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Abstract
This thesis evaluates short circuits in common DC bus systems, where the main source
of energy is the DC capacitance of voltage source inverters. Based on short-circuit
characteristics, the aim is to define fuse selection criteria by estimating fault currents
and energies in a common DC bus system, as well as to give recommendations to
maximize the availability of the system. The study is divided into three topics that
together form a guideline for fuse selection in common DC bus systems.

The first topic evaluates the short-circuit contribution of individual inverter modules
by using series RLC inverter models. To estimate the reliability of the results,
the short-circuit waveforms obtained by the simplified methods are compared to
simulated results. The analysis allows to define the limits for DC capacitance and
fuse ratings that ensures the fuse operation in common DC faults.

The second topic examines the methods for extending the results of one inverter to
contain multiple inverters connected to the same DC bus. To achieve this goal, the
effect of main DC busbar impedance is determined between each inverter branch.
The impedance has two consequences on the short-circuit current waveform: The
resistance of conductors decreases the fault current, while inductance delays the
current peak. Therefore, the increase in the number of inverter modules in the lineup
can be estimated by introducing coefficients that produce the desired effect and take
into consideration the interaction between inverter modules.

The last topic focuses on voltage drop and selective coordination of a drive lineup.
Increasing the number of modules improves the stability of the system. Consequently,
the fault in one of the inverter branches does not affect the operation of other inverter
branches in the common DC bus, when the number of inverter modules is sufficiently
large.

As an outcome, the results and observations of the thesis can be used for cre-
ating tools for ABB Drives that define with proper accuracy the DC side short-circuit
currents and energies of a fuse protected common DC bus system.
Keywords short circuit, fuse, drive, DC, inverter, RLC
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Tiivistelmä
Tässä työssä tarkastellaan oikosulun vaikutuksia DC-välipiirijärjestelmiin, joiden pää-
asiallisina energialähteinä toimivat välipiiriin kytkettyjen jännitelähdevaihtosuunta-
jien DC-kondensaattorit. Työn tavoitteena on määritellä vikavirtojen ja -energioiden
perusteella sulakevalintaperiaatteet DC-välipiirin suojaukselle. Lisäksi työ tarjo-
aa suosituksia järjestelmän saatavuuden maksimoimiseksi. Työ on jaettu kolmeen
aihealueeseen, jotka yhdessä muodostavat ohjeistuksen DC-välipiirijärjestelmien suo-
jaukseen.

Ensimmäisenä arvioidaan yksittäisten vaihtosuuntajamoduulien osuutta oikosul-
kuun käyttämällä vaihtosuuntaajan mallintamiseen sarjaankytkettyä RLC-piiriä.
Tulosten luotettavuutta arvioidaan vertaamalla yksinkertaistetun menetelmän avulla
saatuja kuvaajia simulointituloksiin. Analyysin perusteella on mahdollista määrittää
raja-arvot kapasitanssille ja sulakevirroille, joiden avulla sulakkeiden toiminta vikati-
lanteessa voidaan todentaa.

Seuraavaksi tarkastellaan menetelmiä, joilla yhden vaihtosuuntaajamoduulin tuloksia
voidaan laajentaa useammalle moduulille. Tätä varten määritellään vaihtosuntaaja-
haarojen välisien DC-pääkiskojen impedanssien vaikutusta oikosulkuun. Kiskojen
impedanssilla on kaksi vaikutusta oikosulkuvirran kuvaajaan: Johtimien resistanssi
pienentää vikavirtaa, kun taas induktanssi viivästyttää huippuarvoa. Tästä johtuen
moduulien lukumäärän lisäystä voidaan arvioida korjauskertoimilla, jotka tuottavat
halutun lopputuloksen sekä huomioivat vaihtosuuntaajien väliset vuorovaikutukset.

Viimeinen aihealue keskittyy jännitteenalenemaan sekä suojauksen selektiivisyy-
teen. Vaihtosuuntaajien lukumäärän kasvattaminen lisää järjestelmän vakautta,
jolloin yhden suuntaajahaaran vikaantuminen ei aiheuta muiden järjestelmän osien
poiskytkeytymistä, mikäli vaihtosuuntaajien lukumäärä on riittävän suuri.

Työn tuloksia ja päätelmiä voidaan hyödyntää laskentatyökalujen kehittämiseen
ABB Drives -yksikössä, joiden avulla yhdistetyn DC-välipiirin oikosulkuvirrat ja
-energiat saadaan määriteltyä hyvällä tarkkuudella.
Avainsanat oikosulku, sulake, taajuusmuuttaja, välipiiri, DC, vaihtosuuntaaja, RLC
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Symbols and abbreviations

Symbols
a constant
b constant
C capacitance
c constant
d constant
E energy
e supply voltage
F fuse
Fn fuse in nth branch of an equivalent circuit
f frequency
f0 undamped natural frequency
G generator
I RMS current
I2t Joule integral, thermal energy associated with the RMS current
I2tSemicond semiconductor I2t withstand rating
I2tT otal total thermal energy associated with the RMS current
Ib maximum permissible continuous RMS load current
IF ault fault current
IF use rated current of a fuse
In rated current of a fuse
IR_F use fuse interrupting rating
IRMS RMS current
ISC short-circuit current
i momentary current
i0 initial current
i2t Joule integral, thermal energy associated with the instantaneous current
ib battery current
ic capacitor current
id rectifier current
im motor current
in current in nth branch of an equivalent circuit
Ka high altitude correction factor
Kb fuse load constant
Ke thermal connection factor
Kf frequency correction factor
Kt ambient temperature correction factor
Kv cooling air correction factor
k coefficient
k1c rise time constant
k2c decay time constant
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L inductance
Ln inductance in nth branch of an equivalent circuit
Lbus DC bus inductance
Lmod module inductance
Ltap inductance of connecting busbars
M motor
N neutral point
n non-negative integer
R resistance
Rn resistance in nth branch of an equivalent circuit
Rsc short-circuit resistance
Rbus DC bus resistance
Rmod module resistance
Rtap resistance of connecting busbars
s Laplace variable
ssc switch representing the initiation of a short circuit
Tn inverter module in nth branch of an equivalent circuit
t time
tsc time of maximum short-circuit current
U voltage
U0 initial voltage
UDC+ positive terminal of a DC voltage
UDC− negative terminal of a DC voltage
Ui voltage
UF ault fault voltage
UF use fuse voltage rating
UF use arc fuse arc voltage
USemicond semiconductor voltage rating
USupply supply voltage
uarc arc voltage
udc DC voltage
xn fuse rating
Zb

i branch i DC bus impedance
Zm

i branch i DC module impedance
Z

′
i loop i impedance

Z
′
n loop n impedance

α damping factor
β phase angle
σ attenuation
ω angular frequency
ω0 undamped natural frequency
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Operators
d
dt

derivative with respect to variable t∫︂
dt integral with respect to variable t

lim
t→∞

limit of a function as t approaches infinity

Σ summation of all terms

Abbreviations
AC alternating current
DC direct current
DSU diode supply unit
ESL equivalent series inductance
ESR equivalent series resistance
IGBT insulated-gate bipolar transistor
RL resistance and inductance
RLC resistance, inductance, and capacitance
RMS root mean square
TRV transient recovery voltage



1 Introduction

DC voltage is becoming increasingly common in many applications, including re-
newable power generation and vehicle charging. However, the requirements for DC
systems are becoming more strict. One such requirement is the availability of the DC
system. Faults in DC systems often lead to high-energy short circuits that can reach
maximum values even within hundreds of microseconds, and delayed operation of
the protective devices can cause high maintenance costs and long downtimes for an
energy system, even when the protective devices are selected according to the rules
defined in standards. In addition, incorrect dimensioning can lead to unnecessary use
of protective devices and inconsistencies in selective coordination, which can further
increase the affected area in case of a fault in the system.

Similarly, dimensioning of protective devices is one of the main challenges when
designing a common DC bus system consisting of voltage source inverters. In these
drive systems, the primary protective devices in the DC bus are fuses, as they offer
simple, cheap, and rapid protection against fault currents. With relatively simple
systems, the short-circuit behavior is often well-defined, and fuse selection can be
based on ratings and correction factors given by fuse manufacturers.

Compared to simpler systems, it is much more demanding to implement fuse protec-
tion for large common DC bus assemblies, where high DC capacitance of inverter
modules may cause rapid current peaks with several times higher current magnitudes
than individual inverter. The fuse dimensioning of such systems must be more precise,
as fuses must be able to break even higher currents very rapidly and withstand high
voltages across the fuse.

Drive protection is also challenged by the advances in power electronics, such as
improvements in control algorithms, that allow higher ratings with smaller component
sizes but lead to components becoming more vulnerable to fault conditions. Another
challenge is posed by the increase in energy storing devices and DC energy generation,
resulting in systems that are less dependent on only upstream AC generators for
supplying power to motors downstream; instead, the current can flow in various
directions within the system.

