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Abstract

This master thesis is part of a degree of Master of Technology in Electric Power Engineer-
ing and Smart Grids at Norwegian University of Science and Technology.

Design and optimization of a MVDC circuit breaker is a critical stage in implementing
MVDC grids for future power systems. An important part of this process is the thermal
design. Solid-state circuit breakers suffer from high conduction losses and subsequently
heat generation, which must be efficiently dissipated to the environment.

The purpose of this paper is to investigate the thermal behaviour of the breaker and the
relevant factors in electrical operation, along with an analysis of current cooling systems.
This is done through an overview over current research on the subject, along with MAT-
LAB/Simulink simulations. Based on a literature study, the current interrupting solid-state
circuit breaker is found to be the most promising solution. The superior performance of the
Insulated Gate-Commutated Thyristor (IGCT) is shown from a comparative study of the
investigated devices under different system operating conditions. The analysis of thermal
management considers liquid cooling systems to be the most promising concept, while
forced air cooling may be beneficial for certain applications.
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Chapter 1
Introduction

Medium Voltage Direct Current (MVDC) systems have gained a lot of momentum in re-
cent years, due to the substantial increase in performance of power electronics, as well
as their many beneficial traits compared to Medium Voltage Alternating Current (MVAC)
systems. Still, there are some design barriers to achieve full-scale MVDC grids. The main
challenge is related to fault handling. Due to the inherently low inductance of a MVDC
grid, regular AC circuit breakers do not operate quickly enough to avoid serious damage
to connected components, and require a zero-crossing of current, which is not present in
a MVDC grid. A fast acting circuit breaker needs to be developed specifically for MVDC
applications. Several topologies have been proposed for this purpose, with one of the main
categories being the solid-state circuit breaker, which relies on semiconductor devices for
fault clearance. This is able to operate quickly and reliably, but suffers from high on-state
losses during normal operation of the grid.

The purpose of this paper is to investigate the thermal design of a solid-state circuit
breaker for MVDC grid application. The big drawback of the circuit breaker type is the
high conduction losses, which in turn complicate the thermal management of the circuit
breaker. Different power electronic devices will be analysed for circuit breaker applica-
tions, and the specific requirements of cooling systems will be investigated. Additionally,
an overview of related aspects of MVDC grids and electrical performance of the circuit
breaker will be provided.

The paper is laid out as follows: In chapter 2, an overview of the MVDC systems
concept is given, in terms of feasibility and proposed applications. Chapter 3 provides a
theoretical background for the later analysis, along with motivations for choices made in
the report. The main points of investigation are circuit breaker concepts, high power semi-
conductor devices and cooling systems. In chapter 4, the design process for a solid-state
circuit breaker is explained. Chapter 5 presents the results of simulations, and discusses
the findings according to given design goals. Finally, in chapter 6, the conclusions drawn
from the analysis are summarized and some suggestions are made for future work.
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Chapter 2
Motivation

Ever since Nikola Tesla came out victorious in the so called ”War of the currents”, Alter-
nating Current (AC) has been the backbone of electrical power systems [1]. However in
modern times, Direct Current (DC) is gaining in prominence. One side of this evolution is
DC driven low voltage household appliances, and electric vehicles. Another side the evo-
lution is the emergence of High Voltage DC (HVDC) for long range power transmission.
Other than this, DC is only utilized in specific applications. Recently, a lot of research
has gone into Medium Voltage DC (MVDC) grids, because of their many advantages over
their AC counterpart.

The purpose of this section is to elaborate on the potentials of MVDC systems. Firstly,
some pros and cons will be presented. Secondly, some potential applications of the tech-
nology will be given. Lastly, an overview of the current state of the technology is pre-
sented.

2.1 Advantages and Challenges of MVDC Systems
There are several good reasons to choose a DC system over an AC system. Some of the
most prominent are listed below:

• Efficiency: DC cables have lower resistive power losses compared to AC cables of
the same power capacity [2][3]. Fore some applications, conversion stages may be
eliminated by utilizing MVDC grids [4, 5, 6, 7], further increasing overall system
efficiency.

• Skin effect: In AC transmission, opposing eddy currents lead to current crowding
close to the conductor surface. This effectively reduces cable cross-section, which
in turn increases cable resistance [8]. This is not an issue for DC systems, which
increases its material usage and efficiency.

• Reactive compensation: In AC transmission, lengthy cables lead to a lowered

3



power factor. This leads to losses, and may necessitate reactive power compen-
sation. This is not an issue for DC systems.

• Interconnection: DC eliminates the need for frequency synchronization between
AC grids. In addition, a DC system may be favoured in a grid with high penetration
of Distributed Energy Resources (DER) [9].

• Size and weight: DC systems require smaller transmission corridors for the same
power transfer, leading to less environmental impact [10]. In addition, DC elimi-
nates the need for bulky line frequency transformers, relying on more lightweight
converters. For marine vessels or traction systems, this would come as a great ben-
efit.

Although there are some noteworthy advantages, there are still some challenges faced
today:

• Fault handling: DC grids are characterized by the relatively low impedance and no
zero-crossing for the current. This leads to rapidly rising fault currents, which can
not be cleared by regular MVAC breakers. As of now, there are no commercially
available MVDC scale circuit breakers.

• Standards and regulations: Apart from some specific applications, such as traction
[11] and shipboard systems [12], there is a lack of standards and regulations for
MVDC [6].

• Cost: Prices of high power semiconductor devices are still high, leading to costly
designs [13]. This, however is decreasing rapidly.

• Cables: DC cables have different field characteristics, and are prone to charge accu-
mulation at material intersections [14]. As of now, there is still need for development
of specifically tailored MVDC cables [15]. Some research has been made in later
years into this subject [16, 17].

2.2 Current and Proposed Applications
Without well performing circuit breakers available, the realization of multi-terminal MVDC
grids has come to a halt. Still, there are some developments in the field. In late 2017,
Siemens introduced it’s new MVDC PLUS concept [18], aimed at efficiently bridging AC
networks. In addition, RWTH Aachen has constructed a MVDC distribution grid on cam-
pus, for research purposes. Rated at 5 kV [19], this grid could provide some valuable
insights. However, the only grid protection is AC side circuit breakers [20]. Therefore,
a DC side fault would lead to complete shutdown of the grid [15], and could severely
damage the freewheeling diodes of the connected converters [21].

In literature, there have been several proposed applications that would benefit from
the efficiency, controllability, and other advantages of MVDC. Among these are marine
vessel power systems [12, 22, 23], railway traction systems [11, 24], data centers [25],
subsea power transfer [17, 26], and collector grids for solar plants [27] and wind farms
[13, 28, 29, 30].
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Chapter 3
Theory

3.1 Fault Characteristics in MVDC Grids

The severity of a fault in a MVDC system is driven by several factors. For one, the
connected power electronic components are sensitive, leading to strict protection require-
ments. In addition, the low impedance of the line and its connected converters lead to a
rapid current rise. This can be shown by equation (3.1), where diL

dt represents the current
rise through the inductor, L represents the total inductance of the system, and VL will be
the applied voltage. In case of a faulted line, the low inductance thus necessitates fast
clearance, in order to properly protect sensitive components.

VL = L
diL
dt

(3.1)

In a practical multi-terminal MVDC grid, a Voltage Source Converter (VSC) Would
be the only viable converter type. The Line-Commutated Converter (LCC) is a mature
and reliable technology, found in most point-to-point HVDC connections. However, their
lacking controllability, as well as requirements for filtering and reactive power compensa-
tion, make them unsuited for practical multi-terminal grids [31, 32]. Therefore, only the
VSC fault characteristics will be treated here. There are several basic types of VSCs, all
with their own drawbacks and advantages. In order to present the basic operation of a VSC
during short-circuit, the relatively simple 2-Level VSC (2L-VSC) is chosen.

In general terms, an incident can be divided into three distinct stages. These three
stages are shown in Fig. 3.1. During stage 1, the fault current is supplied by discharge of
the DC-link capacitor. In stage 2, the capacitor is fully discharged, and does not provide
any current. Current is then commutated through the freewheeling diodes, and is driven by
the cable inductance. In the beginning of this stage, the current through the freewheeling
diodes is at its peak, possibly damaging them. Stage 3 is when the transient response of
DC-link capacitor and cable inductance has extinguished. Here, the fault current is directly

5



supplied by the AC-grid, feeding the fault through the freewheeling diodes. The total fault
current is a sum of all three phases.

Figure 3.1: Equivalent circuit for 2L-VSC during cable short-circuit fault. (a) Stage 1: Capacitor
discharge (b) Stage 2: Diode freewheel (c) Stage 3: Grid current feeding [33]

3.2 Protection Schemes

A significant analysis of protection and coordination is beyond the scope of this paper.
Still, the significance and complexity, should be understood.

Fundamentally, network protection needs to adequately follow a set of requirements.
These are as follows: Reliability, selectivity, speed, sensitivity and interoperability [34].
These aspects refer to the ability to always follow expected behaviour, the ability to limit
protection impact on overall system so that only faulted parts are handled, the speed at
which protection reacts, the ability to avoid tripping during regular fluctuations, and the
requirements for different components working together.

In a MVDC system, operation speed is of crucial importance, because of the rapid
rise of fault currents. Another major issue is the variable operation states of a typical
MVDC grid [35, 36]. This requires a high degree of adaptability in protection, leading to
more complex and communication-assisted protection schemes [5, 37]. This, of course, is
highly dependent on the grid topology.

3.3 Proposed MVDC Circuit Breaker Designs

Currently, there are three main categories of DC circuit breakers, separated by the method
of current breaking. These are mechanical, solid-state and hybrid circuit breakers. This
paper is focused on the solid-state breaker, the reasons for which will be motivated in this
section.
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In addition to the three categories mentioned earlier, there are some other methods.
These include fuses, which are single-use an thus only viable as back-up protection. Me-
chanical circuit breakers on AC-side have been proposed [15], but due to long clearance
times and lacking selectivity, it should not be used. So-called ”Unit-based” protection has
also been proposed [20, 38, 39], relying on breaking capacity of connected power convert-
ers and no-load switches. Again, these have limited applicability in MVDC grids, and will
not be treated further.

The design criteria for comparison of the breaker concepts, can be boiled down to per-
formance and complexity. In terms of performance, the breaker should minimize breaking
time, minimize the maximum fault current in the system, minimize normal conduction
losses, and should have satisfactory transient response in no-fault conditions. The on-state
losses are also tightly connected to the thermal management requirements, with higher
dissipation necessitating more complex and high performing cooling systems. In terms
of complexity, the number and size of passive devices should be minimize, as well as the
number of separately controlled switching devices. This is directly tied to both reliability
and cost. In addition to these, current controllability is an important aspect.

3.3.1 Mechanical Circuit Breakers

Based off the readily available AC circuit breakers, the mechanical DC circuit breakers
break current through the use of a mechanical separator switch. In order to force a zero-
crossing of the current, an LC resonant circuit is connected. The resonant tank can ei-
ther be connected directly, which is called passive current injection, or through another
switch, which is called active current injection. A basic active resonance mechanical cir-
cuit breaker is shown in Fig. 3.2.

Figure 3.2: Basic mechanical circuit breaker with active resonance current injection

During normal operation, current flows through through the closed mechanical switch,
with minimal losses. During a fault, the contacts separate. As the LC branch starts operat-
ing, current is forced through zero-crossing, and the fault is cleared. Any residual energy

7



is then dissipated in the Metal-Oxide Varistor [40].

The low losses during normal operation [37], and the maturity of the technology are
the two most prominent advantages of this type of circuit breaker. It is also relatively
inexpensive and provides galvanic isolation. The slow operation, however, is the main
drawback. In addition, regular maintenance is required [41]. Between the active and pas-
sive resonance breaker, the active shows the fastest operation. However, it is still nowhere
near the hybrid and solid-state circuit breakers [40].

3.3.2 Hybrid Circuit Breakers

The hybrid circuit breaker is a combination of mechanical and solid-state switching. It
was developed as a way of combining the most advantageous properties of the two other
breaker types. The basic layout is shown in Fig. 3.3.

