
biased and commutates to off. 3) Third state corresponds to resonance series condition. It
is composed of the voltage source v, two capacitors (C') and two inductors L. After SCR is
turned off, two series LC circuits are connected to the fault and load through 0, 1, 8 and 7, 3,
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8 initiating an LC resonance series. Note that in this topology after the SCR is commutates
off, the source voltage is still connected to the resonant circuit, nonetheless the capacitor
C1 has been grounded to feed a large part of the resonance currents. Then, the current
reflected by the series resonance between the source inductance and Z-source capacitances is
considerably reduced [10]. 4) Fourth state begins when current from the inductor continues
to flow through the diodes and resistors until the current decays to zero, 1, 7, 8 and 3, 9, 10.
The energy corresponding to values of the inductor voltage is dissipated in the resistor.
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Figure 3.8: Series Z-source using magnetic coupling [43]

Classic connected Z-source using magnetic coupling with reduced capacitance

Classic connected Z-source using magnetic coupling with reduced capacitance is depicted
in Figure 3.9. It is composed of the voltage source (vs), the SCR, one capacitors (C'), two
coupled inductors (Ly,1), (Lmz2) in parallel with diodes (Dy), (Ds) and resistors (Ry),(R2)
series array. Assuming that diodes Dyand D5 and resistors R; and Ry have the same values D,
R respectively. Classic connected Z-source using magnetic coupling with reduced is between
the voltage source v; and load composed of a capacitor (C) and a resistor (Ry). (Gy) is the
conductance used to simulate the fault conductance in the load. The aim of this topology is
to take advantage of the magnetic coupling for fault interruption and reduce the number of
capacitors required and inductors with regard to Classic Z-source. In order to achieve this,
it was necessary to include the magnetic coupling in the SCR commutation path. Classic
Z-source using magnetic coupling topology depicted in Figure3.9. This topology has four
operating states that are described as follows: 1) First estate corresponds to steady-state
operation, the source v, delivers energy to the load Ry, C and the current passes through
the low-frequency circuit composed of 0, 1, 2, 3, and 4 which consists of the source v, the
SCR, coupled inductors L,,, load, L,,» and load; in this state capacitor C'is charged by the
source voltage and behaves as an open circuit 2) Second state is the transient state or fault
occurrence state. In this state, the commutation path is 6, 2, 4, 8, and 1 composed of the
inductor L,,;, inductor L,,», capacitor C'and SCR. When a fault occurs in 6 the instantaneous
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large current iy,,; flows through L,,; which is connected to the load. After restoring the
steady state, ir,,1 has increased slightly . Meanwhile, voltage in Lm1 undergoes a sudden
increase. Voltage on the inductor Lm1 induces a voltage on the inductor L,,2 through mutual
inductance and drives current ir,,» equal to i. through the capacitor C'; please see Figure
3.9 in red color.Capacitor current i, grows and matches the inductor steady-state current iy,
and the SCR commutates off [43, 53]. Note that the value of the ip,,s current can be sized
for changes in the load by modifying the transformation ratio of the magnetic coupling. 3)
Third state, after SCR is turned off, series LC circuits are connected to the fault and load
through 2, 8, and 6 ; initiating an LC resonance series. Series resonance can be observed
when the voltage across the inductor Lm1 matches the voltage across the capacitor C. The
behavior in this state is similar to that of the classical Z-source.The resonance ends when the
voltages in the inductor tend to become negative. 4) Fourth state begins when the voltage
on the capacitor decays to zero after the resonance has ended. Current from the inductor
continues to flow through the diodes and resistors until the current decays to zero, 2, 9,
10 and 4, 11, 12. The energy corresponding to values of the inductor voltage is dissipated
in the resistor .The reduction of one of the capacitors implies a reduction of the resonance
time.[53].
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Figure 3.9: Classic connected Z-source using magnetic coupling with reduced capacitance[53]

T-source topology

This topology was proposed in [53] as Series Z-source connected using magnetic coupling with
reduced capacitance and proposed in [83] as T-source topology. This topology is depicted
in Figure 3.10 .It is composed of the source (vs), a SCR, one capacitors (C'), two coupled
inductors (Ly1), (Lm2) in parallel with diodes (D;), (D2) and resistors (R;), (R2) in series
array. Assuming that diodes D; and D, and resistors R; and R, have the same values
D, R respectively. This topology is between the voltage source (vs) and load composed of
a capacitor (Cp) and a resistor (R;). (Gy) is the conductance used to simulate the fault
conductance in the load. The aim of this topology is to take advantage of the magnetic
coupling for fault interruption and reduce the number of capacitors required and inductors
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with regard to Series Z-source, using magnetic coupling in the commutation path. T-sourse
topology is depicted in Figure 3.10. This topology has four operating states that are described
as follows: 1) First estate corresponds to steady-state operation, the source v, delivers energy
to the load Ry, and the current passes through the low-frequency circuit composed of 0, 1,
2, 3, and 4 which consists of the source vy, the SCR, inductor L,,s, the SCR, inductor L,
and load; in this state, capacitor C' is charged with the source voltage and it behave as an
open circuit. 2) Second state is the transient state or fault occurrence state. In this state,
the commutation path is 6, 3, 1, 7, and 2 composed of the inductor L,,;, inductor L,,»,
capacitor C' and the SCR. When a fault occurs in 6, the instantaneous large current iy,
flows through L,,; which is connected to the load. After restoring the steady state, i1,,; has
increased slightly. Meanwhile, voltage in Lm1 undergoes a sudden increase. Voltage on the
inductor Lm1 changes polarity and induces a voltage on the inductor L,,2 through mutual
inductance and drives current ir,,> equal to 7. through the capacitor C'; please see Figure 3.10
in red color. The capacitor current 7. grows and matches the inductor steady-state current ¢,
and the SCR commutates off [43, 53|. i1,2 can be sized for changes in the load by modifying
the transformation ratio of the magnetic coupling.3) Third state, after SCR is turned off,
series LC circuits are connected to the fault and load through 3 and 7 ; initiating an LC
resonance series. Series resonance can be observed when the voltage across the inductors
L,,; matches the voltage across the capacitor C'. When capacitor voltage is reached by the
inductor voltage; the voltage at the output vy becomes zero due to the disconnection of the
source. The behavior in this state is similar to that of the series Z-source. The resonance
ends when the voltages in the inductor tend to become negative. 4) Fourth state begins
when the voltage on the capacitor decays to zero after the resonance has ended. Current
from the inductor continues to flow through the diodes and resistors until the current decays
to zero, 1, 8, 9 and 3, 10, 11. The energy corresponding to values of the inductor voltage is
dissipated in the resistor [53].
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Figure 3.10: T-source topology [53]

T-source topology

This topology is depicted in Figure 3.11.This topology is referred to as "tau-source" due to
the fact that the coupled inductors are configured in the shape of the Greek letter tau. It
is composed of the voltage source (vs), the SCR, one capacitor (C'), two coupled inductors
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(Lm1),(Lm2), one diode (D) and a resistor (R). This topology is between the voltage source
vs and load composed of a capacitor (Cf) and a resistor (Ry). (Gy) is the conductance used
to simulate the fault conductance in the load.The aim of this topology is to take advantage
of magnetic coupling for fault interruption and to reduce the number of elements regard to
classical, parallel and series z-source topologies while preserving the natural commutation of
the SCR please see Figure 3.11. This topology has four operating states that are described
as follows: 1)First estate corresponds to steady-state operation, the source v, delivers energy
to the load Ry, and the current passes through the low-frequency circuit composed of 0, 1,
2, and 3 which consists of the source vy, the SCR, coupled inductors L,,;, L,,» and load;
in this state, capacitor C' is charged with the source voltage and they behave as an open
circuit. 2) Second state is the transient state or fault occurrence state. In this state, the
commutation path is 4, 2, 5, 6, 8, and 1 composed of inductor L,,;, inductor L,,s, capacitor
C, and the SCR. When a fault occurs in 6 the instantaneous large current 7,,; flows through
the L,,1 which is connected to the load. After restoring the steady state, i1,,; has increased
slightly. Meanwhile, the voltage vy,,; undergoes a sudden increase. Voltage on the inductor
VUrm1 induces a voltage on the inductor L,,2 through mutual inductance and drives current
1rm2 equal to 7. through the capacitor C; please see Figure 3.11 in red color. The capacitor
current 7. grows and matches the inductor steady-state current iy and the SCR commutates
to off [11]. ipm2 can be sized for changes in the load by modifying the transformation ratio of
the magnetic coupling. 3) Third state, after turning off the SCR, the series LC circuits are
connected to the fault and load through 6, 5, and 2; initiating an LC resonance series when
the voltage across the capacitor v, matches the voltage across v, , which occurs in a given
time, generating an increase voltage. The resonance ends when voltages in the inductor tend
to become negative 4) The fourth state begins when the voltage on the capacitor starts to
decay. It is important to say that the current pulse supplied by the capacitor is transported
by the inductor current ¢L,,,. Then the current 7;,,2 decays rapidly to zero as the capacitor
current decays|92].

i  SCR | iLm i
+ @ %1@ Gy *
>
Vs tLm2 2 ® Ry, %

Figure 3.11: 7-source topology|[92]
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O-Z-source topology

This topology is depicted in Figure 3.12. It is composed of the voltage source (vs), the
SCR, capacitors (C), two coupled inductors (Ly,1),(Lm2) one diode (D) and one resistors
(R).This topology is between the voltage source (v;) and load composed of a capacitor (Cf)
and a resistor (Ry). (Gy) is the conductance used to simulate the fault conductance in the
load. The aim of this topology is to preserve the advantages including natural commutation
of the SCR, reduced fault current reflection, symmetrical fault current level setting and a
common connection between the power supply and the load. It can also be configured for
bi-directional operation. please see Figure 3.12. This topology has four operating states that
are described as follows: 1) First estate corresponds to steady-state operation, the source
vs delivers energy to the load Ry, and the current passes through the low-frequency circuit
composed of 0, 1, 2, and 3 which consists of the source v,, the SCR, coupled inductors L,,»
and load; in this state, capacitor C' keeps uncharged and it has as an open circuit. 2) Second
state is the transient state or fault occurrence state. In this state, the commutation path
is 4, 5, 6, 2, and 1, composed of the inductor L,,;,the capacitor C, inductor L,,s, and the
SCR. When a fault occurs in 4 the instantaneous large current ¢y,,; flows through the L,
which is connected to the load . After restoring the steady state, ir,,; has increased slightly.
Meanwhile, voltage on Lml undergoes a sudden increase. Voltage on the inductor Lml
induces a voltage on the inductor L,,2 through mutual inductance and drives current 4y,,2
equal to i. through the capacitor C'; please see Figure 3.12 in red color. The capacitor current
i. grows and matches the inductor steady-state current i;, and the SCR commutates off [93].
irm2 current can be sized for changes in the load by modifying the transformation ratio of
the magnetic coupling. 3) Third state, after turning off the SCR, the series LC circuits are
connected to the fault and load through 6, 5, and fault; initiating an LC resonance series
when the voltage across the capacitor v, matches the voltage across vy,,; , which occurs in
a given time, generating an increase in voltage. The resonance ends when voltages in the
inductor tend to become negative. It is important to add that the inductance participates in
the resonance state, which represents a risk for the source. 4) The fourth state begins when
the voltage on the capacitor starts to decay. It is important to say that the current pulse
supplied by the capacitor is transported by the inductor current iL,,;. Then the current i,
decays rapidly to zero as the capacitor current decays.Energy stored in L,,, is dissipated by
the resistor.
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Figure 3.12: O-Z-source topology|93]

3.3 Bi-directional topologies

One of the characteristics of DC microgrids is their greater compatibility with renewable
energy sources [62]. In fact, in cases where there are several sources feeding the DC microgrid,
the protections must act in a bidirectional way. The following is a description of bidirectional
topologies which retain the main commutation characteristics of Z-source topologies in the
event of an overcurrent fault.

3.3.1 Topologies without magnetic couplings
Bi-directional topology based on the classic Z-source

Bi-directional topology based on the classic Z-source is depicted in Figure 3.13. It is com-
posed of four capacitors (C4), (Cs), (C3), (Cy) four diodes (D), (D2), (D3), (D), two SCRs
(SCRy), (SCRy), four inductors (Ly), (Ls), (L3), (Ls) and four resistors (Ry), (Rs), (R3),
(R4). Assuming that inductors inductors Ly, Lo, L3, Ly, capacitors Cy, Co, C3, Cy, diodes
Dy, Dy, D3, Dy, and resistors Ry, Ry, R3, R4 have the same values L, C, D, R respectively.
Points A or B can be source or load. (Gy) is the conductance used to simulate the fault
conductance in A or B .The aim of the Z-source breaker is safely disconnect the source when
a short circuit occurs in A or B. The forward direction of the current flow is defined by
activating or deactivating the SCRs with a control circuit.This topology has eight operating
states that are described as follows:1) First estate corresponds to steady-state operation, cur-
rent follows in the forward direction A to B. The current passes through the low-frequency
circuit composed of 0, 1, 2, 3 and 4, which consists of the source in A, inductors Ly, Lo
the SCR; and load in B; in this state, capacitors C'1, Cy, (3, and C, are loaded with the
source voltage and they behave as an open circuit. The currents of the source A, SCRy,
inductors Ly, Ly and load are equal in steady state to ir,. 2) Second state corresponds to
steady-state operation, current follows in the forward direction B to A. The current passes
through the low-frequency circuit composed of 4, 3, 5, 1, and 0, which consists of the source
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in B, inductors L; and Lo, the SCR,, and load in A. The currents of the source B, SCRs,
inductors L; and Ly and load are equal in steady state to iz,. 3) Third state is the transient
state or fault occurrence in B. When a fault 7y occurs in B, the fault current is supplied
by the capacitors C'4 and C5. Current i., passes through the high-frequency circuit formed
by the capacitors C'4, C'y; and SCR; which follows the red line through 6, 4 7, and 2 in
the direction to A; please see Figure 3.13. High frequency current of the capacitors C'4 and
(5 increases until is equal to the low frequency current through the inductors 77,, then the
SCR; is reverse biased and commutates off. 4) Fourth state is the transient state or fault
occurrence in A. When a fault occurs in A, the fault current is supplied by capacitors C'1
and C3. Current 7. passes through the high-frequency circuit formed by capacitors C'1 and
C3, SCRy and D, following the red line through 0, 8, 9, and 2 in the direction to B; please
see Figure 3.13. High frequency current of the capacitors C'1 and (' increases until is equal
to the low frequency current through the inductors ir,, then the SCR5 is reverse biased
and commutates off. 5) Fifth state: after SCR; is turned off by a fault in B, two series
LC circuits are connected to the fault and load through 6, 13 and 7, 3; initiating an LC
resonance series. Series resonance can be observed when the voltage across the inductor vy
matches the voltage across the capacitor vop. When the capacitor voltage is reached by the
inductor voltage; the voltage at the output vg becomes zero due to the disconnection of
the source. When the resonant voltage of the inductor and capacitor reach half the source
voltage, the voltage across the SC'R; becomes negative.The resonance ends when voltages
in the inductor tend to become negative. 6) Sixth state: after SC' Ry is turned off by a fault
in A, two series LC circuits are connected to the fault and load through 9, 10 and 8, 1;
initiating an LC resonance series. Series resonance can be observed when the voltage across
the inductor vy; matches the voltage across the capacitor ve3. When the capacitor voltage
is reached by the inductor voltage; the voltage at the output v4 becomes zero due to the
disconnection of the source. When the resonant voltage of the inductor and capacitor reach
half the source voltage, the voltage across the SC' Ry becomes negative. The resonance ends
when voltages in the inductor tend to become negative. 7) Seventh state begins when the
voltage on the capacitors Cy decays to zero after the resonance has ended for load in B. Cur-
rent from the inductors Ly and L4 continues to flow through the diodes D,, D, and resistors
Ry, R, respectively until the current decays to zero, 3, 16, 17 and 13, 14, 15. The energy
corresponding to values of the inductor voltage is dissipated in the resistor. 8) Eight state
begins when the voltage on the capacitors C'5 decays to zero after the resonance has ended
for load in A. Current from the inductors L; and L3 continues to flow through the diodes
D+, D3 and resistors R;, R3 respectively until the current decays to zero, 1, 18, 19 and 10,
11, 12. The energy corresponding to negative values of the inductor voltage is dissipated in
the resistor. Note that this topology has all the advantages and disadvantages of the classic
Z-source topology. However, it can work in both forward and reverse directions [72].
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Figure 3.13: Bi-directional topology based on the classic Z-source [72]

