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Abstract

New power system components and control systems are required to facilitate the
U.S. Navy’s move to medium voltage direct current power (MVDC) systems on future
vessels. Integrating the z-source circuit breaker into a “typical” naval MVDC power
system requires understanding system dynamics that may cause the circuit breaker
to inadvertently energize a circuit through regenerative turn-on of the thyristor. An
electrically-scaled model and a simulation model are used to characterize voltage
transients that could lead to this false triggering. The results of this experiment
show that these transients are within the specifications of commercially available
components. Limitations in the circuit breaker’s protective capabilities during turn-
on transients are identified and discussed. Potential topology modifications, control
schemes, and power system arrangements that provide protection across the operating
range are proposed for further investigation.
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Chapter 1

Background

1.1 Electrification of Ships

Electrification of ships first appeared in the 1870s, starting with small, non-
propulsion loads [1]. Initially, individual components were electrified, such as call
bells and stand-alone spot lights. The trend toward increasing electrification con-
tinued with the installation of the first shipboard electrical distribution system on
SS Columbia in 1880, used to light the vessel [1]. The U.S. Navy soon followed suit
with the installation of an electric lighting system on USS Trenton in 1883 [2]. The
continued electrification over the past 140 years has grown well beyond lighting, now
covering nearly all hotel service loads!, communications and network devices, fresh
water production, and sensors. At this point there is an electrically-powered option
for nearly any imaginable task performed on a vessel.

Shipboard electrification was not contained to just the smaller auxiliary and hotel
service loads for long, with engineers electrifying propulsion in the early twentieth
century. The first large surface vessel with electric propulsion was Vandal?, a Russian

river tanker launched in 1903 [1]. Vandal used a diesel-electric system similar to that

Hotel service loads are loads such as climate control, hot water production, food preparation,
laundry, etc.

2 Vandal is widely recognized as the first electrically propelled ship. Smaller launch-sized boats
using battery-powered motors were briefly experimented with in the 1830s, but were found infeasible
with motor technology of the time [1]. Additionally, the experimental submarine Holland, launched
in 1900, used a form of diesel-electric propulsion [3].
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used in diesel-electric locomotives. In 1913, the U.S. Navy commissioned the collier
USS Jupiter (AC 3)3, its first vessel equipped with an electric propulsion system [4].
Unlike Vandal, USS Jupiter employed a turbo-electric system with a steam turbine
as the prime mover. The U.S. Navy, among others, continued to build large surface
vessels that employed turbo-electric propulsion through the 1940s. Most ocean-going
icebreakers built since the 1940s have also employed some form of electric propulsion,
but it fell out of common use elsewhere.

The next step in the evolution of shipboard electrification was the combination
of these two trends into the Integrated Power System (IPS) concept. This began
as electric propulsion saw a resurgence in the mid-1980s with the re-engining of the
passenger liner Queen Elizabeth 2 5], the first large electric? IPS vessel [1]. The trend
of IPS implementation by naval architects and marine engineers has continued with
its use in cruise ships and naval vessels. The U.S. Navy has recently commissioned
vessels of a couple different classes employing IPS, including the Zumwalt-class guided
missile destroyer [7] and the Lewis and Clark-class dry cargo/ammunition ships [8].

All of this history, at least for U.S. Navy vessels, is neatly summarized in figure
1-1 [9], which shows that the fraction of the ship used for electrical generation has
risen steadily. Similarly, figure 1-2 shows how the U.S. Navy plans to continue this

trend in the future.

3In 1920 Jupiter was renamed Langley (CV 1), and converted into the first U.S. Navy aircraft
carrier [4].

4An integrated power system is a shipboard power system in which one form of energy is used
to power most or all of the vessel’s systems. On naval vessels, IPS can take the form of a steam-
based system or an electricity-based system [6]. From here on out, IPS will refer to electricity-based
systems unless specifically noted
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Figure 1-1. Historical U.S. Navy installed electric generating capacity. Source: “In-
tegrated power systems - An outline of requirements and functionalities for ships”

[9].

Figure 1-2. Next Generation Integrated Power System Technology Development
Roadmap. Source: NAVSEA NGIPS Technology Development Roadmap [10].
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1.2 Current State of Technology

Most current U.S. Navy ships employ AC electrical distribution systems. These
systems operate primarily at 60 Hz. There are some special systems that operate at
400 Hz, such as combat systems and aircraft support, and others that can operate
at variable frequencies [11]. Only the Virginia-class fast attack submarines use a
DC distribution system. Components for systems operating at 60 Hz are readily
available and well understood because it is the terrestrial standard in a large part of
the world, including the United States. The basic configuration of shipboard systems
has remained largely unchanged since the 1940s, when Rickover wrote about the
U.S. Navy’s scheme for providing fault protection using selective tripping of circuit

breakers [12].

As discussed in [10] and illustrated in Figure 1-2, the U.S. Navy desires to move
away from 60 Hz AC electrical systems and toward DC electrical systems. The
bridging technology is high frequency AC (HFAC). The Naval Sea Systems command
(NAVSEA) selected HFAC because it provides some of the advantages of DC systems
(e.g., smaller transformers and reduced acoustic signatures) while avoiding some of
the developmental investments required by DC systems [10]. DC systems are the

ultimate goal, though, because they provide a number of advantages for naval vessels:

e Prime mover speed is decoupled from the system frequency and generators are
not limited to specific numbers of poles.

e Power conversion equipment can operate at high frequencies, reducing the size
and weight of transformers used in the AC portions of the system.

¢ Electromagnetic interference concerns are reduced compared to AC and HFAC
systems.

e Cable weights may be reduced slightly due to elimination of the reactive com-
ponent of impedance and skin effect.

e Fault current may be interrupted at lower values through the use of power
electronics.

e Acoustic performance of the power system can be improved by operating equip-
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ment over a range of speeds or frequencies, resulting in a broader signal.
e Adding power sources to a bus only requires adjusting voltage.

e Higher-demand mission loads can be served using a denser architecture.

1.3 Problem to Solve

While there are many advantages to be realized by moving to DC electrical dis-
tribution systems, there are still a number of challenges to overcome [10]. The first

challenge identified is

Traditional fault detection and isolation techniques employed by conven-
tional circuit breakers and based on fault current are not desirable for
MVDC systems due to the difficulty in extinguishing DC arcs in the ab-
sence of a voltage or current zero crossing. Instead, MVDC is anticipated
to use power electronics and advanced controls to quickly identify and iso-
late faults before large fault currents are generated. In the design of the
power electronics, consideration must be made to ensure transient stability
and limit potential over-voltages during transients. The details, methods,
and standards for implementing a power electronics and advanced controls
based fault detection and isolation require research and development in
addition to implementation engineering. Additionally, new fault detection

and isolation components may need to be developed.

Progress has been made in some areas, such as the development of the z-source
circuit breaker [13], but integration of the available technologies for a naval application
is far from complete. This thesis will examine exiting technologies and then focus on
the suitability of the z-source circuit breaker for use in future MVDC naval power

systems.
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Chapter 2

Existing Types of Circuit Protection
Equipment

Using currently available technology on an AC shipboard system there are a num-
ber of way to interrupt current in the event of a fault condition. These technologies
include:

e Mechanical circuit breakers

e Fuses

e Relays and controllers

e Power conversion modules
Some of these technologies can be directly transferred to DC systems at low voltage
levels, but at medium voltage levels they do not work well or at all, while some can

be used across a wide range of voltages.

2.1 Mechanical Circuit Breakers

Circuit breakers are the predominant type of protective device found in naval
electrical distribution systems today. These devices work well in both AC systems
and lower power DC systems, and can be setup in a way that a given load or location
in the system is protected by multiple circuit breakers using what is called selective

tripping [12], [14]. Selective tripping also protects the system while de-energizing the
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smallest section required to isolate the fault. Circuit breakers are a useful form of
protection because they can be reset after they actuate. They can be permanently

installed in a system and reused over and over.

Mechanical circuit breakers interrupt a fault current by physically separating a pair
of contacts and opening an electrical circuit. For lower power systems, the resistance
inserted into the system by the air gap is enough to stop the flow of current. When
the separation of the air gap alone is not sufficient the air will ionize and continue
to conduct current. In this case other mechanisms in the circuit breaker, such as arc
chutes, magnetic guides, and blasts of compressed gases, help extinguish any arc that
may form. Some circuit breakers also operate in a vacuum so there is no material
between the contacts to ionize. Power electronics can also be used to accomplish
the same functionality with solid-state components by opening the switch (e.g. a
transistor or thyristor). The amount of current that can be interrupted is ultimately
limited by how far apart the contacts can be moved. Circuit breakers can interrupt a
larger RMS value for AC current than DC current because of the periodic properties
of an alternating current. The periodic zero crossings mean that, in a 60 Hz system,
the current will momentarily be zero 120 times per second, significantly reducing
the current that the device has to interrupt. To achieve a similar level of current
interruption capacity, DC circuit breakers must be designed differently because there
is no natural zero-crossing. The physical separation of the contacts required in an
MVDC device to arrest arcing is excessive, requiring larger devices and longer opening
times. A typical naval MVAC circuit breaker, such as the Eaton 75VCP-W500, opens

in 30 to 45 milliseconds from the time a trip command is initiated [15].

Circuit breakers used in naval power systems can be tripped automatically for
a number of abnormal conditions. Many circuit breakers have integral magnetic
trip mechanisms that provide instantaneous overcurrent protection and some smaller
units have bimetallic thermal elements that act as variable-time-current-dependent
overcurrent trip mechanisms. Mechanical circuit breakers can be designed without
integral mechanisms, though, and rely purely on external protective relays to actuate

the circuit breaker. Some MVAC naval circuit breakers, such as the Eaton 75VCP-
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W500 utilized on USCGC Healy (WAGB 20) [16], rely exclusively on external relays

to trip the circuit breaker.

2.2 Fuses

Fuses, or fusible links, also feature prominently in current naval power systems.
Like mechanical circuit breakers, fuses are suitable for use in AC systems and lower
power DC systems. Fuses are usually used for lower-powered, non-vital loads or as
a backup protective device. IEEE recommends against using fuses to protect main
buses in an MVDC system [17].