Figure 3.3: Hybrid circuit breaker with series connected solid-state switches for higher voltage
rating [42]

During normal operation, the current will flow only through the bypass. In case of
a fault, the load commutation switch will open, and and fault current is commutated to
the main breaker. The mechanical disconnector opens, and the solid-state branch breaks
the current [37, 42]. The limiting factor for speed in this design is the fast disconnector.
However, the arc will be handled by the solid-state branch, and so the breaking will be
faster than purely mechanical designs [43].

In terms of performance, the hybrid circuit breaker is a compromise between the two
other concepts. The mechanical switch leads to the same issues as the mechanical, with
longer breaking times and maintenance requirements. Still, when scaling up the design for
higher voltages, the on-state losses of the load commutation switch will be significantly
lower than for the main switch. Another problem with the hybrid circuit breaker is the
complexity. By nature, the number of components, lead to problems of reliability, cost
and maintenance [44].
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3.3.3 Solid-State Circuit Breakers
The defining characteristic of a solid-state circuit breaker is the reliance of power elec-
tronic devices for breaker operations. There are several different topologies proposed for
MVDC grids, some of which will be elaborated in this section. These are the current in-
terrupting, current limiting, resistive and resonance topologies. These methods all have
normal conduction paths through power electronic devices, but are distinguished by their
basic mode of breaking, and their handling of residual inductive energy in the system.
Some other solid-state circuit breaker concepts have been proposed, such as a monolithi-
cally integrated breaker [45], or several variations of resonance topologies. These will not
be elaborated upon, as the main purpose of this section is to identify the most beneficial
traits, and thus the most promising concept.

Current Interrupting Topology

The current interrupting circuit breaker is, in its simplest form, a solid-state switching
device, with some sort of snubber circuitry, and a Metal Oxide Varistor (MOV). A basic
design is shown in Fig. 3.4.

Figure 3.4: Basic bidirectional current interrupting solid-state circuit breaker

During normal operation, the current path goes through the switch, which is in contin-
uous on-state. In case of a fault, the switch will turn off, and current will be commutated to
the MOV. After successful switching, the residual energy in the system will be dissipated
through the MOV. The purpose of the RCD snubber circuitry is to reduce the overvoltage
stresses during turn-off, and in case of series connection, to ensure proper voltage sharing
between the devices [46]. In addition, a current limiting inductor is connected in series, in
order to limit current rise during fault. The slope limiting inductance should be minimized,
in order to avoid additional energy that must be dissipated [47].

The benefits of this topology over the others are mainly in the fast fault clearance
[48, 49, 50] and simple design. This concept requires few connected switching devices
and separate gate drives, and has the fasted reported fault clearance among the proposed
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topologies. Its modular nature also makes it suitable for scaling up. The biggest drawbacks
are the relatively high current stresses and on-state losses [51].

Current Limiting Topology

The current limiting circuit breaker is a line-to-line connected breaker with freewheeling
paths opening for fault clearance. A basic bidirectional design is shown in Fig. 3.5.

Figure 3.5: Basic bidirectional current limiting solid-state circuit breaker

During normal grid conditions, the power flows through switches S1-S4. In case of
a sensed fault, the fault-side series switches are turned of, and current is commutated
through the midpoint, which is a clamping circuit. Next, the fault is decoupled through
closing of the fault-side parallel switch, S5 or S6. After the fault is decoupled, the residual
is dissipated through Rd. The dissipating resistor is subject to a trade-off. Reducing its
resistance would lead to faster zero-crossing, it would also reduce its energy dissipation
capabilities [39].

In terms of performance, the limiting topology has lower voltage stresses on the de-
vices [52], and the fast operation and optimization of energy dissipation are beneficial
characteristics [53]. This gives lower losses, and simpler scaling [51]. Still, the com-
plexity and high sensing demands make it difficult to implement. The high number of
components and individual switches make tuning and control problematic, and the extra
of current paths and passive components may cause unwanted transient effects. In addi-
tion, the packaging and scaling of this design is hard, due to its many components and its
basic operation.

Resistive Topology

The operating principle of a resistive circuit breaker is utilizing switching operations in
order to emulate a high series resistance during a fault. In Fig. 3.6, a basic bidirectional
design is shown.
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Figure 3.6: Bidirectional resistive solid-state circuit breaker

During normal operation, nominal current is divided between the two parallel branches,
with S5 and S6 in off-state. In case of a fault, the clamping capacitor Ccl will be charged
up until it reaches a set voltage. When this value is reached, switches S5 and S6 turn
on, and the capacitor is discharged through the dissipating resistance Rd. When the volt-
age across Ccl falls below a set value, S5 and S6 open again, repeating the cycle. These
operations continue until the fault current is reduced to zero.

This concept has some important characteristics to keep in mind. One is that the clamp-
ing capacitor has to be pre-charged if the breaker is to operate fast enough. In addition, we
have relatively high frequency switching operations, but this will increase the total system
energy that must be dissipated in Rd [54].

This topology has several advantages. For one, the switching operations of the mid-
point path renders the breaker fully controllable, within certain limits. The parallel paths
for current reduces the on-state losses in the switching devices. In addition, the size re-
quirements of passive components are relatively low in this design. This is, however, a
highly complex and costly circuit breaker, with a high component count and demanding
drive systems. In addition, the system is sensitive to large cable inductances, and the
reliance on dissipating capabilities of a resistor could prove problematic [51].

Resonance Topology

There are several proposed topologies for resonance solid-state circuit breakers. All of
these are based on the principle of RLC-branches forcing fault current to zero during
faulted conditions. After breaking, residual energy will be dissipated in the resonant el-
ements. This mode of operation has the potential of automatic operation, meaning that
sensing and coordination can be made redundant. Another consequence is that fully con-
trollable switches are not necessary. A thyristor, for example would naturally turn off once
the current drops to zero-crossing. Either way, a cheaper and more optimized device can
be utilized, as turn-off capability is not an issue. The resonance topology thus have the
possibility of significantly lower on-state losses, and control is relatively simple.

Resonance solid-state circuit breaker can be divided into three different types, each
categorized by their activation method. We have the gate-commutated [55, 56], the coupled
inductor [57], and the Z-Source [58, 59].
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Although these topologies show significant advantages, there are some drawbacks. The
reliance on passive elements lead to a bulky design, and response to changes in the con-
nected grid are hard to predict. This may cause false tripping and transient disturbances
caused by the breaker. For MVDC grids in particular, the lack of control may cause trou-
ble.

3.3.4 Summary of MVDC Circuit Breaker Designs

The design criteria for a MVDC circuit breaker were identified at the beginning of this
section. These include short breaking time, low maximum fault current in the system, low
conduction losses, good transient response to variable grid states and occurrences, and
minimum complexity.

Between the three overall breaker methodologies, the solid-state circuit breaker is con-
sidered to be the best choice for MVDC applications. The mechanical and hybrid solutions
have some advantages in terms of conduction losses. The mechanical breaker, in particular,
has the benefit of technological maturity and cost. The hybrid breaker operates similarly
to the solid-state solution, but with considerably lower losses. Still, the benefits are out-
weighed by the slow operation times and inability to sufficiently dampen fault currents.
In [24], a performance simulation of the methods was done for a hypothetical 15 kV grid
rated at 1.5 kA nominal current. The results of this study are repeated in Tab. 3.1. This
shows that a solid-state circuit breaker is the only viable solution with current technology.
The main challenge, namely power losses, is also clear.

Circuit
breaker type

Fault Cur-
rent [kA]

Clearance
Time [ms]

Residual Energy
Dissipation [kJ]

Power losses
[kW ]

Mechanical 51.1 15 645 0.23
Hybrid 19.5 3.4 246 8.3
Solid-State 3.18 0.6 1.4 30

Table 3.1: Performance of circuit breaker types [24].

From the different solid-state circuit breakers, the current-interrupting topology is con-
sidered to be the best option. It has a simpler, less bulky, and more controllable design and
operation compared to the resistive and current limiting topologies. The resonance topol-
ogy has a simpler control system, but as previously stated, the limited control can prove
problematic. In terms of operation speed, several cases have been reported in literature,
and an overview comparison was made in [51]. The reported time intervals are replicated
in Fig. 3.2. From this, it can be concluded that the operation speed of the interrupting
topology is substantially faster than the others.

In summary, the current interrupting solid-state circuit breaker is found to be the most
promising concept for MVDC applications. This is also technology that is likely to have
the most significant improvements through the continuing evolution of power electronic
devices.
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Topology Documented Current
Limiting Time [µs]

Current Interrupting 0.8 – 70
Current Limiting 150 – 2500
Resistive 20 – 900
Resonance 200 – 4000

Table 3.2: Operation speed of solid-state circuit breaker topologies [51]

3.4 High Power Semiconductor Devices

For a good design of a solid-state circuit breaker, the performance of the semiconductor
devices are of crucial importance. These are central to both the power transmission ef-
ficiency during normal operation, and the fault handling capabilities. Power electronic
devices have been under heavy development in recent decades. This has given a surge in
new types of devices, optimized performance of existing devices, new applications and
even utilizing new materials. Commercial applications are mostly in converters, and so
most of the devices are also optimized for this purpose. For power electronic devices in
circuit breakers, the design goals are slightly different. Mainly, the switching frequency
and associated losses are of high importance in converter applications. In the future, some
trade-offs should be considered for breaker applications.

Some distinctions can be made between the different available devices. One such dis-
tinction is between majority carrier devices and minority carrier devices. This refers to
the method of conduction and blocking. Majority carrier devices rely on the effect of an
externally applied field to create a conducting path. This leads to the possibility of faster
switching. Minority carrier devices rely on both minority and majority charges. They
are operated through internal charge diffusion, and thus pn-junctions, for conduction and
blocking operations. The minority carrier devices are capable of higher charge density,
which gives them better on-state performance. Another distinction is the packaging. For
high power applications, devices are sold either as individual modules, or press-pack de-
vices. These differ somewhat from each other in cost and mechanical mounting. Mechan-
ical mounting is important when it comes to connection and the use of cooling systems.

The purpose of this section is to identify which properties are of interest for devices
used in a solid-state circuit breakers, and present currently available devices. In addition,
some attention will be given to proposed devices that may be relevant in the foreseeable
future.

3.4.1 Device Properties of Interest

As previously stated, devices for circuit breakers have slightly different requirements com-
pared to converter applications. In a solid-state circuit breaker, the devices are contin-
uously conducting during normal operation, and switching operations only occur during
a fault. Behaviour and operation of individual devices will be discussed later later. The
relevant properties of such devices are listed below:
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• Maximum rated blocking voltage: This is property of material and geometry. Ex-
ceeding this value leads to critically high electric field within the device, and may
lead to breakdown and device failure.

• Maximum rated current turn-off capability: This value defines the highest cur-
rent at which the device is able to reliably perform a switching operation. Exceeding
this value may lead to turn-off failure, which would be especially dangerous in cir-
cuit breakers.

• Maximum rated operating current: Often given at given junction temperatures,
this value dictates the continuous current capability of the device. Exceeding this
value would over-heat the device, risking component failure.

• Conduction losses: Energy dissipation during normal operation is dictated by the
two components of the on-state losses. These are given by a combination of a con-
stant voltage drop across internal pn-junctions of the device, and a resistive element
through the terminals and the semiconductor material. The total heat dissipation
losses then become as shown in equation (3.2), where V0 is the built-in voltage drop,
IAV is the average current running through the device, rT is the ohmic component,
and IRMS is the RMS current running through the device.

Pon = V0 · ID(AV ) + rT · I2D(RMS) (3.2)

For DC application, there is no meaningful distinction in terms of the current, and
the equation is simplified into equation (3.3).

Pon,DC = (V0 + rT · ID) · ID (3.3)

The on-state voltage mechanisms are different for each type of device. However,
the general representations used in the previous equations hold true. V0 is a current-
independent voltage drop that is required to keep the device conducting. rT is a
representation of all resistive losses from the operation. These include both resis-
tive losses as charges move through the device material, as well as resistance in
connectors and packaging.

On-state losses is a major complicating factor for solid-state circuit breakers. For
current devices, these losses are high enough that they significantly reduce the over-
all system efficiency. In addition, all the generated heat needs to be conducted away
from the device, which means that better performance is required from the cooling
system.