Bi-directional topology based on the series Z-source

Bi-directional topology based on the series Z-source is depicted in Figure 3.14. It is composed
of two capacitors (Cy) and (Cy), six diodes (Dy), (Ds), (Ds3), (D4), (Ds) and (Dg), one SCR,
two inductors (L;)and (Ls), two resistors (R;)and (R). Assuming that inductors inductors
Ly, (Lg), capacitors Cy, Cy, diodes Dy, Dy, D3, Dy, D5, Dg and resistors Ry, Rs, have the
same values L, C, D, R respectively. Points A or B can be source or load. (Gy) is the
conductance used to simulate the fault conductance in A or B. The aim of the Z-source
breaker is safely disconnect the source when a short circuit occurs in A or B. The forward
direction of the current flow is defined by activating or deactivating the SCRs with a control
circuit. This topology has eight operating states that are described as follows: 1) First estate
corresponds to steady-state operation, current follows in the forward direction A to B. The
current passes through the low-frequency circuit composed of 0, 1, 2, 3, 4, 5 and 6 which
consists of the source in A, the diode D1, inductor L;, the SCR, inductor Lo, diode D, and
load in B; in this state, capacitors C' is charged at source voltage and Cj is discharged they
behave as an open circuit. The currents of the source A, inductor L;, SCR, inductor L, and
load are equal in steady state to ir,. 2) Second state corresponds to steady-state operation,
current follows in the forward direction B to A. The current passes through the low-frequency
circuit composed of 6, 7, 3, 4, 8 and load, which consists of the source in B, D3 inductors
Ly, the SCR, Ly, D4 and load in A. The currents of the source B, Ly, SCR, L, and load are
equal in steady state to iz,. 3) Third state is the transient state or fault occurrence state
in B. When a fault occurs in B, the fault current is supplied by the capacitors C; and C,.
Current 7., passes through the high-frequency circuit,formed by the capacitors C'1, SCR and
Cy, andDj following the red line through 6, 11, 12, and 5 in the direction to B; please see
Figure 3.14. High frequency current 7., of the capacitors C; and Cy increases until is equal
to the low frequency current through the inductors iy,, then the SCR is reverse biased and
commutates off. 4) Fourth state is the transient state or fault occurrence state in A. When
a fault occurs in A, the fault current is supplied by the capacitors C; and Cy. Current i,
passes through the high-frequency circuit, formed by the capacitors C7, ,the SCR, Csand Dy
following the red line through 0, 11, 3, 12, 8, in the direction to A; please see Figure 3.14.
High frequency current i, of the capacitors C; and (35 increases until is equal to the low
frequency current through the inductors i, then the SCR is reverse biased and commutates
off. Note that the path used by the circuit breaker in the forward or reverse direction is
the same, which means it utilizes the same elements for commutation. This allows for a
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reduction in the number of elements while preserving the bidirectional behavior. 5) Fifth
state, after SCR is turned off by a fault in A, two series LC circuits are connected to the
fault and load through 2, 12 and 4, 11; initiating an LC resonance series. Series resonance
can be observed when the voltage across the inductor vz, matches the voltage across the
capacitor vo;. When the capacitor voltage is reached by the inductor voltage; the voltage
at the output vg becomes zero due to the disconnection of the source. When the resonant
voltage of the inductor and capacitor reach half the source voltage, the voltage across the
SCR becomes negative. The resonance ends when voltages in the inductor tend to become
negative. 6) Sixth state, after SCR is turned off by a fault in B, two series LC circuits
are connected to the fault and load through 2, 12 and 4, 11; initiating an LC resonance
series. Series resonance can be observed when the voltage across the inductor vzs matches
the voltage across the capacitor (voq). When the capacitor voltage is reached by the inductor
voltage; the voltage at the output v4 becomes zero due to the disconnection of the source.
When the resonant voltage of the inductor and capacitor reach half the source voltage, the
voltage across the SCR becomes negative. The resonance ends when voltages in the inductor
tend to become negative. 7) Seventh state begins when the voltage on the capacitors decays
to zero after the resonance has ended. Current from the inductors L; and Ly continues to
flow through the diodes D5, Dg and resistors Ry, Ry respectively until the current decays to
zero, 2, 13, 5 and 4, 14, 10. The energy corresponding to values of the inductor voltage is
dissipated in the resistor. 8) Eighth state begins when the voltage on the capacitors decays
to zero after the resonance has ended. Current from the inductors L3 and L, continues to
flow through the diodes Dj;, Dy and resistors Rz, R4 respectively until the current decays
to zero, 8, 17, 18 and 6, 19, and 20. The energy corresponding to negative values of the
inductor voltage is dissipated in the resistor|67].
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Figure 3.14: Bi-directional topology based on the series Z-source [67]
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Bi-directional topology based on the series Z-source

Bi-directional topology based on the series Z-source is depicted in Figure 3.15. This topology
requires a control unit with additional elements to refine its behavior after the resonance
starts, which are not part of the scope of this study. Therefore, it will only be analyzed
up to the series resonance. It is composed of three capacitors (C}), (Cs), (Cs3), two diodes
(Dy), (D2), two SCRs (SCRy), (SCRs), two inductors (Lp,;)and (L.,2). Assuming that
inductors inductors L,,; and L,,s, capacitors C, Cs, C3, and diodes Dy, Dy have the same
values L, C, D respectively. Points A or B can be source or load. (Gy) is the conductance
used to simulate the fault conductance in A or B. The aim of the Z-source breaker is safely
disconnect the source when a short circuit occurs in A or B. The forward direction of the
current flow is defined by activating or deactivating the SCRs with a control circuit. This
topology has eight operating states that are described as follows: 1) First estate corresponds
to steady-state operation, current follows in the forward direction A to B.The current passes
through the low-frequency circuit composed of 0, 1, 2, 3, 4 and 5 which consists of the source
in A, inductor L,,; ,SCR;, diode D5, inductor L,,; load in B; in this state, capacitors C} is
charged at source voltage, Csy, C3 are discharged and behave as an open circuit. The currents
of the source A, inductor L,,3, SC' Ry, inductor L,,;, diode D, and load are equal in steady
state to ir,. 2) Second state corresponds to steady-state operation, current follows in the
forward direction B to A. Current passes through the low-frequency circuit composed of 5,
4, 6, 7, 1 and load, which consists of the source in B, inductor L,,;, the SCR,, the diode
Dy, inductor L,,s, and load in A. The currents of the source B, SC Ry, inductors L,,; and
L2 and load are equal in steady state to iz,. 3) Third state is the transient state or fault
occurrence state in B. When a fault occurs in B, the fault current is supplied by capacitors
C1 and C3. The currents of i.; and 7.3 are equal in transient state to the current ., passing
through the high frequency circuit formed by capacitors C'1, the SC R, and Cj, following the
red line through 8, 2, 9 and 5 in the direction to B; please see Figure 3.15. Meanwhile Cy
is being charged with from the part of the energy stored in L,,;, it subsequently delivers a
current pulse in the direction of SCR; by following the path 9, 6, 2. High frequency current
of 7., increases until is equal to the low frequency current through the inductors 77, then the
SCR; is reverse biased and commutates off. 4) Fourth state is the transient state or fault
occurrence state in A. When a fault occurs in A, the fault current is supplied by capacitors
C1 and Cs. Currents of i.; and i, are equal in transient state to current 7., passing through
the high frequency circuit formed by capacitors C'1, SC'R, and C; and following the red line
through 8, 6, 10 and 0 in the direction to A; please see Figure 3.15. Meanwhile Cj5 is being
charged with from the part of the energy stored in L,,s, it subsequently delivers a current
pulse in the direction of SC' Ry by following the path 9, 2, 6. High frequency current of i
increases until is equal to the low frequency current through the inductors iy, then the SC Ry
is reverse biased and commutates off. 5) Fifth state, after SC'R; is turned off by a fault in A,
two series LC circuits are connected to the fault and load through 8, 4, and 5 and 1, 10, 4, 9
composed of Cy, Ly and L,,;, Cy, C3, L,,» initiating a LC series resonance. Series resonance
can be observed when the voltage across the inductor vy,,; matches the voltage across the
capacitor veop. the oscillations between L, , C5, Cy, decay rapidly because they are not
connected to the fault. When the capacitor voltage is reached by the inductor voltage; the
voltage at the output vg becomes zero due to the disconnection of the source. The resonance
ends when voltages in the inductor tend to become negative. 6) Sixth state, after SC' Ry is
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turned off by a fault in B, two series LC circuits are connected to the fault and load through
8,1, and 5 and 1, 10, 4, 9 composed of C, L,,» and L,,;, Cy, C3, L, initiating a LC series
resonance. Series resonance can be observed when the voltage across the inductor vy,
matches the voltage across the capacitor ve;. the oscillations between L,,; , C3, Csy, decay
rapidly because they are not connected to the fault. When the capacitor voltage is reached
by the inductor voltage; the voltage at the output v, becomes zero due to the disconnection
of the source. The resonance ends when voltages in the inductor tend to become negative
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Figure 3.15: Bi-directional topology based on the series Z-source [32]

3.3.2 Topologies with magnetic couplings

This section depict the behavior of bi-directional topologies using magnetic couplings in the
commutation path.

Bi-directional topology based on T-source

Bi-directional topology based on T-source is depicted in Figure 3.16. It is composed of
one capacitors (C'), six diodes (Dy), (Ds),(D3), (D4),(D5) and (Dg) two SCRs (SCR;) and
(SCRy), four coupled inductors (L,1), (Lma2), (Lms) and (L), four resistors (Ry), (Rz),(R3)
and (R) . Assuming that inductors L,,1, Lmo,Lms, Lma, diodes Dy, Do, D3, Dy,Ds, Dg,
resistors Ry, Rs,R3, Ry, have the same values respectively Lm, D, R. Points A or B can be
source or load. G is the conductance used to simulate the fault conductance in A or B. The
aim of the Z-source breaker is safely disconnect the source when a short circuit occurs in A
or B. The forward direction of the current flow is defined by activating or deactivating the
SCRs with a control circuit. This topology has eight operating states that are described as
follows: 1) First estate corresponds to steady-state operation, current flows in the forward
direction A to B.The current passes through the low-frequency circuit composed of 0, 1, 2,
3, 4 and 5 which consists of the source in A, inductor L,,s, SCRy, L1, diode D5, and load
in B; in this state, capacitor C' is charged at source voltage and behave as and open circuit.
The currents of the source A, L,,2, SCRy, L,,1, D4 and load are equal in steady state to iy,.
2) Second state corresponds to steady-state operation, current flows in the forward direction
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B to A. The current passes through the low-frequency circuit composed of 5, 6, 7, 8, 9, and 0
which consists of the source in B, inductor L,,,s, SCRs, L,,3, Dg, and load in A. The currents
of the source B, L4, SC Ry, Ly,3, D and load are equal in steady state to ir,.3) Third state
is the transient state or fault occurrence state in B. Current i.a represents the current of
the capacitor C' when a fault occurs in B in the transient state. When a fault occurs in
B, the instantaneous large current i,,; flows through the L,,; which is connected to the
load. After restoring the steady state, ir,,1 has increased slightly. Meanwhile, the voltage
on L,,; undergoes a sudden increase. Voltage on the inductor L,,; induces a voltage on the
inductor L,,2 through mutual inductance and drives current ir,,> supplied to i.a through
the capacitor C'; please see Figure 3.16 in red color. The capacitor current i.a grows and
matches the inductor steady-state current ipa and the SCR; commutates off [72]. 4) Fourth
state is the transient state or fault occurrence state in A. Current i.b represents the current
of the capacitor C' when a fault occurs in A in the transient state. When a fault occurs
in A, the instantaneous large current iy,,3 flows through the L,,3 which is connected to the
load. After restoring the steady state, ip,,3 has increased slightly. Meanwhile, the voltage in
inductor L,,3 undergoes a sudden increase. Voltage on the inductor L,,3 induces a voltage on
the inductor L,,4 through mutual inductance and drives current 4y,,4 supplied to i.b through
the capacitor C; please see Figure 3.16 in red color. Capacitor current 7.b grows and matches
the inductor steady-state current izb and the SC'Ry commutates off . 5) Fifth state begins
after SC'R; is turned off by a fault in A, series LC circuits are connected to the fault and load
through 10, 3 and fault; initiating an LC resonance series. Series resonance can be observed
when the voltage across the inductor Lm1 matches the voltage across the capacitor C. When
the capacitor voltage is reached by the inductor voltage; voltage at the output vg becomes
zero due to the disconnection of the source. When the resonant voltage of the inductor
and capacitor reach half the source voltage, the voltage across the SC'R; becomes negative.
The resonance ends when voltages in the inductor Lml tend to become negative. 6) Sixth
state begins after SC'R; is turned off by a fault in B, series LC circuits are connected to the
fault and load through 8, 10 and fault; initiating an LC series resonance. Series resonance
can be observed when the voltage across the inductor Lm3 matches the voltage across the
capacitor C. When the capacitor voltage is reached by the inductor voltage; voltage at the
output v, becomes zero due to the disconnection of the source. When the resonant voltage
of the inductor and capacitor reach half the source voltage, voltage across the SC Ry becomes
negative. The resonance ends when voltages in the inductor Lm3 tend to become negative.
7) Seventh state begins when the voltage on the capacitors decays to zero after the resonance
has ended. Current from the inductors L,,; and L,,» continues flowing through diodes Dy,
Dy and resistors Ry, Ry respectively until the current decays to zero, 1, 18, 17 and 3, 11, 12.
The energy corresponding to values of the inductor voltage is dissipated in the resistor. 8)
Eighth state begins when the voltage on the capacitors decays to zero after the resonance
has ended. Current from the inductors L,,3 and L,,4 continues flowing through diodes D3,
D, and resistors R3, R, respectively until the current decays to zero, 8, 15, 16 and 6, 13, 14.
72)
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Figure 3.16: Bi-directional topology based on T-source [72].