Another aspect to consider is the selectivity, which is more demanding to implement
in common DC bus systems than in conventional systems, where current flow is
hierarchical. When the fuses in conventional systems are mainly connected in series
with one another in terms of the short-circuit current, the selective coordination of
upstream fuses can be more easily achieved by comparing fuse time-current curves
to ensure that the downstream fuse has enough time to clear the fault before the
upstream fuse enters the pre-arcing phase. However, this is not the case with a com-
mon DC bus system, where current in each branch can make a different contribution
to the total current. [1]
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Short-circuit protection of common DC bus systems that is based only on principles
used in earlier designs or simple correction factors can lead to incorrect dimensioning,
unnecessary high safety margins, or high costs. Therefore, proper fuse selection for
these complex systems may require both calculations and simulations as well as test-
ing. Simulations allow accurate results to be obtained for different configurations but
creating simulation models for each case can be time-consuming. Moreover, accurate
simulation models are complex, prone to errors, and may still require additional
verification. On the other hand, arranging maximum protection separately for each
drive configuration is not always possible, thus requiring some form of simplification.

Unlike simulations, simplified fuse selection principles may not always bring precise
results but can help to justify fuse selection, thus reducing errors caused by demand-
ing computations and simulations. Simplified short-circuit analysis allows to identify
not only which parameters have the largest effect on the resulting short circuit, but
also to analyze the effectiveness of the system selective coordination.

1.1 Background and previous research

When multiple inverters are used together with other power electronic components
to form a drive system, one of the preferred arrangements is a common DC bus,
since it allows better interaction between generators, motors, and energy storage.
Common DC bus systems have use in many applications, including marine, pulp
and paper, as well as crane industries, where dynamic performance and efficiency
are important. For example, in marine industry, common DC systems enable energy
buffering through energy storage, while the engines provide the steady-state power.

Even though drive systems with a common DC bus are widely used in various
applications, the concept of fuse protection in drive systems with a common DC bus
has still not been widely covered in the literature, and many of the existing studies
regarding short-circuit protection focus on either faults in AC circuits or high voltage
DC link applications. Since fault currents and voltages in each of these systems have
different characteristics, using the same rules for different types of systems can lead
to inaccuracies.

Although protection of DC systems has been actively studied in recent years, the
variety of different DC system properties makes it more demanding to create common
rules, since analyzing the fault properties in more specific instances can require more
application knowledge. Despite the similarities between DC transmission and drive
systems with a common DC bus, the protection requirements differ considerably.
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1.2 Thesis goals, methods, and scope

The aim of this thesis is to evaluate the fuse protection in drive systems with a
common DC bus, where the DC capacitance of inverter units is a major factor con-
tributing to short-circuit properties. To achieve this aim, the thesis will identify the
most relevant parameters affecting the short circuit. These parameters can be used for
analyzing short-circuit currents and voltages in a common DC bus system. Based on
the analysis, the aim is to develop simplified methods for evaluating fuse performance
in typical common DC bus systems, in order to ensure that systems, consisting of
parallel connected inverter modules in a common DC bus, can fulfil the require-
ments for protection and selective coordination, as well as minimize system downtime.

By better understanding the underlying protection principles, this thesis aims to
examine procedures to generalize the results obtained by the simplified methods,
which can then be used to select the optimal DC fuses for different lineups, thus
increasing the safety and reliability of the fuse protection.

Some of the topics covered in this thesis have been introduced in similar stud-
ies related to the short-circuit protection of common DC bus, including the inverter
module and busbar parameters needed for creating the simulation models. A more
detailed discussion of the previous results is covered in a former master’s thesis
[2]. Additionally, some of the results from comparison of short-circuit currents with
inverter modules in common DC bus systems are based on earlier work [3]. These
topics are briefly discussed in the following chapters, though the focus is more on
analyzing the effect of a short circuit on fuse selection.

Since this thesis primarily focuses on voltage source inverters, the contribution
of other converter types and AC side components to the short circuit are discussed
only briefly. As the fuse operation analysis focuses only on the first few current pulses
needed to start the fuse arcing phase, to further narrow the topic, the total arcing
times will not be covered in this thesis. Although knowing the total fuse arcing
time is relevant for estimating the total short-circuit energies needed for defining
the ability of components to withstand such energies, a focus on the fuse pre-arcing
phase gives sufficient information on whether the fuses will cut off the fault current.

The rest of this thesis is divided into five chapters. Chapter 2 reviews the the-
ory on power electronic converters and voltage source inverters, as well as introduces
the concept of the common DC bus. Chapter 2 also outlines different types of
faults affecting common DC bus systems. Chapter 3 concentrates on the protection
of common DC bus systems by describing fuse dimensioning principles, selective
coordination, and short-circuit characteristics in such systems. Chapter 4 presents
the methods for evaluating the effects of short circuit on a common DC bus. Chapter
5 reviews the common DC bus dimensioning criteria based on the obtained results.
Finally, chapter 6 concludes the thesis, discusses the most relevant findings, and
gives suggestions on how to further proceed with this topic in future research.
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2 Common DC bus systems

This chapter describes system components that are relevant for analyzing the pro-
tection of common DC bus systems. First, in Section 2.1 the concepts of power
electronic converters and variable speed drives are briefly introduced. Section 2.2
focuses on voltage source inverters, which are key components in a common DC bus
short-circuit analysis.

The next two sections 2.3 and 2.4 will examine the concept of common DC bus
system and define the typical fault scenarios affecting these systems, which then will
be used to analyze the protection of common DC bus systems later in Chapter 3.

2.1 Power electronic converters

A power electronic converter is a building block in power electronic systems used for
creating power output suitable for the load. A converter uses semiconductor switches,
diodes, and passive elements to convert the input voltage with a fixed frequency
to a desired voltage amplitude and frequency needed in the output. Furthermore,
converters contain control systems needed for actively controlling and monitoring
the output waveform to maximize the efficiency of the conversion. [4] The direc-
tion of the power flow can be reversible in many of the power electronic systems,
and especially in common DC bus configurations the power flow is often bidirectional.

Power electronic converters are divided into rectifiers, inverters, choppers, as well as
cycloconverters or matrix converters, depending on the input and output voltage type.
Each of these categories have specific function, and especially rectifiers, inverters,
and choppers are all widely used in industrial applications. A variable speed drive
uses a combination of these converters together with a control system to adjust the
voltage and frequency of the electrical supply for the motor. [5]

Figure 1 shows a variable speed drive with DC capacitors between two convert-
ers, a rectifier and an inverter. In a typical AC drive, the 3-phase line voltage is
brought to a diode or thyristor rectifier, which provides DC voltage to the intermedi-
ate circuit. The DC voltage is then converted to required AC voltage by an inverter.
In electric drives with regenerative braking, the diode or thyristor rectifier is replaced
by another converter in the supply side to allow bidirectional power flow. [6]

Figure 1: Block diagram of a typical AC motor drive. [4]
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Instead of using conventional direct on line motors, drive system allows to enhance
the total efficiency, meaning that although the variable speed drive itself has some
costs and losses, the payback time for the drive is typically only a few years. Figure
2 shows an example of improvements on the efficiency of a pumping system when
a variable speed drive with energy efficient system components is used instead of a
conventional pumping system. [7] [8]

Figure 2: Comparison of efficiencies between conventional and energy-efficient drive
systems. Modified from [9]

2.2 Voltage source inverter

The operating principle of a voltage source inverter is presented in Figure 3. Voltage
source inverter converts input DC voltage to AC voltage output with desired frequency
and magnitude for a motor. The DC voltage supplied from a DC source, or rectified
from an AC voltage supply, is stored in DC link capacitors of the voltage source
inverter. This capacitance allows to regulate the voltage ripple and smooth the
output current needed for the AC output. Voltage source inverters are often preferred
in industrial applications due to their high efficiency and reliability, as well as fast
dynamic response. [10] [11]

Figure 3: Three phase voltage source inverter. Modified from [12]
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Inverters typically use pulse-width modulation to create the AC voltage output. In
a two-level inverter, the AC voltage conversion is performed by six semiconductor
switches. Each of these switches is composed of a power transistor, such as IGBT
with a free-wheeling diode, which provide bidirectional current flow between the DC
link and the AC network. The switching required for the modulation is carried out
by IGBTs, which both allow high switching frequency that reduces current harmonics
and improves the efficiency of the DC to AC conversion. [11]

2.3 Common DC bus

AC Drive systems can be arranged in various configurations. The simplest of these
configurations is to control each motor individually. However, controlling each drive
independently does not fully utilize the potential of the drive system. In low volt-
age drive systems, widely used solution for improving the system performance and
availability is a common DC bus system, which connects power electronic converters,
such as rectifiers and inverters, to a shared DC bus. Figure 4 shows a typical drive
application consisting of a single supply unit connected to three inverters units via
common DC bus. [8] [13]

Figure 4: Multidrive consisting several inverter modules connected to a DC bus.
Modified from [8]

While inverters can control motors individually regardless of the output requirements,
the common DC bus configuration also allows supplying braking energy of each
motor either to a common energy storage system for later use, back to the supply
grid, for another motor, or alternatively to braking resistors. Furthermore, a common
DC bus enables connection of multiple supply units to the same system. As a result,
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instead of supplying each inverter unit from separate sources, the inverters connected
to the common DC bus can draw power from various different sources depending on
the need. Figure 5 shows an example of such larger common DC bus system, where
the system performance is optimized by using several supply units, inverter units,
energy storage, and braking units connected to a common bus. [8] [13]

Figure 5: Common DC bus in a large drive system.