• Robustness facing high rate of current and voltage rise: For various reasons,
devices may have trouble when being exposed to high rates of rise in current or
voltage. These are expected to occur in a MVDC circuit breaker, so the devices
must be protected. High sensitivity to these conditions would necessitate bigger
capacative snubber circuits and current limiting inductors.
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• Ease of parallel and series connection: Although the voltage levels of MVDC
grids are not properly defined, application specific cases have identified ranging
from 1 kV to several tens of kilovolts [22, 26, 29, 60, 61, 62], with some researchers
even going as high as 70 kV [63]. As current silicon-based devices are limited to a
breakdown voltage of 6.5 kV, series connection would be required to handle higher
voltages. In addition, the rated current of such systems may be expected to exceed
the current ratings of a single device, thus necessitating parallel connections. How-
ever, scaling up designs is not a matter of simply increasing voltage and current
capabilities. If not properly designed, small variations in conditions may cause a
mismatch of voltage or current between the devices. This would give unpredictable
designs, and could stress components beyond their capabilities. For voltage balanc-
ing, RC-, or RCD-snubbers are common [64, 65]. For voltage-controlled devices,
driver circuits can also be specifically designed voltage sharing [66]. In order to
properly operate parallel connected devices, a positive temperature coefficient is
a simple and reliable solution. The temperature coefficient refers to the thermal
dependency of conduction. A positive value ensures that current sharing between
paralleled devices are self-regulating [67]. Alternatively, the gate driver could be
adapted for this purpose. but this would increase the complexity significantly.

• Thermal conduction capabilities: As the continuous conduction generates heat,
the semiconductor devices need to be able to properly dissipate this heat into the
environment. External cooling systems play a major role in this, of course, but
the thermal impedance of the device itself is also of great importance. In this, we
have both the thermal conductance and the heat capacity. Thermal behaviour power
electronic devices will be elaborated upon later in this chapter.

3.4.2 Insulated Gate Bipolar Transistor

The Integrated Bipolar Transistor (IGBT) is a gate-voltage controlled, minority-carrier de-
vice. Topologically, it is a thyristor with a Metal-Oxide-Semiconductor (MOS) gate. How-
ever, the thyristor action is considered a parasitic effect, and must be suppressed. In opera-
tion, the IGBT is closer to an interconnected Bipolar Junction Transistor and Metal-Oxide-
Semiconductor Field-Effect Transistor (MOSFET). In Fig. 3.7, a commercial press-pack
IGBT from ABB is shown.
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Figure 3.7: Commercial StakPak IGBT Module [68]

The IGBT has been around for a long time, and has proven its merits for high power
applications. Current IGBTs can reach breakdown voltages as high as 6.5 kV. However this
is at the cost of conduction losses and current capabilities [43]. The high power density,
as well as relatively simple series and parallel connection are important characteristics
in circuit breaker application. Press-pack IGBTs also have the advantage of short-circuit
failure mode [69], good thermal cycling performance, and the possibility of double-sided
cooling. Press-pack devices are thus most suited for use in solid-state circuit breakers.

Electrical Properties

In conducting mode mode, the IGBT has several loss mechanisms. There is a constant
voltage drop from biasing pn-junctions in the device, as well as a resistive component
from charges flowing through the MOS-channel and the drift region.

When turning off, the device voltage is lowered below its threshold, which removes the
inversion layer required for operation. an initial time delay occurs, before the voltage starts
rising. The MOSFET-section shuts down, depleting the major current component. Lastly,
a trailing current caused by stored charge remains, which is depleted when all charges have
recombined.

For higher voltage and current capabilities of the circuit breaker, series and parallel
connection of several IGBT devices may be necessary. IGBT press-pack devices have
a strong positive temperature coefficient, making parallel connections simple. For series
connection, dynamic voltage sharing can be troublesome. The fast switching transients of
IGBTs lead to passive snubber circuits not being sufficient [70]. However, IGBTs have
the advantage of being the only self-commutated devices that can control its switching
dynamics with a gate driver. Because of this, an active gate driver circuit can be used to
ensure stable dynamic voltage sharing in series connection. This somewhat complicates
the gate driver circuit design, but it has achieved significant results in studies [71].

3.4.3 Integrated Gate-Commutated Thyristor
The Integrated Gate-Commutated Thyristor (IGCT) is a minority-carrier device, devel-
oped in the late 90s for high power applications [64]. It is an evolution of fully control-
lable switches based on thyristor technology. Thyristors are currently in widespread use
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for high voltage systems, because of their low voltage drop, and their high voltage and
current capabilities. However, turn-off requires a natural zero-crossing of the current. The
Gate Turn-Off thyristor (GTO) is an iteration of the standard thyristor, achieving turn-off
capability. This is done by introducing a pn-junction at the gate connection, through a
local difference in doping concentration. This makes the GTO an efficient high power
device for applications that require full controllability. Still, there are some issues with
this design. The high storage time are one drawback, more so for switching applications,
where this severely limits the maximum switching frequency. Another drawback is requir-
ing a negative gate current as high as between 1/5 and 1/3 of anode current to turn off [72].
In addition, the inhomogeneous switching transients leads to high dv/dt and di/dt snubber
requirements [73]. The IGCT was developed in order to counter some of these problems.
Fig. 3.8 shows an example of a commercial IGCT device.

Figure 3.8: Commercial IGCT Module [74]

As a high power device, all commercial IGCT are packaged as press-pack devices.
This enables double-sided cooling, short-circuit failure mode and simple stacking. A stack
would be mounted with relatively high force, and with interleaving cooling system mod-
ules. The heat sinks also serve as electrical connection between the IGCT terminals.

The transparent anode and punch through structure introduced with the IGCT [75] lead
to a lower gate power requirement [76], as well as lower conduction losses [77]. The buffer
layer gives an almost constant electrical field in the blocking pn-layer, which means that
a high blocking voltage can be achieved with a thinner device, again improving losses.
The integrated low-inductance drive circuit enables a snubberless design and significantly
lower storage time, through hard switching of the device [78, 79].

IGCT Device Variations

The development of the IGCT has lead to three different types of devices. These are the
Asymmetric IGCT (A-IGCT), the Reverse Conducting IGCT (RC-IGCT), and the Reverse
Blocking IGCT (RB-IGCT). The different devices are are presented in Fig. 3.9.
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Figure 3.9: Cross-sections and overview of IGCT devices [80]

In terms of power density, the A-IGCT is the most efficient. However, it can only
conduct and block in forward direction. For reverse blocking, it will require a diode in
series, and in order to achieve bi-directional operation, another anti-parallel branch would
be required. The RC-IGCT can conduct in both directions, but only block forward voltage.
For bi-directional operation, a back-to-back configuration of two devices is needed. This
is the most compact design of the three, as it integrates a diode and a GCT in one device.
Unfortunately, this leads to low waver utilization, as there is less space available for con-
duction. Because of this, available RC-IGCTs have lower current ratings than A-IGCTs.
The RB-IGCT is not commercially available yet. It can block current in both directions,
but only conduct forward current. For bi-directional operation, two devices are connected
in anti-parallel. As seen in Fig. 3.9, the wafer is thicker, leading to more ohmic losses
during conduction. However, only one device is conducting at a given time, which means
lower losses [81, 82].

Electrical Properties

When turning on, the IGCT latches on to a high gate-current pulse, and stays on thanks to
the regenerative process of the thyristor action. During normal on-state, the IGCT operates
in a similar fashion to a thyristor. Thanks to current injection from two internal BJT-
equivalents, the space charge density is very high [83]. Conduction losses are relatively
low, being driven by voltage drops across the internal junctions, and a field driven voltage
drop in the drift region.

When turning off, the gate-cathode junction is reverse-biased to allow current block-
ing. The device behaves like an open-base PNP-transistor, generating similar losses as an
IGBT. Comparing to a GTO, the IGCT has the advantage of hard-switched turn-off, as
current is rapidly commutated away from the cathode and through the gate. This reduces
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the time of inherently unstable transition from thyristor mode to transistor mode. A stable
opreation can thus be achieved even without snubber circuitry.

In terms of voltage sharing, series connection of the IGCT can be an issue, due to pa-
rameter spread, and so series connected IGCTs should always be snubbered. Turn-off is
the most critical in this situation, as the turn-on waveforms are more predictable. Thank-
fully, the use of RC- and RCD-snubbers are well established for IGCT devices. Being a
current-controlled device and having a pre-packaged gate driver, the series connection can-
not be improved further as with IGBT active gate drivers. In case of parallel connection, all
commercial IGCTs have a strong positive temperature coefficient, making current-sharing
feasible.

3.4.4 Bi-Mode Integrated Gate Transistor
The Bi-Mode Integrated Gate Transistor (BIGT) is a recent development, which integrates
an IGBT and a Reverse Conducting IGBT (RC-IGBT) on one chip. The basic structure of
this device is shown Fig. 3.10. This figure shows the hybrid structure of the BIGT, as well
as the miniaturized MOS-cells.

Figure 3.10: Basic structure and proposed circuit symbol for a BIGT device [84]

A significant advantage of the BIGT structure is that the full silicone volume can be
used independently of whether the device is in IGBT mode or diode mode. This has a
positive impact on total losses and wafer utilization, as well as thermal management. The
BIGT has also shown better performance in terms of Short-Circuit Safe Operating Area
(SCSOA) and voltage handling capability [85]. In case of higher power requirements, a
strong positive temperature coefficient has been shown [84]. Along with the previously
discussed series connection properties of the traditional IGBT, the BIGT should be rela-
tively simple to implement in a circuit breaker with multiple devices.

A remarkable feature of the BIGT is related to its transient behaviour. For traditional
IGBTs, soft transient design is a matter optimization process seeking to match properties
of the IGBT and the anti-parallel diode. In experiments, the BIGT has shown inherent soft
switching transients, which has been attributed to an effect termed field charge extraction
[86]. This effect occurs in the MOSFET section, as the field can extract additional cathode
carriers to aid in soft recovery [87].

In terms of electrical properties and behaviour, the BIGT can be analysed as an IGBT
device, as its basic operation remains unchanged.
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3.4.5 Other Proposed Devices

In addition to the IGBT, IGCT and BIGT, there are several other proposed devices for
solid-state circuit breaker application. This includes different topological innovations, as
well as Wide-Bandgap (WBG) devices. The devices in question are either not commer-
cially available, or have not reached the required voltage and current ratings to be consid-
ered as viable alternatives.

Bi-Mode Gate-Commutated Thyristor

The Bi-Mode Gate-Commutated Thyristor (BGCT), is a conceptual iteration on the RC-
IGCT design. The idea of integrating GCT and diode on the same wafer is similar, how-
ever, the BGCT solves this through interleaved sections, as shown in Fig. 3.11.

Figure 3.11: Schematic structure of a Bi-mode Gate-Commutated Thyristor [88]

This design has a vastly improved wafer utilization compared to the classic RC-IGCT.
This comes from the increased effective area, as current flow is not bound to the respective
GCT and diode segments. This gives the device higher current capability and lower con-
duction losses, as well as improved plasma distribution giving the device lower thermal
resistance and better dynamic thermal behaviour [88, 89].

This device is still in development, with no commercial modules. The concept could
however be useful in the future as an efficient integration of IGCT and diode into a single
structure.

Emitter Turn-Off Thyristor

The Emitter Turn-Off Thyristor (ETO) MOS-GTO hybrid design, with voltage controlled
turn-off [90]. The equivalent circuit diagram of this device is shown in Fig. 3.12. The two
MOS switches, QE and QG are connected in series with respectively the emitter terminal
and the gate terminal of the GTO. During normal conduction, QE is on, while QG is off.
When turning off the device, the cathode current path is blocked by switching off QE , and
current is commutated to the gate path. It should be noted that neither of the MOS-switches
experience a high voltage stress at any point in operation [91].
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Figure 3.12: ETO equivalent circuit diagram

Several researchers have proposed the ETO for use in MVDC solid-state circuit break-
ers [48, 72, 91, 92, 93]. The reported advantages are among others an increased turn-off
speed, higher maximum turn-off current capability, and a wider Reverse Bias Safe Op-
erating Area (RBSOA). These benefits are caused by the hard driven turn-off process at
unity-gain [67]. In comparison to other controllable thyristor-based devices, the ETO also
have lower gate power [67]. Additionally, the internal current sensing capability could
possibly simplify the overall circuit breaker design.