Fuses interrupt a fault current by heating the fuse element to the point that it
melts if the current flowing through it exceeds the device’s set point. The melting
element opens the electrical circuit. If the fuse is properly sized then a large enough
gap is created to interrupt the flow of current without a sustained arc forming. The
size of the gap created by the melting fuse element determines the fault interrupting
capacity by its ability to extinguish any arc that may initially form. The fuse element
can be surrounded by a quenching fluid to increase its interrupting capability without
increasing its size. As in the mechanical circuit breaker, fuses can interrupt larger
RMS currents in an AC system than in a DC system because of the periodic zero-
crossing. Fuses for AC systems are readily available at ratings greater than 100 kV
while fuses for DC systems are commercially available only into the lower end of the

medium voltage range, up to around 4 kV.

2.3 Relays and Controllers

Relays, or any form of motor controller, can also function as protective devices.
These devices tend to be used to protect the load from damage in the event of abnor-
mal power system conditions, such as when a pump is automatically stopped because
the voltage or frequency of its AC supply becomes too low for safe operation. This

is in contrast to the type of protection provided by circuit breakers and fuses, which
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are generally meant to protect the power system from damage. Relays tend to be
sized to interrupt normal operating, whereas circuit breakers and fuses are meant to
interrupt larger fault currents. This limits their usefulness in overall power system

protection schemes.

2.4 Power Conversion Modules

Power conversion modules (PCMs), especially switching converters, can provide
protective functionality in addition to their normal functions of voltage or current
regulation. A switching converter has at least one actively controlled switch, such as
a transistor or gate turn-off thyristor, that can be positioned on or off to reduce the
PCM’s output power to zero. Driving the PCM’s output to zero can be used to de-
energize the faulted circuit if the PCM has the proper sensors and control algorithms
to detect fault conditions. At the laboratory bench scale some power supplies have
a built-in capability to do this, such as the Matsusada Precision RE500-2.4 used
in the experimental setup discussed in Chapter 4, while some lack the capability
to sense a fault, as is the case with the Hewlett Packard 6010A also used in the
experimental setup. Using the PCM to de-energize a fault can be very fast. A PCM
with characteristics similar to one that might be found in a future naval MVDC power
system is used in the Florida State University Center for Advanced Power Systems.
This converter operates with an effective switching frequency of 2 kHz [18]. If the
PCM takes ten cycles to drive its output to zero it would have a de-energization time

of 5 milliseconds, much faster than typical large circuit breaker.
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Chapter 3

The Z-source Circuit Breaker

The z-source circuit breaker is a solid-state DC circuit breaker that controls cur-
rent flow with a thyristor. The circuit breaker was initially developed by Corzine
and Ashton in 2010 [13]. The topology was inspired by the z-source inverter devel-
oped by Peng [19]. The original z-source circuit breaker configuration is shown in
Figure 3-1. Variations of the original topology (crossed) have been developed, includ-
ing the parallel-connected [20] and series-connected [21] configurations. These three
configurations only support unidirectional current flow. Other derivations have been

proposed that support bidirectional current flow [22], [23], [24], and [25].

SﬂCi f'ﬁ%ﬁ‘ ................................
oL G 1
Ghuizs ng
—
500
vl r—

.
.......................................................

Circuit Breaker

Figure 3-1. The initial z-source circuit breaker topology proposed by Corzine and
Ashton [13].
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Chang et al. compared the advantages and disadvantages of crossed, parallel-
connected, and series-connected topologies [21]. Based on those comparisons, sum-
marized in Table 3.1, the series-connected topology is the most suitable for use in a
naval power system due to the common ground and the minimal fault current seen at
the source. This topology, shown in Figure 3-2, will be the focus of discussion from

here on out.

Table 3.1. Z-source Circuit Breaker Topology Comparison [21].

Features Topology
Crossed Parallel Series
Common Ground No Yes Yes
Fault Current at Source Iscr I+ I I,
Transfer Function Resonator | Notch Filter | Low-pass
Input Filter Integration No No Yes
'Cl ......................
|
L SCR Ly b3 0 e .
Lo ] ] Ligsand
D, R D, R
=G Closda=—= ng
Cll‘CllltBreakeI ........................................... hLoad .....................

Figure 3-2. The series-connected variation of the z-source circuit breaker developed
at MIT by Chang et al. [21].

3.1 Circuit Operation

For this research circuit breaker operation was simulated in LTSpice XVII and
confirmed using an electrically-scaled model. Details of the LTSpice model are given

in Appendix B and the development of the scale model is discussed in detail in
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Appendices C and D. The circuit’s operation can be divided into four phases: off-

state, turn-on, on-state, and fault.

Initially the circuit breaker is in the off-state. It appears as an open circuit in
the power system because the thyristor is in forward blocking mode. The anode of
the thyristor is at the source voltage and the cathode is at ground. The capacitor in

parallel with the thyristor, C;, is charged to the source voltage.

The turn-on phase is a transient condition that lasts for only a few milliseconds.
When the thyristor is gated on current begins to flow through the thyristor and it
enters forward conducting mode. During the turn-on transient inductors L, and Lo
initially resist the change in current, causing the voltage at the thyristor’s anode to dip
slightly. Capacitor C discharges to approximately zero and capacitor C; charges to
approximately the source voltage. The thyristor’s anode and cathode voltages both
stabilize at approximately the source voltage. There may be additional transients
during turn-on that occur as voltage is initially applied to the load, depending on its
impedance, i.e. the circuit may exhibit additional ringing transients if an inductive
component is added to the load. Figure 3-3 illustrates these transients as simulated
in LTSpice and Figure 3-4 shows actual transients recorded on the scale model. These
transients do not match as well as may be desired, but the goal for this simulation
was to accurately model fault transients. The transient in the simulation stretches
over a longer period of time than in the scale model and the peak current is lower
than in the scale scale model. These discrepancies are likely a result of the change
in load resistance that occurs as the light bulb filament of the load warms and its

resistance increases.

Once the turn-on transient is over the circuit breaker enters the on-state condition.
In steady-state operation current flows from the source, through the thyristor, to the
load. If ideal components are used there are no losses in the circuit breaker. In a
real implementation of the circuit losses will arise in the inductors and the thyristor,
but the power dissipation is minimal compared to the power delivered to the load.
Capacitor C, remains charged to approximately the source voltage. The circuit, as

configured in Figure 3-2, will continue to operate in the steady-state mode until
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Simulated Turn-on Transient
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Figure 3-3. Simulated turn-on transients in a series-connected z-source circuit breaker.
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Figure 3-4. Actual turn-on transients measured in the scale-model series-connected
z-source circuit breaker.
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either a fault occurs on the load side of the circuit breaker or the source voltage is

interrupted, i.e. there is no mechanism to turn it off.

The last phase of operation is the fault condition. If a short-circuit fault occurs
on the load side of the circuit breaker that creates a sufficiently large %, a transient
is set in motion that ultimately turns the circuit breaker off. As the fault is inserted
the output voltage is pulled to ground. Inductor L, opposes the sharp rise in current
and prevents the fault current from being supplied though the thyristor. The high-
speed transient fault current is supplied by capacitor Cj, causing the voltage at the
thyristor’s anode to dip lower than the source voltage. Capacitor C; maintains the
voltage at the thyristor’s cathode at approximately the source voltage. This reverse
biases the thyristor and it enters reverse blocking mode. Capacitor C charges to
approximately source voltage. Any charge stored in the load capacitance is discharged
through the fault. The currents in inductors L; and L, circulate through the diode
and resistor snubbers until the stored energy is dissipated. At this point the load
bus is completely de-energized. Figure 3-5 illustrates these transients as simulated
in LTSpice and Figure 3-6 shows the same transients in the scale model. Data from
the simulation and the scale model match well for this transient overall, although
the scale model does show a very brief reverse current through the thyristor that
is not present in the simulation due to the idealization of the simulated thyristor.

Additionally, V4x exhibits some ringing from the interaction between C and L, after

the current circulating through the dampers decays away.

It is important to point out that this fault interrupting mechanism in the z-source
circuit breaker is an intrinsic characteristic of the circuit. Unlike the mechanical
circuit breakers used in AC and DC naval electrical distribution systems that require
some sort of sensor or internal detection mechanism to detect a fault condition, the
z-source circuit breaker inherently responds to a sharp rise in current by turning off.
This is comparable to how a fuse’s functionality is inherent to its fabrication. The
threshold for what constitutes a sharp rise is determined in the selection of the values

of Cy, Cy, Ly, and L, as discussed in [13] and [21].
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Simulated Fault Transient
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Figure 3-5. Simulated transients in a series-connected z-source circuit breaker for a
fault initiated after the system reaches steady-state operation.
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Figure 3-6. Actual transients measured in the caled-model series-connected z-source
circuit breaker for a fault initiated after the system reaches steady-state operation.
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3.1.1 Controlled Turn-off

If built exactly as shown in Figure 3-2, the circuit breaker has no mechanism by
which it can be manually turned off. For the series-connected z-source circuit breaker,
Chang et al. discuss two ways that the circuit breaker could be manually turned off
[21].

Figure 3-7 shows how a switch and current-limiting resistor could be implemented
as an artificial external fault. This mechanism turns off the circuit breaker in the
same fashion as the fault turn-off discussed previously. The diode added to the circuit
limits the current carried by the artificial fault by blocking the load capacitance from
discharging through the artificial fault and reduces the current required to turn off
the device from 11 times the nominal load current to just twice the nominal load
current [21]. The disadvantage of this topology is the additional power lost through
dissipation in the blocking diode.

, .................. s
::
L SCR L, D, R
| LN | —Pk | 40
D, R D, R i
/W
R T o R

Figure 3-7. A series-connected z-source circuit breaker with a turn-off mechanism on
the load side of the thyristor.

Figure 3-8 shows the topology incorporating the internal artificial fault mecha-
nism. The manner in which this topology turns the circuit breaker off is different
from the way in which the external fault works. In the internal artificial fault topol-

ogy, when the off switch is closed the current flowing through the thyristor is diverted
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through the off switch circuitry and the voltage at the thyristor’s anode is pulled to
ground. Capacitor C, keeps the voltage at the thyristor’s cathode at approximately
the source voltage. This reverse biases the thyristor and terminates current flow to
the load. The initial current is limited by the series resistor. The capacitor Ciy.
charges during the turn-off transient, gradually bringing the voltage across it to near
the source voltage. The parallel resistor limits the switch current at the end of the
turn-off transient. If the switch is implemented as a thyristor this resistor should be
sized to reduce current to below the holding current, allowing the switch to naturally
turn off at the end of the circuit breaker turn-off transient. If the switch is imple-
mented as a transistor then the resistor is sized to limit current at the end of the

turn-off transient to a level that can safely be interrupted by the transistor.