Bi-directional topology based on T-source

Bi-directional topology based on T-source is depicted in Figure 3.17. It is composed of one
capacitor (C), four diodes (Dy), (Ds),(D3), (D4), two SCRs (SCR;) and (SCR,), two cou-
pled inductors (L,,;) and (L2), and two resistors (R;) and (Ry). Assuming that inductors
inductors L,,1, L2, diodes Dy, Do, D3, Dy, resistors Ry, Ry have the same values respectively
Lm, D, R. Points A or B can be source or load. G is the conductance used to simulate the
fault conductance in A or B. The aim of the Z-source breaker is safely disconnect the source
when a short circuit occurs in A or B. The forward direction of the current flow is defined by
activating or deactivating the SCRs with a control circuit. This topology has eight operating
states that are described as follows: 1) First estate corresponds to steady-state operation,
current flows in the forward direction A to B. The current passes through the low-frequency
circuit composed of 0, 1, 2, 3, 4, and 5 which consists of the source in A, SCRy, L2, L1,
D3, and load in B; in this state, capacitor C' is charged at source voltage and behave as
an open circuit. The currents of the source A, SCRy, L,,2, L1, D3 and load are equal in
steady state to ir,. 2) Second state corresponds to steady-state operation, current flows in
the forward direction B to A. The current passes through the low-frequency circuit composed
of 5, 6, 2, 3, 7, and 0 which consists of the source in B, SCRs, L2, L1, D4, and load in A.
The currents of the source B, SCRs, L1, L3, D4 and load are equal in steady state to ir.
3) Third state is the transient state or fault occurrence state in B. Current i.a represents
the current of the capacitor C' when a fault occurs in B in the transient state. When a fault
occurs in B, the instantaneous large current iy,,; flows through L,,; which is connected to
the load. After restoring the steady state, i;,,; has increased slightly. Meanwhile, voltage
on L,,; undergoes a sudden increase. Voltage in the inductor L,,; induces a voltage in the
inductor L,,s through mutual inductance and drives current i,,, supplied to 4., through
the capacitor C; please see Figure 3.17 in red color. The capacitor current i., grows and
matches the inductor steady-state current iy, and the SC'R; commutates off .4) Fourth state
is the transient state or fault occurrence state in A. Current i, represents the current of the
capacitor C' when a fault occurs in A in the transient state. When a fault occurs in A, the
instantaneous large current iy,,; flows through the L,,; which is connected to the load. After
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restoring the steady state, ir,,; has increased slightly. Meanwhile, voltage in inductor L,,;
undergoes a sudden increase. Voltage in the inductor L,,; induces a voltage in the inductor
L,,5 through mutual inductance and drives current ¢,,» supplied to i through the capaci-
tor C; please see Figure 3.17 in red color. The capacitor current i, grows and matches the
inductor steady-state current iz, and SC Ry commutates off [87]. 5) Fifth state begins after
SCR;y is turned off by a fault in A, series LC circuits are connected to the fault and load
through 8, 3 and fault; initiating an LC series resonance. Series resonance can be observed
when voltage across the inductor Lm1 matches the voltage across the capacitor C. When the
capacitor voltage is reached by the inductor voltage; the voltage at the output vg becomes
zero due to the disconnection of the source. When the resonant voltage of the inductor
and capacitor reach half the source voltage, the voltage across the SC'R; becomes negative.
The resonance ends when voltages in inductor L,,; tend to become negative. 6) Sixth state
begins after SC'R, is turned off by a fault in B, series LC circuits are connected to the fault
and load through 8, 3 and fault; initiating an LC resonance series. Series resonance can be
observed when the voltage across the inductor L,,; matches the voltage across the capacitor
C. When the capacitor voltage is reached by the inductor voltage; the voltage at the output
v4 becomes zero due to the disconnection of the source. When the resonant voltage of the
inductor and capacitor reach half the source voltage, the voltage across the SC Ry becomes
negative. The resonance ends when voltages in the inductor L,,; tend to become negative.7)
Seventh state begins when the voltage on the capacitors decays to zero after the resonance
has ended. Current from the inductors L,,; and L, continues flowing through diodes D1,
Dy and resistors Ry, Ry respectively until the current decays to zero, 2, 9, 10 and 3, 11, 12.
The energy corresponding to values of the inductor voltage is dissipated in the resistor. 8)
Eighth state begins when the voltage in the capacitors decays to zero after the resonance has
ended. Current from the inductors L,,; and L, continues flowing through diodes Dy, D,
and resistors Ry, Ry respectively until the current decays to zero, 2, 9, 10 and 3, 11, 12[87].
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Figure 3.17: Bi-directional topology based on T-source [87|

Bi-directional topology based on T-source

Bi-directional topology based on T-source is depicted in Figure 3.18. It is composed of one

capacitor (C'), six diodes (D), (D2), (Ds3), (Dy), (Ds), (Dg) two SCRs (SCR;y), (SCRz), two
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coupled inductors (Ly,1), (Lm2), four resistors (Ry), (R2), (R3), (R4).Assuming that inductors
inductors L,,1, L2, diodes Dy, Dy,Ds, Dy, D5, Dg, resistors Ry, Ry,R3, R4 have the same
values respectively Lm, D, R. Points A or B can be source or load. G is the conductance
used to simulate the fault conductance in A or B. The aim of the Z-source breaker is safely
disconnect the source when a short circuit occurs in A or B. The forward direction of the
current flow is defined by activating or deactivating the SCRs with a control circuit. This
topology has eight operating states that are described as follows: 1) First estate corresponds
to steady-state operation, current flows in the forward direction A to B. The current passes
through the low-frequency circuit composed of 0, 1, 2, 3, 4 and 5 which consists of the source
in A, the SCR;, inductors L,,3, L,,1, diode D5, and load in B; in this state, capacitor C is
charged at source voltage and behave as an open circuit.The currents of the source A, L,,s,
SCRy, Ly, Ds and load are equal in steady state to (iz,). 2) Second state corresponds to
steady-state operation, current follows in the forward direction B to A. The current passes
through the low-frequency circuit composed of 5, 6, 3, 2, 7, and 0 which consists of the source
in B, inductor L,,1, L2, diode D, and load in A. The currents of the source B, SC Ry, L,,1,
L2, Dy and load are equal in steady state to ir;.3) Third state is the transient state or fault
occurrence state in B. Current ¢.a represents the current of the capacitor C' when a fault
occurs in B in the transient state. When a fault occurs in B, the instantaneous large current
irm1 flows through the L,,; which is connected to the load. After restoring the steady state,
irm1 has increased slightly. Meanwhile, the voltage in L,,; undergoes a sudden increase.
Voltage in inductor L,,; induces a voltage in inductor L,,2 through mutual inductance and
drives current iy, supplied to i.a through the capacitor C'; please see Figure 3.18 in red
color. The capacitor current 7.a grows and matches the inductor steady-state current ipa
and the SCR; commutates off . 4) Fourth state is the transient state or fault occurrence
state in A. Current i.b represents the current of the capacitor C' when a fault occurs in A
in the transient state. When a fault occurs in A, the instantaneous large current 7,,> flows
through the L,,» which is connected to the load. After restoring the steady state, ij,,o has
increased slightly. Meanwhile, voltage in inductor L,,» undergoes a sudden increase. Voltage
in the inductor L,,s induces a voltage in the inductor L,,1 through mutual inductance and
drives current ir,,; supplied to i.b through the capacitor C'; please see Figure 3.18 in red
color. Capacitor current i.b grows and matches the inductor steady-state current i b and
the SC Ry commutates off [78] . 5) Fifth state begins after SC'R; is turned off by a fault in
B, series LC circuits are connected to the fault and load through 8, 3 and fault; initiating an
LC series resonance . Series resonance can be observed when the voltage across the inductor
Lm1 matches the voltage across the capacitor C. When the capacitor voltage is reached by
the inductor voltage; the voltage at the output vp becomes zero due to the disconnection of
the source. When the resonant voltage of the inductor and capacitor reach half the source
voltage, the voltage across the SC'R; becomes negative. The resonance ends when voltages
in the inductor L,,; tend to become negative. 6) Sixth state begins after SC'Ry is turned
off by a fault in A, series LC circuits are connected to the fault and load through 8, 2 and
fault; initiating an LC resonance series. Series resonance can be observed when the voltage
across the inductor L,,» matches the voltage across the capacitor €. When the capacitor
voltage is reached by the inductor voltage; the voltage at the output v, becomes zero due
to the disconnection of the source. When the resonant voltage of the inductor and capacitor
reach half the source voltage, the voltage across the SC' Ry becomes negative. The resonance
ends when voltages in inductor L,,» tend to become negative. 7) Seventh state begins when
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the voltage in the capacitors decays to zero after the resonance has ended. Current from the
inductors L,,; and L,,» continues flowing through diodes D3, D4, D5, Dg and resistors R,
Ry, R3, Ry, respectively until the current decays to zero, 2, 9, 10 and 3, 11, and 12, 13, 14,
15,and 16. The energy corresponding to values of the inductor voltage is dissipated in the
resistor. 8) Eighth state begins when the voltage in the capacitors decays to zero after the
resonance has ended. Current from the inductors L,,; and L,,» continues flowing through
diodes D3, D4, D5, Dg and resistors Ry, Rs, R3, Ry, respectively until the current decays to
zero, 2, 9, 10 and 3, 11, and 12, 13, 14, 15,and 16[78] .
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Figure 3.18: Bi-directional topology based on T-source [78|

Bi-directional topology based on T-source

Bi-directional topology based on T-source is depicted in Figure 3.19.1t is composed of one
capacitor (C'), two diodes (Dj)and (D3), four SCRs (SCRy), (SCR2),(SCR3), (SCRy),
two coupled inductors (L,1), (Lm2), three resistors (R;), (R2) and (R3) . Assuming that
inductors inductors L,,1, L., diodes Dy, D, resistors Ry, Rs,R3 have the same values
respectively Lm, D, R. Points A or B can be source or load. G is the conductance used
to simulate the fault conductance in A or B. The aim of the Z-source breaker is safely
disconnect the source when a short circuit occurs in A or B. The forward direction of the
current flow is defined by activating or deactivating the SCRs with a control circuit. This
topology has eight operating states that are described as follows: 1) First estate corresponds
to steady-state operation, current flows in the forward direction A to B. The current passes
through the low-frequency circuit composed of 0, 1, 2, 3 and 4 which consists of the source
in A, inductorL,,s, the SCRy, inductor L,,;, and load in B; in this state, capacitor C is
charged at source voltage and behave as an open circuit. The currents of the source A, L,,s,
SCRy, Ly, and load are equal in steady state to iz,. 2) Second state corresponds to steady-
state operation, current flows in the forward direction B to A. The current passes through
the low-frequency circuit composed of 4, 3, 5, 1, and 0 which consists of the source in B,
inductor L,,;, SCR3, L,,; and load in A. The currents of the source B, inductor L,,;, SCRj3,
L2, and load are equal in steady state to ir,. 3) Third state is the transient state or fault
occurrence state in B. Current 7.a represents the current of the capacitor C' when a fault
occurs in B in the transient state. When a fault occurs in B, the instantaneous large current
irm1 flows through the L,,; which is connected to the load. After restoring the steady state,
trm1 has increased slightly. Meanwhile, the voltage in L,,; undergoes a sudden increase.
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Voltage in inductor L,,; induces a voltage in inductor L,,2 through mutual inductance and
drives current ip,,o supplied to i.a through the capacitor C; please see Figure 3.19 in red
color. The capacitor current i.a grows and matches the inductor steady-state current 7;a
and the SC' Ry commutates off [71] . 4) Fourth state is the transient state or fault occurrence
state in A. Current i.b represents the current of the capacitor C' when a fault occurs in A
in the transient state. When a fault occurs in A, the instantaneous large current 7,,> flows
through the L,,» which is connected to the load. After restoring the steady state, ij,,» has
increased slightly. Meanwhile, voltage in inductor L,,» undergoes a sudden increase. Voltage
in the inductor L,,, induces a voltage in the inductor L,,1 through mutual inductance and
drives current ir,,; supplied to i.b through the capacitor C'; please see Figure 3.19 in red
color. Capacitor current ¢.b grows and matches the inductor steady-state current iy b and
the SC'R3 commutates off 5) Fifth state begins after SCR; is turned off by a fault in B,
series LC circuits are connected to the fault and load through 6, 7, 3 and fault; initiating
an LC series resonance. Capacitor C' supplies the remaining current to inductor L,,; and
the capacitor voltage changes polarity to negative. Then SC Ry commutates off due to the
reverse current coming from inductor L,,;. 6) Sixth state begins after SC Rj3 is turned off by
a fault in A, series LC circuits are connected to the fault and load through 6, 8, 1 and fault;
initiating an LC series resonance. Capacitor C' supplies the remaining current to inductor
L,,» and the capacitor voltage changes polarity to negative. Then SC R, commutates off due
to the reverse current coming from inductor L,,s. 7) Seventh state begins when the voltage
in the capacitors decays to zero after the resonance has ended fault in B. Current from the
inductors L,,; and L,,5 continues flowing through diodes D; and D5, and resistors Ry and Ry
respectively until the current decays to zero, 1, 9, 10 and 3, 11,12. 8) Seventh state begins
when the voltage in the capacitors decays to zero after the resonance has ended fault in A.
Current from the inductors L,,; and L,,> continues flowing through diodes D; and D, and
resistors Ry and Ry respectively until the current decays to zero, 1, 9, 10 and 3, 11,12[71] .
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Figure 3.19: Bi-directional topology based on T-source [71]