As of now, the ETO is still in not commercially available, even though it was intro-
duced as early as 1998 [90]. There is still some development required, and some issues
with current ETO designs. Most notably, there are some uncertainties in its ability to
short-circuit in case of component failure. This is not acceptable for high power press-
pack devices.

Super Gate Turn-Off Thyristor

The Super Gate Turn-Off Thyristor (SGTO) is a design patented by the Silicon Power
Corporation, with the purpose of an improved GTO design. The production process is
altered by implementing planar integrated circuit, which gives about 3 000 times higher
cell density compared to standard GTOs [94]. This substantially improves the on-state
voltage drop. The thinner device also has a much lower switching time [95, 96]. The
SGTO also has good thermal conductivity for the full packaged device, although double-
sided cooling is ineffective with current designs [97].

Although the SGTO has several beneficial traits for use in MVDC circuit breakers,
with some proposed applications in litterature [94, 98, 99], there are no commercially
available devices, and so they will not be studied further.
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Wide-Bandgap Seimconductor Devices

A new development in the field of semiconductor materials is the emergence of WBG
materials for power electronic devices, such as Silicon Carbide (SiC) and Gallium Nitride
(GaN). In the recent years, these have been under substantial research, and have found
many applications in power electronic devices. Of these, several have been proposed
for use in circuit breaker applications. Some of these are the SiC MOSFET [100, 101],
SiC Junction Field-Effect Transistor (JFET) [45, 100, 101, 102], SiC ETO [93] and GaN
HEMT [103, 102].

WBG materials differ from traditional Silicon (Si) in their basic quantum mechanical
properties. The energy difference between the conductance and valence bands is bigger, at
1.12 eV for Si, 3.23 eV for 4H-SiC, and 3.4 eV for GaN. In semiconductor device design,
this wide bandgap has some important benefits. The carrier concentration can be made
higher, which enables better charge mobility and thus improves the material conductiv-
ity. The wide bandgap also leads to a higher breakdown field, which means that smaller
devices can block higher voltages. This also reduces minority charge storage, which im-
proves switching performance [77].

Thermal characteristics are also an benefit of WBG devices, especially for SiC. WBG
devices are capable of operating at higher temperatures, reducing cooling needs. The big
advantage of SiC comes from its thermal conductivity. Regular crystalline Si has a thermal
conductivity of λSi = 1.48cm−1◦C−1, and GaN is reported to have a thermal conductiv-
ity of λGaN = 1.3cm−1◦C−1. SiC has a higher conductivity, at λSiC = 3, 7cm−1◦C−1.
This implies that SiC devices will be far better suited to efficiently dissipate generated
heat, and can have a higher power density.

Despite the beneficial material properties, there are no currently available devices
for the current and voltage capabilities required for a well-performing solid-state cir-
cuit breaker. At this point in development, high manufacturing costs and uncertainties in
threshold voltage levels represent major barriers [104]. Depending on the type of device,
there are several barriers in development that need to be overcome before WBG devices
can be applied in MVDC circuit breakers. Therefore, no more focus will be given to WBG
devices in this paper.

3.5 Thermal Management of Solid-State Circuit Breaker

Because of the substantial conduction losses found in a current interrupting circuit breaker,
the thermal management needs to be properly integrated in any real design process. Ther-
modynamic behaviour and the effect of heating on device operation are intrinsically com-
plex, and a deep understanding of the topic is needed for a functional design.

The purpose of this section is to substantiate the relevant characteristics as well as pre-
senting the basic methodologies of cooling systems. Firstly, a summary of thermodynamic
mechanisms will be made. Then some application specifics for power electronics will be
analyzed. Next, the common methods of thermal management are presented.
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3.5.1 Basic Thermodynamic Theory
In thermodynamic theory, there are three mechanisms stated as the different modes of
heat transfer; conduction, convection and radiation. In order to grasp the theory behind
thermal management of semiconductor devices, one has to understand their underlying
mechanisms. The three modes of heat transfer will be treated in this section.

Thermal Conduction

Thermal conduction is the mechanism of heat transfer through the collision or vibrations
of particles at a microscopic level. These interactions give rise to an exchange of kinetic
energy between particles, and thus alters the temperature distribution in the medium.

For modelling heat transfer through conduction, we have Fourier’s law of heat conduc-
tion. This is given in its differential form as equation (3.4). q is the heat flux density, k is
the thermal conductivity of the material, and∇T is the temperature gradient.

q = −k · ∇T (3.4)

In order to visualize this, one can imagine a plane between a hot medium and a cold
medium. This is relevant for solid-state devices, as they have different layers within. If we
assume a simplified case with temperature T1 in the hot medium, and a temperature T2 at
the cold side, along with a contact surface Ac and a thickness ∆x, we can calculate the
rate of heat conduction through the plane layer, Q̇cond as in equation (3.5).

Q̇cond = k · As ·
T1 − T2
x1 − x2

= k · Ac ·
∆T

∆x
(3.5)

This simplified equation shows us the relevant factors in thermal design of devices.
For improved junction-to-case heat transfer, one can utilize materials with better conduc-
tivity, increase the ratio between contact surface and thickness, or increase the temperature
gradient. In a three dimensional object with the complexity of a power electronic device,
this simplification is lacking. It is, however, a good conceptual description of conduction
cooling. In a practical application, conductive heat transfer is the defining mechanism of
heat transfer between junction and heat sink.

Convective Heat Transfer

Convection heat transfer is caused by the bulk movement of molecules in fluids. This
is the dominating mechanism when it comes to transferring heat from an extrusion into
the ambient. This is an innately complex mechanism, with several driving factors. For
the purposes of this paper, however, we can limit ourselves to the processes of natural
convection and forced convection. It should be noted that methods involving phase change,
are considered as convective mechanisms.

Natural convection is driven by the temperature dependency of density, which in turn
causes hot air to rise up, in effect cooling the boundary layer between material surface
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and fluid. This is the driving factor for natural convection cooling systems, where passive
extrusions transfer heat from case to ambient.

Forced convection is the process of fluid movement by external forces. This is a com-
mon method of increasing cooling system efficiency and controllability. In forced air
cooling and liquid cooling, this is the dominating mechanism. Here, the speed of fluid
flow has a crucial impact on heat transfer.

Mathematically, convection is an incredibly complex problem. In simple cases, how-
ever, one can calculate the rate of convective heat transfer Q̇conv through equation (3.6).
Here, h is the convective heat transfer coefficient, As is the effective surface area, Ts is the
temperature at the interior of the material, close to the surface. Tamb is the temperature of
the environment sufficiently far away from the surface.

Q̇conv = h · As · (Ts − Tamb) (3.6)

In order to control the rate of heat transfer from heat sink to environment, this model
presents some tools. First off, the coefficient h can be manipulated. This can be done
either by using different fluids, or forcing convection. A summary of typical heat transfer
coefficients of different methods are given in Tab. 3.3. As the table shows, the differences
are substantial. The heat transfer coefficient is also highly dependant on the bulk fluid
velocity. Secondly, the surface geometry can be altered, in order to either increase effective
surface area, or to change the nature of fluid flow. Lastly, the temperature difference can
be increased, usually by decreasing ambient temperature by some means.

Convection method h [W/(m2◦C)]
Natural, gasses 2 – 25
Natural, liquids 10 – 1000
Forced, gasses 25 – 250
Forced, liquids 50 – 20 000
Boiling/Condensation 2 500 – 100 000

Table 3.3: Typical values for convective heat transfer coefficients of various mediums

Thermal Radiation

Radiative heat transfer is driven by the emission of electromagnetic waves from thermal
motion of particles in a medium. This mechanism is unique in the sense that it does not
need the presence of another interacting medium, and it occurs in all matter at a tempera-
ture above absolute zero.

The formula governing thermal radiative heat emission Q̇rad is the Stephan-Boltzmann
law, shown in equation (3.7). Here, ε is emissivity, a material property with a value be-
tween 0, where no thermal radiation occurs, and 1, where the theoretical maximum is. This
maximum is called black body radiation. σ is the Stefan-Boltzmann constant, defined as
σ = 5.670 · 10−8Wm−1◦C−4.
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Q̇rad = ε · σ · A4
s · T 4

s (3.7)

The Stefan-Boltzmann law shows that the heat emission increases with a power of four
for increased surface area and temperature. At operating conditions for semiconductors,
however, the contribution is normally negligible compared to conductive and convective
components [105]. In situations where the increased radiative heat emission is beneficial,
the surface material can be altered. Painting the surface with matte black finish, witch has
a substantially higher emissivity than polished metal is a common method in such cases.
Other methods include anodized aluminum or oxidized copper heat sinks.

3.5.2 Thermal Behaviour of Power Electronic Devices
As previously stated, the main contributor to heat generation in a solid-state circuit breaker
will be the on-state losses of the semiconductor devices. The heat will emanate from the
junction of the devices, and will have to be dissipated into the environment through a heat
sink.

Heat transfer from junction to heat sink is dependant on the devices heat transfer char-
acteristics, i.e. thermal conductivity and heat capacity. The thermal conductivity is a
defining property of thermal resistance, is described by the equations (3.8) and (3.9). In
these equations,Rth is the thermal resistance between two points, d andA are respectively
the distance and cross-sectional area of the medium, λ is the thermal conductivity of the
material, Q is the heat flow, and ∆T is the temperature difference between two points in
the medium.

Rth =
d

λA
[◦C/W ] (3.8)

From this equation, it is clear that there is a linear dependency of geometrical prop-
erties and conductivity. One way to improve thermal properties of a device is to tweak
its geometry. Another can be to use other semiconductor materials. With the numbers
presented in chapter 3.4.5, a SiC device would have more than three times lower thermal
resistance as a Si device of same dimensions.

Q =
∆T

Rth

[W ] (3.9)

Equation (3.9) shows how the heat flow between two points is dependant of the thermal
resistance and the temperature difference. From this, we can deduct that the ambient
temperature can have a significant impact on cooling requirements.

In transient analysis, the heat capacity of a device is also important to take into account.
This is a measure of how much thermal energy is required for an incremental increase in
the temperature of the material. The heat capacity is obtained by equation (3.10), where
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cp is the specific heat capacity, i.e. per unit mass, and ρ is the volumetric mass density of
the material.

Cth = cp · ρ · d · A [J/◦C] (3.10)

In thermal analysis of a power electronic device, the heat capacity is a measure of how
long it takes for the device to heat up when applied a certain amount of heat. This will be
elaborated in the section concerning thermal models.

During operation, the cooling requirements are not only related to a maximum oper-
ating temperature. The performance of power electronic devices have a strong tempera-
ture dependency. Most press-pack devices have a positive temperature coefficient, which
means the on-state voltage drop would be higher at elevated temperatures. The turn-off
capability would also be reduced. When designing a cooling system, one has to either
accept poorer electrical performance, or tighten the constraints on the cooling system.

Mounting Considerations

When connecting the heat sink and power electronic component, one can not assume that
heat flows unimpeded between the two. Both components will have a surface roughness,
and depending on mounting they will have a slightly decrease in heat conduction capacity.
To counteract this, Thermal Interface Materials (TIM) are often utilized. This can either
be a type of grease or a gel, thermally conductive adhesive tape or compound materials, or
more advanced materials, such as phase change materials or carbon nanotubes [106, 107].

In press-pack stacks, an uneven or rough surface interface will also lead to resistive
losses, decreasing efficiency and generating additional heat. To avoid this effect, a thin
coating of conductive silicone oil is often used to between heat sink and semiconduc-
tor devices. The surface flatness and roughness are important parameters in press-pack
devices and heat sinks. If a surface is not flat, it will be exposed to an uneven mounting
pressure, which can damage components. Press-pack devices are often designed with strict
constraints in flatness and roughness. Ideally, the TIM would leave a direct metal-to-metal
connection where possible, and perfectly fill any remaining gaps. In practical thermal
design, the TIM layer carries thee most uncertainties. This comes from both irregulari-
ties and an the ageing phenomena. Semiconductor device manufacturers often specify an
expected case to heat sink thermal resistance in data sheets.