SW ::C2 : E Cload:: ng

Figure 3-8. A series-connected z-source circuit breaker with a turn-off mechanism on
the source side of the thyristor.

Either of these mechanisms allows manual tripping of the circuit breaker. These
mechanisms can also be paired with one or more sensors or protective relays to im-
plement automatic trips based on fault conditions other than a sharp rise in current.
This allows the z-source circuit breaker to implement trip set points for over-current
protection, under-voltage protection, etc. The manual trip mechanism can also be
connected to shipboard control systems to allow for remote operation or coordination

with other electrical system operations.
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3.2 Further Investigation Needed

At this point, z-source circuit breakers are not ready to be used as drop-in replace-
ments for conventional mechanical circuit breakers. Further study and development

of some aspects of the z-source circuit breaker are needed.

The first such area is failure mode. The failure modes for a thyristor, the central
element of the z-source circuit breaker, are different from those of a mechanical switch
used in a conventional circuit breaker. Two well-known failure modes, perhaps more
appropriately described as false triggering mechanisms, for thyristors could impact
circuit breaker design and integration of the circuit breaker into the larger power
system. The first is break-over, in which the thyristor is turned on by applying too
high of a voltage across the device [26]. In this case the Vpo rating is violated. While
this turn-on mode may be useful in some applications, it is undesirable in a circuit
breaker where the gate pulse is expected to control turn-on behavior. The second is
pushing the thyristor into regenerative turn-on mode by applying a sufficiently large
positive change in forward voltage across the device [26]. In this case the “4K rating

dt

is violated. The initial focus for research was in quantifying ﬂfiﬁ during tripping

transients in a model system that is representative of a naval power system.

The second area where further research should be conducted is faults during tran-
sient conditions. A review of the literature, for example [13], [20], [21], and [23], shows
that the analyses of tripping transients are all conducted with the circuit breaker
initially starting at some steady-state operating point. The circuit breaker’s fault
isolation behavior during a turn-on transient must be better understood prior to de-
ployment in operational power systems. After a fortuitous equipment failure during
the first few tests to quantify —‘i%&, understanding fault isolation capabilities when
not starting from steady-state became the other focus of this research.

A third area warranting attention is the control system, specifically the gating
pulses used to turn the circuit breaker on, or maintain it on during very low current
flow conditions. The gating signal is initially required to initiate current flow through

the thyristor, but it may also need to be reapplied periodically as well. The trouble
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with this approach, independent of the pulse frequency used, is that if the control
system is unaware of a faulted condition, due to either inadequate sensor input or
a time delay between detecting a fault condition and inhibiting the periodic gating
signal, the circuit breaker may be re-closed on a fault and it will be unable to re-
break as will be discussed in Chapter 5. Coordination amongst sensors and the
control system will need to be more tightly integrated than in current naval power

systems to ensure low latency.
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Chapter 4

Quantifying dtK During Tripping

Transients

4.1 Motivation

One method to turn on a thyristor, aside from the normal method of applying an
appropriate signal to the gate terminal, is pushing the thyristor into regenerative turn-
on mode by applying a sufficiently large positive change in forward voltage across the
device [26]. Many thyristors have a M rating, and it must be observed to prevent
this type of unintended turn-on.

In many power systems, transmission and distribution line impedances tend to be
dominated by inductance [27]. A sudden change in the current flowing through the
circuit, like the transient that occurs when a circuit breaker trips, can cause a spike in
voltage across an inductor, a phenomenon sometimes referred to as “inductive kick.”
Naval power systems have relatively short cables compared to terrestrial systems and
their impedances tend to be dominated by resistance, so inductive kick may not be
as large of a concern on a ship. However, the current in a z-source circuit breaker
flows through inductors on both sides of the thyristor meaning that inductive kick
still may be a consideration in a naval MVDC system. Also, some the loads supplied
by the power system may be inductive in nature so it is necessary to understand how

the z-source circuit breaker will respond in an inductive system. Previous research
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has focused on operation of the z-source circuit breaker and how it isolated a fault in
a system, for example [13], [20], [21], and [23]. The loads in these studies also tended
to be composed of only capacitive and resistive elements. There was no discussion
regarding how well the systems in these tests represented naval power systems. Of
particular interest is how well the cables between the power source and the circuit

breaker match shipboard cables.

This chapter will focus on quantifying what a “typical” naval MVDC power system
is and how the voltage transients within a series-connected z-source circuit breaker
behave. Understanding the voltage transients will help inform component selection

for full-scale circuit breakers and determine what, if any, snubbers should be included.

4.2 Typical Naval MVDC Power System

Defining a “typical” naval MVDC system is difficult because no such systems have
been designed or placed in operation yet. In the U.S. Navy all shipboard electrical
distribution systems are low voltage AC or DC, or medium voltage AC. Some studies
have examined appropriate components for use in a shipboard MVDC system in an
effort to model those systems for concept-level designs [28]. The data from this effort
was used to estimate the “typical” properties for cables listed in Table 4.1. Addi-
tionally, some components that may be included in an MVDC system, such as cable,
have been specified for projects currently in production but not yet placed in opera-
tion, such as the 1000 VDC link that powers the new Air and Missile Defense Radar
(AN/SPY-6) that is being installed on the Flight III Arleigh Burke-class guided mis-
sile destroyers [29]. Others have studied the loads that may be found on an MVDC
distribution system, such as Power Conversion Modules (PCM)! [18]. A group at the
Florida State University operates the Center for Advanced Power Systems. Chauncey
studied and characterized one of their Modular Multilevel Converters, essentially a

PCM, that is one of the best available representations of what will be used in the

1PCMs generically convert power from one form to a different form. In this context they are
generally solid-state switching converters used for DC-to-DC or DC-to-AC conversion.

38



near future in naval MVDC power systems. This information was used to estimate
the “typical” PCM properties shown in Table 4.2. Doerry and Amy suggest differ-
ent MVDC distribution standard voltages of 6 kV, 12 kV, and 18 kV that may also
represent typical system parameters [30]. Together, these sources give the best rep-

resentation of naval MVDC power system components available in open literature.

Table 4.1. Typical MVDC cable characteristics.

Property Value
Resistance 47.00 pQ/m
Capacitance 561.00 pF/m
Inductance 490.00 nH/m
Characteristic Impedance 29.6

Table 4.2. Typical MVDC PCM characteristics.

Property Value
Power 1 MW
Voltage 6000 VDC

Resistance 36.0

Capacitance | 364 pF

4.3 Experimental Setup

The experimental setup emulates the typical naval MVDC system parameters
developed above. Laboratory resources limit the voltages that can be studied, so a
scaled model must be used for measurements. This model will uses per-unit scaling
and is developed in detail in Appendices C and D. The characteristics of the full-
scale and model-scale power systems are summarized in Table 4.3. The model was
intentionally scaled in such a way that time parameters in both the full-scale and
model-scale systems are equal. There were several modeling issues encountered that
led to multiple redesign cycles that are also detailed in Appendix D and later in this
chapter. The model consists of a power supply, a z-source circuit breaker, a load,

interconnecting cables, and a fault insertion device. The model-scale power system is
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shown in Figure 4-1. The laboratory equipment used in this setup is listed in Table

4.4.
Table 4.3. Full-scale and model-scale power system characteristics.

System | Full-scale | Per-unit | Model-scale
Vsource | 6000 VDC 1.000 60.0 VDC
Ploait 1 MW 0.821 59.1 W
- 166.7 A 0.821 0.985 A
Rlsnd 36.0 © 1.218 60.9 O
Cload 364 }IF N/A 215 11F
| Z0, tine 29.6 Q2 1.0000 50.0 Q

Figure 4-1. The model-scale power system used in the experiments.

40



Table 4.4. Equipment used in the experimental setup.

Component Manufacturer Model Serial Number
DC power supply | Matsusada Precision | RE500-2.4-LUsl 058616S
DC power supply Hewlett Packard 6010A 3214A-01196
LCR/ESR Meter BK Precision 889A 35104070098
Oscilloscope Tektronix MDQO3034 C018851
Current probe Tektronix TCP0030A C004143
Current probe Tektronix TCP0030A CCo4171
Diff. voltage probe Tektronix THDP0200 C022079
Diff. voltage probe Tektronix THDP0200 C022300
Diff. voltage probe Tektronix THDP0200 C022301

4.4 Experimental Method

The goal of each test was to collect data for Vi during a fault transient. The
circuit breaker’s input voltage, V;,, output voltage, V,,;, and thyristor current, Iscr
were also collected to verify proper operation during each test. Table 4.5 lists where
each probe was connected on the circuit to collect measurements and Figure 4-2 shows
the quantities measured on the simplified circuit diagram. Once the circuit was proven
functional there were four sets of tests run to collect data. For each set of tests a
different value of L,g4.q was used to determine its effect on the voltage transients.
The four values used were 0 pH, 23.8 pH, 44.7 pH, and 107 pH. These inductance
values were selected because of inductor availability. The tests conducted with no
additional added inductance serve as the baseline for comparison for the other three
sets of tests, and to validate that there were no unexpected transients occurring in the
circuit that might affect the other data collected. These tests also confirmed that the
characteristic impedance of the cable alone did not produce large voltage transients.
Figure 4-3 shows a test conducted as part of the set with no added inductance. The

signal of interest for testing is shown in dark blue, signal 1.

Initial setup consisted of connecting the oscilloscope probes to the circuit and
configuring the display and data collection setting. The power supply was energized
and allowed to warm up for at least five minutes. The circuit breaker was turned on

and off several times to verify the expected response was observed on the oscilloscope
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Table 4.5. Test points for data collection.

Measurement | Test Point 1 Test Point 2 Channel
Vak TP-V2 (-) TP-V3 (+) 1
Vi TP-V8 (-) TP-V7 (+) 2
Vi TP-V9 (-) TP-V1 (+) 3
Iscr TP-I3 (clamp) | TP-GND (ground) 4

é Ll Ladded grrssemsasssanessansssnasannide -
T 5O
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L ERTHELHER RO, | %. .............................. i
Circuit Breaker Load

Figure 4-2. Quantities measured during each experiment.

and that the triggering settings worked as desired.