Bi-directional topology based on T-source

Bi-directional topology based on T-source is depicted in Figure 3.20. It is composed of
one capacitor (C'), four SCRs (SCRy), (SCRy), (SCR3), (SCR,4) and two coupled inductors
(Lm1), (Lmz2). Assuming that inductors inductors Ly,1, L2 have the same values respectively
Lm. Points A or B can be source or load. G is the conductance used to simulate the fault
conductance in A or B. The aim of the Z-source breaker is safely disconnect the source
when a short circuit occurs in A or B. The forward direction of the current flow is defined by
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activating or deactivating the SCRs with a control circuit. This topology has eight operating
states that are described as follows: 1) First estate corresponds to steady-state operation,
current flows in the forward direction A to B. SC'R; and SCR; activated. The current
passes through the low-frequency circuit composed of 0, 1, 2, 3, 4 and 5 which consists of the
source in A, inductor L,,5s SCRs SCR;, SCR,, inductor L,,;, and load in B; in this state,
capacitor C is charged at source voltage and behave as an open circuit. The currents of the
source A, L0, SCRy, SCRy, L,,; and load are equal in steady state to iz,. 2) Second state
corresponds to steady-state operation, current follows in the forward direction B to A. SCR;
and SC R, activated. The current passes through the low-frequency circuit composed of 5,
4,6, 7, 1 and 0 which consists of the source in B, L,,;, SCR3, SCRy, L2 and load in A.
The currents of the source B, SCR3, SCRy4, L,,1, L2 and load are equal in steady state to
irp-3) Third state is the transient state or fault occurrence state in B. Current i.a represents
the current of the capacitor C' when a fault occurs in B in the transient state. When a fault
occurs in B, the instantaneous large current ir,,; flows through the L,,; which is connected
to the load. After restoring the steady state, ir,,; has increased slightly. Meanwhile, the
voltage in L,,; undergoes a sudden increase. Voltage in inductor L,,; induces a voltage in
inductor L,,» through mutual inductance and drives current 7;,,, supplied to i.a through
the capacitor C'; please see Figure 3.20 in red color. The capacitor current i.a grows and
matches the inductor steady-state current ipa and the SCR; commutates off [71] . 4) Fourth
state is the transient state or fault occurrence state in A. Current 7.b represents the current
of the capacitor C' when a fault occurs in A in the transient state. When a fault occurs
in A, the instantaneous large current iy, flows through the L,,» which is connected to the
load. After restoring the steady state, iy, has increased slightly. Meanwhile, voltage in
inductor L,,» undergoes a sudden increase. Voltage in the inductor L,,» induces a voltage in
the inductor L,,; through mutual inductance and drives current iy,,; supplied to i.b through
the capacitor C'; please see Figure 3.20 in red color. Capacitor current i.b grows and matches
the inductor steady-state current iyb and the SC'Ry commutates off . 5) Fifth state begins
after SC'R; is turned off by a fault in B, series LC circuits are connected to the fault and
load through 8, 3, 4 and fault; initiating an LC series resonance. Capacitor C' supplies the
remaining current to inductor L,,; and the capacitor voltage changes polarity to negative.
Then SC R, commutates off due to the reverse current coming from inductor L,,;. 6) sixth
state begins after SC'R3 is turned off by a fault in A, series LC circuits are connected to
the fault and load through 8, 7, 1 and fault; initiating an L.C series resonance. Capacitor C
supplies the remaining current to inductor L,,» and the capacitor voltage changes polarity
to negative. Then SC R, commutates off due to the reverse current coming from inductor
L2. 7) Seventh state begins when the voltage in the capacitors decays to zero after the
resonance has ended, fault in B. Inductors L,,; and L,,, remain in operation during the
reverse direction of power flow. 8) Inductors L,,; and L,,» remain in operation during the
reverse direction of power flow|71] .
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Figure 3.20: Bi-directional topology based on T-source [71]
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Chapter 4

Results obtained from the Z-source
topologies simulations

4.1 Introduction

In this chapter, the considerations for developing the simulations are explained and the
details of the different Z-source topologies simulation are analyzed.The topologies were sim-
ulated with OpenModelica’s Electrical library. OpenModelica is a complete modeling and
simulation tool for complex integrated physical systems. Openmedelica allows modeling
complex interactions between systems from different engineering fields, such as electrical
circuits, thermodynamics, hydraulics, mechanics, pneumatics and control|26, 22|. It has a
very friendly and intuitive interface. Open Modelica has a powerful graphing tool, however
the data was exported in csv files and graphed. with the Python package Matplotlib, which
offers some additional editing features. The numerical method used was DASSL, since it is
an implicit numerical method suggested by the OpenModelica community.

In this chapter, Z-source topologies included in this project were simulated for com-
parisonpurposes, the considerations for developing simulations are explained and also some
details of different topologies are analyzed. The fault was modeled with a variable resistor
controlled by a ramp signal from 0.2 to 0 Q in 100 ps s[10], the ramp was set to start in 0.2s,
that corresponds to sufficient time for the circuit to be stable after start-up; a switch is syn-
chronized to connect the fault to the circuit in 0.2s; a 0.08s pulse through the gate activates
the SCR, please see Figure 4.1. Even though topologies that were proposed in technical
literature usually have different values for the source voltage, inductors, capacitors, load
resistances, damping resistances, and fault resistances. So, the following parameters were
used for simulations across all of the topologies: Source voltage V, = 6.000V, source inductor
L, = 10 pH., load resistor R, = 6£2, capacitors C' = 200 pF , parasitic load capacitance
C, = ImF, snubber resistor R = 0.1€2, inductors L = 2.4 mH , fault resistor R = 20mf).
Diodes and SCRs were simulated as ideal elements while the internal resistances of the in-
ductors and capacitors is the minimum assigned by OpenModelica. In addition, the coupling
coefficient of the topologies with magnetic coupling was assumed as k£ = 0.
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4.2 Mono-directional topologies results

4.2.1 Result Classic Z-source topology

Figure 4.1 shows the implementation of the Classic Z-source topology in OpenModelica, this
topology was explained and described in section 3.2.1 and corresponds to Figure 3.1.
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Figure 4.1: OpenModelica simulation of classic Z-source topology

Fault current(iy) , SCR current (iscr), SCR voltage (vscr) and load voltage (vy) of
classic Z-source topology, are depicted in Figure 4.2. Figure 4.2 A) corresponds to the fault
current ¢5. Fault occurs in 0.2 s. Please note that i; rises to a maximum value and then
decreases. When the fault current is increasing, fault clearing events occur in the circuit.
When the fault current is decreasing, resonance events occur followed by energy dissipation
events in the circuit. Figure 4.2 B) corresponds to the SCR current iscr. Before fault
occurrence, igcr has a value of 1.000 A which corresponds to the normal operation of the
circuit. After fault occurrence igcr rapidly decreases to zero for clearing the fault. The
commutation process is almost instantaneous and occurs when the fault current increases.
Voltage in SCR vgcr and load voltage (vg) are depicted in Figure 4.2 C. A zero crossing of
vscr 1s observed which is very important for SCR protection. When vgcg crosses zero, the
arc generated during switching is mitigated, similar to what happens in AC circuits please
see brown line. In addition, the load voltage vy behavior is observed . Once the fault is
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cleared the load voltage decays to zero, please see blue line.
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Figure 4.2: Classic Z-source behavior if, iscr ,User, Vo

Capacitors current(i..), inductors current (i), capacitors voltages (v¢), inductors voltage(vy,),
load current (igz) and source current(iy) of classic Z-source topology are depicted in Figure
4.3. Figure 4.3 A) corresponds to the moment when the transient current of the capacitor
(red line) reaches the steady state, current of the inductor (green line) is observed. In this
instant time, the commutation occurs. After disconnection, capacitor current and inductor
current are equal because they are connected in series. In Figure 4.3 B), the series resonance
lapse is observed. When the inductor voltage (blue line) is equal to the capacitor voltage
(brown line), it corresponds to the series resonance time. Once the resonance is finished, the
voltage across the capacitor decays to zero, inductor voltage decays to zero and intend to
become negative. Once the resonance is finished, the current across the capacitor decays to
zero and the current in the inductor continues to circulate in the circuit snubber. In Figure
4.3 C), the behavior of the current in the source and the current in the load are depicted.
Once fault clearance has occurred, the current in the source (violet line) immediately decays
to zero and the current in the load (black line) that also dacays to zero. In effect, classic
Z-source topology simultaneously protects the source and the load.
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Classic Z-source behavior i., iy, ,U., VL, 1L, is
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Fault (iy) and capacitors (i.) currents of classic Z-source topology are depicted in Figure
4.4. Tt is observed that the current through the capacitor is only 6% of the fault current.
This occurs because the capacitor current does not depend directly on the fault current, but
rather on the variation of the voltage in the inductor, please see Figure 4.4.
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Figure 4.4: Classic Z-source behavior iy, i,
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4.2.2 Result Parallel Z-source topology

Figure 4.5 shows the implementation of Parallel Z-source topology in OpenModelica, this
topology was explained and described in section 3.2.1 and corresponds to Figure 3.3
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Figure 4.5: OpenModelica simulation of parallel Z-source topology

Fault current (if), SCR current (iscr), SCR voltage (vscr) and load voltage (vg) of
parallel Z-source topology are depicted in Figure 4.6. Figure 4.6 A) corresponds to the fault
current ¢y. The fault current of this topology is similar to the fault current of the classical
Z-source. Figure 4.6 B) corresponds to the SCR current igcr. Before fault occurrence, iscr
has a value of 1000 A which corresponds to the normal operation of the circuit. After fault
occurrence, igcr rapidly decreases to zero for clearing the fault. The commutation process
is almost instantaneous and occurs when the fault current increases similar to the classic Z-
source. Note that in Figure 4.6 C), vgor voltage crosses zero and then stabilizes; moreover,
the vgor voltage oscillates before stabilizing. These oscillations occur because the capacitor
() is connected to the source and the source receives current reflects at the end of the series
resonance due to the inductance of the source, please see Figure 4.6. However, the load

voltage vy decays to zero instantaneously.
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Figure 4.6: Parallel Z-source behavior iy, iscr, Vscr, Vo

Capacitors current (i.), inductors current (ir,), capacitors voltage (v¢), inductors voltage
(vr), load current (igr), and source current (i) of parallel Z-source topology are depicted
in Figure 4.7. Figure 4.7 A) corresponds to capacitor current ic, and inductor current iy.
After the SCR has turned off, the capacitor and inductor have the same current because
they are in series. When the voltage across the inductor has dropped to zero, the current
in the inductor continues to dissipate in the snubber circuit. Nonetheless, the current in
the capacitor continues to oscillate due to the series resonance between capacitor C; and
the inductance of the source, please see red line .Figure 4.7 B) corresponds to capacitor
voltage ve, inductor voltage vy,. It is observed that the voltage across capacitor C increases
and remains at the source voltage due to the connection between the capacitor and the
source. The capacitor and inductor voltages only coincide at one point, which corresponds
to series resonance. Additionally, the voltage in the inductor decays to zero in a similar
manner to the classical Z-source behavior. Figure 4.7 C) corresponds to load current igy,
and source current voltage i;. The current in the load is observed to instantaneously drop
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to zero. Nonetheless, the current in the source experiences a significant increase which can
be harmful to the source. This current increase is caused by the series resonance of 7, with
C7 and its magnitude depends on the inductance of the source. The design of a filter is
necessary to mitigate the problem of reflected current towards the source. Unlike classical
Z-source topology, this topology does not fully protect the source, as the source risks being
affected by the reflected current at the end of the series resonance.
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Figure 4.7: Parallel Z-source behavior i¢, i1, vo, v, tRrL, is
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4.2.3 Result Series Z-source topology

Figure 4.8 shows the implementation of the Parallel Z-source topology in OpenModelica,
this topology was explained and described in section 3.2.1 and corresponds to Figure 3.4.
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Figure 4.8: OpenModelica simulation of series Z-source topology

Fault current (i7), SCR current (iscr), SCR voltage (vscr) and load voltage (vg) of series
Z-source topology are depicted in Figure 4.9. Figure 4.9 A) corresponds to the fault current
if. The fault current of this topology is greater to the fault current of the classical Z-source;
however, its behavior is similar to the classic Z-source. Figure 4.9 B) corresponds to the
SCR current igcr. Before fault occurrence, igcr has a value of 1000 A which corresponds
to the normal operation of the circuit. After fault occurrence, igcr rapidly decreases to
zero for clearing the fault. The commutation process is almost instantaneous and occurs
when the fault current increases similar to the classic Z-source. Note that in Figure 4.9 C,
SCR voltage crosses zero and then stabilizes. Note that the SCR voltage oscillates before
stabilizing. These oscillations occur because the capacitor Cy is connected to the source and
the source receives current that reflects at the end of the series resonance, please see 4.8.