3.5.3 Thermal Equivalent Circuit Models

Thermal analysis of devices is a complex problem, with many different mechanisms and
parameters. A detailed model can be made using Finite Element Method (FEM), which
can take into account temperature dependant parameters, as well as being able to show
internal variations in the material.

More commonly, thermal analysis is done through an equivalent circuit model. These
employ a thermal impedance network with parameters corresponding to those found in
electrical circuit theory. The equivalent parameters are shown in Tab. 3.4.
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Electrical parameters Thermal parameters
Voltage U , [V ] Temperature difference, ∆T [◦C]
Current I , [A] Heat flow, Q [W ]
Resistance, R [Ω] Thermal resistance, Rth [◦C/W ]
Capacitance, C [F ] Thermal capacitance, Cth [J/◦C]

Table 3.4: Corresponding parameters between thermal and electrical networks

A thermal equivalent network translates a complex time response into a one dimen-
sional model, where heat flows through the system and generates temperature differences
within the system. Note that these kind of models are simplifications of the actual physical
phenomena, such as the temperatures being treated as uniform. Thus, there are some limi-
tations to the application of such models. However, they are widely employed in practical
design.

Cauer Thermal Model

One of the thermal equivalent circuit models is the Cauer model. This representation ties
directly to the physical properties of the device, as presented in the previous section. Be-
cause of this, it has a more intuitive connection to the real device. It requires considerable
knowledge of the geometries and materials in the full device, in order to accurately de-
scribe the thermal behaviour. A general Cauer model is presented in Fig. 3.13

Figure 3.13: Cauer thermal equivalent model for heat transfer [108]

In this model, each RC-pair represents a layer in the path of heat flow from junction to
ambient. One RC-pair for the silicon base, one for thermal grease, and so on. To improve
accuracy, a layer can be divided into several RC-pairs.

Foster Thermal Model

A more empirical approach is found in the Foster model. The RC-pairs here do not have
any direct physical meaning, but are merely representations of an analytical function. As
such, it is a kind of ”black-box” model for thermal behaviour. A general Foster model is
presented in Fig. 3.13
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Figure 3.14: Foster thermal equivalent model for heat transfer [108]

The analytical function describing the thermal impedance of a device is given by equa-
tions (3.11) and (3.12).

Zth =
n∑

i=1

Rth,i(1− e
t
τi ) (3.11)

τi = Rth,iCth,i (3.12)

In practical cases, the foster model is the most widely used for thermal design. One
reason for this is the IEC standard 60747-9 6.3.13, which provides strict guidelines for
testing and measuring thermal impedance values. This gives a reliable standardization
between different manufacturers. Therefore, data sheets usually provide values for a Foster
analytical function.

3.5.4 Cooling System

The purpose of a cooling system is to ensure that the semiconductor devices stay within a
reasonable operating temperature. The choice of operating temperature can vary depend-
ing on the device, application, or safety. However, the cooling system will always have to
reliably control the temperature.

There are several different types of thermal management systems. The most common
of these can be divided into natural or forced air cooling, liquid cooling, and phase change
systems. There are some more advanced cooling systems proposed in research, but this
paper will focus on the readily available and reliable technologies.

Natural Convection Cooling System

In terms of simplicity, a natural convection system is a good choice where applicable. The
principle of operation is based on static extrusions allowing air to flow naturally around
fins or pins. This is a very common solution for low power applications, where the cooling
requirements are relatively low.
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These heat sinks have the advantage of not requiring any applied force to function,
meaning no external components are needed. They are simple, cheap and reliable. How-
ever, as stated earlier in the chapter, there is a substantial difference in heat transfer capa-
bility between natural and forced convection solutions. For high power devices, natural
convection systems are often insufficient, and can not be used.

Specifically for press-pack stacks, natural convection heat sinks would require a solid
and stable design, as it would need to withstand a high clamping force over a long time.
Ideally, the effective area of the heat sink should be maximized, in order to get the best per-
formance. This can be an issue with heat sink design, as mechanically weak constructions
often give the best heat transfer performance.

Forced Air Cooling Systems

Forced air cooling uses the same philosophy as natural convection solutions. However, the
convection effect is amplified by fans forcing air flow along the heat sinks. This means that
a better heat transfer can be achieved while still maintaining a mechanically robust con-
struction. Compared to liquid cooling, forced air cooling has the benefit of being simpler,
and having lower power requirements. Only the fans need to be supplied auxiliary power,
and the required work to pump air in an open system is much lower than for pumping
liquids in a closed one.

The two most important parameters in a forced air cooling system are the volumetric
flow of the air, and the heat spread through the heat sink fins. The flow rate can be increased
by altering the geometry of the heat sink, or by increasing the fan power. The geometry
of a heat sink dictates the pressure drop of the air flow, which correlates to the required
fan power. To achieve a better base spreading, different materials can be utilized. A 2012
study [109] found that a force air cooled heat sink design could attribute close to 30% of
its thermal resistance, from junction to ambient, to poor heat spreading in the base. The
heat sink base spreading resistance was reduced from 12◦C/kW to 5◦C/kW by using a
copper base in stead of aluminum.

In [81], a 1 MW bi-directional DC circuit breaker was designed, with two RB-IGCTs
and forced air cooling. The design is shown in Fig. 3.15.

Figure 3.15: Forced air cooling system for two IGCT modules [81]

This design takes advantage of double-sided cooling possibilities of press-pack de-
vices, and can achieve a much higher cooling performance compared to designs relying on
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natural convection. If more devices need to be connected, however, each heat sink would
be heated from both sides, and would be required to need to transfer more heat away from
the power electronic devices.

There are some important drawbacks to forced air cooling. The ambient temperature
is of high importance, meaning that a sufficient supply of air at low temperature is needed.
During normal operation, the air around the circuit breaker would heat up to some extent,
and may reduce the cooling capabilities of the system. This is especially true if space is
limited, as the air inside a compartment would heat up to a higher temperature.

Liquid Cooling Systems

Liquid cooling systems have the advantage of of high heat transfer capabilities, due to the
higher heat capacity of liquids. They are also less constricted in terms of space around the
circuit breaker, as they can transfer the liquid and dissipate heat elsewhere. They are also
more mechanically robust for use in press-pack stacks, and can be specifically designed
in order to fit the device surface. However, the pumps required to drive a liquid cooling
system add a layer of complexity, and require auxiliary power to run. An example of liquid
cooled heat sinks is shown in Fig. 3.16.

Figure 3.16: Example of liquid cooled heat sink for press-pack IGCTs [110]

Liquid cooling utilizes a so-called ”cold-plate” as contact surface, with a liquid flowing
through and actively cooling the component. The choice of liquid has a significant impact
on the system. Water is considered a good choice, due to its specific heat capacity at
normal operating temperatures and its relatively low viscosity. This correlates to good heat
transfer capabilities and low pump power requirements. When working in temperatures
below 0◦C, a mixture of water and glycol is required to avoid freezing inside the system.
This will not have a significant impact on the fluids viscosity, but the heat capacity will be
lower, depending on the mixing ratio.

A basic liquid cooling system consists of a cold plate, a pump, a secondary heat ex-
changer towards the ambient, and tubing between these. For better performance, the sec-
ondary heat exchanger can be more efficiently cooled with a connected fan. The tubing
should be based on a stiff material because of the thermal expansion and contraction forces.
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Lastly, the heat sinks serve as electrical connections between the terminals. Thus, the wa-
ter will have to be de-ionised and filtered, in order to keep conductivity low.

When designing a liquid cooling system, there are several parameters that can be al-
tered for performance increase. One important design choice is how the liquid flows within
the heat sink. A uniform internal temperature distribution is advantageous, which means
a traditional heat exchange layout might be unsuitable. Additionally, the pressure drop
through the heat sink should be kept low, in order to avoid slowing down the flow. Fig.
3.17 shows two examples of internal tube layouts, considered in a paper concerning heat
sink design for IGCTs. In this paper, the traditional S-type tubing was found to have an
uneven surface temperature, and a high pressure drop, compared to the more complex
Archimedes spiral layout [111].

Figure 3.17: Left: S-type fluid tube. Right: Archimedes spiral fluid tube [111]

Another important parameter is the volumetric flow rate of the liquid. As for forced air
cooling systems, the flow rate has a high impact on heat transfer performance, and can be
designed to keep the temperature within reasonable bounds. Note that an increased flow
translates to higher pumping power requirements, and the system still needs to effectively
dissipate heat into the ambient.

Summary of Cooling Systems

A fully functional cooling system needs to be properly designed according to some key
factors. These are listed below:

• Required cooling power: The necessary heat transfer, bounded by the defined max-
imum temperature of the device.

• Liquid or air flow path: The coolant path through the heat sink can have a dramatic
impact on heat transfer capability. The whole device surface must be cooled, and
blind spots must be avoided.

• Pressure drop: This is a defining factor for required power and volume of the fan
or pump. A high pressure causes a poorer cooling performance for the same pump
or fan capacity.

• Thermal uniformity: It is important to keep the temperature as stable as possible.
This is because an optimized design has a good heat spread through the sink, and
because a poor uniformity would lead to hot spots and potential local damage.
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• Material and mechanical requirements: Some restrictions may be put on the cool-
ing systems in terms of material usage and robustness. Press-pack systems need
mechanical stability over time, and should avoid corrosion. Nickle or silver plating
is commonly used in press-pack mounts.

• Cost: More advanced cooling systems are often more costly, both in terms of initial
investment and maintenance. This should be minimized as far as it is possible.

• Weight and size: Depending on application, weight and size may be important
constraints. Especially for transport applications, this is an important design goal.

The different types of cooling systems all have their applications, where some advan-
tages may outweigh challenges. A summary of how the types relate to each other is shown
in Tab. 3.5.

Natural Convection Forced Air Liquid Cooling
Heat Transfer Capacity Low High Very high

Cost Low Medium High
Complexity Very low Medium High

Power Requirements None Low High
Compactness Medium Low High

Controllability None Medium High
Maintenance Low Medium High

Table 3.5: Comparison of cooling systems

Note that compactness in this case refers to the specific mounts. Liquid cooled systems
are heavier and require more available space, but are more flexible in terms of placement
the secondary heat exchanger. Air cooled systems are dependant on some spacial clearing
to achieve a good performance, and are more susceptible to local heating around the circuit
breaker.
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Chapter 4
Design of Solid-State Circuit
Breaker

The design of a solid-state circuit breaker is a complex challenge, where a wide spectrum
of components parameters can be altered and optimized for a better performing final de-
sign. For the purpose of thermal design, some assumptions will be made to focus on the
thermal performance of the designs. A detailed transient model of the electrical perfor-
mance during fault clearance is beyond the scope of the thesis, and will be limited to a
brief analysis of passive component requirements.

This chapter will present designs for different power electronic devices. First, the
system for which the circuit breaker is designed will be defined. Second, the relevant
design considerations will be identified. Last, the different designs for circuit breakers
will be analysed according to the specified design goals.

4.1 Design System

Simulations are carried out in Matlab and Simulink. The complete system is split into
two models, one for electrical simulations, and one for thermal simulations. Note that
any measurement components in the model are omitted in this chapter, for the sake of
simplicity.

4.1.1 Electrical Model

The circuit diagram of the studied MVDC grid is shown in Fig. 4.1. Power is supplied
by a DC voltage source, VDC , S is the power electronic switching device. Ls, Ds, Rs

and Cs are, respectively: Current limiting inductor, snubber diode, snubber resistor and
snubber capacitor. R1, R2, L1 and L2 are the cable resistance and inductance between
circuit breaker and load.
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Figure 4.1: Circuit diagram of the MVDC grid

A summary of system parameters is given in Tab. 4.1. Note that the circuit breaker is
designed to handle the worst case scenario, in which the fault occurs close to the source.

Parameter Value
VDC [kV ] 3
In [kA] 1
R1 [mΩ] 1
R2 [mΩ] 1
L1 [mH] 0.1
L2 [mH] 0.1

Table 4.1: System parameters for the analysed MVDC grid

Faulted MVDC Grid

The Simulink model used for the electrical analysis is shown in Fig. 4.2. Power is supplied
by a DC voltage source, which is protected by a circuit breaker. Two series RL-branches
simulate the cable resistance and inductance between the circuit breaker and load. After
a certain time, a zero-impedance fault occurs at the midpoint between circuit breaker and
load.