In addition to the reduced number of system components, a common DC bus system
brings several benefits. Compared to individual use of drive units, the common DC
bus arrangement improves the system efficiency and creates energy savings, as only
the power needed by the load is drawn from the supply, and the excess energy can
be used to drive another motor or stored to a shared energy storage. Another benefit
is the dimensioning of DC bus components. As it is rare that each load is running at
full power at the same time, the conductor sizes and the power ratings of supply side
components in common DC bus can be smaller. Furthermore, connecting more units
to the same DC bus reduces voltage variations and reduces harmonics.

Overall, the common DC bus systems are more compact, flexible, and balanced than
the corresponding systems with individual drives. Especially large and dynamic
systems, where the load is unpredictable or cyclic, benefit most from a common DC
configuration. Demand for energy efficient solutions as well as the increased use of
DC energy production and energy storing have been some the driving factors for the
growth of common DC drive systems. [8] [13]

Despite the various benefits, common DC bus is not always a preferred configuration.
One of the challenges of such a system is the complexity. Especially protective devices
in the DC bus must be dimensioned for different fault cases, which can require a
high level of application knowledge. Moreover, fault current is much higher when the
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current is supplied to the fault location from multiple sources. This increases the
need for precise fuse operation, thus complicating the selective coordination process.
The protection of common DC bus against these effects are described in more detail
in Chapter 3. [1]

2.4 Faults in common DC bus systems

Faults in common DC bus systems can be categorized as mechanical, electrical,
and environmental faults. Mechanical faults are caused by loose connections, poor
component and material durability, and aging of components. Electrical faults include
faults caused by incorrect switching, arcing due to overvoltages, as well as overcurrent
leading to degraded conductor and insulation properties. Examples of faults caused
by ambient and operating conditions include overtemperature and vibration, which
both can directly lead to electrical and mechanical faults or accelerate the failure
process. While the majority of faults could be prevented by proper process and
design measures, eliminating all types of failures is virtually impossible, and methods
to minimize the effect of fault must also be implemented.

In the inverter unit, most vulnerable components are capacitors, power semiconduc-
tors and printed circuit boards. Especially IGBTs in the inverter unit are affected by
the thermal cycling and electrical overstress, and during longer periods these stresses
reduce the IGBT lifetime by causing solder fatigue and deterioration of the thermal
grease. Other typical causes for faults in IGBTs are excessive amount of dust, sulphur
compounds, and other harmful substances, which all can lead to turning on of both
IGBTs in one of the inverter legs, and therefore to a shoot-through failure of the
IGBT shown in Figure 6. [14]

Figure 6: Shoot-through failure of DC capacitor shorting through both IGBTs.
Modified from [15]
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Electronic equipment using tin soldering can be affected by thin hair-like metal
formation, called tin whiskers. Despite being only micrometers thick, the length of
the whiskers can reach several millimeters. If tin whiskers form in the IGBT contact
surface, the result can be a short circuit, as the tin whiskers can reduce the already
short clearing distances between the conductive parts of the IGBT. [14]

Fault current and the resulting damage in a common DC bus system are highly
dependent on the fault location. Further away from the common DC bus, the peak
value of the short-circuit current is lower and more delayed due to an increased
resistance and inductance. Therefore, if the fault location is near the main DC
busbars, the main concern is the high energy content of the fault, whereas sufficiently
fast fuse operation becomes an issue when the fault is further away from the DC bus.

Figure 7 divides faults into four different categories depending on the proximity of
fault to the common DC bus. Furthest away from the common DC bus are the faults
in the supply side of the rectifier or in the load side of the inverter. Examples of
such faults include motor and energy storage faults (type 1) as well as the faults
between the module and the protective device in the load side (type 2). Nearest
to the common DC bus are the faults in the DC side of the converter (type 3) and
faults directly or close to the common DC bus (type 4).

Figure 7: Common DC bus fault locations.

The faults in the supply side of the rectifier are isolated either by AC fuses or circuit
breakers already before the fuses in the DC bus are affected. Similarly, the faults in
the load side of an inverter or a DC/DC converter are isolated by load side fuses or
semiconductor switches of these converter units. Therefore, the fault types 1 and 2
in Figure 7 in a well-designed system do not heavily impact the common DC bus
currents or voltages.
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Type 3 faults in Figure 7 represent the faults between inverter DC fuses and the
inverter module. The faulted branch has a high prospective current in larger sys-
tems, as the faulted location is supplied by all other branches. This fault type in a
well-designed system is isolated by the DC fuses in the faulted branch already before
other protective devices elsewhere in the system react.

The fourth type of fault is a common DC bus fault, such as a direct short cir-
cuit between the DC bus conductors or fault before the DC fuses in the inverter
branch. This fault type has the lowest fault impedance, causing very high fault
currents. Each inverter module in this fault category has a contribution to the total
fault current until the fault is cleared by the DC fuses. The risk of such direct short
circuit can be minimized by ensuring sufficient distances and insulations between
conductive parts, and by making the system robust against the ambient conditions.
As this type of fault can be prevented with proper actions, the risk of direct short
circuit between the main DC busbars is relatively low in modern common DC bus
systems.

As fault types 1 and 2 are restricted by other protective devices than fuses, such as
circuit breakers and drive solid-state semiconductors, only fault types 3 and 4 in
Figure 7 are studied in more detail in later chapters.
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3 Common DC bus protection

This chapter focuses on introducing the concepts that are relevant for common DC
bus protection. First, short-circuit characteristics and properties are presented in
Section 3.1. Section 3.2 evaluates the contribution of inverter units to the short-circuit
current in a common DC bus system.

The chapter continues by a comparison of common DC bus short-circuit protection
devices in Section 3.3. Section 3.4 introduces fuse structure and properties, Section
3.5 explains the specific requirements for using fuses in DC circuits, and Section 3.6
covers the effect of operating conditions to the fuse selection. The last Section 3.7 in
this chapter introduces the requirements for selective coordination.

3.1 Short circuit

A short circuit is defined as an unintentional low impedance connection between
different voltage levels that causes severe thermal and electromagnetic stress to the
system. Thermal effect, or heating energy E, that the short circuit produces can be
calculated by taking an integral of an instantaneous power in the entire short-circuit
time interval T . The energy loss is

E =
∫︂ T

0
i2 · R dt

where i is the instantaneous current and R is the resistance of a component.

Thermal effect generated during the time interval T is proportional to the square
I2 of the RMS current. However, the time to reach the maximum current during
short circuit is much shorter than the time needed for the system to reach thermal
equilibrium, which means that temperatures at the small points of contact depend
rather on the maximum current than the RMS value of the current. [16] [17]

Electromagnetic effects caused by the short circuit usually lead to strong attraction
and repulsion forces to conductors and busbars. These dynamic forces are propor-
tional to the square i2 of the current magnitude, and the components in the system
must withstand high mechanical stresses in order to recover from the fault without
deformation. While the heat caused by the uninterrupted short circuit radiates and
can affect the whole system, the electromagnetic effects exert mainly on the current
carrying components. [16]

Systems with a large number of synchronous machines can also require short fault
clearing times, as otherwise systems may become unstable. However, the system
stability is typically ensured by other means. Therefore, only thermal and electro-
magnetic forces are necessary for the evaluation of common DC bus protection. [16].



21

The main sources of the short-circuit current in conventional AC circuits are the
supply grid, as well as motors and generators, while in common DC bus systems,
capacitors and other energy storage devices can provide a large share of the short-
circuit current. Each of these components have an influence on the magnitude and
shape of the fault current. [18]

The total short-circuit current in AC network is constituted by steady-state, as
well as decaying AC and DC components, as indicated in Figure 8. The main factors
contributing to the short circuit are the type of fault and impedance between the
sources and the fault. As the fault impedance is often small, even the components
that have negligible effect in normal operation can become significant, resulting in
inaccuracies in short-circuit current estimates. [16] [19]

Figure 8: AC short-circuit current with decaying AC component. Modified from [19]

3.2 Short circuit in a common DC bus system

The majority of DC circuits contain mostly resistive and inductive components. As
typically the ratio of inductance to resistance in such conventional circuits is high,
short-circuit currents usually have long rise times. However, short circuits in a
common DC bus are characterized by an additional high capacitive component due
to DC capacitors, whereas the inductance of the DC bus itself is desired to be very
low in order to avoid resonances and oscillations in DC link voltage. Therefore, the
resulting short-circuit current has significantly faster rise and decay times.