Finally, load voltage vy decays to zero instantaneously.
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Figure 4.9: Series Z-source behavior i, iscr, Vscr, Vo

Capacitor current (i.), inductor current (i), capacitor voltage (v¢), inductor voltage
(vr), load current (igy), and source current (i5) of parallel Z-source topology are depicted in
Figure 4.10. Figure 4.10 A) corresponds to capacitor current i¢, inductor current ;. When
the transient current of the capacitor ic reaches the steady state current of the inductor
iy, is observed. In this time, the commutation occurs. After disconnection capacitor and
inductor currents are equal because they are connected in series. Figure 4.10 B) corresponds
to capacitor voltage v and inductor voltage v;. The series resonance lapse is observed.
When the inductor voltage is equal to the capacitor voltage, the series resonance time ocurs.
Once the resonance is finished, the voltage across the capacitor decays to zero and the current
in the inductor decays to zero intending to become negative. Figure 4.10 C) corresponds
to load current ir;, and source current voltage is. The current in the load is observed to
instantaneously drop to zero. However, the current in the source experiences an increase,
which can be harmful to the source. This current increasing is caused by the series resonance
of iy, with ' and its magnitude depends on the inductance of the source. Nonetheless, part
of the resonance current is supplied by capacitor Cs, thus reducing the current reflected back
to the source by 33% with respect to the parallel Z-source topology.
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4.2.4 Result Alternative Z-source topology

Figure 4.11 shows the implementation of the Alternative Z-source topology in OpenModelica,
this topology was explained and described in section 3.2.1 and corresponds to Figure 3.5.
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Figure 4.11: OpenModelica simulation of Alternative Z-source topology

Fault current (if), SCR currents (iSCRl)y (’iSCRQ), SCR voltages (USC’R1>7 (USCRQ>, and
load voltage (vg) of Alternative Z-source topology, are depicted in Figure 4.12. Figure 4.12 A)
corresponds to the fault current i¢. The fault current of this topology is greater to the fault
current of the classical Z-source. Figure 4.12 B) corresponds to the SCR currents igcg; and
iscre. Before fault occurrence, igor1 and igore have a value of 1.000 A which corresponds
to the normal operation of the circuit. After fault occurrence, i5cr1 rapidly decreases to
zero for clearing the fault. SCR; commutes off before SC'Ry,. Then SC R, receives part
of the fault current after SCR; has commutated off. Nonetheless, commutation process
is almost instantaneous and similar to the classic Z-source. Note that in Figure 4.12 C),
SCR voltage vgcgr1 crosses zero and then stabilizes and vgogro has a low voltage of negative
polarity. Note that the SCR voltage oscillates before stabilizing. These oscillations occur
because the capacitor C is connected to the source and the source receives current reflects

at the end of the series resonance, please see Figure 4.12. Finally, load voltage vy decays to
zero instantaneously.
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Figure 4.12: Alternative Z-source topology behavior iy, iscr1, tscr2 Vscri, Vscrz, Vo

Capacitor current (i.), inductor current (i), capacitor voltage (v¢), inductor voltage
(vr), load current (igy), and source current (i5) of parallel Z-source topology are depicted in
Figure 4.13. Figure 4.13 A) corresponds to capacitor current icq, inductor current ip;. After
the SCR has turned off, the capacitor and inductor have the same current because they are in
series. When the voltage across the inductor has dropped to zero, the current in the inductor
continues dissipating in the snubber circuit. However, the current in the capacitor continues
to oscillate due to the series resonance between capacitor C'; and the inductance of the power
source, please see red line in Figure 4.13. Figure 4.13 B) corresponds to capacitor voltage
vo, inductor voltage vy. The series resonance lapse is observed. When the inductor voltage
is equal to the capacitor voltage, the series resonance time occurs. Once the resonance is
finished, the voltage across the capacitor C'; becomes negative and conducts while energy
is dissipated in the inductor. The current in the inductor decays to zero. Figure 4.13 C)
corresponds to load currentig; and source current voltage i,. The current in the load is
observed to instantaneously drop to zero. However, the current in the source experiences a
significant increase, which can be harmful to the source. This current increasing is caused by
the series resonance of i, with C5 and its magnitude depends on the inductance of the source.
It is important to add that the objective of this topology is to increase the fault clearance
speed. However, negative voltages across the capacitor can increase the potential difference
across the SCR, and too many elements are added in the path of connection between ground

and load.
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Figure 4.13: Alternative Z-source topology behavior ic1, i1, Vo1, V1, Vo, iLs
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4.2.5 Result Series connected Z-source with response to load vari-
ations topology

Figure 4.14 shows the implementation of Series connected Z-source with response to load

variations in OpenModelica, this topology was explained and described in section 3.2.1 and
corresponds to Figure 3.6.
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Figure 4.14: OpenModelica Simulation Series connected Z-source with response to load
variations

SCR current (igcg) of Series connected Z-source with response to load variations topology
is depicted in Figure 4.15. For this simulation, four loads have been added in parallel with
the initial load. Sequentially each load is energized every 0.1s, when 0.5s elapse the fault
is entered. A 200 uf capacitor and a 0.1 § resistor were added to supply the non-fault
currents requested by the load, please see Figures 4.15 and4.14. It is observed that the

circuit breaker supplies the changes in the load without commutation off. When the fault
occurs, it commutes off.
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Series connected Z-source with response to load variations
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Figure 4.15: Series connected Z-source with response to load variations behavior igcgr
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4.2.6 Result Classic Z-source using magnetic coupling topology

Figure 4.16 shows the implementation of the Classic Z-source using magnetic coupling topol-
ogy in OpenModelica, this topology was explained and described in section 3.2.2 and cor-
responds to Figure 3.7. For this simulation the coupled inductors have 1.2mH which corre-
sponds to half of the inductance used in the classical Z-source. This in order to verify if by
using half the inductance of the classical Z-source the performance of the circuit breaker is
the same[43]. It is important to add that in this topology, the magnetic couplings are not
part of the commutation path.
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Figure 4.16: OpenModelica Simulation Classic Z-source using magnetic coupling topology

Fault current(is), SCR current (iscr), SCR voltage (vscr) and load voltage (vy) of
Classic Z-source using magnetic coupling topology are depicted in Figure 4.17. Figure 4.17
A) corresponds to the fault current i;. Fault occurs in 0.2 s. Please note that iy rises to
a maximum value and then decreases. When the fault current is increasing, fault clearing
events occur in the circuit. When the fault current is decreasing, resonance events occur
followed by energy dissipation events in the circuit. Figure 4.17 B) corresponds to the SCR
current igor. Before fault occurrence, igor has a value of 1.000 A which corresponds to the
normal operation of the circuit. After fault occurrence, iscr rapidly decreases to zero for
clearing the fault. The commutation process is almost instantaneous and occurs when the
fault current increases. Voltage in SCR vgcr and load voltage (vgy) are depicted in Figure
4.17 C. A zero crossing of vgcg is observed which is very important for SCR protection.
When vgeor crosses zero, the arc generated during switching is mitigated, similar to what
happens in AC circuits. In addition, the load voltage vy behavior is observed. Once the fault
is cleared, the load voltage decays to zero, please see blue line.
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Figure 4.17: OpenModelica Simulation Classic Z-source using magnetic coupling topology
behavior if, iscr,Vscr, Vo

Capacitor current(i.), inductor current (ir,), capacitor voltages (v¢), inductor voltage(vy,),
load current (igy) and source current(is) of Classic Z-source using magnetic coupling topology
are depicted in Figure 4.18. Figure 4.18 A) shows the moment when the transient current
of the capacitor (red line) reaches the steady state current of the inductor (green line)
is observed. In this time, the commutation occurs. After disconnection, capacitor and
inductor currents are the same because they are connected in series. In Figure 4.18 B),
the series resonance lapse is observed. When the inductor voltage (blue line) is equal to
the capacitor voltage (brown line) that corresponds to the series resonance time. Once the
resonance is finished, the voltage across the capacitor decays to zero and also inductor voltage
decays to zero intending to become negative. Once the resonance is finished, the current
across the capacitor decays to zero and the current in the inductor continues to circulate
in the circuit snubber. In Figure 4.18 C), the current in the source and the current in the
load are depicted. Once fault clearance has occurred, the current in the source (violet line)
immediately decays to zero and the current in the load (black line) also decays. In effect, this
topology simultaneously protects the source and the load. This topology makes it possible
to reduce size and weight by using a coupled inductor for the same purpose as the classic
Z-source.
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4.2.7 Result Series Z-source using magnetic coupling topology

Figure 4.19 shows the implementation of series Z-source using magnetic coupling topology in
OpenModelica, this topology was explained and described in section 3.2.2 and corresponds
to Figure 3.8. It is important to add that, in this topology, the magnetic couplings are not
part of the commutation path.
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Figure 4.19: OpenModelica simulation of Series Z-source using magnetic coupling topology

Fault current (if), SCR current (iscr), SCR voltage (vscr) and load voltage (vg) of
series Z-source using magnetic coupling topology are depicted in Figure 4.20. Figure 4.20 A)
corresponds to the fault current ;. The fault current of this topology is similar to the fault
current of the classical Z-source. Figure 4.20 B) corresponds to the SCR current igcg. Before
fault occurrence, iscr has a value of 1000 A which corresponds to the normal operation of
the circuit. After fault occurrence, igcr rapidly decreases to zero for clearing the fault. The
commutation process is almost instantaneous and occurs when the fault current increases
similar to the classic Z-source. Note that in Figure 4.20 C), vgcr voltage crosses zero and
then stabilizes. However, there are oscillations in the SCR voltage due to the capacitor is in
series with the source at the end of the resonance stage. The voltage at the load vy drops
rapidly to zero.
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Figure 4.20: Series Z-source using magnetic coupling topology behavior i, iscr, Vscr, Vo

Capacitor current (i.), inductor current (i), capacitor voltage (v¢), inductor voltage
(vr), load current (igr), and source current (i) of parallel Z-source topology are depicted
in Figure 4.21. Figure 4.21 A) corresponds to capacitor current ic, inductor current iy,.
After the SCR has turned off, the capacitor and inductor have the same current because
they are in series. When the voltage across the inductor has dropped to zero, the current
in the inductor continues dissipating in the snubber circuit. Nonetheless, the current in the
capacitor continues to oscillate due to the series resonance between capacitor C7 and the
inductance of the source, please see red line in Figure 4.21. The oscillations described by
the current in the capacitor and the current in the inductor at the end of the resonance
are considerable compared to the series topology without magnetic coupling. In Figure 4.21
B), the series resonance lapse is observed. When the inductor voltage (blue line) is equal
to the capacitor voltage (brown line), the series resonance time occurs. Once the resonance
is finished, the voltage across the capacitor decays to zero, inductor voltage decays to zero
intending to become negative. Once the resonance is finished, the current across the capacitor
decays to zero and the current in the inductor continues to circulate in the circuit snubber.
In Figure 4.21 C), the behavior of the current in the source iy and the current in the load
irr are depicted. Once fault clearance has occurred the current in the source (violet line)
increases, oscillating and droping to zero. The current in the load (black line) rapidly drops
to zero. In effect, this topology simultaneously protects the source and the load. Then it
can be concluded that for series topology with magnetic coupling it is necessary to know in
advance the source inductance to ensure proper behavior of the circuit breaker.
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Figure 4.21: Series Z-source using magnetic coupling topology behavior ic, i1, ve, v, iRL,
Us

Capacitor current (i.), inductor current (i), capacitor voltage (v¢), inductor voltage
(vy) of parallel Z-source topology are depicted in Figure 4.22. The aim is to depict the
behavior of currents and voltages when the source inductor i4 is not included. Figure 4.22
A) corresponds to capacitor current i¢, inductor current ij,. After the SCR has turned off, the
capacitor and inductor have the same current because they are in series. When the voltage
across the inductor has dropped to zero, the current in the inductor continues dissipating
in the snubber circuit. However, note that no oscillations are observed in the currents. In
Figure 4.22 B), the series resonance lapse is observed. When the inductor voltage is equal
to the capacitor voltage, the series resonance time occurs. Once the resonance is finished,
the voltage across the capacitor decays to zero, inductor voltage decays to zero intending to
become negative. Please note that no oscillations are observed in the voltages. Indeed, the
source inductance is a very important variable in this topology.



COMPARISON OF ELECTRICAL FAULT RESPONSES IN Z-SOURCE CIRCUIT
BREAKER TOPOLOGIES FOR D.C. MICROGRID APPLICATIONS. 73

A. Capacitor C, Inductor L currents

— i [A]
1500 1 — j, [A]

1000
500 k
O- T T T T T
0.198 0.199 0.200 0.201 0.202
Time [s]

B. Capacitor C, Inductor L voltages

6000 R

— v [V]
4000 -

2000 1

0.198 0.199 0.200 0.201 0.202

Time [s]

Figure 4.22: Z-source in series with magnetic coupling topology does not include an induc-
tance at the source L, behavior i., i, v., v,
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4.2.8 Result Classic connected Z-source using magnetic coupling
with reduced capacitance

Figure 4.23 shows the implementation of classic connected Z-source using magnetic coupling
with reduced capacitance in OpenModelica, this topology was explained and described in
section 3.2.2 and corresponds to Figure 3.9.
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Figure 4.23: OpenModelica simulation of Classic connected Z-source using magnetic coupling
with reduced capacitance topology

Fault current(is), SCR current (iscr), SCR voltage (vscr) and load voltage (vg) of classic
connected Z-source using magnetic coupling with reduced are depicted in Figure 4.24. Figure
4.24 A) corresponds to the fault current iy. Fault occurs in 0.2 s. Please note that i; rises
to a maximum value and then decreases. When the fault current is increasing, fault clearing
events occur in the circuit. When the fault current is decreasing, resonance events occur
followed by energy dissipation in the circuit. Figure 4.24 B) corresponds to the SCR current
iscr. Before fault occurrence, igcr has a value of 1.000 A which corresponds to the normal
operation of the circuit. After fault occurrence, igc g rapidly decreases to zero for clearing the
fault. The commutation process is almost instantaneous and occurs when the fault current
increases. Voltage in SCR vgscr and load voltage (vg) are depicted in Figure 4.24 C. A zero
crossing of vscpr is observed which is very important for SCR protection. In addition, the
load voltage vy behavior is observed . Once the fault is cleared the load voltage decays to
zZero.
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Figure 4.24: Classic connected Z-source using magnetic coupling with reduced capacitance
behavior if, igcr, Vscr, Vo

Capacitor current(i.), inductor current (ir), capacitor voltages (v¢), inductorsvoltage
(vr), load current (igz) and source current(is) of Classic connected Z-source using magnetic
coupling with reduced capacitance topology are depicted in Figure 4.25. It is important
to know that the couplings are part of the commutation path in this topology. Figure
4.25 A) shows the moment when the transient current of the capacitor reaches the steady
state current of the inductor is observed. In this time, the commutation occur. After the
disconnection, capacitor and inductor currents are the same because they are connected in
series. In Figure 4.25 B), the series resonance lapse is observed. When the inductor voltage
is equal to the capacitor voltage, the series resonance time occurs. Once the resonance is
finished, the voltage across the capacitor decays to zero, inductor voltage also decays to
zero intending to become negative. Once the resonance is finished, the current across the
capacitor decays to zero and the current in the inductor continues circulating in the circuit
snubber. In Figure 4.25 C), the behavior of the current in the source i, and the current
in the load irg are depicted. Once fault clearance has occurred, the current in the source
immediately decays to zero and the current in the load also decays. Note that the capacitor
is in parallel with the source and is charged; furthermore, it does not produce representative
oscillations in the commutation process. This topology protects both the source and the

load.
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Figure 4.25: Classic connected Z-source using magnetic coupling with reduced capacitance
behavior i., i1, v, VL, TRL, ts
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4.2.9 Result T-Source topology