Current Interrupting Solid-State Circuit Breaker

The block used to represent the circuit breaker is shown in Fig. 4.3. Current flows in
through the CB in terminal , through the current limiting inductor Ls. During normal
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Figure 4.2: Simulink model of the MVDC grid, for electrical analysis

operation, current flows through the semiconductor device branch and out through CB out.
When a gate signal turns off the device, the RCD-snubber and MOV are activated. Note
that the MOV is modelled as an ideal diode. This will be explained in a later section. The
turn-off of the device is instantaneous, whereas in a real situation, the transients presented
in chapter 3.4 would occur. However this is sufficient for the purpose of the model.

Figure 4.3: Circuit breaker block used in Fig. 4.3

4.1.2 Thermal Model
The thermal model for the power electronic device and cooling system is shown in Fig.
4.4.

The thermal resistance of devices, between junction and case, are given in data sheets
by a set of four resistances and time constants. These are represented by R1, R2, R3

and R4, and the connected thermal capacitances. Thermal capacitances are calculated
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Figure 4.4: Simulink model for thermal analysis of the circuit breaker

through equation (3.12). RTIM is a representation of the thermal resistance of the interface
between case and heat sink. Expected values are usually given in data sheets, but is highly
dependent on roughness and flatness of surfaces, as well as thermal grease and whether or
not the device is properly cleaned prior to mounting.

Rth,hs is the thermal resistance of the heat sink, and Cth,hs is the thermal capacitance.
These are free variables in a cooling system design. The purpose of the simulations are see
the effects on Rth,hs on the system, to pinpoint its required value for different cases, and
to see the effects of various scenarios at fixed valued of Rth,hs. The thermal capacitance
of the heat sink is not of any importance for this investigation. Typical values of heat
sink time constants range from 4 minutes to 15 minutes [112]. These can be expected to
be slightly lower for force cooled solutions, but the speed of breaking is too high for it
to have any impact on the cooling performance. In order to avoid long simulation times,
τth,hs is set to 4 seconds.

Tvj,max and Tamb are, respectively, the maximum allowable temperature at the semi-
conductor junction and the ambient temperature. Tamb is dependant on location, as well
as daily and seasonal variations. For the purpose of the analysis, ambient temperature is
considered as relatively high, at Tamb = 300K = 26.85◦C. Tvj,max is an important con-
straint for semiconductors. At elevated temperatures, there is an increasing leakage current
through the device, which in time degrades the junction, and may eventually lead to fail-
ure. A rule of thumb states that the rate of component failure doubles for every 10− 15%
above 50◦C. For this analysis, the maximum temperature is set as Tvj,max = 80◦C.

4.2 Design Considerations and Goals
The design goals provide a baseline for the process. The general criteria were briefly
mentioned in chapter 3.3. They are revisited here:

• Low on-state losses

• Reliability

• Low ratings and number of semiconductor devices

• Minimizing passive components
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• Low peak fault current

• Low breaking times

These conditions are often interconnected. In terms of cost, lower rated power elec-
tronic devices are often cheaper, but they also have higher on-state losses, and require
bigger snubber circuits for same system ratings. It then becomes a matter of optimization
and trade-offs.

To reiterate, the primary focus of this thesis is thermal performance, efficiency during
conduction and reliability. A basic design in terms of requirements for passive components
will be made, in order to give an idea as to the requirements of different designs. A full
transient analysis, however, is beyond the scope of this paper.

4.3 Passive Component Design
This section will briefly discuss the design of passive components for a circuit breaker.
The components in question are current limiting inductor, snubber capacitor, snubber re-
sistance, and MOV. The design process will not consider any series or parallel connections,
but some implications will be made clear where it is relevant.

4.3.1 Current Limiting Inductor
The purpose of a current limiting inductor is to protect the semiconductor device from
excessive peak current or current rise. High inductor values protects the device from cur-
rent stresses, but also increase the amount of magnetic energy that must be dissipated after
turn-off. A high inductance value thus increases breaking times and turn-off losses.

In case of parallel connections, inductors may be utilized for transient current sharing
between the different branches.

When designing a current limiting inductor, there are two restrictions that need to be
considered, Imax and di/dtmax. Imax is the maximum current rating of the device, or
specifically the maximum current at which the device is capable of turning off. di/dtmax

is the maximum allowable current rise through the device.
In the worst case scenario, a zero-impedance fault occurs infinitesimally close to the

circuit breaker, meaning that there is no impedance between circuit breaker and ground.
The full nominal voltage VDC is taken over by the circuit breaker, leading to a current rise
as shown in equation (4.1).

VDC = Ls
di

dt
(4.1)

From this equation, we see that there will be a linear current rise from In after a fault
occurs. The equation can then be linearized as in equation (4.2).

VDC = Ls
I(t)− In

t
(4.2)
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For a specific device, there will be a turn-off time tb, defined as in (4.3). Here, tsensing
is the time delay from sensing and coordination, and toff is the time it takes for the switch
to turn off when the turn-off gate signal is received.

tb = tsensing + toff (4.3)

An inductance must be able to keep the current below maximum turn-off capability,
the condition presented in equation (4.4)

VDC = Ls
Imax − In

tb
(4.4)

From this discussion, we can derive the minimal inductance value is the maximum of
equation (4.5) and (4.6).

Ls,min =
VDC

di
dtmax

(4.5)

Ls,min =
VDC

Imax−In
tb

(4.6)

For IGCT devices, high rate of rise in current can be critical, because of the device
topology. Being split up into different segments, a high rate of rise could lead to poor
current sharing between the cathode segments. This could lead to local overheating, and
so data sheets normally provide a di/dtmax. As a more homogeneous device, IGBTs are
not limited in the same way, and so do not provide a di/dtmax in data sheets.

4.3.2 Snubber Capacitor
The snubber capacitor define the rate of voltage rise when the device turns off. They
do not have any impact on maximum voltage over the device, as that is controlled by the
MOV. The reason that a snubber is required for some devices is the overlap during turn-off,
where the switch is still conducting, but the voltage starts to rise. This creates an increase
in power dissipation, which might exceed the devices limitations.

In case of series connected switches, capacitors can also improve transient voltage
sharing.

When designing a circuit breaker, maximum power dissipation Pmax constricts the
minimum value of snubber capacitance Cs. The connection is made through a series of
steps, starting with the equation (4.7) defining power dissipation in the switch, PS .

PS(t) = vS(t) · iS(t) = vc(t) · iS(t) (4.7)

38



The current through the switch is assumed to linearly fall to zero during the time in-
terval between tb and tb + tf . Here, tf refers to the falling time of the current through
the switch during turn-off. From this, the current through the switch becomes as shown in
equation (??)

iS(t) = I(tb)−
t

tf
I(tb) (4.8)

vc(t) is the instantaneous voltage across the capacitor, and is derived using equations
(4.9) and (4.10).

ic(t) = I(tb)− iS(t) = I(tb)− (I(tb)−
t

tf
I(tb)) =

t

tf
I(tb) (4.9)

vc(t) =
1

C

∫ t

tb

ic(t)dt =
I(tb)t

2

2Ctf
(4.10)

Combining these equations, we get the formula for turn-off heat loss through the de-
vice, as in equation (4.11). This has a maximum at t = 2

3 tf , which leads to a maximum
power dissipation as shown in (4.12). In the end, this gives the minimal requirement for
snubber capacitor, as shown in (4.13).

PS(t) =
I(tb)

2t2

2Ctf
(t2 − t3

tf
) (4.11)

Pmax =
2I(tb)

2tf
27C

(4.12)

Cs,min =
2I(tb)

2tf
27Pmax

(4.13)

For IGCT devices, the power capability is normally sufficiently high that the turn-off
operation does not exceed the maximum power requirements. In order to verify this, one
can use the limiting load integral is given in data sheets.

4.3.3 Snubber Resistance
The purpose of a snubber resistor is primarily to reduce transient stresses on the switch,
caused by resonant operation of the inductance and capacitance of the breaker.
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In series connected switches, the resistor can also serve the purpose of static voltage
sharing.

The function of a snubber resistor is a long discussion, which will not be held in this
paper. Most importantly, the resistance should be high enough to avoid the system is
not underdamped in its transient response after the MOV is deactivated. This requires
the snubber resistance to be sufficiently high to keep the response critically damped or
overdamped for all fault locations, and will therefore be designed for a worst case scenario
where the fault occurs at the load. This provides the minimum snubber resistance from
equation (4.14)

Rs,min = 2

√
Ltot

Cs

= 2

√
Ls + L1 + L2

Cs

(4.14)

Note that the snubber setup is not ideal in terms of the snubber diode. A high snubber
resistance leads to high voltage stress on the diode, which means the snubber diode must
have a higher voltage rating to avoid breakdown. In more realistic cases, a trade-off must
be made between Rs and Ds.

4.3.4 Metal-Oxide Varistor

The MOV in a current interrupting solid-state circuit breaker has two functions. First, they
clamp the voltage across the semiconductor switch to a set value. Secondly, they dissipate
any residual magnetic energy in the system. The two most important characteristics of
a MOV for circuit breakers are the clamping voltage, Vcl, and resistance, RMOV . In
addition, there will be some leakage current flowing through the MOV during normal
conduction, causing some conduction losses.

When the circuit breaker is triggered, the maximum voltage across the solid-state
switch will be dictated by the MOV. The maximum clamping voltage is thus given by
equation (4.15), with a lower constraint given by equation (4.16). A higher clamping volt-
age will increase the breaking speed, but will also increase the maximum voltage across
the semiconductor switch, and he peak fault current. RMOV should be minimized for
improved performance.

V max
cl = Vmax −RMOV If,max (4.15)

V min
cl = VDC +RMOV If,max (4.16)

The use of MOV is an important topic in itself. However, the proper design of one is
omitted in this paper. The MOV in the simulations is modeled as an ideal diode with a
forward voltage at 110% of VDC .
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4.4 Properties of the Circuit Breakers Designs
From the discussion in the previous chapter, a current interrupting solid-state circuit breaker
was found to be thee best choice for fault handling in MVDC systems. As the great-
est challenges of this topology are related to current stresses, on-state losses and thermal
management, the choice of power electronic devices for the breaker will be crucial.

The most promising devices were found to be the IGBT, the IGCT and the BIGT. Five
different devices are investigated; two IGCT, two IGBT and one BIGT. The properties of
the chosen devices are shown in Tab. 4.2. The IGCTs and IGBTs are separated into one
with high current rating, and one with low current rating. The devices rated for lower
current are expected to have poorer performance, but the cost benefit may be considerable
when designing a full scale grid with several circuit breakers. The high-current-capability
IGCT, 5SHY 35L4522, is denoted as IGCT1. The high-current-capability IGBT, 5SNA
2000K450300, is denoted as IGBT1. The low-current-capability IGCT, 5SHX 26L4520,
is denoted as IGCT2. The low-current-capability IGBT, 5SNA 1300K450300, is denoted
as IGBT2. The BIGT, 5SJA 3000L520300, is denoted as BIGT

Device IGCT1 IGBT1 IGCT2 IGBT2 BIGT
Vmax [kV ] 4.5 4.5 4.5 4.5 5.2
Imax [kA] 4 4 2.2 2.6 6
Von [V ]
(1kA, 125◦C)

1.32 2.44 2.23 3.02 2.23

Rth,j−s

[◦C/kW ]
11.50 5.05 16.80 7.58 3.05

di/dt limit
[A/µs]

1000 High 100 High High

Pmax[kW ] High 25 High 16.7 55.5
LxWxH
[mm]

439x173
x41

246.95x237.3
x28.75

439x173
x41

246.95x237.3
x28.75

237x250
x31.5

Table 4.2: Characteristics of the different power electronic devices (From data sheets)

These values are used in simulations and in order to calculate the required passive
components.
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Chapter 5
Simulations, Results and
Discussion

The purpose of the different scenarios is to investigate how the performance of the de-
vices vary with different conditions. This is done in order to compare the performance at
different operating conditions, as well as to evaluate the sensitivity of various parameters.