The short-circuit current in a common DC bus is the total of contribution of AC net-
work, inverter DC capacitors, motors, and energy storage. Each of these short-circuit
current components have their own characteristics, which define the short-circuit



22

current peak, rise time, and decay time. Each branch also has additional impedance,
mainly consisting of resistance and inductance of the conductors that both delay
and reduce the peak short-circuit current. If none of the branches are shared, the
resulting short-circuit current in the fault location can be relatively easily evaluated
as the sum of these individual contributions. However, to obtain accurate values, the
analysis should also consider interconnecting conductors and other shared impedances
between branches.

Figure 9 shows a representation of one inverter unit in short-circuit analysis, con-
taining the inverter module itself, DC capacitors, fuses, and busbars. The main
source of the DC short-circuit current in inverter modules is the DC capacitor bank.
Even though equivalent series resistance (ESR) and inductance (ESL) of the DC
capacitors, together with impedance from conductors in the current path, restrict the
short-circuit current, the capacitance in the modules discharges very rapidly towards
the fault location.

Figure 9: Inverter unit used in short-circuit analysis. [2]

The discharge of capacitors causes a fault current to reach its maximum value almost
immediately after the initiation of the fault, typically in time scales of 100 µs - 1 ms.
However, the high frequency of the capacitor discharge current, usually in a range of
few kilohertzes, means that the current peaks quickly decrease after reaching their
maximum value. As the inductance in drive modules is low compared to resistance
and capacitance, the short-circuit current quickly attenuates after a few cycles of
oscillation. This oscillating nature of the short-circuit current can cause challenges
to the protective device operation, as missing the first short-circuit peak could cause
considerable delay in operating time.

Similar to a short circuit of an individual inverter module, the main source of
current right after initiation of a common DC bus fault is the DC link capacitor bank.
The current rise time of other sources, such as AC network or motors is normally
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longer, meaning that the current peak caused by the inverter module DC capac-
itors is reached much earlier before the contribution of other sources becomes relevant.

Figure 10 shows simplified current waveforms of typical DC short-circuit currents by
source according to standard IEC 61660 [20]. The figure shows, that the capacitor
current iC in 10b has much shorter rise and decay time than rectifier iD in 10a,
lead-acid battery iB in 10c, and motor iM in 10d. As DC fuses are often required to
initiate the arcing phase already within hundreds of microseconds, the components
with longer time constants have minimal effect on the short circuit of a common bus
system in a properly protected system.

(a) Rectifier (b) Capacitor

(c) Battery (d) Motor

Figure 10: Typical short-circuit currents by source. Modified from [20]

Figure 11 shows two examples of short-circuit currents in DC circuits. The waveform
represented by a series RL circuit in 11a is more common in DC transmission, where
the system capacitance is negligible, while the transient current in series RLC circuit
in 11b is based on typical inverter unit parameters. The parameters for both Figure
11c waveforms are presented in Table 1.

Table 1: Parameters for RL and RLC short-circuit current waveforms

Parameter RL RLC
Initial voltage 1000 V -
Initial current 0 kA 0 kA
Final current - 100 kA
Resistance 3,5 mΩ 3,5 mΩ
Inductance 500 nH 500 nH
Capacitance 10 mF -
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(a) Series RL circuit (b) Series RLC circuit

(c) Transient current in series RL and series RLC circuit

Figure 11: Comparison of series RL circuit and series RLC circuit waveforms

Except for the capacitance, the circuit parameters are similar. The final current of
the RL circuit in the comparison has the same value as the maximum current of the
RLC circuit. Figure shows that the short-circuit current waveform is largely affected
by the circuit characteristics.

3.3 Comparison of protective devices

Protective devices usually considered for short-circuit protection in a common DC
bus are fuses as well as circuit breakers, such as air circuit breakers and solid-state
circuit breakers. Advantages of circuit breakers include the possibility to adjust
trip settings for several parameters, therefore allowing breakers to react only when
necessary. Circuit breakers also have more sophisticated control and monitoring
properties that allow enhanced selective coordination, better communication, and
improved system flexibility. Unlike fuses, circuit breakers can also be reset. However,
circuit breakers are expensive and react relatively slowly to short-circuit currents.
Especially the requirement for rapid fault isolation makes circuit breakers less useful
in common DC bus protection. [21]

Solid-state breakers and semiconductor fuses provide more reliable circuit isola-
tion during short circuit, as both devices are designed to clear faults extremely
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quickly in tens or hundreds of microseconds. Even though solid-state circuit breakers
have similar properties to circuit breakers, the semiconductors technology together
with advanced software algorithms allow solid-state circuit breakers to interrupt
faults very rapidly. [22]

When compared to solid-state circuit breakers, fuses have several advantages that
make them preferred option in majority of the common DC systems. The main
disadvantages of necessity for replacing the operated fuse, and difficulty of ensuring
selective coordination is usually outweighed by the simple, compact, and inexpen-
sive design, which nevertheless allow fast and reliable protection against high fault
currents.

3.4 Fuse characteristics

Before focusing on the fuse protection in common DC bus systems, fuse properties
in typical circuits are defined. The basic operation principle of fuses is based on
the melting of fuse elements from the heat generated by overcurrent. Although
size and construction of fuses varies depending on the application and protection
requirements, the key features are the same. [23] [24]

When selecting fuses to protect inverter units, the fuse properties are compared to
the properties of the protected device. Semiconductor devices in inverter modules
are particularly vulnerable to high energies and therefore require fast acting fuses.
A fuse type optimized for these rapid operating times is a semiconductor fuse. For
semiconductor fuses, the most relevant factors are current and voltage ratings, as
well as fuse arc voltage, interrupting rating and clearing energy ratings of the fuse,
as listed below. [25]

• Fuse voltage rating UF use ≥ Fault voltage UF ault

• Fuse arc voltage UF use arc < Semiconductor voltage rating USemicond

• Fuse current rating IF use > RMS current IRMS

• Fuse interrupting rating IR_F use > Fault current IF ault

• Total clearing energy I2tT otal < Semiconductor withstand capability I2tSemicond

The construction of a semiconductor fuse is shown in Figure 12. The main component
is a fuse element, whose material and shape defines the fuse operating characteristics.
The fuse element contains regions of reduced cross-sectional areas that helps to form
an arc inside the fuse when these regions melt. The highly conductive fuse element
is enclosed in a ceramic body, and the fuse is filled with quartz sand or similar filler
material. The purpose of the filler material is to quench the arc formed in the fuse
element, and to absorb the excess energy caused by the faulted circuit, thus greatly
reducing the fault current and energy. [23] [24]
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Figure 12: Construction of a semiconductor fuse. [24]

Semiconductor fuse utilizes materials and shapes that melt quicker and create larger
arc gaps. The downside is that semiconductor fuses are not as reliable for overcurrent
protection, where time periods needed to melt the fuse element are longer. [23] [24]

Semiconductor fuse operation during a short circuit can be analyzed by an equivalent
circuit diagram shown in Figure 13. The equivalent circuit consist of resistance
and inductance of a fuse element. Additionally, the arc voltage caused by the fuse
operation is represented by a voltage source opposing the supply voltage.

Figure 13: Equivalent circuit for arc voltage ua across a fuse. Modified from [26]

The basic fuse operating principle is the same for both AC and DC circuits, therefore
allowing the operation during a short circuit to be evaluated by the current and
voltage waveforms visible in Figure 14. Figure 14a shows voltages caused by the fuse
operation, including arc, recovery, and transient recovery voltage (TRV).

When a fault occurs, increasing current starts to flow through the fault impedance.
The current rate of change through the inductance provides an opposing voltage,
which limits the fault current rise. When a current-limiting fuse starts to melt,
multiple arcs inside the fuse introduce a significant resistance to the circuit, leading
to a quick rise in voltage over the fuse. When this arc voltage, after a transient
period, equals the supply voltage indicated with a dashed line, the current reaches
the peak value. If the supply voltage is higher than the rated fuse voltage, the fuse
may not be able to quench the arcs in the fuse element and limit the fault current.
[27]
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(a) Voltage (b) Current

Figure 14: Voltage and current of a current limiting fuse during AC short circuit.
Modified from [27]

Figure 14b indicates the prospective current, as well as the fuse current during an
AC short circuit. When a fault occurs, the heat generated by the current exceeds the
dissipated heat, thus starting a melting or pre-arcing phase. Due to this heating, fuse
elements first start to melt rapidly at the regions of reduced cross-sectional areas.
However, during this phase, the fault current is still unrestricted by the fuse. [27]
After the fuse elements have started melting, the fault current starts to form arcs
in the reduced cross-sectional regions, starting the arcing phase indicated with a
vertical line in Figure 14. Arcs formed in the fuse elements increase the resistance
and start rapidly restricting the current. The heat caused by the arc vaporizes the
element material, forming non-conductive material, which finally isolates the circuit.
After the arcing phase the fault current has decreased to zero, thus denoting the
end of the short circuit. Therefore, the total fault clearing time is the sum of the
pre-arcing time, indicating the time period before the fuse starts to limit the current,
and arcing time, expressing the time needed to stop the current flow. From now on,
the pre-arcing time in this thesis is referred as fuse operating time.[27]