For each test the Ioad was energized using switch SW1 on the circuit breaker and
allowed to warm-up. The warm-up is necessary to allow the load to stabilize as the
light bulb filament settles to its operating temperature and steady-state resistance.
After a sufficient warm-up the switch on the fault insertion device was thrown to create
the required short circuit. The oscilloscope data was visually verified to confirm the
fault was inserted correctly and the full data set saved to a USB flash drive. The
data was transferred to a computer for detailed analysis in MATLAB R2017b.
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Figure 4-3. Typical fault transient traces for a system with no added inductance.
Signa.l lis VAK, 2is Vout, 3is Vm, and 4 is ISCR-

4.5 Results

None of the observed fault turn-off transients produced sufficiently high values
of %‘i to force the thyristor into regenerative turn-on mode. This means that the
thyristor should not be contributing any anomalies to the measurement of Vjx in
these experiments.

In the tests where Lgg4seq = 0 there was ringing observed in Vyx starting about
2 milliseconds after the fault insertion and damping out several milliseconds later.
The frequency of this ringing corresponds to an LC circuit composed of C; and L.
The onset of the ringing is delayed as the current flowing in L, at the time of fault
initiation takes time to decay through the diode-resistor snubber to the point that
the inductor can ring with the capacitor. The ﬂ%‘ is low and is not the information
sought in these experiments.

In the other three sets of tests there were additional ringing transients observed
in both V4 and V,,, during the first millisecond after the fault insertion. Figure 4-4
shows the traces from a test with Lgggeq = 107 uH, where the additional ringing is
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most pronounced. The ringing in V4x and V,,; have the same frequency and appear
to be caused by the same phenomenon. In the case of Figure 4-4 the frequency of
oscillation matches that caused by a 107 pH inductance and a 1.19 pF capacitance.
The inductance can be easily accounted for by Lgg4q and, at first examination, the
capacitance is close to that of C; or Cy. The ringing cannot come from C,, though,
because the inductance from L, would also have to be involved. The ringing also
cannot come solely from C; because the energy is dissipated relatively fast and an LC
circuit comprised of C; and Lgggeq has no element in which to dissipate the energy.
Noting that the capacitance involved is not an exact match to C; and that the energy
is quickly dissipated, the load elements are likely candidates for involvement in this
ringing transient. The series combination of C; and Cjyg is 1.193 pF and matches
capacitance calculated from the ringing oscillations. These ringing transients are
caused by an RLC circuit comprised of Rjyud, Ladded; C1, and Cjoqq arranged as shown
in Figure 4-5. Figure 4-6 shows how this ringing varies as Lyg4eq is increased. The plot
for Logaeqa = 23.8 pH is offset by 0.5 milliseconds, the plot for Loggeq = 44.7 pH is offset
by 1.0 milliseconds, and the plot for Lgg4.q = 107 pH is offset by 1.5 milliseconds.
This transient is what needs to be characterized in these experiments.

The part of this transient that is of interest is the part of the signal where voltage
increases most rapidly. This is the first rise in voltage after the peak and initial fall
in all of the cases measured. The slope of this curve was measured and the results
compiled in Table 4.6. These results are scaled back to full-scale values in Table 4.7

to show what is predicted to occur in a typical naval MVDC power system.

Table 4.6. Voltage transient results.

Ladded Maximum 4%

Minimum Mean Maximum
23.8 nH | 0.454 V/us | 0.485 V/ps | 0.513 V/ps
44.7 pH | 0.547 V/ps | 0.579 V/ps | 0.610 V/ps

107 pH | 0.790 V/ps | 0.863 V/us | 0.968 V /s
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Figure 4-4. Typical fault transient traces for a system with L,g4.q = 107 pH. Signal
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Figure 4-5. The RLC oscillator responsible for the first ringing transient shown in
Figure 4-4.

Table 4.7. Model-scale results and full-scale predictions.

Model scale Full scale
Ladded Wag Ladded Wax

dt. dt
23.8 pH | 0.485 V/ps | 237 pH | 48.5 V/us
447 pH | 0579 V/us | 445 pH | 57.9 V/ps
107 pH | 0.863 V/ps | 1.06 mH | 86.3 V/pis
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Fault with Added Inductance
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Figure 4-6. Results of testing showing how the amplitude of the the Vi transient
varies as Lgggeq is varied. For clarity, this plot shows the transients offset by 0.5
milliseconds.
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4.6 Experimental Difficulties

There were many modifications required to get the experimental setup functioning
correctly and into a configuration that facilitated data collection. These difficulties
resulted from underestimating or altogether failing to account for parasitic character-

istics and other non-idealities present in a real-world circuit.

4.6.1 Power Supply Protective Action

The first difficulty encountered was that the DC power supply (Matsusada Pre-
cision RE500-2.4-LUs1) entered a protective mode when the fault in the test system
was initiated. The power supply detected a short circuit on its output and briefly
stopped switching until the fault was cleared. Casual observation of this transient
could be, and was initially, wrongly interpreted as the circuit breaker functioning
correctly because it occurred on a time scale of milliseconds. Figure 4-7 shows this
transient as displayed on the oscilloscope. Trace 1 is the voltage across the thyris-
tor and trace 2 is the circuit breaker input voltage, which is effectively the same
as the power supply output voltage. Trace 4 is a control signal that was used for
fault insertion and oscilloscope triggering, and can be ignored. Prior to insertion of
the short-circuit fault the voltage across the thyristor is approximately 1 V and the
input voltage is approximately 60 V. When the fault is inserted the input voltage
falls to zero over approximately 2.5 milliseconds. Once the input voltage reaches
zero current flow through the thyristor ceases and the voltage across it also falls to
zero. This turns off the thyristor, and, after approximately 5 milliseconds, the power
supply senses that the fault has cleared. Input voltage ramps back to 60 V over 8
milliseconds but the fault remains isolated.

Extensive troubleshooting determined that the resistance in the fault circuit,
shown in red in Figure 4-8, was too high. This limited % to a value that was in-
sufficient to initiate a protective action. The power supply was able to detect the

fault through the circuit breaker at this point and triggered an unintended protective

action. In the end the power supply behavior was not the problem but was merely
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an indication of problems with the circuit breaker.

F. 25.0 V ) J[4.00ms 250MS7s 7 16 Feb 2019
€ 500V i~ 10M points 330V 14:38:20

Figure 4-7. Oscilloscope screen image showing the power supply entering and leaving
a protective mode.

The fault conductance chosen during the initial iteration of design proved to be
too optimistic. Achieving the required fault resistance of 33 m{) was not possible
using the connectors, cables, and circuit board traces in the original scale model. A
more realistic value for fault resistance of 100 m{2 was selected and a fault conduc-
tance of 10.0 S was specified for the model. This change broke some of the scaling
originally designed into the circuit, but this departure does not affect the circuit dy-
namics which were the driving factor behind the scaling method. Changing the fault
characteristics required specifying new capacitors and inductors so protective action
would be triggered at the proper %. The changes and the supporting calculations are
detailed in Appendix D. None of the changes affected the system properties given in

Table 4.3, so proper scaling of the overall scale model was preserved.
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Figure 4-8. Circuit diagram illustrating the path for fault current.

4.6.2 Thyristor Speed

Changing the inductors and capacitors did not correct the circuit breaker’s oper-
ation, although it was a necessary step to achieving proper operation. The thyristor
that was selected in the initial design iteration also proved problematic. The new
passive components allowed momentary reverse current in the thyristor that initi-
ated the turn-off process, but did not maintain the conditions long enough for the
thyristor to completely turn off, i.e. the zero/reverse current conditions lasted for a
duration less than t,. Once capacitor C; was discharged the transient reverse current
flow stopped. Since the thyristor had not completely turned off, forward current was
again able to flow and the fault was not isolated. Replacing the original thyristor with
a device having a shorter turn-off time finally led to proper circuit breaker operation

and enabled the collection of the data used in this chapter.

The model-scale system was scaled in a way that the timing requirements observed
in this experiment translate directly to the full-scale system requirements. The thyris-
tor that was used in the final design has a very short turn-off time of 25 microseconds.
A turn-off time of 110 microseconds proved to be too long. Capacitor Cy would have
to be larger to sustain a reverse current through the thyristor long enough for it to

complete the reverse recovery process. Ultimately, an analytical solution is needed to
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determine the length of time that reverse current flows through the thyristor during

the tripping transient.

4.7 Conclusion

This series of tests gives a starting point for full-scale system design which, com-
bined with computer-based simulation, can aid in component selection. A survey of
medium voltage (6 kV to 9 kV) thyristor modules available at Digi-Key Electronics
showed that the predicted values for —4%& are significantly lower than the maximum
allowable values for full-scale components. These limits ranged from 1000 V/us to
2000 V/ps, or more than an order of magnitude larger than the values predicted

here. Voltage rise rate as a result of tripping transients should not pose a problem

for incorporating z-source circuit breakers into future naval power systems.
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Chapter 5

Shipboard Power System Integration

5.1 Motivation

As alluded to in Chapter 3, fault handling during major power system transients
should be examined as the z-source breaker concept matures. The various forms of
the z-source circuit breaker have been shown to provide protection from a rapid rise
in current once the circuit breaker circuitry has settled to steady-state, specifically
that the shunt capacitors are charged and the parallel capacitors are discharged. This
occurs on the order of milliseconds in both the model power system and in LTSpice
simulations. This should occur on the order of milliseconds in a full scale power
system as well, based on the way the model system was scaled. The manual tripping
mechanisms developed in Chang et al. allow the circuit breaker to be tripped after
this point for whatever reason may be deemed necessary (e.g. long-term over-current,
under-voltage, differential, etc.). A key aspect of circuit operation that has not been
covered in detail for the crossed or series-connected topologies is that these trips
rely on the shunt capacitors being charged. In a similar way, the parallel-connected
topology relies on the parallel capacitors to be discharged at the start of the fault
transient. This requirement directly affects the circuit breaker’s ability to open, either
for a fault or a manual trip, during the initial turn-on transient.

While conducting initial testing to quantify the i%—’ﬁ in the representative system,

an equipment failure led to a test where the circuit breaker was closed on a faulted
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output bus, connecting a short-circuited bus to the power supply. The power supply
immediately entered current-limiting mode the output voltage dropped. Investigation
of this irregularity led to the conclusion that during the previous test the contacts of
the relay used to insert the short-circuit fault had somehow become jammed or welded
in the closed position!. Figure 5-1 shows the damaged relay with its cover removed.
The contacts shown are normally open contacts and the relay is de-energized. The
contact on the left is stuck in the closed position which created a permanent short

circuit in the experimental setup.

Figure 5-1. A photograph showing the relay damaged while testing the model-scale
z-source circuit breaker.