Figure 4.26 shows the implementation of T-Source in OpenModelica, this topology was
explained and described in section 3.2.2 and corresponds to Figure 3.10.
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Figure 4.26: OpenModelica Simulation of T-Source topology

Fault current(is), SCR current (iscr), SCR voltage (vscr) and load voltage (vg) of T-
Source topology are depicted in Figure 4.27. Figure 4.27 A) corresponds to the fault current
ty. Fault occurs in 0.2 s. When the fault current is increasing, fault clearing events occur in
the circuit. When the fault current is decreasing, resonance events occur followed by energy
dissipation events in the circuit. Figure 4.27 B) corresponds to the SCR current igcg. Before
fault occurrence, igcr has a value of 1.000 A which corresponds to the normal operation of
the circuit. After fault occurrence, iscr rapidly decreases to zero for clearing the fault. The
commutation process is almost instantaneous and occurs when the fault current increases.
Voltage in SCR vgcr and load voltage (vg) are depicted in Figure 4.27 C. A zero crossing of
vscr 1s observed which is very important for SCR protection. In addition, the load voltage
vp behavior is observed . Once the fault is cleared, the load voltage decays to zero. The
behavior of this topology is similar to the classic Z-source and it protects both the source

and the load.
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Figure 4.27: T-Source topology behavior if, iscr, Vscr, Vo

Capacitor current(i.), inductor current (ir,), capacitor voltages (v¢), inductor voltage(vy,),
load current (igy,) and source current(is) of T-Source topology are depicted in Figure 4.28. It
is important to know that the couplings are part of the commutation path in this topology.
Figure 4.28 A) shows the moment when the transient current of the capacitor reaches the
steady state current of the inductor is observed. In this time, the commutation occurs.
After the disconnection, capacitor and inductor currents are the same because they are
connected in series. In Figure 4.28 B), the series resonance lapse is observed. When the
inductor voltage is equal to the capacitor voltage, the series resonance time occurs. Once
the resonance is finished, the voltage across the capacitor decays to zero, inductor voltage
decays to zero intending to become negative. Once the resonance is finished, the current
across the capacitor decays to zero and the current in the inductor continues circulating in
the circuit snubber. In Figure 4.28 C), the behavior of the current in the source i, and the
current in the load iy g are depicted. Once fault clearance has occurred the current in the
source immediately decays to zero and the current in the load also decays.
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Figure 4.28: T-Source topology behavior i., iy, v, vr, 1rL, s
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4.2.10 Result 7-source topology

Figure 4.29 shows the implementation of 7-source topology in OpenModelica, this topology
was explained and described in section 3.2.2 and corresponds to Figure 3.11.
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Figure 4.29: OpenModelica simulation of 7-source topology

Fault current (i7), SCR current (iscr), SCR voltage (vscr) and load voltage (vg) of 7-
source topology are depicted in Figure 4.30. Figure 4.30 A) corresponds to the fault current
. The fault current of this topology is similar to the fault current of the classical Z-source.
Figure 4.30 B) corresponds to the SCR current iscg. Before fault occurrence, iscr has
a value of 1.000 A which corresponds to the normal operation of the circuit. After fault
occurrence, igcr rapidly decreases to zero for clearing the fault. The commutation process
is almost instantaneous and occurs when the fault current increases similar to the classic
Z-source. Note that in Figure 4.30 C)vgcr voltage crosses zero and then stabilizes.
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Figure 4.30: 7-Source topology behavior if, igcr, Vscr, Vo

Capacitor current(i.), inductor current (iz), capacitor voltages (v¢), inductor voltage
(vr), load current (igr) and source current(is) of 7-source topology are depicted in Figure
4.31. It is important to know that the couplings are part of the commutation path in
this topology. Figure 4.31 A) shows the moment when the transient current of the capacitor
reaches the steady state current of the inductor L, is observed. In this time, the commutation
occurs. It has been observed that the current induced by inductor L, in L, is equal to the
current flowing through the capacitor C. When capacitor C' discharges and its current decays
to zero, the current in inductors L; and Ly decays more slowly as the energy dissipates in
the snubber. However, it is important to note that, for the given values of inductors and
capacitors in the 7-source topology, the current flowing through the capacitor and inductors
is much higher than other topologies. To address this issue, it is necessary to increase the
value of inductor L; so that the current induced by L in Ly is reduced. In Figure 4.31 B),
behavior of v., vy, vy and vyo is observed. the inductor voltage Lo has opposite polarity
to the inductor voltage L1, which allows a current from capacitor C. When the voltage
across the capacitor drops to zero, the voltage across the inductors increases and then also
drops to zero. In Figure 4.31 C), the behavior of the current in the source is; and the current
in the load iyg are depicted. Once fault clearance has occurred, the current in the source
immediately decays to zero and the current in the load also decays.
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Figure 4.31: 7-source topology behavior i, ir1, 12, Ve, U, VL1, VL2, IRL, is



COMPARISON OF ELECTRICAL FAULT RESPONSES IN Z-SOURCE CIRCUIT
BREAKER TOPOLOGIES FOR D.C. MICROGRID APPLICATIONS. 83

Capacitor current(i.), inductor current (ir,), capacitor voltages (v¢), inductor voltage(vy,)
of 7-source topology are depicted in Figure 4.32. For this particular case, the inductor
values in this topology were adjusted to achieve similar current values through capacitor C
as those in the other topologies. This was done to investigate whether this topology requires
additional materials compared to the others for a similar scenario. Specifically, an inductor
value of Ly = 20mH and L, = 4mH was chosen, resulting in a comparable current through
the capacitor as that observed in the other topologies, as shown in Figure 4.32. Figure 4.32
A) depicts the current behavior similar to Figure 4.31, but with a lower value of capacitor
current. Additionally, Figure 4.32 B) depict similar voltage behavior as in Figure 4.31, but
with lower voltages. Thus, it is evident that the total inductance of the circuit breaker is
a crucial parameter when making comparisons of topologies under equal conditions. The
total inductance for this topology is 24mH, in contrast to the other topologies, whose total
inductance is around 4.8mH. Then, the tau-source topology requires a larger volume and
weight of inductors than the other topologies, even though it has fewer elements.
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Figure 4.32: 7-Source topology with inductor values optimized for lower i behavior i, i1,
iLQa Ve, VL, VL1, VL2
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4.2.11 Result O-Zsource topology

Figure 4.33 shows the implementation of 7-source topology in OpenModelica, this topology
was explained and described in section 3.2.2 and corresponds to Figure 3.12.
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Figure 4.33: OpenModelica simulation of O-Zsource topology

Fault current(iy) , SCR current (igcr), SCR voltage (vscr) and load voltage (vp) of O-
Zsource topology are depicted in Figure 4.34. Figure 4.34 A) corresponds to the fault current
ty. Fault occurs in 0.2 s. When the fault current is increasing, fault clearing events occur in
the circuit. When the fault current is decreasing, resonance events occur followed by energy
dissipation events in the circuit. Figure 4.34 B) corresponds to the SCR current igcg. Before
fault occurrence, igog has a value of 1.000 A which corresponds to the normal operation of
the circuit. After fault occurrence, igcr rapidly decreases to zero for clearing the fault. The
commutation process is almost instantaneous and occurs when the fault current increases.
Voltage in SCR vgscr and load voltage (vg) are depicted in Figure 4.34 C. A zero crossing
of vgcr is observed which is very important for SCR protection. The voltage zero crossing
in the SCRis very short compared to other topologies, but sufficient for the commutation
process. In addition, the load voltage vy behavior is observed . Once the fault is cleared, the
load voltage decays to zero. The behavior of this topology is similar to the classic Z-source
and it protects both the source and the load.
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Figure 4.34: O-Zsource topology behavior if, igcr, Vscr, Vo

Capacitor current(i.), inductor current (ir,), capacitor voltages (v¢), inductor voltage(vy,),
load current (igr) and source current(is) of O-Zsource topology are depicted in Figure 4.35.
It is important to know that the couplings are part of the commutation path in this topology.
Figure 4.35 A) shows the moment when the transient current of the capacitor reaches the
steady state current of the nductor L, is observed. In this time, the commutation occurs.
It has been observed that the current induced by inductor L; in L, is equal to the current
flowing through the capacitor C'. When capacitor C' discharges and its current decays to
zero, the current in inductors Ly drops to zero too. The current in inductors Ly drops more
slowly as the energy dissipates in the snubber. In Figure 4.35 B), behavior of v, and vy is
observed. Notice that the voltage across the capacitor decreases to a negative value. This is
because it remains with opposite polarity with respect to the source. In Figure 4.35 C), the
behavior of the current in the source i, and the current in the load irg are depicted. Once
fault clearance has occurred, the current in the load drops to zero; but due to series resonance
between the capacitor and the source capacitance, the source experiences high currents at
the end of the commutation. One way to improve the performance of this topology is to have
different inductance values, which creates a voltage difference at each end of the capacitor
at the start of the commutation process.
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Figure 4.35: O-Zsource topology behavior 4., i51, ir2 Ve, Vi, tRL, bs
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4.3 Results Bi-directional topologies

This section presents the results of the simulations conducted on the bi-directional topologies.
The simulations were carried out in only one forward direction, considering all the elements
of the topologies. This is because, owing to the symmetry of the circuits breakers, the results
are identical in the opposite forward direction.

4.3.1 Result Bi-directional topology based on the classic Z-source

Figure 4.36 shows the implementation of Bi-directional topology based on the classic Z-source
in OpenModelica, this topology was explained and described in section 3.3.1 and corresponds
to Figure 3.13.
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Figure 4.36: OpenModelica simulation of Bi-directional topology based on the classic Z-
source

Fault current(iy) , SCR current (iscr), SCR voltage (vscr) and load voltage (vg) of
Bi-directional topology based on the classic Z-source are depicted in Figure 4.37. Figure
4.37 A) corresponds to the fault current ;. Fault occurs in 0.2 s. When the fault current is
increasing, fault clearing events occur in the circuit. When the fault current is decreasing,
resonance events occur followed by energy dissipation events in the circuit. Figure 4.37 B)
corresponds to the SCR current igor. Before fault occurrence, igcr has a value of 1.000 A
which corresponds to the normal operation of the circuit. After fault occurrence, igcg rapidly
decreases to zero for clearing the fault. The commutation process is almost instantaneous
and occurs when the fault current increases. Voltage in SCR vscr and load voltage vy are
depicted in Figure 4.37 C. A zero crossing of vgcopr is observed which is very important for
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SCR protection. The voltage zero crossing in the SCR is very short compared to other
topologies, but sufficient for the commutation process. In addition, the load voltage vg
behavior is observed . Once the fault is cleared the load voltage decays to zero.
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Figure 4.37: Bi-directional topology based on the classic Z-source behavior iy, iscr, vVscr,
Vo

Capacitors current (i.), inductor current (ir), capacitor voltage (v¢), inductor voltage
(vr), load current (igy), and source current (iy) of Bi-directional topology based on the classic
Z-source behavior are depicted in Figure 4.38. Figure 4.38 A) corresponds to capacitor
current i, inductor current ¢;,. When the transient current of the capacitor i¢ reaches
the steady state current of the inductor ij is observed. In this time, the commutation
occurs. After the disconnection, capacitor and inductor currents are the same because they
are connected in series. Figure 4.38 B) corresponds to capacitors voltage vo and inductors
voltage vy. The series resonance lapse is observed. When the inductor voltage is equal to
the capacitor voltage, the series resonance time occurs. Once the resonance is finished, the
voltage across the capacitor decays to zero and the current in the inductor decays to zero
intending to become negative. Figure 4.38 C) corresponds to load current ig; and source
current voltage is. The current in the load is observed to instantaneously drop to zero.
However, the current in the source experiences a negative increase which can be harmful
to the source. This is because capacitors that are not involved in the forward power flow
that still plays an active role in the circuit. Hence, during a fault event, these capacitors
exchange energy with the source inductance. In other words, the classical Z-source-based
bidirectional topology differs from its unidirectional counterpart in the current received by
the source due tohe capacitors that do not participate in the commutation to improve this,
limiti tng resistors are required in all capacitors.
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Figure 4.38: Bi-directional topology based on the classic Z-source behavior i, iy, v., v, iR,
is
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4.3.2 Result Bi-directional topology based on the series Z-source

Figure 4.39 shows the implementation of Bi-directional topology based on the series Z-source
in OpenModelica, this topology was explained and described in section 3.3.1 and corresponds
to Figure 3.14.
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Figure 4.39: OpenModelica simulation of Bi-directional topology based on the series Z-source

Fault current(is), SCR current (iscr), SCR voltage (vscr) and load voltage (vg) of Bi-
directional topology based on the series Z-source are depicted in Figure 4.40. Figure 4.40 A)
corresponds to the fault current i¢. Fault occursin 0.2's. When the fault current is increasing,
fault clearing events occur in the circuit. When the fault current is decreasing, resonance
events occur followed by energy dissipation events in the circuit. Figure 4.40 B) corresponds
to the SCR current ¢scgr. It should be noted that the current flowing through the SCR is
higher than the current in the load due to the currents passing through the blocking diodes
D3 and Ds, as shown in Figures 4.39 and 4.40. This effect increases the steady-state losses
of the SCR and needs to be considered when selecting the SCR size. Furthermore, a higher
fault clearance current is required compared to other topologies. Before fault occurrence,
irr, has a value of 1.000A which corresponds to the normal operation of the circuit. After
fault occurrence igcg rapidly drops to zero for clearing the fault. The commutation process
is almost instantaneous and occurs when the fault current increases. Voltage in SCR vscr
and load voltage vy are depicted in Figure 4.40 C. A zero crossing of vscr is observed which
is very important for SCR protection. In addition, the load voltage vy behavior is observed
. Once the fault is cleared the load voltage decays to zero.
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Figure 4.40: Bi-directional topology based on the series Z-source behavior iy, iscr, Vscr, Vo