The energy produced and the heat released during the pre-arcing phase are nearly
constant, as there is insufficient time for heat to dissipate from the fuse element. The
equivalent short-circuit energy can be given as i2 · t value, as the fuse operation is
not dependent on the fuse internal resistance. However, the total arcing energy of
the fuse is dependent on the circuit characteristics and operating conditions, and this
data is often provided by fuse manufacturers based on the worst-case conditions to
ensure that effects caused by a short circuit does not exceed the design limits. The
influencing factors on fuse selection are described in more detail in section 3.6. [23] [24]
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3.5 Fuses in DC circuits

DC circuit protection have many similarities with AC protection. As in AC circuits,
the relevant parameters in DC protection include supply voltages, impedances, and
available short-circuit currents. However, DC protection has some considerable
differences. For instance, the DC faults are typically more difficult to clear, as there
are may not be natural zero crossings for the voltage. [28] [29]

As AC fuse operating curves are mainly based on RMS current, the thermal ef-
fects of the DC current are same as the corresponding AC RMS current. However,
AC fuse data cannot be directly utilized in DC circuit protection. Instead, the DC
protection capabilities, such as DC voltage, current rise and decay times, as well
as the minimum and the maximum short-circuit currents must be considered. It
is also important to define whether the circuit is a RL circuit, or does it contain
capacitance, as the fuse operating times can be remarkably different depending on
the system properties. [30]

Because fuses specifically designed for protection of drive systems with a common
DC bus are not widely available, it is common that fuses originally rated for AC
circuits are also rated and verified for DC operation by fuse manufacturers. The AC
ratings cannot be directly utilized in DC protection, as interrupting capability of the
fuse depends on factors, such as the current rise time. [29] [31]

Figures 15a and 15b show the difference between per unit RMS current values
of a conventional RL circuit and a RLC circuit typical in inverter circuits. The RMS
current is calculated as a running value between zero and a value given in x-axis. As
RMS values define the heating experienced by the fuse, the RMS values are more
relevant for defining the fuse operating time than the instantaneous values. In the
example, the RMS current changes much faster for the RLC circuit in Figure 15a,
reaching its maximum value soon after the first current peak. Contrarily, the RMS
current of the RL circuit in Figure 15b is continuously increasing towards the final
value.

Voltage derating is often needed in DC circuits, as AC voltage waveform allows the
system voltage to recover more easily after the fault. This limits the needed arcing
time and ensures that the clearing energy is maintained below allowed levels. If arc
voltage formed in fuse elements remains below the supply voltage, the fuse cannot
quench the short circuit, and the resulting short-circuit current is almost the same as
the prospective short-circuit current of the circuit. This is the case with high di/dt
values or excessive DC voltage, and can result in high arc pressure, thus causing the
fuse to explode in worst case. Connecting two fuses in series allows utilizing fuses in
systems where system voltage exceeds the voltage rating of an individual fuse, when
fuse properties are similar. [30]
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(a) RLC circuit.

(b) RL circuit.

Figure 15: Instantaneous and RMS current of RL and RLC circuits

3.6 Influencing factors on fuse selection

The continuous current and the voltage rating define the basic properties of a fuse.
These ratings do not by themselves provide sufficient information about the fuse
protective characteristics, as the working conditions of fuses are rarely the same as in
fuse type tests. The fuse performance is based on temperatures in the various parts
of the fuse and fuse ability to quench the fault by creating the arc voltage between
fuse elements. Exceeding predefined fuse temperature limits does not only affect the
fuse operating time but may cause the fuse itself to rupture.

Several different factors have an impact on these fuse properties. Therefore, all
relevant operating conditions, such as ambient temperature, cooling air, and load
cycles must be considered in fuse selection. To take these factors into account, the
fuse manufacturers provide additional coefficients, which ensure the proper operation
and prevent premature aging. Multiplying correction factors by the rated current In
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of the fuse, allows to obtain the maximum continuous current value for the application

Ib ≤ In · Kt · Ke · Kv · Kf · Ka · Kb,

where the correction factors are: [23] [24].

• Kt = Ambient temperature correction factor

• Ke = Thermal connection factor

• Kv = Cooling air correction factor

• Kf = Frequency correction factor

• Ka = High altitude correction factor

• Kb = Fuse load constant

In typical industrial drive systems, the combination of all factors means that the
rated current of the fuse should be usually much higher than the allowed operating
current of the protected circuit. As ambient conditions can have notable differences
between applications, the total correction factor should be often evaluated separately
for each system whenever possible. [23]

Thermal fatigue is typically the main concern regarding the fuse operating conditions,
and it is affected by the coefficients shown in Figure 16. Ambient temperature Kt

directly affects the thermal fatigue experienced by the fuse. Consequently, the higher
the ambient temperature is, the more fuse rating must be derated, as shown in Figure
16a. The reference ambient temperature is typically between 20-30 °C. [23]

Thermal correction factor Ke is influenced by the busbar current density according
to Figure 16b. When the cross-section of busbars on which fuses are mounted
is relatively small, fuses are subject to additional heat, which increases the fuse
temperature over time. Correspondingly, the cooling air directly affects the fuse
temperature by increasing the heat transfer away from the fuse. By increasing air
speed, it is possible to decrease the fuse rating by a factor of Kv as visible in Figure
16c. [23]

High frequency components of the voltage Kf changes current distribution due
to the skin and proximity effects. The resulting unequal current share in the con-
ductive material increases the temperature, especially when operating frequencies
are above 1 kHz or the current includes high frequency harmonics. Usage of high
frequency coefficient according to Figure 16d ensures sufficient margin for the fuse.
[23] [32]
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(a) Ambient temperature Kt (b) Thermal connection Ke

(c) Forced air cooling Kv (d) Voltage frequency Kf

Figure 16: Fuse correction factors. Modified from [23]

Altitude affects ambient conditions, such as air pressure. Therefore, a coefficient for
altitude Ka is introduced when the altitude is above a couple thousand meters, as
the altitude influences the arc forming capabilities of the fuse, making the quenching
of the fault more difficult. [23] [33]

The factors listed above are valid in constant operating conditions. However, the
system conditions are rarely static. For example, the current through the fuse varies
depending on the load and its duty cycle. The heating and cooling produced by the
load cycles cause mechanical fatigue, which is particularly important for high-speed
semiconductor fuses, as this fuse type is characterized by smaller notch zones on
the elements. An additional correction factor for cyclic load Kb ensures that the
fuse can cope with these temperature fluctuations and the resulting thermal strain.
The stress caused by the cyclic load is highest when the cycle contains periods of
overload. [24] [34]

3.7 Selective coordination in common DC bus

Selective coordination is a design practice, which aims to limit the fault impact and
ensure the system availability after a fault. The selective coordination evaluates
whether each individual protective device operates in various fault scenarios. However,
in practice a method to evaluate the selective coordination is to analyze, whether
only the fuse nearest to the fault will operate. Proper selective coordination improves
the system reliability, minimizes the damage to the system, and limits the extent
and duration of interruption. [35]
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The selective coordination can be divided into four categories: current, time, zone,
and energy selectivity. When fuses are used to protect the system, the selective
coordination is achieved by either current or energy selectivity, whereas time and
zone selectivity require additional supervision and control equipment. [35]

Current selectivity is based on the fact that the short-circuit current is highest
in the vicinity of the fault. Therefore, the fault current can be limited by selecting a
protective device that does not cause unwarranted trips. This method provides rapid
fault isolation, is easy to implement, and is relatively inexpensive. Energy-based
selectivity is similar to current selectivity but instead reduces damage caused by the
thermal and dynamic stresses. [35]

With fuses, the selectivity is achieved when the fuses nearest to fault clear the
fault before any of the fuses further away reaches the pre-arcing phase. In case of an
overlap, either fuse ratings or fuse type must be changed, or alternatively implement
additional measures to limit the fault energy of the healthy part of the system. [29]

In common DC bus protection, the selective coordination can be achieved by com-
paring either fuse current or i2t limits to measured or estimated short-circuit values.
However, due to fast current rise times and relatively long fuse pre-arcing times, ob-
taining reliable selective coordination for the entire DC bus system can be demanding.

The selective coordination can also be divided into series and parallel selectivity
shown in Figure 17. In majority of the systems, selective coordination is relatively
straightforward, as only few upstream sources supply short-circuit current to the
fault location. In such systems, each upstream fuse can have proportionally larger
current rating than downstream fuses, thus allowing reliable selective coordination
even with simplified dimensioning principles.

Inverters that are connected in parallel to a common DC bus can have similar current
ratings. Therefore, if the fuse ratings are similar, and impedance between the two
branches is sufficiently low, not only the fuse nearest to the fault will operate but
also other fuses in the same DC bus. The selective coordination in such lineups is
more demanding, as even a small increase in fuse rating can increase the affected
area. Moreover, a proper selective coordination in the common DC bus may not
even always be possible without additional protective devices in the DC bus, such as
solid-state circuit breakers.