This unexpected occurrence opened a new avenue of research and an opportunity
to possibly make an innovative circuit design more suitable for operational employ-

ment.

ronically, this equipment failure illustrates why mechanical contacts are ill-suited for use in
interrupting DC fault currents.
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5.2 Faults for Which Protection Is Not Shown

For a mechanical circuit breaker the mechanism that opens the circuit breaker
when a trip is commanded, normally strong springs, is inherently charged when the
circuit breaker is closed?. An Eaton VCP-W Vacuum Circuit Breaker, representative
of a naval MVAC circuit breaker, is shown in Figure 5-2 to illustrate this example.
This image shows the circuit breaker in the shut condition with the closing springs
(parts 1 and 11) relaxed and the opening spring (part 12) stretched and ready to force
the contacts open. The analog to these springs in the crossed and series-connected
z-source circuit breakers is the shunt capacitors. The difference between the springs
and the capacitors, though, is that the thyristor can be fired without the capacitor
being charged, but the typical mechanical circuit breaker generally cannot be closed
if the opening springs are not stretched (or compressed, depending on the particulars
of the circuit breaker).

Without the circuit-breaking energy stored somewhere in the mechanism the cir-
cuit breaker cannot interrupt the flow of current. In the z-source circuit breaker, the
initially uncharged capacitors mean that the circuit breaker will have a brief period,
on the order of about one to two millisecond in simulations, where it cannot be turned
off. This characteristic introduces a new consideration for power system design: the
circuit breaker will not be capable of interrupting current, nominal or rated fault,
throughout its normal operating regime. Protection cannot be shown for a fault that
occurs during the initial shunt capacitor charging transient or for closing the circuit
breaker onto a short-circuited bus. Figures 5-3 and 5-4 show the circuit breaker’s
behavior during these faults. Current through the thyristor grows in the few mil-
liseconds after fault initiation and reaches some steady-state value governed by the
resistance in the thyristor, blocking diode, and fault. The shunt capacitor does not
discharge to maintain voltage at the thyristor’s cathode because it is still charging.
In the simulation, this condition persists indefinitely. In a real power system this

could lead to a fire or other damage as components overheat. Figure 5-5 shows what

2This assumes that there is no mechanical failure of the springs, which is a fair assumption if
routine inspections and preventive maintenance are conducted on the circuit breaker.
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(1) LH. Closing Spring ® Spring Release (Close Coil) @ R. H. Closing Spring

@ Anti-Pump Relay Assembly @ Opening Spring
(@ Auxiliary Switch (@) Shunt Trip Assembly @ Manual Charge Socket
@ Motor Cutoff Switch ® Charging Motor @ Operation Counter
(® Closing Cam @ Charging Pawl
0 Ratchet Wheel

Figure 5-2. A picture of Eaton VCP-W Vacuum Circuit Breaker showing internal
components, including opening springs. Source: Eaton, used with permission [15].

this fault looks like in the model-scale system. In this test the current was limited
by the power supply to 2 A. Once that current limit was reached the output voltage
drooped, which is why the traces in Figures 5-4 and 5-5 look so different.

This lack of protection is not because the inherent rise-in-current mechanism will
not detect the condition; it is because the thyristor cannot be reverse biased, so
neither manual trip mechanism will function. In these circumstances other means
must be used to de-energize the faulted bus, such as opening an upstream circuit
breaker or turning off a power converter and intentionally dropping additional loads,

or by applying some external voltage across the thyristor using additional circuity.

o4



Simulated Turn-on Transient with Fault at 1 ms
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Figure 5-3. Simulated transients in a series-connected z-source circuit breaker for a
fault initiated after the thyristor is gated on but before the system reaches steady-
state operation.
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Figure 5-4. Simulated transients in a series-connected z-source circuit breaker for a
fault initiated before the circuit breaker is closed.
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Actual Turn-on To Faulted Bus
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Figure 5-5. Actual transients in a series-connected z-source circuit breaker for a fault
initiated before the circuit breaker is closed.

96



5.3 Possible Circuit Modifications

As in Chapter 3, the discussion here will focus on the series-connected z-source
circuit breaker, but the concepts can be extended to the other topologies as well.
The previous iterations of the series-connected z-source circuit breaker are limited by
the need to have a charged shunt capacitor as a source of stored energy to open the
circuit when tripped. This condition is met once the circuit breaker reaches steady-
state operation. A method to charge the shunt capacitor before energizing the load
bus is necessary to show adequate fault protection throughout all phases of operation.
The z-source circuit breaker has the attractive quality that it can be implemented
with a minimal number of components, all of which are passive or uncontrolled except
the thyristor. To keep this advantage, any modifications should add only the bare
minimum number of additional components. Ideally, none of these added components
will result in additional power losses in the circuit breaker and will require minimum

control input.

Any practical implementation of a circuit breaker will require a manual trip mech-
anism, so the implementations of the z-source circuit breaker shown in Figures 3-7
and 3-8 should serve as the starting point for modification. Examining the circuit in
Figure 3-8, an element has to be placed in series with the output to block current flow
and allow the shunt capacitor to initially charge. Any non-ideal component placed
in this location will result in some power dissipation that is proportional to current
drawn by the load. The circuit in Figure 3-7 already has a blocking diode that is
in series with the output. If the blocking diode could be replaced with a different
element, some sort of active switching device, there is an opportunity to modify this

implementation of the circuit breaker without introducing new losses.

The blocking diode, Ds, in the circuit in Figure 3-7 can be replaced with a thyris-
tor. This modification is shown in Figure 5-6 in blue. This substitution has no impact
on normal circuit operations once the circuit breaker is turned on and has reached
steady-state operation. The thyristor will block reverse current, as did the diode,

when the circuit breaker is manually tripped. The power lost in the diode and the

37



thyristor should be similar in magnitude as well. This modification will require mod-
ified control signals. The circuit breaker now has two active switching devices, so two

gating signals will be required for proper functionality.

..............................................................................

H H
. H
H

............................................................................................................. s

Circuit Breaker Load

Figure 5-6. A modified series-connected z-source circuit breaker topology that pre-
charges the shunt capacitor.

There are multiple ways to configure these gating signals but the one that seems
most advantageous is a signal that turns on the primary thyristor, SCR,, while ca-
pacitor C; charges and continues until SCR; is fired. The gating signal for SCR; can
be a brief pulse to initiate current flow to the load and only needs to be applied long
enough so that latching current can be achieved. This gating strategy is illustrated
in Figure 5-7. Simulation in LT'Spice was unable to confirm that this configuration
provided additional protection during the initial transient and more work is required
to understand if this is because of the recognized model inaccuracies during this phase
of the circuit breaker operation or if there is some other shortcoming in the circuit.

Another gating scheme worth investigating is using the same gating signal simul-
taneously on both SCR; and SCR,, also shown in Figure 5-7. This gating method
offers the benefit that it preserves the control simplicity of the baseline topology. To
take advantage of thix gating scheme the components in the circuit breaker need to

be adjusted. The circuit shown in Figure 5-6 allows C, to passively pre-charge. In
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Gating Signal
Modified Z-source Circuit Breaker
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Figure 5-7. Gating signals used in the simulation model of the modified series-
connected z-source circuit breaker.

the base topology C is connected to through the load to ground and will charge to
source voltage but C, remains uncharged. In the modified topology C; and C; form
a voltage divider between the source and ground, where the voltage across C; can be

found using

Cy

VCz = mv}owce

The level to which Cy can pre-charge is determined by the ratio of C; to C,. Using
the parameters calculated in Appendices C and D the capacitors will charge to equal
voltages. The minimum value for C, is a function of the % that will trip the breaker,
so it is not feasible to alter its capacitance. Instead, the value of C; can be raised
to a value that allows C, to pre-charge to near source voltage. As was the case
with the other gating scheme, simulation in LTSpice was unable to confirm that this
configuration provided additional protection during the initial transient and more

work is required.
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5.4 Alternative Integration Options

The likelihood of a fault occurring while the circuit breaker is turning on is small3
compared to that of a fault occurring once the turn-on transient is over because it
represents a miniscule amount of the total operating time. The consequences of such
a fault are as severe as at any other time, though, so protection needs to be provided
during the turn-on transient. Since the proper operation of a modified z-source circuit
breaker could not be verified during this research, other ways to compensate for the
protection gaps were considered. It has long been normal practice to provide multiple
layers of fault protection and isolation in naval power systems, specifically in the form
of selective tripping [12], [14]. In many current naval power systems the primary
and secondary protective devices are often very similar, usually some variant of a
mechanical circuit breaker. For the case of the z-source circuit breaker a second layer
of protection can be provided by a different type of protective device that can interrupt
fault currents during the periods when the z-source circuit breaker’s capacitors are
coming to equilibrium.

One such arrangement could feature multiple z-source circuit breakers that are all
protected by one upstream circuit breaker, as shown in Figure 5-8. This circuit breaker
needs to be a different type of circuit breaker, such as a large mechanical circuit
breaker or hybrid mechanical circuit breaker [31]. A limited number of mechanical
circuit breakers may be appropriate if used in this type of configuration because
their numbers are limited so the total volume required by them is also limited. The
circuit breaker could also be one of a number of types of solid-state devices, including
an SCR flip-flop [32], an IGCT-based circuit breaker [33], or an IGBT-based circuit
breaker [34]. The use of a larger or more complex device to provide this second layer
of protection is offset by the reduced number required if the primary protection is
provided by z-source circuit breakers.

Another viable arrangement, illustrated in Figure 5-9, is very similar but replaces

the upstream circuit breaker with a power conversion module. Rather than opening

3The likelihood of closing a circuit breaker onto a faulted bus can be minimized by conducting
some sort of ground impedance check prior to energizing the bus.
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Figure 5-8. Arrangement in which one circuit breaker provides secondary protection
to four circuits protected by z-source circuit breakers.

a circuit breaker as a protective action the power conversion module rapidly drives
its output to zero as the protective action. This arrangement further leverages the
strength of power electronics. If this arrangement is incorporated into one panel or
switchgear cabinet then the control systems for the circuit breakers and power con-
version modules can be integrated and allow for potentially faster fault identification
and clearing. A combination power converter and circuit breaker has been proposed
previously [35], although the topology used for the circuit breaker portion of that cir-
cuit is a different topology than those covered here. The converter is also constructed
in such a way that the z-source circuit breaker also functions as an output filter to

reduce the number of passive energy storage components required.