Capacitor current (i.), inductor current (i), capacitor voltage (v¢), inductor voltage
(vr), load current (igz), and source current (is) of Bi-directional topology based on the
series Z-source behavior are depicted in Figure 4.41. Figure 4.41 A) corresponds to capacitor
current i¢, inductor current ;. When the transient current of the capacitor i reaches the
steady state current of the inductor 77 is observed. In this time, the commutation occurs.
After the disconnection, capacitor and inductor currents are the same because they are
connected in series. Figure 4.41 B) corresponds to capacitors voltage ve and inductors
voltage vy. The series resonance lapse is observed. When the inductor voltage is equal
to the capacitor voltage, the series resonance time occurs. Once the resonance is finished,
the voltage across the capacitor decays to zero and the current in the inductor decays to
zero intending to become negative. Figure 4.41 C) corresponds to load currentig; and
source current voltage ¢;. The current in the load is observed to instantaneously drop to
zero. However, the current in the source experiences an increasing which can be harmful to
the source. This current increase is caused by the series resonance through C', Ly and D,
connected to the fault.
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Figure 4.41: Bi-directional topology based on the series Z-source behavior i., i1, V¢, Vr, iRL,
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4.3.3 Result Bi-directional topology based on the series Z-source

Figure 4.42 shows the implementation of Bi-directional topology based on the series Z-source
in OpenModelica, this topology was explained and described in section 3.3.1 and corresponds
to Figure 3.15. This topology is only analyzed up to the commutation. This is because it
requires a complex control system to obtain the stability of the circuit after commutation.
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Figure 4.42: OpenModelica simulation of Bi-directional topology based on the series Z-source

Fault current(is), SCR current (iscr), SCR voltage (vscr) and load voltage (vg) of Bi-
directional topology based on the series Z-source are depicted in Figure 4.43. Figure 4.43
A) corresponds to the fault current iy. Fault occurs in 0.2 s. When the fault current is
increasing, fault clearing events occur in the circuit. When the fault current is decreasing,
resonance events occur followed by energy dissipation events in the circuit. Figure 4.43 B)
corresponds to the SCR current igcr. Before fault occurrence, iscr has a value of 1.000 A
which corresponds to the normal operation of the circuit. After fault occurrence igcr rapidly
decreases to zero for clearing the fault. The commutation process is almost instantaneous
and occurs when the fault current increases. In Figure 4.43 C), The instability produced in
SCR voltage and the load due to the effect of the capacitors and inductances is observed.
This topology requires a control system to stabilize the variables.
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Figure 4.43: Bi-directional topology based on the series Z-source behavior iy, iscr, vscr, Vo
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4.3.4 Result Bi-directional topology based on T-source

Figure 4.42 shows the implementation of Bi-directional topology based on T-source in Open-
Modelica, this topology was explained and described in section 3.3.2 and corresponds to
Figure 3.16.
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Figure 4.44: OpenModelica simulation of Bi-directional topology based on T-source behavior
L, 1SCRy VSCR, Vo

Fault current(if), SCR current (iscr), SCR voltage (vscr) and load voltage (vg) of
Bi-directional topology based on T-source are depicted in Figure 4.45. Figure 4.45 A) cor-
responds to the fault current i;. Fault occurs in 0.2 s. When the fault current is increasing,
fault clearing events occur in the circuit. When the fault current is decreasing, resonance
events occur followed by energy dissipation events in the circuit. Figure 4.45 B) corresponds
to the SCR current ¢scgr. It should be noted that the current flowing through the SCR is
higher than the current in the load due to the currents passing through the blocking diodes
Dg, as shown in Figures 4.45. This effect increases the steady-state losses of the SCR which
needs to be considered when selecting the SCR size. Furthermore, a higher fault clearance
current is required compared to other topologies. Before fault occurrence, ir; has a value
of 1.000A which corresponds to the normal operation of the circuit. After fault occurrence,
iscr rapidly drops to zero for clearing the fault. The commutation process is almost instan-
taneous and occurs when the fault current increases. Voltage in SCR vgcr and load voltage
vp are depicted in Figure 4.45 C. A zero crossing of vgcg is observed which is very important
for SCR protection. In addition, the load voltage vy behavior is observed . Once the fault is
cleared the load voltage decays to zero.
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Figure 4.45: Bi-directional topology based on T-source behavior i¢, iscr, Vscr, Vo
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Capacitor current(i.), inductor current (ir,), capacitor voltages (v¢), inductor voltage(vy),
load current (igr) and source current(i) of Bi-directional topology based on T-source be-
havior are depicted in Figure 4.46. It is important to know that the couplings are part of the
commutation path in this topology. Figure 4.46 A) shows the moment when the transient
current of the capacitor reaches the steady state current of the inductor is observed. In this
time, the commutation occurs. After the disconnection, capacitor and inductor currents are
the same because they are connected in series. In Figure 4.46 B), the series resonance lapse
is observed. When the inductor voltage is equal to the capacitor voltage, the series resonance
time occurs. Once the resonance is finished, the voltage across the capacitor decays to zero,
inductor voltage decays to zero intending to become negative. Once the resonance is finished,
the current across the capacitor decays to zero and the current in the inductor continues to
circulate in the circuit snubber. In Figure 4.46 C), the behavior of the current in the source
is and the current in the load iyg are depicted. Once fault clearance has occurred the current
in the source immediately decays to zero and the current in the load also decays.
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Figure 4.46: Bi-directional topology based on T-source behavior 4., 172, Ve, V11, tRL, s

4.3.5 Result Bi-directional topology based on T-source

Figure 4.47 shows the implementation of Bi-directional topology based on T-source in Open-
Modelica, this topology was explained and described in section 3.3.2 and corresponds to
Figure 3.17.
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Fault current(is), SCR current (iscr), SCR voltage (vscr) and load voltage (vg) of Bi-
directional topology based on T-source are depicted in Figure 4.48. Figure 4.48 A) corre-
sponds to the fault current i;. Fault occurs in 0.2 s. When the fault current is increasing,
fault clearing events occur in the circuit. When the fault current is decreasing, resonance
events occur followed by energy dissipation events in the circuit. Figure 4.48 B) corresponds
to the SCR current igcg. It should be noted that the current flowing through the SCR is
higher than the current in the load due to the currents passing through the blocking diodes
Dy, as shown in Figure 4.48. This effect increases the steady-state losses of the SCR and
needs to be considered when selecting the SCR size. Furthermore, a higher fault clearance
current is required compared to other topologies. Before fault occurrence, ir; has a value
of 1.000A which corresponds to the normal operation of the circuit. After fault occurrence,
iscr rapidly drops to zero for clearing the fault. The commutation process is almost instan-
taneous and occurs when the fault current increases. Voltage in SCR vgcr and load voltage
v are depicted in Figure 4.48 C). A zero crossing of vsor is observed which is very important
for SCR protection. In addition, the load voltage vg behavior is observed . Once the fault is
cleared, the load voltage decays to zero.
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Figure 4.48: Bi-directional topology based on T-source behavior i¢, iscr, Vscr, Vo

Capacitor current(i.), inductor current (ir), capacitor voltages (v¢), inductor voltage(vy),
load current (ig;) and source current(i,) of Bi-directional topology based on T-source be-
havior are depicted in Figure 4.49. It is important to know that the couplings are part of the
commutating path in this topology. Figure 4.49 A) shows the moment when the transient
current of the capacitor reaches the steady state current of the inductor is observed. In this
time, the commutation occurs. After the disconnection, capacitor and inductor currents are
the same because they are connected in series. In Figure 4.49 B), the series resonance lapse
is observed. When the inductor voltage is equal to the capacitor voltage, the series reso-
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nance time occurs. Once the resonance is finished, the voltage across the capacitor decays
to zero, inductor voltage decays to zero intending to become negative. Once the resonance
is finished, the current across the capacitor decays to zero and the current in the inductor
continues to circulate in the circuit snubber. In Figure 4.49 C), the behavior of the current in
the source i, and the current in the load 7,g are depicted. Once fault clearance has occurred,
the current in the source immediately decays to zero and the current in the load also decays.
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Figure 4.49: Bi-directional topology based on T-source behavior i., 151, Ve, V2, tRL, s
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4.3.6 Result Bi-directional topology based on T-source

Figure 4.50 shows the implementation of Bi-directional topology based on T-source in Open-

Modelica, this topology was explained and described in section 3.3.2 and corresponds to
Figure 3.18.
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Figure 4.50: OpenModelica simulation Bi-directional topology based on T-source

Fault current(if), SCR current (iscr), SCR voltage (vscr) and load voltage (vg) of
Bi-directional topology based on T-source are depicted in Figure 4.51. Figure 4.51 A) cor-
responds to the fault current ¢;. Fault occurs in 0.2 s. When the fault current is increasing,
fault clearing events occur in the circuit. When the fault current is decreasing, resonance
events occur followed by energy dissipation events in the circuit. This topology presents
low fault current compared to the other topologies. Figure 4.51 B) corresponds to the SCR
current igcr. Before fault occurrence, iscr has a value of 1.000 A which corresponds to the
normal operation of the circuit. After fault occurrence, iscr rapidly decreases to zero for
clearing the fault. The commutation process is almost instantaneous and occurs when the
fault current increases. Voltage in SCR vgcr and load voltage (vg) are depicted in Figure
4.51 C). A zero crossing of vgcg is observed which is very important for SCR protection.
In addition, the load voltage vy behavior is observed . Once the fault is cleared, the load
voltage drops to zero but slower than the other topologies.
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Figure 4.51: Result Bi-directional topology based on T-source behavior i, iscr, Vscr, Vo

Capacitor current(i.), inductor current (ir), capacitor voltages (v¢), inductor voltage
(v) of Bi-directional topology based on T-source are depicted in Figure 4.52. In Figure 4.52
A), the behavior of the currents are depicted. The inductor L; induces in L, a current that is
supplied by the capacitor C'. In Figure 4.52 B), the series resonance lapse is observed. When
the inductor voltage is equal to the capacitor voltage , the series resonance time occurs. Once
the resonance is finished, the voltage across the capacitor decays to zero, inductor voltage
decays to zero and intend to become negative. Once the resonance is finished, the current
across the capacitor decays to zero and the current in the inductor continues circulating in
the circuit snubber. In Figure 4.52 C), the behavior of the current in the source i; and the
current in the load iys are depicted. Once fault clearance has occurred, the current in the
source immediately decays to zero; however the current in the load decreases more slowly
than in the previous topologies.
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Figure 4.52: Result Bi-directional topology based on T-source behavior i, ir1, 112, Ve, Ur1,
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4.3.7 Result simulation of Bi-directional topology based on T-source

Figure 4.53 shows the implementation of Bi-directional topology based on T-source in Open-
Modelica, this topology was explained and described in section 3.3.2 and corresponds to
Figure 3.19.
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Figure 4.53: Bi-directional topology based on T-source

Fault current (if), SCR current (iscr), SCR voltage (vscr) and load voltage (vg) of
Bi-directional topology based on T-source are depicted in Figure 4.54. Figure 4.54 A) cor-
responds to the fault current ¢;. fault current of this topology is similar to the fault current
of the classical Z-source. Figure 4.54 B) corresponds to the SCR current igcg. Before fault
occurrence, iscr has a value of 1.000 A which corresponds to the normal operation of the
circuit. After fault occurrence, igcr rapidly decreases to zero for clearing the fault. The
commutation process is almost instantaneous and occurs when the fault current increases
similar to the classic Z-source. Note that in Figure 4.54 C), vgcr voltage crosses zero and
then stabilizes.
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Figure 4.54: Bi-directional topology based on T-source behavior i¢, iscr, Vscr, Vo

Capacitor current(i.), inductor current (ir,), capacitor voltages (v¢), inductor voltage(vy),
load current (igz) and source current (ig) of Bi-directional topology based on T-source be-
havior are depicted in Figure 4.55. Figure 4.55 A) shows the moment when the transient
current of the capacitor reaches the steady state current of the inductor is observed. In this
time, the commutation occur. After the disconnection, capacitor and inductor currents are
the same because they are connected in series. In Figure 4.55 B), the series resonance lapse
is observed. When the inductor voltage is equal to the capacitor voltage, the series reso-
nance time occurs. Once the resonance is finished, the voltage across the capacitor decays
to zero, inductor voltage decays to zero intending to become negative. Once the resonance
is finished, the current across the capacitor decays to zero and the current in the inductor
continues circulating in the circuit snubber. In Figure 4.55 C), the behavior of the current in
the source i, and the current in the load iy g are depicted. Once fault clearance has occurred
the current in the source immediately decays to zero and the current in the load also decays.
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Figure 4.55: Bi-directional topology based on T-source behavior i., ir1, Ve, V2, 1SCR2, ¢RL,
is
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4.3.8 Result simulation of Bi-directional topology based on T-source

Figure 4.56 shows the implementation of Bi-directional topology based on T-source in Open-
Modelica, this topology was explained and described in section 3.3.2 and corresponds to
Figure 3.20
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Figure 4.56: OpenModelica simulation of Bi-directional topology based on T-source

Fault current(is), SCR current (iscr), SCR voltage (vscr) and load voltage (vy) of
Bi-directional topology based on T-source are depicted in Figure 4.58. Figure 4.58 A) corre-
sponds to the fault current i;. Fault occurs in 0.2 s. Please note that i rises to a maximum
value and then decreases. When the fault current is increasing, fault clearing events occur in
the circuit. When the fault current is decreasing, resonance events occur followed by energy
dissipation events in the circuit. Figure 4.58 B) corresponds to the SCR current igcg. Before
fault occurrence, igcr has a value of 1.000 A which corresponds to the normal operation of
the circuit. After fault occurrence, iscr rapidly decreases to zero for clearing the fault. The
commutation process is almost instantaneous and occurs when the fault current increases.
Voltage in SCR vgcr and load voltage (vg) are depicted in Figure 7?7 C. A zero crossing
of vgcr is observed which is very important for SCR protection. When vgogr crosses zero,
the arc generated during switching is mitigated, similar to what happens in AC circuits. In
addition, the load voltage vy behavior is observed . Once the fault is cleared the load voltage
decays to zero, please see blue line.
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Figure 4.57: Bi-directional topology based on T-source behavior i¢, iscr, Vscr, Vo

Capacitor currents (i.), inductor currents (ir,), capacitor voltages (v¢), inductor voltages(vy,),
load current (igr), SCR current (iscre) and source current(is) of Bi-directional topology
based on T-source are depicted in Figure 4.58. Figure 4.58 A) corresponds to the moment
when the transient current of the capacitor reaches the steady state current of the induc-
tor is observed. In this instant time, the commutation occurs. After the disconnection,
capacitor current and inductor current are equal because they are connected in series. In
Figure 4.58 B), the series resonance lapse is observed. When the inductor voltage is equal to
the capacitor voltage , the series resonance time occurs. Note that when the voltage across
the inductor goes negative, a reverse current appears that turns off the SC R, please see
iscr2 green line. Once the resonance is finished, the voltage across the capacitor decays
to zero, inductor voltage decays to zero intending to become negative. Once the resonance
is finished, the current across the capacitor decays to zero and the current in the inductor
continues circulating in the circuit snubber. In Figure 4.58 C), the behavior of the current
in the source and the current in the load are depicted. Once fault clearance has occurred,
the current in the source immediately decays to zero and the current in the load drops to
ZEro.
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Figure 4.58: Bi-directional topology based on T-source behavior i., ir1, Ve, V2, tSCR2, 1RL,
is
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Chapter 5

Comparative analysis, discussion and
future challenges

5.1 Introduction

In this chapter, a comparative analysis of results is presented, focusing on the evaluation of
various parameters in different Z-source topologies. First, there is a comparative analysis
section, then a discussion section, and finally a future challenges section. The abbreviations
of these parameters are listed in Table 5.1 for reference and ease of understanding. The com-
parison data is divided into three tables, with the simulation results for mono-directional
topologies presented in Tables 5.2, and 5.3 and the comparative data for bi-directional topolo-
gies provided in Table 5.4. This chapter aims to provide a detailed comparison and analysis
of the different topologies to now their performance in medium voltage DC microgrids.