In addition to the safety requirements, the protection must be compatible with
reliability, maintainability, and economic requirements. In some applications the
only requirement is that the fault is cleared by the protective device regardless of
the downtime and maintenance costs, while in some applications the priority is in
minimizing the affected area and duration of the interruption. [1]
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(a) Conventional circuit with uni-
directional power flow

(b) Common DC bus with bidirectional power flow

Figure 17: Selective coordination in networks with unidirectional and bidirectional
power flow. Modified from [27]

Selective coordination can include balancing between minimizing the equipment
damage and preserving the operation, as in some cases limited service interruptions
are acceptable, when it allows minimal repair and replacement costs. In other systems,
even a brief interruption can by itself lead to costs that are much higher than the
service costs. Adding more protection features can improve the system performance,
reliability, and flexibility, while also increasing the initial costs of the protection
system. Conversely, lower protection requirements minimize investment costs but
lead to higher maintenance expenses and more frequent downtimes. [29]

The selective coordination analysis in this thesis is based on currents and ener-
gies obtained from the simulations. The selective coordination can be evaluated
between different lineup configurations by comparing fuse operating times in adjacent
branches.
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4 DC short-circuit analysis methods

This chapter focuses on the methods needed for estimating the short-circuit properties
in a common DC bus system. Before starting the analysis of full lineups, the focus is
first on the contribution of individual modules to a short circuit in Section 4.1. The
section analyses the effect of one inverter unit by representing the inverter module
as a series RLC circuit, where the electric charge stored in capacitors provide the
short-circuit current.

Next, Section 4.2 provides an alternative method to analyze the contribution of
one inverter unit to short-circuit current by using methods introduced in the IEC
61660 standard [18]. The short-circuit analysis is then proceeded in Section 4.3 with
evaluation of the effects of short-circuit frequency to the impedance of an individual
inverter module.

When parameters needed to estimate the short-circuit current contribution of one
module are known, the total energy caused by the short circuit is calculated based on
the values obtained from the individual module. These values are then compared to
the current and energy limits of DC fuses, therefore allowing to define fuse operating
times, when fuse characteristics are known. This analysis is done in Section 4.4.

After short-circuit characteristics are well-defined for one module, Section 4.5, evalu-
ates methods for extending results obtained from one module for multiple modules,
without compromising the accuracy of the result.

In addition to the short current analysis, other important aspects of the common DC
bus protection are the voltage drop caused by the fault in one inverter branch, as well
as the effectiveness of the selective coordination during these types of faults. The
methods to analyze the voltage drop and the selective coordination of the common
DC bus protection are introduced in Section 4.6.

4.1 Series RLC circuit analysis

The total short-circuit current in a common DC bus system is a result of individual
branches contributing to the faulted location, as described in Section 3.2. To simplify
the calculations, each branch can be analyzed separately by using superposition
theorem, which states that for linear circuits, the total current is the sum of the
individual branches. Furthermore, the short-circuit current caused by one inverter
module is mostly affected by the energy stored in the DC capacitor and the impedance
of the inverter components and conductors. Representing an inverter module by a
series RLC circuit and DC fuses, as introduced in Figure 11b, can therefore be used
as a starting point for defining the basic properties of the short-circuit current in a
common DC bus system.
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After defining equivalent circuit impedance, as well as the initial voltage and current,
the voltages of series RLC circuit components can be calculated by using Kirchhoff’s
voltage law, which gives a second order differential equation for the transient current
[36]

ui − Ri − L
di

dt
− 1

C

∫︂
idt = 0. (1)

Using Laplace transform on both sides of the equation, and then inserting initial
voltage and current to (1) gives a transfer function in the Laplace domain. In the
example, the initial voltage is a variable ui = U0 and the initial current is set to zero
i0 = 0. Current in the Laplace domain can be solved by multiplying the equation
by Laplace variable s on both sides, and then solving the current I(s) in Laplace
domain. Finally after rearranging the terms, the current I(s) can be derived as

I(s) = U0

L
· 1

(s + R
2L

)2 + 1
LC

− ( R
2L

)2 = U0

ω · L
· ω

(s + σ)2 + ω2 ,

where the values for the attenuation σ and the damped natural frequency ω are [36]

σ = R

2L

ω =
√︄

1
LC

− ( R

2L
)2. (2)

Finally, inverse Laplace transform for the current I(s) gives the transient current
in time domain for positive time values t > 0. Thus, the current i(t) in series RLC
circuit can be represented by equation [36]

i(t) = U0

ω · L
· e−σt · sin(ωt), (3)

which utilizes Laplace inverse transform

L−1
{︄

b

(s − a)2 + b2

}︄
= eatsin(bt), s > a.

Calculations above assume that the angular frequency ω is positive. This condition
is true for underdamped circuits, which is normally the case for short circuits in a
common DC bus systems. Also, the initial current is assumed to be zero.

A more generalized form for the underdamped current i(t) in a series RLC cir-
cuit can be given by
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i(t) =

Initial current⏟ ⏞⏞ ⏟
−I0 · ω0

ω
· e−σt · sin (ωt − β) +

Magnitude⏟⏞⏞⏟
U0

ωL
·

Exponential decay⏟⏞⏞⏟
e−σt ·

Oscillation⏟ ⏞⏞ ⏟
sin (ωt) , (4)

where undamped natural frequency ω0 and phase β are defined as [37]

ω0 =
√

σ2 + ω2 (5)

β = arctan
(︃

ω

σ

)︃
.

This equation improves the precision of the calculated current by allowing initial
current to have a non-zero value. However, the contribution of the initial current
is relatively low, as the short-circuit currents considered in this thesis are several
orders of magnitude higher than the initial current. [37]

The underdamped current Equation 4 can be broken down into separate components
that define the properties of the current waveform. The first component, initial
current, is necessary only when the initial value is considerably high. The current
magnitude component is increased by initial voltage and capacitance, while induc-
tance decreases the magnitude. However, the magnitude should not be confused with
the current maximum, as it is rather the maximum value for the current envelope.
For instance, increasing the resistance lowers the actual current peak of the RLC
circuit, which is not the case for magnitude. With relatively low resistance values,
the magnitude can also be roughly estimated with function ∼ U0

√︂
C
L

, which better
shows the contribution of each initial parameter.

The exponential decay component defines how fast the current attenuates. High
resistance causes the current approach zero faster, while inductance has the opposite
effect on the decay. Therefore, low inductance of the inverter modules causes a rapid
current decay. The oscillation, represented by a sine function, affects the frequency
of the resulting current waveform.

After defining the short-circuit current waveform, the time instance for the maxi-
mum short-circuit current value can be calculated by first taking the derivative of
the short-circuit current Equation (3), and then solving the roots of the resulting
derivative function. This finally gives an equation for the time instance tsc

tsc =
arctan

(︂
ω
α

)︂
+ 2π · n

ω
. (6)

The waveform is periodic, meaning that the function has multiple local maximum
values. As the short-circuit current is an attenuating function, the value for the time
of maximum current is the first local maximum point at n = 0. Initial current in this
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equation is assumed to be several orders of magnitude smaller than the maximum
current.

Using the same principles as for Equation (4), the transient voltage over capac-
itor in an underdamped circuit can be expressed by [37]

uc(t) = U0 · ω0

ω
· e−σt · sin (ωt + β) − I0

ωC
· e−σt · sin (ωt) . (7)

The equations for current (4) and voltage (7) can be used for evaluating the contri-
bution of each passive component to the short-circuit current and voltage. Figure 18
shows an example of short-circuit current, where the values of R, L and C parameters
shown in table 2 are in a same range as approximated for a typical inverter module.
The initial DC voltage of 1000 V produces the maximum short-circuit current during
a few hundred microseconds, after which the current decreases relatively fast to zero.

(a) Current

(b) Voltage over capacitor

Figure 18: Example of current and capacitor voltage waveforms obtained from
calculated RLC circuit.
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Table 2: Parameters for current and voltage waveforms

Parameter Value
Initial voltage 1000 V
Initial current 0 kA
Resistance 6 mΩ
Inductance 600 nH
Capacitance 9 mF

Figure 19 shows a comparison between current waveform of the RLC circuit and a
50 Hz AC supply, where values for the RLC circuit are obtained from table 2. The
supply current, shown with a dashed line, has significantly longer rise time than the
RLC circuit, thus indicating the significance of current rise time to the resulting
short-circuit current waveform.

Figure 19: Comparison between current waveforms of RLC circuit and AC supply
shortly after initiation of short circuit

In addition to the peak short-circuit current, the energy caused by the short circuit
is an important factor when evaluating the protection capabilities of the system, as
discussed earlier in Section 3.1. To evaluate how fast fuses will operate, the i2t value
of the series RLC circuit is calculated, and then compared to the fuse operation
curves. The i2t value of the circuit can be either calculated using equation

I2t =
∫︂ t

0
i2dt, (8)

or alternatively estimated by calculating the cumulative value of I2 · t at regular
intervals with numerical analysis.