Note that all results reflect the steady state condition. This choice was made because
the impact of breaking operation is minimal, in terms of thermal performance and total
losses. In terms of the electrical stresses, the designed to handle the worst case scenario,
and should operate reliably. In the thermal model, thanks to the thermal time constants
and the fast turn-off process, the added stress from breaking operation is negligible.

Case 1 and 2 will be used to compare the different devices under varying conditions.
Case 1 looks at devices under different nominal current, both singular devices and two
parallel connected devices. In case 2, the power rating is kept constant, while nominal
voltage and current is altered. The foregoing analysis will be used to make a choice of the
most promising device for use in a solid-state MVDC circuit breaker. This device will used
in the later case simulations. In cases 3, 4 and 5, a sensitivity analysis will be performed.
Case 3 shows the effect of varying the thermal resistance between case and ambient. Case
4 looks at the effects of varying ambient temperature. In case 5, the effects of changing
junction temperature restrictions are investigated.

The chapter is laid out as follows: First, the findings of the basic scenario is given.
Next, the comparative study of cases 1 and 2 will be presented, showing the performance
of different devices. Next, the results from sensitivity analysis of cases 3, 4 and 5, will be
shown and interpreted. Last, some additional remarks will be made to clarify some factors
and issues.
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5.1 Base Case Scenario
The base case scenario for the simulation is the primary design scenario for the circuit
breaker. The system operates as a 3MW grid at VDC = 3kV and In = 1kA. At these
ratings, all studied devices will be able to operate without series or parallel connections.
Tvj,max is set at 80◦C, and Tamb is assumed to be 300K.

The devices will be compared in their cooling requirements and losses at steady state
temperature, based on the maximum allowable Rth,hs and conduction losses Pon. The
worst performing device will then be used as a baseline for comparing the devices in terms
of their steady-state virtual junction temperature Tvj at a fixed thermal heat sink resistance.
Additionally, the passive component requirements to ensure stable and reliable breaking,
will be shown. Finally, the time it takes for the fault current to be brought to zero is given,
to evaluate whether there are any significant differences.

Results

The results of the base case calculations and simulations are shown in Tab. 5.1. In the
table, Pon is the conduction losses of the device,Rmax

th,hs is the maximum allowable thermal
resistance of the cooling system, Tvj is the virtual junction temperature at a fixed Rth,hs,
and Ls, Cs and Rs are the passive component requirements. tclear is the time it takes for
the fault to be fully cleared.

Device IGCT1 IGBT1 IGCT2 IGBT2 BIGT
Pon [W ] 1324 2441 2233 3019 1963
Rmax

th,hs [◦C/kW ] 28.65 16.72 7.01 10.03 20.76
Tvj [◦C] 51.35 56.25 80.00 70.95 46.65
Ls [µH] 16.00 10.00 30.00 16.31 4.82
Cs [µF ] - 11.85 - 15.08 6.54
Rs [Ω] - 6.09 - 5.55 8.01
tclear [ms] 0.56 0.6 0.56 0.65 0.51

Table 5.1: Results of the base case scenario simulations

The results in Tab. 5.1 show that the IGCT1 has substantially lower losses than the
other devices. The second best is the BIGT . The results are to be expected, due to the
IGCT being a thyristor-based device. IGBTs have higher conduction losses, but the BIGT
structure improves this to some extent through the increased area available for conduction.

The cooling system requirements are also lowest for the IGCT1, although the dif-
ference is slightly lower than for the losses. When a fixed thermal resistance was used,
the BIGT showed the lowest Tvj , with the IGBT1 and IGCT1 devices being relatively
close. This is due to the superior heat transfer capability of the IGBT structure, compared
to the IGCT.

The current limiting inductor requirements are relatively high for IGCT devices, as
they have a longer turn-off delay. Here, the BIGT has the lowest requirements, due to
its fast switching and high current rating. As expected, the IGCT2 and IGBT2 devices
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need a higher inductance to avoid high current stresses. For a single device, IGCTs do not
require an RCD-snubber. However, this is not the case for series connected devices. Of the
other devices, the BIGT , have the lowest snubber capacitor requirements, but also higher
resistor requirements. As previously mentioned, the full design of passive components is
a more complicated study, but the initial design is sufficient for comparison.

The fault clearance times are relatively similar, ranging from 0.51ms for the BIGT ,
to 0.65 for the IGBT2.

5.2 Comparative Study

The results of the base case are a good starting point for further analysis. In this section,
the devices are evaluated at a wider range of operating conditions.

5.2.1 Case 1: Varying Nominal System Current

In this case, the voltage will be kept constant, and the nominal system current will be
varied between 500A and 2000A with one device. A secondary analysis will be done with
2 parallel connected devices, with nominal current between 1000A and 4000A. The heat
sink resistance will be kept constant.

The purpose of this case is to look at the performance of the different devices under
varying current stresses. The comparison will be made based on junction temperature Tvj
and conduction losses Pon.

Results

The simulation results are shown in Fig. 5.1, Fig. 5.2, Fig. 5.3 and Fig. 5.4.

Figure 5.1: Conduction losses at varying current for a single device.
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Figure 5.2: Junction temperature at varying current for a single device.

Fig. 5.1 shows the conduction losses of the singular devices, and Fig. 5.2 shows the
virtual junction temperature, at different nominal system current. Similarly to the base
case, the IGCT1 and BIGT have the best performance overall. The graphs show that the
advantage of the IGCT1 becomes even more significant at higher current. Similarly, the
junction temperature for the BIGT and IGCT1 is more stable at higher current than for
the other devices.

Figure 5.3: Conduction losses at varying current for two paralleled devices.
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Figure 5.4: Junction temperature at varying current for two paralleled devices.

Fig. 5.3 shows the conduction losses and Fig. 5.4 shows the virtual junction temper-
ature, of two parallel connected devices at different nominal system current. In terms of
losses, the mechanisms are similar to what was found for a single device. The thermal be-
haviour, however, has some notable changes. For one, the IGCT1 outperforms theBIGT ,
as the conduction loss benefit of the IGCT outweighs the internal heat transfer capability
of the BIGT.

5.2.2 Case 2: Varying Current and Voltage at Constant Power

In this case, the power rating of the grid will be kept constant, at 6MW . The system
voltage will be varied between 3kV and 9kV . At higher voltages, more devices will need
to be connected in series to achieve the rated blocking voltage. The heat sink resistance
will be kept constant.

A comparison will be made based on junction temperature Tvj and conduction losses
Pon. This will show how the devices perform for a constant power requirement, with
varying current and voltage ratings.

Results

The simulation results are shown in Fig. 5.5 and Fig. 5.6.
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Figure 5.5: Conduction losses at varying nominal voltage, with constant power at 6MW .

Figure 5.6: Junction temperature at varying nominal voltage, with constant power at 6MW .

Fig. 5.5 shows the results of conduction losses for the different devices. For higher
system voltages, the current is reduced, leading to lower conduction losses. When more
devices are connected in series, the losses go up, as the full system current runs through an
additional device. Except for the BIGT , which has a rated blocking voltage of 5.2kV , all
devices are rated at 4.5kV . This can be seen by the jumps in the graph, where the BIGT
can achieve the lowest losses at some voltage levels. Apart from these voltage levels, the
IGCT1 has the lowest losses overall. Again, the IGBTs and IGCT2 have the poorest
performance.

In Fig. 5.6, the thermal performance at fixed heat sink resistance is shown. At lower
voltages, the BIGT performs best. With increasing voltage, the gap closes in, with an
almost indistinguishable difference in junction temperature from BIGT to IGCT1.
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5.3 Selection of Power Electronic Device

From the results of the base case and comparison at various current and voltages, it seems
clear that IGCT1 is the best choice of semiconductor device for circuit breaker applica-
tions. Numerous studies on solid-state circuit breakers have pointed to conduction losses
as the most critical developmental barrier. The superior conduction of the thyristor-based
IGCT then becomes a major advantage compared to other devices. The IGBT1 showed
some beneficial traits in terms of thermal performance, but did not outperform the IGCT1
in any of the studied cases. the IGCT2 and IGBT2 gave the poorest overall performance.
In thermal performance there were no significant differences, but the conduction losses
were much lower for the IGCT2.

The only device that was able to compete with the IGCT1 was the BIGT . The differ-
ence in performance was low for most situations. Under some conditions, the BIGT even
performed better than IGCT1. The turn-off process of the BIGT is also better than the
other devices, leading to faster fault clearance and lower passive component requirements.

From the analysis, BIGT might be beneficial in some cases. In general, however, the
IGCT1 will be the best choice, and will thus be selected for further analysis.

5.4 Sensitivity Analysis

5.4.1 Case 3: Varying Thermal Resistance

In this case, the electrical system parameters of the base case are kept. The base case ther-
mal resistance requirement will be used as a starting point, and variations from−6◦C/kW
to +6◦C/kW are applied. The junction steady state temperature Tvj and conduction
losses Pon will be measured for each iteration.

The purpose of this case is to look at how the circuit breaker would react to changes in
thermal resistance. This can be caused by a number of occurrences. The mounting could
have been poorly done, a change in cooling fluid flow could happen, or the TIM may
have degraded over time. For the purposes of the steady-state analysis, the changes will be
applied to the thermal resistance of the heat sink. A change at the interface between device
and cold plate would be analogous. As thermal resistance is a temperature-dependent
parameter, this can show some implications of increase or decrease in thermal performance
due to temperature fluctuations.

Results

The simulation results are shown in Fig. 5.7.
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Figure 5.7: Junction temperature at varying thermal resistance.

From the graph, we can see a linear dependency on the thermal resistance. For every
incremental change in thermal resistance, the junction temperature increases by approx-
imately 1.35◦C. This indicates that, although not critical to the operation, it is worth to
take note of. The cooling fluid flow can easily be designed to specification.

An observation can be made as to local changes in heat transfer capability. In case
of poorly mounted stacks, or degraded thermal grease, hot spots can arise. These hot
spots will have a higher rate of degrading, which may lead to an even higher local thermal
resistance. Because of this, it is important to assure even temperature distribution. For
reference, thermal interface resistance for press-pack devices typically range from 0.5 to
5◦C/kW . From this, one can assume that a certain variability may occur. Especially
for poorly cleaned surfaces or uneven mounting, this can be critical. The temperature
increase is not high enough that there is any immediate risk of component failure under
these conditions. However, it is high enough that lifetime of the circuit breaker may be
significantly reduced.

5.4.2 Case 4: Varying Ambient Temperature

In this case, the electrical system parameters of the base case are kept. The ambient tem-
perature Tamb will be varied between 0◦C and 60◦C. The junction steady state tempera-
ture Tvj and cooling requirements Rmax

th,hs will be measured for each iteration.
The purpose of this case is to look at the effects of different atmospheric conditions.

Ambient temperature is a parameter that is susceptible to major fluctuations throughout
the life cycle of a circuit breaker. Note that the ambient temperature refers to the available
ambient for heat transfer. In an enclosed space, the effective ambient temperature may
rise over time. The cooling system will be required to handle all possible states, and some
specific limitations should be identified for a practical design.

The simulation results are shown in Fig. 5.8 and Fig. 5.9.
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Figure 5.8: Junction temperature at varying ambient temperature.

Figure 5.9: Maximum thermal heat sink resistance at varying ambient temperature.

Fig. 5.8 presents the virtual junction temperature of the device as a function of ambient
temperature. This shows a close correlation between the two. The same can be said for
cooling system requirements in order to keep temperature steady at 80◦C, as shown in
Fig. 5.9.

The most important observation from these graphs is that there is a significant corre-
lation between ambient temperature and thermal performance. In a practical design, the
cooling system will be required to handle the maximum ambient temperature, and must
be designed for this. Especially air cooled systems are susceptible to ambient temperature
increase. In an enclosed space, the heat dissipated from the heat sink will linger, and there
must be sufficient heat transfer towards the external environment.

An argument can be made from the results presented above, that there may be a consid-
erable advantage to keep the circuit breaker within a controllable environment. If ambient
temperature can be regulated to some extent, a significant gain can be made in terms of
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the cooling system. This would add another degree of complexity to the system, but could
also lower the ratings of the cooling system to some extent.