5.2 Comparative analysis

Topologies are evaluated based on parameters such as Energization Current (EC), Fault
Clearing Time (FCT), Maximum current in the source by series resonance (MRSC), Total
Inductance (TT), Galvanic Isolation (GI), Number of Capacitors (NC), Number of Inductors
(NI), Number of Diodes (ND), Number of Resistors (NR), Number of SCR (NSCR), Number
of SCR in conduction (NSSCR), Number of Couplings (Ncoup), and Load Variation (LV).
The description of the parameters are summarized in the Table 5.1.
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Description Abbreviation
Energization Current [A] EC
Fault Clearing Time [us] FCT
Maximum Resonance Source Current [A] | MRSC
Total Inductance [mH] TI
Galvanic Isolation GI
Number of Capacitors NC
Number of Inductors NI
Number of Diodes ND
Number of Resistors NR
Number of SCR NSCR
Number of SCR in conduction NSSCR
Number of Couplings NCoup
Load Variation LV

Table 5.1: Table with Descriptions and Abbreviations
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Table 5.2 presents the data obtained for the mono-directional topologies represented in
Figures 3.1 to 3.7.

Parameter | F3.1 | F3.3 | F3.4 | F3.5 | F3.6 | F3.7
EC 1675 | 1691 | 1581 | 1468 | 1600 | 1670
FCT 12 12 2 27
MRSC 3884 | 1875 0
TI
GI
NC
NI
ND
NR
NSCR
NSSCR
Ncoup
LV
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Table 5.2: Comparative table of mono-directional topologies

Table 5.3 presents the data obtained for the mono-directional topologies represented in
Figures 3.8 to 3.12.

Parameter | F3.8 | F3.9 | F3.10 | F3.11 | F3.12
EC 1579 | 1510 | 1640 1817 1738
FCT 2 34 32 61 56
MRSC 1853 0 0 0 2217
TI 2.4 2.4 4.8 24 4.2
GI Y Y Y Y Y
NC 2 1 1 1 1
NI 2 2 2 2 2
ND 2 2 2 1 1
NR 2 2 2 1 1
NSCR 1 1 1 1 1
NSSCR 1 1 1 1 1
Ncoup 1 1 1 1 1
LV Y Y Y Y Y

Table 5.3: Comparative table of mono-directional topologies
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Table 5.4 presents the data obtained for the mono-directional topologies represented in
Figures 3.13 to 3.20.

Parameter | F3.13 | F3.14 | F3.15 | F3.16 | F3.17 | F3.18 | F3.19 | F3.20
EC 1449 1527 4000 1489 1500 1000 1445 1500
FCT 2 3 3 38 42 3 41 34
MRSC 1940 2138 N/A 0 1200 0 0 0
TI 9.6 4.8 4.8 9.6 4.8 4.8 4.8 4.8
GI N N N Y Y Y Y Y
NC 4 2 3 1 1 1 1 1
NI 4 2 2 4 2 2 2 2
ND 4 6 2 6 4 6 2 0
NR 4 2 0 4 2 4 3 0
NSCR 2 1 2 2 2 2 4 4
NSSCR 1 1 1 1 1 1 1 2
Ncoup N N N 2 1 1 1 1
LV N N N Y Y Y Y Y

Table 5.4: Comparative table of bi-directional topologies
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5.3 Discussion

The most important factors for DC circuit breakers within the context of the selected topolo-
gies are as follows. Firstly, rapid fault clearing is crucial due to the sensitivity of power
converters to sudden current increases. Tables 5.2, 5.3, and 5.4 that correspond for both
unidirectional and bidirectional topologies, it can be observed that all topologies exhibit fast
fault clearing times of less than 100us. Secondly, mitigating the arc generated during discon-
nection is a significant concern due to the absence of zero-crossing of DC current. While high
switching speeds are beneficial in preventing arc issues, achieving automatic zero-crossing
and providing additional safety for the circuit breakers. Indeed, it is evident that all the
unidirectional and bidirectional topologies generate a zero-crossing in the SCR voltage, ef-
fectively reducing the risk of damage from arc generation during the commutation, which
could be observed in the figures depicted in result section. The peak current that occurs
when energizing the circuit breaker is important, as this behavior repeats when the circuit
breaker is reactivated after switching. According to Tables 5.2 and 5.3 for the unidirectional
topology, there is no significant difference among the topologies, as they all exhibit current
spikes close to 1.500A. Nonetheless, Table 5.4 shows a significantly lower energization current
for the topology in Figure 3.18 compared to the others. It should be noted that reducing
the energization peak requires the addition of resistors to the capacitors, which in turn in-
creases losses during the switching state. Some topologies were proposed without including
the effects of the source inductance. In the present project, it was confirmed that the source
inductance is a variable that should be included in every topology. The series resonance
between the source inductance and a capacitor in the circuit breaker can generate currents
that can damage the source. For mono-directional topologies, as shown in Tables 5.2 and 5.3,
there is an increasing in source current due to resonance that is greater than 50%, these were
observed for the topologies represented in Figures 3.3, 3.4, 3.8, and 3.12. These topologies
have a discharged capacitor in series with the source that does not make contact with the
negative pole of the circuit. In Table 5.4, for bi-directional topologies, similar increasing
of source current occurs due to resonance that is greater than 50°%, these were observed
for topologies 3.13 and 3.14.The source inductance varies for each application, and as the
inductance increases, the resonant current reflected by the source can also increase. This
implies that topologies exhibiting behaviors associated with the source inductance cannot
be implemented in general applications, but rather only in applications where the source
inductance is known. Another important factor for selecting a circuit breaker for DC micro-
grids is the inherent heating losses of power electronics solid-state devices. In this project,
a comparison was made between mono-directional and bi-directional topologies, taking into
account the number of SCRs carrying the steady-state current. The resistors accompanying
the capacitors and the resistors in the damping circuits experience heating, but only during
transients when commutation occurs. Nonetheless, when analyzing heating losses, the diodes
carrying current in steady state are important. The topology shown in Figure 3.11 (7-source)
presents considerable advantages compared to other topologies, as it has fewer components
and does not reflect current back to the source. However, despite this topology have a capac-
itor current similar compared to currents of the other topologies, the total inductance had to
be increased by a factor of 5.7. For this reason, the total circuit inductance was included as
a comparative factor to observe changes in the amount of material required when comparing
under similar conditions with other topologies. This implies a larger amount of material
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and volume for the case presented in this project. The O-Zsource topology also reduces the
number of elements; however, the connection of the capacitor poses a risk to the source and
needs to be carefully examined. The T-source topology also has advantages, as only a part of
the circuit remains in resonance when the SCR commutates off. The bidirectional topologies
shown in Figures 3.16 and 3.17 exhibit minimal losses due to material reduction. However,
the circuit shows a current re-circulation through the SCR, which increases conduction losses.
The topology in Figure 3.19 increases the initial costs by using four SCRs in the circuit in
exchange which reduces conduction losses, as only one out of the four SCRs conducts the
steady-state current. On the other hand, the topology in Figure 3.20 decreases the com-
mutation losses by using SCRs, due to rapidly decreasing the resonance time by adding an
additional SCR that opens the final series resonance circuit. However, this topology includes
two SCRs that are conducting in steady state, which increases conduction losses. In general,
there is a significant advantage observed in topologies that utilize magnetic couplings. The
use of couplings allows to reduce the material used in inductors, enable the adjustment of
the number of turns to achieve abrupt changes in load current, and provide the possibility of
galvanic isolation, as current flow between the part of the circuit in which the circuit breaker
is located and the rest of the system can be prevented [47]. It is important to add that one
of the characteristics of the Z-source topology is that the switching depends on the failure
time, as well as on the speed of the failure. It also depends on the resistance of the failure
material. These limitations make the switch circuit unable to operate in all situations. Until
now, the circuit breakers operate in controlled environments or in specific circuits.

5.4 Future challenges

Research on topologies for Z-source-based circuit breakers is growing, as there is a need to
overcome several obstacles to achieve optimal performance. The following are some future
challenges:

e In order to simulate the fault currents of the z-source topology and derived topology,
studies on DC fault times are required to model the faults with greater accuracy.

e Conducting studies on the behavior of Z-source switch circuits utilizing capacitive
grounding meshes is crucial. The utilization of capacitive meshes offers the potential
to achieve improved fault-clearing speeds in Z-source topologies and effectively mitigate
the time dependency of the system during switching. By exploring these aspects, we
can enhance the performance and reliability of Z-source switch circuits.

e Most of the topologies are simulated in laboratories with low voltage elements and it
is necessary to do further experiments at medium voltage levels in the presence of real
parasitic capacitances.

e Recent research proposes to improve the performance of the Z-source topology and
its modifications by integrating solid-state devices with complex control and high con-
duction losses. Hence the importance of continuing the efforts to obtain the best
performance of the circuit breakers, preserving the natural commutation with SCR
and only additional passive elements



Chapter 6

Conclusions

e In the development of this project, 19 Z-source topologies and derived topologies that
preserve the switching principle of the classical Z-source circuit breaker were selected
and compared. The topologies were classified into two categories: Unidirectional and
Bidirectional, based on the proposed solutions. Within each group, they were further
classified into topologies that utilize magnetic coupling and topologies that do not
utilize magnetic coupling.

e The OpenModelica software was utilized for conducting simulations of the different
topologies, and the figures were edited using the Matplotlib package of the Python
software, resulting in favorable outcomes.

e The behavior of all topologies was analyzed and simulated, resulting in figures that
provide an understanding of the different operational stages of the topologies, includ-
ing steady-state operation, resonance period, and energy dissipation. Furthermore,
specific simulation parameters for a medium-voltage DC microgrid were used, which
were consistent across all topologies.

e The results were separated for mono-directional and bi-directional topologies, con-
sidering as analysis variables: Energization Current, Fault Clearing Time, Maximum
current in the source by series resonance, Total Inductance, Galvanic Isolation, Number
of Capacitors, Number of Inductors, Number of Diodes, Number of Resistors, Number
of SCRs, Number of SCRs in conduction, Number of Couplings, and Load Variation.

It was possible to observe that the Z-sources topologies and their modifications have
solved two fundamental problems of direct current switching circuits, such as the prob-
lem of rapid fault clearance with few losses and the problem of the arc generated in
switching due to the absence of zero crossing direct current. For a DC microgrid,
it is expected that the fault clearance does not last longer than 0.1ms and the fault
clearance times from the simulations do not exceed 1007s

e [t was possible to observe that the topologies with magnetic couplings have an ad-
vantage over their counterparts without couplings, since they allow to optimize the
amount of materials, they can be configured for load variations, they can provide gal-
vanic isolation and they are easy to build.
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e /-source topologies have a great limitation in terms of their dependence on the time of
the fault current and the fault resistance, since these variables depend on the electrical
installation, for which reason it is still necessary to investigate the specific cases of
implementation that guarantee the correct behavior of the circuit breakers.

e Z-source topologies and their modifications are strong candidates for the predictions
of DC microgrids, but further experimentation is still needed to move from prototype
developments to implementations in real medium voltage microgrids.



Chapter 7

Abbreviations

The following abbreviations are used in this manuscript:
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AC
ACMGs
ACZ-VCBs
ACZ

Bi

BJT
BRT

C

CBs
CS-MCT
DC
DCMGs
DG

GaN
GTO
HCBs
HEMTs
iBreaker
IEGT
IGBT
IGCT
JFETs

L

MCBs
MOSFETs
MOVs
PDs

PV
PWM
RB-IGCT
RC

RCD
Rds

SCR

Si

SiC

SITs

SSCB - LCL

SSCBs
T-ZSCBs
VCBs
WBG
ZSCBs

4 H-SiC

Alternating Current
Alternating Current Microgrids
Artificial current zero vacuum switch
Artificial Current Zero
Bi-directional
Bipolar junction transistor
Base resistance thyristor
Capacitance
Circuit Breakers
Cathode Metal oxide Semiconductor Controlled Thyristor
Direct Current
Direct Current Microgrids
Distributed Generation
Gallium Nitride
Gate-Turn-off Thyristors
Hybrid Circuit Breakers
High-Electron-Mobility Transistor
Intelligent tri-mode SSCB
Injection-Enhanced Gate Transistor
Silicon Insulated-Gate Bipolar Transistor
Integrated Gate-Commutated Thyristor
Junction-Gate Field Effect Transistor
Inductance
Mechanical Circuit Breakers
Metal-Oxide Semiconductor Field Effect Transistors
Metal Oxide Varistor
Protective Devices
Photovoltaic Panel
Pulse Width Modulation
Reverse Blocking IGCT
Resistor and Capacitor
Resistor, Capacitor and Diode
On-Resistance value during operation
Semiconductor Controlled Rectifier
Silicon
Silicon Carbide
Static Induction Transistors
solid-state Circuit Breaker Latching and Current Limiting
Solid-state Circuit Breakers
T-Z-Source Circuit Breakers
Vacuum CBs
Wide Band Gap
Z-Source Circuit Breakers
Silicon Carbide Substrate, Crystal Structure 4H
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