For estimating the total energies of an unprotected RLC circuit, it is possible to
calculate the limit of i2t value

lim
t→∞

i2t = U2
0 C

2R
, (9)
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as short-circuit duration t approaches infinity. It is visible from the equation that the
contributing factors to the i2t energy value are voltage, capacitance and resistance.
Especially the role of initial capacitor voltage is significant, and therefore lower
and upper limits of the voltage should be defined when estimating the total branch
energies. Although the inductance does not have a direct effect on the final value, it
delays the accumulation of energy.

The contribution of each passive component to the short circuit can be further
analyzed based on the i2t values. It can be observed from (9) that adding resistance
decreases the short-circuit current peak and attenuates the circuit faster. Conse-
quently, increasing the resistance leads to lower short-circuit energies at fault location
and longer fuse operation times.

Adding inductance to the system decreases the current rate of change, thus de-
laying the current peaks. Inductance has a considerable impact on the time of
maximum short current, but only a small contribution on the magnitude of the
current. The effect of inductance to the fuse selection is smaller compared to resis-
tance and capacitance, as inductance does not decrease the total energy, only delays it.

Capacitance increases the maximum values of the short-circuit current, but also
delays the time of maximum current marginally. During the first short-circuit current
pulses, the effect of capacitance is almost opposite to the resistance. As a result,
when both resistance and inductance are increased by a same coefficient in series
RLC circuit, in principle it allows to use similar fuse ratings as in the original circuit.

Initial voltage has a major contribution to the short-circuit current and energy,
as it directly affects the current level and magnitude. When selecting protective
devices for the system, it is important to analyze the short-circuit values with both
the lower and the upper limits of the DC voltage, as the initial voltage influences
the fuse operating times.

Last parameter in the series RLC circuit is the initial current. In theory, the
initial current influences the short-circuit current and i2t value. However, as the
operating currents are typically low compared to the short-circuit currents, the
resulting current waveform does not differ significantly when the initial current is
changed. Therefore, the initial current can be often neglected.

Representing an inverter module with a series RLC circuit offers relatively sim-
ple and accurate method to estimate the effects of short circuit. However, defining an
inverter unit equivalent-circuit with a single resistance, inductance and capacitance
necessarily leads to some inaccuracies that should be considered when evaluating the
reliability of the results.
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4.2 Short-circuit analysis using IEC 61660

IEC 61660 standards propose simplified methods to define short-circuit current in
DC circuit. The standard is divided into three parts: The first part [18] introduces
methods to calculate short-circuit currents, the second part [38] focuses on short-
circuit effects on conductors, insulators and supports, while the third part [20] offers
example calculations using the methods presented in the first two parts.

According to the standard, the total short-circuit current can be calculated as
a sum of individual short-circuit current branches, when none of branches share the
same sources or impedances. From this thesis point of view, the most relevant source
of short-circuit current presented in the standard is the capacitor. The contribution
of individual capacitor is defined by first calculating the maximum short-circuit
current, as well as the time of the maximum current. After determining the peak
values for the current, the values for the rise and decay time constants are obtained
using equations or visually from plotted graphs. For example, figure 20 shows how
coefficients k1C and k2C for capacitor time constants can be obtained from the graphs.
While the graphs offer useful method to estimate short-circuit currents, they are less
accurate than equations.

(a) k1C (b) k2C

Figure 20: Approximation of rise and decay time constants k1C and k2C . Modified
from [18]

After defining the short-circuit current contribution of a capacitor branch according
to IEC 61660, the values are compared to the current waveforms obtained from
series RLC circuit analysis, introduced in section 4.1. Figure 21 shows two examples
of short-circuit current with different parameters. In both examples, the values
obtained from a series RLC circuit are shown with solid blue line, while dashed red
line indicates the current waveform based on methods from IEC 61660 standards.

The main difference between the examples is the value of inductance. Graph 21a
shows RLC circuit with relatively high di/dt values, while graph 21b has slower rate
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(a) U0 = 900 V , R = 7, 5 mΩ,
L = 200 nH , C = 7, 5 mF

(b) U0 = 700 V , R = 7, 5 mΩ,
L = 1200 nH, C = 4, 0 mF

Figure 21: Comparison of capacitor short-circuit currents IEC 61660-1.

of change due to larger inductance. It can be seen from the figures that the current
waveforms are more similar with small inductance values, although in both cases the
peak short-circuit current, the peak time instance, and the area under the graph
needed for i2t energy calculations can be approximated with good accuracy by the
methods introduced in the standard IEC 61660.

In addition to the current contribution of each separate branch, another impor-
tant aspect demonstrated in the standard are the methods to estimate the effect of
impedance between branches to the total short-circuit current. For this purpose, the
standard introduces correction factors for superimposing the partial short-circuit
currents. These correction factors are dependent on properties of each branch, as
well as the impedance between each branch.

Different characteristics of each partial short-circuit current source, as well as the
large number of branches lead to relatively difficult analysis, especially in larger
common DC bus systems. Moreover, defining all necessary values make the cal-
culations relatively slow, as some of the constants must be obtained from graphs.
As the usefulness of these methods is somewhat limited, additional methods to
analyze currents in systems consisting of multiple modules are required. Due to the
complexity of calculations, larger systems are later in this thesis evaluated mainly by
simulations.

4.3 Short-circuit frequency

So far, operating conditions in short-circuit analysis have been assumed to be constant.
However, short-circuit current is affected by various changes in component properties.
In addition to thermal variation, one of the more important parameters affecting
short-circuit current is frequency. For instance, the resistance and inductance values
of the inverter module busbars are affected by the frequency of the current and
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voltage, as visible in calculated and measured values of the busbars in Figure 22.
These changes in component properties are caused by physical characteristics of
conductive materials, such as skin effect.

Figure 22 shows, that the high-frequency resistance can be many times greater
than the low-frequency resistance. On the contrary, frequency of the busbars has
the opposite effect on inductance, as visible in Figure 22. Therefore, estimating the
frequency of a short circuit can considerably improve the accuracy of the calculations.

Figure 22: Resistance and inductance of rectangular parallel busbars as a function
of frequency in low and mid frequency ranges. Modified from [3]

The short-circuit frequency of series RLC circuit can be evaluated by first using
Equation (2) for angular frequency, and then calculating frequency f

f = ω

2 · π
.

The resulting short-circuit frequency can then be given by equation

f = 1
2π

√︄
4L − R2C

4L2C
. (10)

It can be seen from the equation that the contribution of resistance to the short-
circuit frequency is relatively small, meaning that the short-circuit frequency can
be approximated by the natural frequency f0 according to Equation (5). Although
short-circuit frequencies obtained from a simplified circuit do not accurately represent
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the values of an actual circuit, these values can help estimating frequency ranges of
specific types of short circuits.

Since short-circuit frequency influences the impedance values of passive compo-
nents within the whole frequency range, representing the busbars and other frequency
dependent components by series RL circuit may not be sufficient. To improve the
frequency response, the simplified busbar models can be replaced by higher order
impedance models, such as ladder circuit, introduced in later chapters, where resis-
tance and inductance values have been adjusted to correspond the varying frequency
of components. However, obtaining accurate values for the ladder model require
further knowledge of the component properties.

As each branch can have unique short-circuit frequency contribution, estimating pre-
cise values of the total short-circuit current at any given time instance is not possible
using simplified approaches, thus requiring more advanced methods or simulations
for accurate analysis. For instance, phasor representation requires that the frequency
and amplitude of the short-circuit current is sinusoidal, which typically is not the
case for DC short circuit.

Fortunately, knowing the exact waveforms of short circuits is not always neces-
sary, as it is often more relevant to identify the magnitudes and durations of the
current pulses. As seen earlier from Figure 18, the short-circuit current in highly
capacitive DC circuits have decaying sinusoidal waveform, which resembles the short
circuit occurring in AC networks. In typical drive DC short circuits, the resistance
is relatively high compared to inductance, which leads to fast attenuation of the
short-circuit current. This means that only the first few pulses are important when
analyzing the feasibility of fuse protection.

Due to busbar and drive construction, short-circuit currents in the common DC bus
oscillate in a specific frequency range, therefore estimating the short circuit in these
limited frequencies can simplify calculations considerably. For example, Figure 23
shows the effect of main busbar impedance to the short-circuit current waveform by
multiplying the impedance by a factors of one to four. Even though the maximum
current decreases and the time of maximum current is delayed when the impedance is
increased, the current waveform and the frequency do not show a significant change.
In addition, the area bounded by the curve remains reasonably constant, thus reduc-
ing the significance of varying busbar impedance on the short-circuit energies and
fuse operating times.

By using series RLC calculations, it is possible to define typical short-circuit current
frequencies for individual inverter modules. According to the calculations, frequencies
of inverter short circuits studied in this thesis are typically in the range of 1,5 kHz
- 2,5 kHz. Therefore, using 2 kHz frequency values for impedance gives a decent
accuracy for the short-circuit analysis.
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Figure 23: The effect of main busbar impedance to the short-circuit current. [3]

4.4 Series RLC circuit analysis with fuse

The fuse performance in inverter circuits can be evaluated by comparing the fuse op-
erating characteristics to values obtained from series RLC circuit analysis introduced
in Section 4.1. Inverter modules studied in this thesis have dominant equivalent
capacitance and resistance values compared to inductance, which leads to high peak
currents that are attenuated fast. The fuses protecting this type of short-circuit
current must react very rapidly to limit the effect of short circuit, especially when
fuses must fulfil the current-limiting requirements. It also poses a challenge how to
estimate these brief time durations with sufficient precision.