These arrangements allow z-source circuit breakers to be incorporated into a naval
power system where their benefits, specifically very fast protective action that limits
the magnitude of the fault current, can be leveraged while their shortcomings can be

minimized. These arrangements facilitate incorporation without depending on adding
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Figure 5-9. Arrangement in which one power conversion module provides secondary
protection to four circuits protected by z-source circuit breakers.

further capabilities into the z-source circuit breaker as well.
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Chapter 6

Conclusions and Recommendations

for Further Study

6.1 Further Work

As is the case in many research endeavors, some questions were answered but
new questions arose. The most important question that arose over the course of
this project concerns the behavior of the z-source circuit breaker when a fault occurs
during the circuit breaker’s turn-on transient. This question was partially addressed
in Chapter 5 but certainly merits more research. In support of this effort the LT Spice
model developed during this project must be improved to more accurately model turn-
on behavior. Additionally, the control scheme for turning the model-scale circuit
breaker on and off must be modified for precise timing or coordination with fault

insertion.

6.2 Conclusion

Detailed parameters for a representative naval MVDC power system were compiled
to support modelling a “typical” system despite no such system exiting in full form.
The results from Chapter 4 show that commercially available components are available

for appropriately rated naval MVDC z-source circuit breakers and the discussion in
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Chapter 5 shows how the devices can be incorporated into a deployable system. The
z-source circuit breaker is a solution for some of the problems described in the NGIPS
Development Roadmap, specifically that it can rapidly isolate faults while minimizing
the magnitude of the peak fault current. The development of the z-source circuit
breaker over the past nine years has advanced it to a point that it can be integrated
with other existing technologies to provide multiple layers of protection to a given
electrical load or zone of protection in much the same way that naval engineers and
power system engineers have become accustomed to doing over the 130+ years of

naval electrification.
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Appendix A

List of Acronyms

AC Alternating Current

AC Collier (Navy ship type)

AWG American Wire Gauge

01% Aircraft Carrier

DC Direct Current

DDG Guided Missile Destroyer

HFAC High Frequency Alternating Current

IEEE Institute of Electrical and Electronics Engineers
IGBT Insulated-Gate Bipolar Transistor

IGCT Integrated Gate-Commutated Thyristor

IPNC Integrated Power Node Center

IPS Integrated Power System

MVAC Medium Voltage Alternating Current

MVDC Medium Voltage Direct Current

NAVSEA Naval Sea Systems Command

NGIPS Next Generation Integrated Power Systems

PCM Power Conversion Module

SCR Silicon Controlled Relay

SPICE Simulation Program with Integrated Circuit Emphasis
SS Single-screw Steamship
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T-AKE Dry Cargo/Ammunition Ship
USCGC United States Coast Guard Cutter
USS United States Ship

WAGB  Icebreaker, Coast Guard

66



Appendix B

LTSpice Simulation Models

The circuits in this project were simulated in LTSPICE XVII. Thyristor models
are not included in LTSpice, so the functionality of this elements was achieved using
a subcircuit composed of more basic element. This subcircuit model, developed with
the assistance of Alex Hansen, is illustrated in Figure B-1. The model could be made
more accurate in some aspects by connecting the net attached to the negative sensing
terminal of S1 to the cathode net K. This connection gives more accurate behavior
for turn-on behavior because it becomes governed by Vi rather than by Vi_gn4.
This quality is especially important when the thyristor is used in an AC circuit.
This connection causes unintended issues in a DC circuit, such as the z-source circuit
breaker, that leads to inaccurate simulations. The charge stored in C1 leaks out over
the course of milliseconds due to LTSpice requiring non-idealities in components like
the switches, i.e. R,rf # 0, and causes the thyristor to turn off when it should remain
on. Severing this connection and connecting the negative sensing terminal of S1 to
ground solve the charge leakage problem but turn-on behavior becomes governed by
Vi —gna instead of Vik. In the z-source circuit breaker models discussed later in this
appendix this is not a problem because the gating signals are only applied in states
when Vox = Vig_gna. As long as this limitation is respected the thyristor model
presented here is adequate for these circuits.

The block of components that makes up the thyristor subcircuit was included in

both models used for this project directly in the model rather than as a separate
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Figure B-1. LTSpice circuit model of a thyristor.

subcircuit file to allow examination of the inner workings of the device and con-
firm the thyristor model behaved as expected. The series-connected z-source circuit
breaker model used for Chapters 3 and 5 is shown in Figure B-2. The modified series-
connected z-source circuit breaker model used for Chapter 5 is shown in Figure B-3.
The SPICE netlists for each model are also given in this appendix following each

model diagrams.

B.1 Series-connected Z-source Circuit Breaker

This model was verified against the scale model described in Appendix D. There
are some inaccuracies in the turn-on transients that are a result of idealizations in the
thyristor simulation model and the assumption that load resistance is constant. In
the scale model the load resistance increases as the filament of the light bulb warms.
The model accurately reflects circuit operation once the load has reached steady-state
operating conditions. The 10 nanosecond maximum time step, along with use of the
alternate solver, were necessary to achieve proper model functionality. Longer time
steps resulted in no protective action when a fault was inserted. Use of the normal

solver produced inconsistent results and resulted in excessive simulation times.
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Figure B-2. LTSpice circuit model of the series-connected z-source circuit breaker.

*Series-connected z-source circuit breaker
Vin In O 60 Rser=0

L1 In A1 1.51m

L2 K1 K2 1.51m

Cl1 K2 A1 1.2p

C2 0 K1 1.2p

D1 NOO3 In diode

D2 NOO4 K1 diode

C_load K2 0 215p

R1 A1 NOO3 1

R2 K2 NOO4 1

R_load K2 0 60.1

S1 0K2 F 0 sw_f

V§0n G 0 PULSE(0 60 im 1p 1p 10u)
V§Fault F 0 PULSE(0 5 2m in 1in 20m)
S2 K1 A1 NOO2 0 mainswitch

S3 N002 0 K1 Al controlswitch

C3 NOO2 0 1n Rpar=0

D4 NOO1 NOO2 mydiode

R4 G NOO1 1

.model D D
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.model sw_f SW(Ron=50m Roff=1G Vt=1)
.model diode D(Ron=1)

.model controlswitch SW(Ron=1u,Vt=0.0)
.model mydiode D(Ron=1u,Vfwd=0.01)
.model mainswitch SW(Ron=2,Vt=2.5)
.tran 0 10m 10n 10n

.backanno

.end

B.2 Modified Series-connected Z-source Circuit Breaker

This model was developed from the model in the previous section to test ideas for
possible circuit design improvements. A scale model was not available for comparison
of this simulation model. This model likely suffers from the same inaccuracies during
turn-on as the previous simulation model. As in the first model a 10 nanosecond

maximum time step was enforced and the alternate solver was used.

13000 o
L ]
| Y T . AK2 e M ‘ mydiode
[ 2 5 5 ] oo | oy ML;- ] = - mainswitch
Avn | Dt R § i & oo R toad i D)
" dosw 1 L dode 1 e T controtewitch Pn .
Rser=1m et ot F d K
K1
8 A2
Roff=10 Vi=1) iﬁmgswiuhﬂ w"? lw :
“model sw. u 4 \ s 4 Pe—
M.d'm E: ") =0 s ) 1 mydiods L les +- elnmwiich
a 3 - / { wl = .‘4
- 7 L | E T S in ™
i 5 ‘ .model controlswitch s v.-ol | iI
H ‘model myciods D{Rom=1uViwd-0.01) -
tran 0 10m 0 10n uc g g g

Figure B-3. LTSpice circuit model of the modified series-connected z-source circuit
breaker from Chapter 5.

*Modified series-connected z-source circuit breaker
Vin In 0 60 Rser=1im

L1 In Al 295p

L2 K1 A2 295p
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Ci A2 A1 1300n

C2 0 K1 240n

D1 NOO4 In diode

D2 NOO5 K1 diode

C_load K2 0 215p Rser=500m

R1 A1 NOO4 1

R2 A2 NOO5 1

R_load K2 0 60.1

S1 0 K2 F 0 sw_f

V§Charge G1 O PULSE(0 60 3m 1p 1p 10u)
Vg§0n G2 0 PULSE(O 60 3m 1n in 10u)
V§Fault F 0 PULSE(O 5 5m in in 20m)
S2 K1 NOO3 NO0O2 O mainswitch

S3 N0O2 0 K1 Al controlswitch

C3 NOO2 0 1n Rpar=0

D4 NOO1 NOO2 mydiode

R4 G1 NOO1 1

S4 K2 A2 NOO7 O mainswitch

S5 NOO7 O K2 A2 controlswitch

C4 NOO7 O in Rpar=0

D3 NO0O6 NOO7 mydiode

R3 G2 NOO6 1

D5 Al NOO3 mydiode

.model D D

.model sw_f SW(Ron=1u Roff=1G Vt=1)
.model diode D(Ron=1)

.model controlswitch SW(Ron=1u,Vt=0)
.model mydiode D(Ron=1u,Vfwd=0.01)
.model mainswitch SW(Ron=1.5,Vt=2.5)

.tran 0 10m O 10n uic
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.backanno

.end
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Appendix C

Calculation of Model Parameters

The parameters used in the scale model are based on the notional system values
laid out in NGIPS Technology Development Roadmap [10] and Design Considerations
for a Reference MVDC Power System [36]. The parameters are summarized in Table

C.1.

Table C.1. Summary of full-scale and model parameters.

Parameter | Full-scale System | Model System
Visource 6000 V 60.0 V
Tioad 166.7 A 0.985 A
Rioad 36.0 Q 60.9 Q
Pioua 1 MW 59.1 W
Cload 364 pF 215 pF
| Zo.tine| 29.6 Q 50.0 2
G f qutt 50.0 S 29.6 S
Lin N/A 295 pH
Conin N/A 239 nF

C.1 Full-scale System

C.1.1 Source Voltage (Viource)

The distribution voltage levels currently under consideration are 6 kV, 12 kV,

and 18 kV[30]. NAVSEA has focused recent ship studies on vessels employing 6 kV
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distribution systems rather than examining higher voltages[37]. The full-scale source

voltage for this notional system, Viource, , Will be set to 6 kV.