5.4.3 Case 5: Varying Maximum Temperature Restrictions

In this case, the electrical system parameters of the base case are kept. The maximum
virtual junction temperature Tvj,max will be varied between 60◦C and 100◦C. The cooling
system requirements Rmax

th,hs will be measured for each iteration.
The purpose of this case is to investigate the impact on constraining or relaxing the

operating temperature requirements for the semiconductor device. This can have a sig-
nificant impact on the reliability and performance of the devices, and an overview of the
sensitivity to temperature restrictions is important.

Results

The simulation results are shown in Fig. 5.7.

Figure 5.10: Maximum thermal heat sink resistance at varying temperature restrictions.

The graph shows a linear dependency of the junction temperature restrictions on the
cooling system requirements. If the maximum junction temperature for the device is low-
ered, then the cooling system will also have to be scaled up to compensate. It should be
noted that a small change in temperature restrictions has a substantial impact on cooling
requirements. This means that a simpler and cheaper cooling system can be used, if the
junction temperature is allowed to increased further.

As previously stated, the junction temperature has an impact on the reliability and per-
formance of the circuit breaker. At higher temperatures, the risk for component failure is
higher, and with a positive temperature coefficient the conduction losses will also increase.
For a practical design, a trade-off must be made between the performance and reliability
of the power electronic device, and scaling of the cooling system.
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5.5 Thermal Performance of Cooling Systems

The main design criteria for the cooling system is the effective thermal resistance of the
heat sink. This has also been the parameter for comparison in the simulations. In order
to have an understanding of the practical implications, the associated values must be con-
nected to commercially available. The lack of tailored cooling system designs for MVDC
circuit breakers complicate the task of finding realistic values for heat sink resistance.

From literature, some values can be gathered. State of the art forced air cooling systems
viable for IGCTs have been reported around 36.8 − 95.6◦C/kW [81, 113, 114]. Scaled
for IGBTs, heat sink resistance has been reported as low as 11.75−28◦C/kW [113, 115].
High performing liquid cooling systems have been reported at around 1.7− 14.3◦C/kW
[111, 113, 116, 117].

As stated earlier, there are several free variables when it comes to the design of cooling
systems. The values provided here are only meant to give an overview of what can be
expected from cooling systems. Comparing these to the studies made in this paper, it
becomes clear that a liquid cooling system is the best choice. Such a system should be
able to sufficiently dissipate the heat generated from a solid state MVDC circuit breaker,
and also handle the varying conditions faced by said circuit breaker. The liquid cooled
system should be able to handle varying conditions as shown in the sensitivity analysis, as
long as it is properly designed. For forced air cooled systems, the ambient temperature is
an especially sensitive parameter. A large volume of accessible air is required to dissipate
heat. In a confined space, the low heat capacity of air could lead to locally increased
temperatures around the circuit breaker. Looking at the reported heat sink performance,
and comparing to Fig. 5.9, it becomes clear that a forced air cooled system may not be
able to properly operate at elevated ambient temperatures.

In terms of applicability, there is some observations for different devices. The rect-
angular packaging and connectors make the force air cooled solutions more sensible for
these devices. Additionally, the increased surface area available for thermal conduction to
heat sinks are more substantial. The circular shape of IGCT connectors make forced air
cooling systems more challenging, as a rectangular heat sink would compromise the heat
spread through the sink base.

For a proper design, the performance requirements of a cooling system must be weighed
up against cost and complexity. The analysis show that forced air cooling may be sufficient
for some applications. This is especially true if the BIGT is chosen, as a bigger surface
area is available for conduction. However, this may come at a cost of lower reliability
and higher conduction losses. For each distinct application, a multi-variable optimization
should be performed.

5.6 Additional Remarks

The simulations performed in this paper give a good overview of the thermal management
of solid-state circuit breakers. There are however some aspects that are not covered in the
analysis. This will be covered in this section.
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5.6.1 Impact of Junction Temperature on Devices
In this report, the temperature dependence of various parameters has been neglected. To be
within acceptable bounds, the design process has relied on a worst case approach, wherein
parameters are gathered for a junction temperature of 125◦C. In a real application, tem-
perature will be kept much lower. This can have a significant impact on temperature-
dependent variables. These include failure rates which was covered earlier, conduction
losses, and material heat transfer capabilities.

Depending on the device, temperature has a significant impact on conductive proper-
ties of a device [118]. This comes mainly from the charge mobility dependence on tem-
perature. A positive temperature coefficient means that conduction capability is reduced
at elevated temperatures.

The utilised models in this report do not handle any temperature-dependent thermal
impedance. This is a significant defect when looking at the variability in parameters. Alu-
minum and copper are relatively stable materials, but silicon has a substantial temperature
dependency. From 125◦C to 75◦C, the thermal conductivity and heat capacity go from
98.9W/m◦C and 788.3J/kg◦C to 119W/m◦C and 757.7J/kg◦C [108].

5.6.2 Transient Thermal Response
As previously stated, the transient response to the breaker clearing a fault is omitted from
the analysis, due to the fast operation. Note that this is due to a shortcoming of the equiv-
alent circuit model. The temperature in device is represented as a virtual average junction
temperature. Because of the fast response, the heat capacity of the material becomes even
more important, as the heat generation propagates through the material. Hot spots and
local silicon degradation may prove critical in a practical design.

5.6.3 Improved Analysis through FEM Simulations
As explained in this section, the thermal equivalent circuit models lack some important
characteristics for an accurate analysis. For steady-state operation, these numbers serve
as a good approximation. In order to fully understand the thermal behaviour of devices,
a FEM model should be utilized. This has been established as a well-performing analysis
tool, providing accurate and precise values.

For cooling system design, this should also rely on FEM simulations. In this paper, the
performance of cooling systems has been simplified as an equivalent thermal resistance
value. This is sufficient in terms of a comparable parameter, and a dimensioning baseline
for a full design. In order to properly design a cooling system, however, FEM models are
needed. For liquid cooled systems, this can be used to investigate the requirements of fluid
flow, heat sink geometry, type of cooling fluid, and more. For cooling systems relying
on air convection, the thermal spread through heat sink fins are important for the cooling
performance, as well as air flow and movement across the fins.
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Chapter 6
Conclusions and Further Work

6.1 Conclusions

This paper has gone through a number of steps in the design of a circuit breaker. Current
literature on MVDC circuit breakers has been studied, and some conclusions have been
drawn. Cooling requirements for some designs have been analysed for different cases.
Some state of the art power electronic devices were compared to find the best choice for
circuit breakers, with a primary focus on efficiency and thermal performance. The findings
of the report are summarized in this section.

The first part was centered around the choice of topology of a MVDC circuit breaker.
The mechanical and hybrid categories were found to be insufficient for handling the rapidly
rising fault currents of a MVDC grid, whereas the solid-state circuit breaker was found to
have some critical advantages. The biggest drawback comes from the conduction losses
and heat management during on-state operation. The speed of operation, however is the
most important aspect. This was also made clear in choice of topology between the dif-
ferent types of solid-state circuit breakers. The current interrupting breaker was the best
performing in terms of fault clearance time, and is a simple and scaleable design. The cur-
rent limiting, resistive and resonance topologies had their advantages, and will likely have
their applications. For an overall analysis, however, the current interrupting solid-state
circuit breaker has been found to be the best choice.

Five different power electronic devices have been investigated. A high-current-rated
IGCT and IGBT, a low-current-rated IGCT and IGBT, and the newer BIGT device. These
were compared according to their electrical performance, with respect to passive com-
ponent requirements and conduction losses. For thermal performance, an initial thermal
resistance requirement of the heat sink for each device was found. The virtual junction
temperature with a fixed heat sink performance was then compared. This was done for
both varying system current and parallel connections, and for varying DC voltage at fixed
power and series connections. The high-current-rated IGCT was found to be the best per-
forming device. The IGBT devices showed better thermal properties by themselves, but
this effect was outweighed by the reduced heat generation from the IGCT. For this device,
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the conduction losses were found to be 1.324kW , and the maximum thermal heat sink
resistance was found to be 28.651◦C/kW The closest competitor was the BIGT. Due to
its higher blocking voltage, the BIGT performed better at some voltage levels where other
devices would require series connection. In the base case, the conduction losses of the
BIGT were found to be 1.963kW , and the maximum thermal heat sink was found to be
20.763◦C/kW .

With the high-current-rated IGCT chosen as the most promising device, a sensitivity
study was performed, to analyse the impact on changing parameters. Variations in ther-
mal resistance, either caused by poor thermal interface between device and heat sink, or
change in cooling system performance, was found to have some impact on the junction
temperature. This was not deemed to be critical to operation, but may cause further lo-
calized degrading and decreased lifetime of components. The ambient temperature was
found to have a significant impact on cooling performance. An elevated ambient temper-
ature may lead to the cooling system not being able to sufficiently dissipate heat from the
circuit breaker, if not scaled for the right conditions. Here, a liquid cooled system has the
benefit of dissipating heat in a separate environment, meaning a compact circuit breaker
is achievable, as long as a sufficiently large space is accessible. The variations in maxi-
mum allowable junction temperature gave some insights, as a small change in temperature
restrictions may be defining in a choice of cooling system.

The liquid cooling system was found to have several beneficial traits. The cooling
performance is high enough to handle varying conditions, as long as the design is done
properly. The mechanical stability and compactness are important for press-pack mounts,
and especially for the chosen IGCT, which has a relatively low surface area available for
conduction. The biggest drawbacks of a liquid cooling system are the cost, auxiliary power
requirements and weight. Depending on the application, different traits may make forced
air cooling more sensible.

6.2 Further Work
The MVDC circuit breaker is still in its early development phase. Power electronic devices
are rapidly evolving, making the concept of a MVDC grid ever more feasible. Thermal
management of power electronic devices in particular is still a subject that needs more
research in the future. This paper serves as an initial overview of cooling requirements
and the thermal performance of currently available devices and cooling systems.

Although the study of WBG devices was omitted from this report, these are expected to
rapidly rise in voltage and current capability in the near future. As these devices have many
beneficial traits, they should be considered for MVDC breakers as they reach a certain level
of maturity. Additionally, more advanced cooling systems should be analysed in order to
pinpoint possible developments in thermal management.

For a more thorough analysis of the power electronic device, a FEM model should be
created. A more precise analysis should be made, which includes the variability in both
electrical and thermal performance. The impact of different tripping times due to fault
sensing and coordination, changes in current limiting inductance, as well as dynamics and
stray components are important parameters of a detailed analysis. These are not properly
covered in the simplified system model used in this paper. Thermal equivalent circuit
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models are not sufficient to capture the complex thermal behaviour of a semiconductor
device, especially the dynamics.

For the cooling systems, FEM models should also be made. Both forced air and liquid
cooling should be designed, according to the constrains defined in this paper. Forced air
cooled systems should be investigated thoroughly by varying different parameters, such
as heat sink geometry, fan volume and power, as well as the external conditions used
in this report. Liquid cooled systems should be investigated through a different set of
parameters. Pumping power and volumetric liquid flow are important design points. The
size and geometry of the heat sink itself are also crucial, and should be optimized for
specific devices. Again, a more accurate sensitivity analysis can be made through FEM
simulations. A precise evaluation of the performance of power electronic devices and heat
sinks working together should be made.

In summary, the system models and findings of this paper should be connected to
FEM models to gain an intricate understanding of the thermal management of a solid-state
MVDC circuit breakers. This would provide the means to design and optimize cooling
solutions for future applications.
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[76] P. K. Steimer, H. J. Grüning, and J. Werninger. The IGCT - The Key Technology for
Low Cost, High Releable High Power Converters with Series Connected Turn-Off
Devices. European Power Electronics and Drives (EPE), (September):8–10, 1997.

64



[77] Muhammad H. Rashid. Power Electronics Handbook. 2018.

[78] P. K. Steimer, H. E. Gruning, J. Werninger, E. Carroll, S. Klaka, and S. Linder.
IGCT: A New Emerging Technology for High Power, Low Cost Inverters. In IAS
’97. Conference Record of the 1997 IEEE Industry Applications Conference Thirty-
Second IAS Annual Meeting, pages 1592–1599, 1997.
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