C.1.2 Load Power (Piuq)

Based on the information presented in [36], the power consumed by a notional
load could range from 500 kW to 10 MW. For this model, the load will be based on
that a single IPNC, which drives the capacity of an output module in a PCM-1A.
The full-scale load power, Paq, s, will be set at 1 MW. This allows determination of

the full-scale load current, Jjoqq, #:

Pload, f — 1MW
Vtsource, f 6 kV

P=IV——‘-)Iload,f= =166.7 A

This assumes that the voltage drop across the z-source circuit breaker is negligible,

so that Woad ~ V;ource-

C.1.3 Load Resistance (Rjouq)

For the full-scale model the load resistance, Rjpqq, s, can be computed using Ohm’s

law and the values determined earlier:

Vi, ; _ 6000 V

V =1IR —> Ripaa § = =
08 I T, ;1667 A

= 36.0

C.1.4 Load Capacitance (Cjoq)

The full-scale estimate for Cj,qq comes from an examination of the a Modular
Multilevel Converter in Florida State University’s Center for Advanced Power Systems
discussed in {18]. Impedance data for the converter was collected over a range of
frequencies. The imaginary component of this impedance Zjopa = Rioad + JXicad

represents the converter’s capacitance, which can be calculated using

1
WCload

Xload = XC = — Cload = WXC
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The capacitance was estimated at three frequencies, shown in Table C.2. These values

were averaged to arrive at

Cload = 363.6 puF

Table C.2. Modular Multilevel Converter capacitance.

Frequency Xc Cioad

1 Hz 434.7 Q | 366.2 pF
10 Hz 44.56 2 | 357.2 pF
50 Hz 8.660 2 | 367.6 pF

C.1.5 Line Characteristic Impedance (%))

Representative cable characteristics for naval MVDC cable in typical installation

configurations are [28]:

Q

Riine, 7 = 47022
m

pF

Cline. 1 = 5612—
m

nH

Liine, 7 = 490°—=
m

Leakage current in transmission and distribution lines is generally very small com-
pared to the transmitted current so conductance, Giipe, 5, is approximately zero. The

characteristic line impedance can be calculated using:

7 R+ jwL
=\ G+ jwC

At first glance the frequency for the system might appear to be zero because it is
a DC system. The load in the system is a PCM-1A, a type of switching regulator.
The system examined by Chauncey had an effective switching frequency of 2 kHz[18],

which will be the system frequency used here. The scaling factor for time units in
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this model is unity, so w; = wy,. The full-scale characteristic impedance is:

- 47.0 uf2 (4 d/sec)(4
ZO,fz\/( 0 uf2) + j (40007 rad/sec)( 90nH)=29.6—j0.113Q

7(40007 rad/sec)(561 pF)

|Zo, ] =29.6

C.1.6 Fault Properties

The fault examined in this model will be a short circuit. The full-scale fault con-
sidered in this study is the same fault from Corzine’s and Ashton’s work, a maximum

conductance, G auy, 5, of 50 S[13].

C.2 Per-unit Normalization

The model system will be scaled to maintain the same per-unit and time char-
acteristics as the full-scale system. For this system it is convenient to set the base

quantities shown in Table C.3 using Viase = Viource and Zpase = | 2o, f|-

Table C.3. System base quantities.

Parameter | Full-scale System | Model System
Viase 6000 V 60.0 V
Tpase 202.7 A 1.20 A
Lpase 29.6 O 50.0 O
Piase 1,000,000 W 72 W

Using the established base quantities for the full-scale system and assuming a 50 m

load-side cable length, the per-unit quantities shown in Table C.4 can be calculated.

Table C.4. Per-unit normalization of system characteristics.

Parameter | Per-unit Value
VSOUTCC ]‘ '000

Toad 0.821

Rioaa 1.218

Riine 7.951x10°
Progd 0.821

G faut 1478
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C.3 Model-scale System

C.3.1 Source Voltage (Vipuree)

The source voltage for the scale model is limited by the laboratory facilities and
electrical safety consideration. The model-scale source voltage, Viouree, m, Will be set

to 60 V.

C.3.2 Line Characteristic Impedance (7))

The line characteristic impedance for the model will be set at 50 €2 due to avail-

ability of materials for the model system.

C.3.3 Load Characteristics
Load Current (/;,,q) and Resistance (Rjouq)

The model-scale load current is scaled on a per-unit basis:
Iload, m = iload X Ibase, m = (0821 pu)(1200 A) =0.985 A
The model-scale load resistance is also scaled in this way:

Rload, m = Tload X Zbase, m = (1218)(500 Q) = 60.9 (2

Load Capacitance (Cjyuq)

Scaling for the reactive components in the system is accomplished to maintain the
the full-scale and model-scale time characteristics equal. For capacitive and inductive

elements this means that the the full-scale and model-scale time constants are equal:

Tf=Tm
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Capacitive element values can be calculated using

Rfo = RmCm S Cm = %
00 ,
Clond. m = (36.0 Q)(364 pnF) — 215 uF

60.9 Q

C.3.4 Z-source Circuit Breaker Passive Components

The capacitors and inductors contained within the z-source circuit breaker are
used to set the maximum allowable value time rate of current change, “—ii%. These
values cannot be set in isolation because the current rise also depends on the reactive
elements in the rest of the system. These values are not scaled directly from the full-

scale system but are instead calculated directly from the model-scale system values.

Capacitors

The minimum capacitance required for proper operation can be calculated using

the equations developed by Corzine and Ashton [13]:

2CyloadI scr

Cmin =
V:source G fault — I scr

In steady-state operation the current through the thyristor, I, is equal to [;,qq by
KCL. The fault condition must be scaled according to the same rules as resistances

to find the model-scale fault conductance, G ¢ouit, m:

1 1 . Gfault

Gfa,ult m = = =
Rfault, m Tfault X Zbase, m Zbase, m

1478 p.u.

Gfault, m = 50.0 Q”‘“ =296 S
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Given this information, the minimum capacitance required in the scale model z-source

circuit breaker is

2(215 uF)(0.985 A)

Cmi'n, m =

Inductors
The minimum inductance required for proper operation can be calculated using
the equations developed by Chang, et al. [21]:
1 2
Lmz’n - ngoadein
Given the values calculated previously, the minimum inductance require in the scale
model z-source circuit breaker is

1
Lonin. m = (5)(60.9 0)2(239 nF) =295 uH
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Appendix D

Model Circuit Design

The circuit breaker considered in this experiment is the series-connected z-source
circuit breaker proposed by Chang et al.[21]. The circuit breaker topology is shown

in Figure 3-2, and repeated in this section as Figure D-1.

1
I
L SCR Ly ] i ereantenaene
[ b
::C2 Cload:: Rloadg
Circuit Breaker Load

Figure D-1. Series-connected z-source circuit breaker topology.
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D.1 Circuit Breaker Component Selection

D.1.1 Thyristor

The central component of the z-source circuit breaker is the thyristor, labeled
“SCR” in Figure D-1. This was the first component selected and drove the other com-
ponent selection decisions. The primary considerations for selecting this component
are the voltage and current ratings. A secondary consideration for a suitable device is
the latching current, which must be low enough that the predicted load current will
keep the thyristor in the on state. The main thyristor is a VS-30TPS16 manufactured
by Vishay Intertechnology and sourced from Digi-Key. The key characteristics of the

device are summarized in Table D.1.

Table D.1. VS-30TPS16 key characteristics.

Parameter Value

Peak off-state voltage (V peak, off) 1600 V
Maximum RMS on-state current (Igms) | 30 A

Maximum latching current, (Ip) 200 mA
Typical turn-off time, (tq) 110 ps

The current through the model-scale load, 504, m, is sufficiently greater than I, so
the thyristor should remain on during steady-state operation without constantly apply
a gating signal. Additionally, ljpeq, » is sufficiently less than Ipps that the expected
currents will not damage the thyristor during testing. The maximum voltage will

drive the voltage ratings of other components.

D.1.2 Capacitors

The selection of capacitors is relatively simple as it depends only on the expected
voltage which will be applied to them. The maximum voltage that the system will
be designed to sustain is the maximum voltage rating of the thyristor, 1600 V. Based
on part availability, the capacitors for this circuit will each be comprised of two

120 nF EPCOS B32656T2124K000 capacitors arranged in parallel, for an equivalent

82



capacitance of 240 nF, slightly more than the minimum required value of 239 nF
calculated previously. A pair of pads will be included on the circuit board design

with each capacitor to allow fine-tuning the capacitance value as necessary.

D.1.3 Inductors

The inductors for this circuit must be selected to carry the anticipated maximum
fault-induced current. As inductor current cannot change instantaneously, this cur-
rent will be somewhere between the steady-sate load current and the fault current.

This current can be calculated using equations developed in [21]:

‘/;'O'U.TCC X K X t3
6L C + 2Ciona

L = Iload

where C and L are at least the values calculated previously as C,,;, and L,.;,, and K

is the fault ramp rate:

K = Gfault

Atfault
Both Corzine [13] and Chang [21] consider faults ramping over 0.1 ms, which is a
conservative value to use for this experiment. If the ramp time is longer then the

magnitude of the K and i, decrease.

296 S _ 9534 5

K =
0.1 ms sec

The maximum current through the inductor occurs at time

,_ \[m _ (239 nF) + (2)(215 BE) 1 06 ms
2K (2)(9534 .7)

sec

and has a value of

60.0 V (9534 =)(1.06 ms)?

55 oI < @ nF s (s ) - A

ir. mas = (0.985 A) +
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This fault-induced current is approximately twice the steady-state current.

Due to the limited selection of commercially-available appropriated inductors,

custom inductors will be fabricated for this experiment.

D.1.4 Flyback Diodes

The flyback diodes in this circuit must withstand the maximum expected current
and reverse voltage conditions. The maximum current which they be required to
conduct is the maximum inductor current, assuming the load was instantaneously
disconnected. This current, ¢;, mq., Was previously calculated as 1.88 A. The maximum
voltage rating for any component in this circuit will be 1600 V based on the rating
of the thyristor. The Vishay Semiconductors VS-8EWS16SLHM3 will be used based

on these criteria.

D.1.5 Damping Resistors

The constraint on the damping resistors is power dissipation. The maximum
expected current is i1, mqer. With current fixed, resistance value or power dissipation
capacity can be selected and the third variable can be computed. Power resistors are
readily available in 5 W packages, so the power will be set to that and maximum
resistance calculated:

P 5W

=I? === =141Q
P=FR—=R=5 =11 ap

Power resistors are readily available in 1 Qresistance, which meets the requirements

laid out!, so the damping resistors will be set to that value.

1The power resistors under consideration are rated for sort-time (5 second) overload to five times
the nominal power rating.
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D.2 Load Selection

The load is composed of two parts: the resistive component and the reactive

component. For this system the reactive component is capacitive in nature.

D.2.1 Resistive Component

The resistance of the resistive component was calculated in Appendix C to be
60.9 Q2. This could be provided by using one adjustable power resistor but in this
model it is achieved using an incandescent light bulb in parallel with an adjustable
power resistor. Inclusion of the light bulb in the circuit provides a convenient visual
indicator that the load bus has been de-energized. Incandescent light bulb filaments
have a resistance that is highly dependent on temperature |38]. This means that the
resistance of the variable resistor had to be set based on the hot resistance of the 40 W
incandescent light bulb. It also means that circuit breaker tests should be conducted

once the light has warmed to operating temperature.

D.2.2 Reactive Component

The capacitive component of the load is composed of capacitors arranged in a
parallel to achieve the required total capacitance, 215 pF. This compound capacitive
element is connected in parallel with the light bulb and the power resistor. Figure
D-2 show a schematic representation of the load and Figure D-3 shows the load as
built. The capacitors discussed in this section are housed in the junction box under

the light bulb holder.

Va

—215uF <77.6 Q 266.7 Q

R, =60.1Q

Figure D-2. A schematic of the load connected to the model-scale system.
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Figure D-3. A photograph of the load connected to the model-scale system.

D.3 Fault

Two different fault insertion devices were built for the model system and are shown
in Figure D-4. The first was a simple switch used to short-circuit the load bus. This
was constructed as a light switch mounted in 1-gang electrical box. The switch was
connected into the circuit using BNC connectors. This device was useful for initial
testing of the model-scale system and confirming that the circuit breaker did indeed
interrupt current flow, but it was not suitable for taking detailed, precisely-timed
measurements for the analysis of Chapter 4. The second fault insertion device is a
relay that short-circuits the load bus. The relay is controlled by a microprocessor,

an Atmel ATtiny85, that opens and closes the relay based on the position of a light
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switch. At its heart, the second device operates the same way as the first, but it
also provides a signal to an oscilloscope to indicate the exact time that the fault is
initiated. The oscilloscope triggering functionality was ultimately redundant once the

circuit worked properly, as the oscilloscope was set to trigger on rising or falling V.

The relay initially used in the second device was an Axicom V23105-A5001-A201.
This relay has a manufacturer’s rating of 220 VDC/3 A, though the safe operating
region specified does not allow operation at maximum current and maximum voltage.
The datasheet also lists a lower UL contact rating of 60 VDC/0.3 A. Even though the
expected fault current will exceed the relay’s ratings in either condition, this should
be an acceptable component because it will only be used to make the fault circuit, it
will not be used to break the circuit. The relay will only be opened one the load bus
has been de-energized, either through circuit breaker action or manually turning off

the power supply.

Figure D-4. A photograph showing the two fault insertion devices used for testing.
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D.4 Power Supply

The model-scale system requires a DC power supply. It must be capable of pro-

viding 60 V and at least 2 A. Multiple power supplies readily available in the lab

meet these requirements.

D.5 Circuit Board

The two-layer circuit board for the model-scale system was laid out using Autodesk

EAGLE and was manufactured by OSH Park. Figure D-5 shows the schematic of the

circuit breaker, Figure D-6 shows the circuit board’s layout, and Tables D.2 lists

the components used. Figure D-7 shows the assembled circuit breaker. A series of

secondary boards were assembled to serve as various configurations of off switches as

proposed by Chang et al.
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Figure D-5. Z-source circuit breaker schematic.
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Figure D-6. Z-source circuit breaker layout showing both top and bottom (with
reverse printing) layers.

Table D.2. Listing of main board circuit components for the initial design.

Component Value Part Number
U1 (Thyristor) N/A Vishay VS-30TPS16
EPCOS AG B66364B1016T001
L1/L2 295 pH EPCOS AG B66363G0000X127
(31 turns) EPCOS AG B66364A2000X000
C1-A/C1-B/C2-A/C2-B 0.12 pF EPCOS AG B32656T2124K000
R1/R2 (Damping resistor) 1Q/5W Ohmite WNE1ROFET
R3 (Current limiting resistor) | 100 textOmega N/A
D1/D2 (Flyback diode) N/A IXYS DSI30-16A
D3 (Blocking diode, optional) N/A IXYS DSI30-16A
SW1/SW2 Off-Mom NKK Switches HP0215AFKP2-S
X1/X2 N/A Molex 0731375003
X3/X4 N/A JST B3B-XH-A
X5/X6 (Optional) N/A JST B2B-XH-A
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Figure D-7. The first assembled model-scale z-source circuit breaker with components
rated for 1600 VDC.
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D.6 Circuit Redesign

Testing did not initial go as planned. The circuit designed in the previous sec-
tions failed to properly interrupt the fault current and had to be reevaluated and
redesigned. Fortunately, the printed circuit board did not have to be changed, only

the components used to populate it.

The relay has a resistance of 20 m{) when closed, giving a fault conductance
of 50 S. This is greater than the required fault conductance of 29.6 S derived in
Appendix C, so it should be a sufficient value to cause the circuit breaker to trip.
However, experimental testing showed that this was not the case. Other components
in the experimental setup, including cables, connectors, and even the copper traces
on the circuit board, contributed non-negligible resistance to the fault circuit. In
troubleshooting why the circuit breaker would not trip as expected, the resistance of

the fault circuit measured approximately 100 m(2, too resistive to cause a trip.

This issue of excessive resistance in the fault path necessitated a reconfiguration
of the experimental setup. In an effort to reduce resistance various components were
replaced or removed altogether. Initially, in an effort to preserve the scaled charac-
teristic impedance of the cable between the circuit breaker and the fault insertion
device, the BNC connectors at both end of the cables were removed and replaced
with screw terminals. The BNC-terminated RG-58 cable was replaced with a three-
foot length of bulk RG-8 cable without connectors. This did not reduce the fault
resistance sufficiently because the cable’s resistance was 20 m{). The entire experi-
mental setup’s fault resistance was only reduced by approximately 30 m$2. Next, the
scaled characteristic impedance of the cable connecting the circuit breaker and fault
insertion device was sacrificed and the RG-8 cable removed. It was replaced with two
pieces of 20 AWG magnet wire. Each 2-inch piece had a resistance of less than 1
m¢). This substitution brought the resistance of the fault circuit, as measured from
the output terminals of the circuit breaker, down to 32 m{2. This modification to the
experimental setup is acceptable because it simulates a fault at the circuit breaker’s

output terminals. Additionally, the measurement of interest would be affected by the
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characteristic impedance of the input cable, not the output cable.

Ultimately, the reconfiguration efforts were insufficient to lower the fault circuit
resistance far enough to allow the circuit breaker to detect the fault condition. The
traces on the printed circuit board contribute enough resistance, perhaps 15 m¢2 that
achieving the maximum permissible fault resistance would not be possible using the
current fault mechanism. The relay in the fault insertion device was replaced with
transistor, but the initial spike in the fault current from the discharge of the load
capacitance caused it to burn out. This meant that the next step involved redesigning

the experimental setup by revisiting some of the calculations from Appendix C.

The redesign starts with redefining the fault conductance to a lower value that
could be achieved in the construction of the experimental setup. This change breaks
the scaling developed in Appendix C, but the change means that the circuit breaker
is tripping on a less severe fault condition. As long as this lower % threshold is not
exceeded by starting equipment on the circuit this is an acceptable change in the
circuit breaker’s characteristics. Setting the circuit breaker’s sensitivity such that it
can detect a short circuit caused by a 100 m{2 ground should allow adequate margin
for the resistances in the circuit that cannot be eliminated by redesign. The model-

scale fault conductance becomes

=10.0 §

G ault, m =
fault, 100 mS

This requires a minimum capacitance of

2(215 pF)(0.985 A)
- = 1.20 uF
Cmin, m = 7600 V(50,0 S) — (0.985 A) Ou

This capacitance can be reasonably achieved with standard capacitor values. The

minimum inductance required is
Lmin, m = (%) (609 9)2(120 /I,F) = 1.48 mH

Based on the cores used, this inductance requires 67.3 turns. Rounding up to 68 turns
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will yield and inductance of 1.51 mH. This additional inductance will not negatively
impact the circuit’s protective function and will accommodate variation in the values
of the capacitors when the circuit is assembled.

Again, the modification efforts did not result in a properly functioning circuit
breaker. Another review of the relevant literature prompted a closer look at the
thyristor. Though no references gave an explicit equation to calculate the turn-off time
for the circuit breaker, Corzine[39] does mention using a thyristor with a turn-off time
of 35 psec. This is an order of magnitude faster than thyristor specified for previously
for this study. To rule out slow thyristor turn-off as the source of improper circuit
breaker functionality the Vishay VS-30TPS16 was replaced with an NTE Electronics
NTE5463, whose maximum turn-off time is 25 psec. The properties of this thyristor
are summarized in Table D.3. This modification yielded a functioning circuit breaker
and is what was ultimately used for testing in Chapter 4. The final circuit component
selections are summarized in Table D.4 and the assembled redesigned circuit is shown

in Figure D-8.

Table D.3. NTE5463 key characteristics.

Parameter Value

Peak off-state voltage (V peak, off) 200 V
Maximum RMS on-sate current (Igys) | 10 A

Maximum holding current, (Iy) 20 mA
Typical turn-off time, (tq) 25 ps
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Table D.4. Listing of main board circuit components for the final modified design.

Component Value Part Number
U1 (Thyristor) N/A NTE Electronics NTE5463
EPCOS AG B66364B1016T001
L1/L2 1.51 mH | EPCOS AG B66363G0000X127
(68 turns) | EPCOS AG B66364A2000X000
Parallel combination of
9%0.47 pF
C1-A/C2-A 1.20 pF 0.27 uF
0.022 uF
lab stock film capacitors
R1/R2 (Damping resistor) 1Q/5W N/A
R3 (Current limiting resistor) | 1000 N/A
D1/D2 (Flyback diode) N/A IXYS DSI30-16A
D3 (Blocking diode, optional) N/A Omitted
SW1/SW2 Off-Mom | NKK Switches HP0215AFKP2-S
X1 N/A Molex 0731375003
X2 N/A Omitted
X3/X4 N/A JST B3B-XH-A
X5/X6 (Optional) N/A JST B2B-XH-A
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Figure D-8. The revised assembled model-scale z-source circuit breaker with compo-
nents rated for 200 VDC.
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