In this section, two methods to calculate fuse operating times are presented: The first
method compares the RMS value of the current to fuse time-current curves, while
the second approach compares the i2t values of both the circuit and the fuse. The
basic principle of the fuse analysis is visible in Figure 24, where switch Ssc represents
the initiation of the short circuit at time instance t = 0. As fuse operating times of
are less than 1 ms for each circuit studied in this thesis, the analysis of pre-arcing
phase of the fuse operation is limited to this range.

Figure 24: Series RLC circuit with initial voltage U0 and initial current I0
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For defining the fuse operating times, fuse manufacturers provide time-current curves,
which indicate the fuse pre-arcing time when prospective RMS current of the circuit
is known. As the functions corresponding these time-current curves are not typically
directly available, fuse time-current characteristics obtained from data sheets, shown
in Figure 25, are first converted to functions that represent each curve with sufficient
accuracy. Based on these functions, it is then possible to estimate the fuse pre-arcing
times for specific circuits.

Figure 25: Fuse time-current curves used in protection analysis. Obtained from [39]

Figure 26 shows a comparison between the calculated RMS current and fuse operating
current according to fuse time-current curves. The current is sufficiently high to
melt the fuse element, as the current rises above the red dashed line indicating the
fuse operating curve. Also, the fuse in this example is current limiting, since the
first intersection point between the two lines is earlier than the maximum value of
short-circuit current. The fuse operating time is approximately 100 µs using the
time-current curve comparison.

Figure 26: Fuse operation as comparison between fuse time-current curve and RMS
current in RLC circuit.
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Next, fuse operating times are analyzed by comparing the i2t energy values of the
RLC circuit and fuses. The pre-arcing i2t values of each fuse are calculated based on
the time-current functions of Figure 25. The i2t values in Figure 27 are obtained by
first squaring the current in x-axis, and then then multiplying the i2 value by the
fuse pre-arcing time in the y-axis. As operating times in the fuse analysis are short,
it is unnecessary to accurately plot fuse i2t values for longer time periods than few
milliseconds.

Figure 27: Calculated fuse i2t curves and the corresponding functions
.

A comparison between the RLC circuit i2t value and the fuse i2t operation curve is
shown in Figure 28. When the circuit energy indicated by blue line remains below
the dashed line, the energy is insufficient for melting the fuse element, and the fuse
remains intact. On the other hand, if the two lines intersect at any point, the arcing
phase would start at this instance. In the example in Figure 28, arcing phase starts
at around 0,1 ms. Possible second intersection point does not affect the analysis, as
the fuse would already have isolated the circuit. The results of the i2t comparison are
similar to solutions obtained using the RMS values of the time-current curves. The
pre-arcing time according to this method is also close to 100 µs, and the difference
between both approaches is less than 10 µs.

Published time-current curves are often created based on fuse AC short-circuit
current waveforms, and therefore in AC circuit it is usually necessary to consider
only the RMS value of the current. Even though such time-current curves give in
majority of DC short circuits reasonably accurate estimation about the operating
times, it does not consider the actual current waveform. As the current waveform of
DC short circuit does not usually correspond well with the AC current, fuse time-
current curves should be created based on actual circuit parameters whenever possible.
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Figure 28: Comparison between fuse i2t and circuit i2t.

In addition to the AC circuit and conventional DC circuit characterized by the
RL parameters, the third type of circuit to consider is a DC circuit with RLC prop-
erties. Defining the current waveform for this type of circuit is more challenging,
as the rise and decay times can no longer be defined directly based on L/R or RC
time constants. However, if the circuit impedance is known, time-current curves are
possible to define accurately.

Figure 29 shows the dependency of time-current curves on the circuit parameters, by
giving an example of three different types of circuits: AC circuit, capacitive series
RLC, and inductive RL circuit. The DC time-current curves shown in the figure
are converted from AC time-current curves, by estimating fuse operating curves for
different RMS load currents according to an earlier study. [40].

Figure 29: Fuse time-current comparison between AC circuit and DC circuit with
RL and RLC characteristics.
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Especially with short operating times, the time-current curves show a significant
difference in current rise times. Another noticeable difference is that the RLC curve
is almost vertical for longer operating times. This is due to the rapid discharge of
capacitor, which means that after a certain period, there is no longer enough energy
in the circuit to melt the fuse element.

The comparison made in Figure 29 shows that using AC time-current curves for DC
circuit often produces too optimistic fuse operating times. In the example case, the
AC time-current curve indicates that the fuse would operate within 50 µs with 150
kA current, but the fuse based on corresponding RLC circuit would not operate.
When observing the operating times for 200 kA short circuit, the arcing phase would
start around 25 µs for AC circuit, while opening the RLC circuit would take twice
as long, and three times longer for RL circuit.

It can be observed that the fuse time-current curves are linear on a logarithmic scale
for short operating times needed in this thesis. Therefore, it is possible to include
additional virtual fuse ratings to the short-circuit analysis by modeling fuses with
regression function

f(x2) = f(x1) ·
(︃

x2

x1

)︃k

,

where x1 and x2 are fuse ratings, and k is a coefficient. This allows to reduce the
steps between existing fuse ratings, thus improving the accuracy of the fuse analysis.

4.5 Short-circuit current in common DC bus with multiple
modules

In this section, the short-circuit analysis of one inverter module is extended to consist
multiple modules. The fault type in this study corresponds to type 4 in figure 7,
meaning that the fault is directly in the common DC bus. To simplify the analysis,
the fault is at the end of the lineup, causing current of all inverter units to discharge
in the same direction towards the fault location.

Figure 30 represents the configuration used for evaluating the output values in
this section, such as the total short-circuit current, and the time of maximum current.
First, analytic methods are used for estimating the fault currents in circuits consisting
the same type of inverter modules. Later in this section, short-circuit characteristics
are analyzed using simulations, as simulations allow to increase the complexity of
the system, for instance enabling module and busbar impedance to be represented
more accurately with ladder models. Also, instead of basic comparison of RMS and
i2t values, with simulations it is possible to evaluate DC fuse arcing properties of
each inverter module more precisely, thus improving the common DC bus voltage
stability analyses later in the thesis.
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Figure 30: Circuit for estimating short-circuit current in a common DC bus.

Using methods described earlier in this chapter for calculating short-circuit currents in
series RLC circuits with one series branch as a basis, more components are gradually
added to the system. A simple method to evaluate total short-circuit current is to
represent modules by parallel connected RLC circuits as shown in Figure 31, where
the energy to the short circuit is provided from the charged inverter capacitors. If
all RLC branches are identical, the current in the fault location is the sum of all
individual branches. Similarly, the time of maximum current is the same as for the
individual module. However, as the system described in Figure 31 does not include
any impedance between parallel branches, this type of system has low correspondence
to the actual values of such common DC bus arrangement.

Figure 31: Short circuit of parallel connected modules approximated with RLC
circuits.

Figure 32 shows improved equivalent circuit, where busbars between modules are
represented by series resistance and inductance. This type of circuit takes better into
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account the distance between short-circuit location and individual inverter modules.
Consequently, the total short-circuit current no longer increases linearly, but instead
each additional module further away in the lineup increases the short-circuit current
less than the earlier modules.

Figure 32: Short circuit of parallel connected RLC modules with simplified busbars.

The equivalent circuit can be further improved by adding more passive components,
but the computation by circuit analysis can become impractical. One possible method
to solve parallel circuits relatively accurately is to use mesh current analysis shown
in Figure 33. By assuming that the initial voltage in each capacitor is the same, the
equations simplify as the initial current in each loop is zero. [41]

Figure 33: Current loops of parallel RLC circuits in mesh current method. [41]

The short-circuit current in the last loop In of Figure 33 is now possible to solve
using finite continued fractions approach. The resulting equation for short-circuit
current in Laplace domain at the end of the lineup is given by
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,

(11)

whereas branch and loop impedances needed for equation (11) are [41]

Branch i DC bus impedance: Zb
i = sLbus

i + Rbus
i

Branch i module impedance: Zm
i = sLtap

i + Rtap
i + Rmod

i + 1
sCmod

i

Loop i impedance: Z
′

i = Zm
i + Zb

i+1 + Zm
i+1

Loop n impedance: Z
′

n = Zm
n + sLsc + Rsc

Even though Equation (11) is effective for estimating currents of relatively simple
systems, increasing the number of variables results in complex and time-consuming
calculations, thus limiting the usefulness of this method. Also, it is not obvious from
the derived equations, how individual parameters affect the short-circuit current
waveform. Therefore, it is necessary to either find methods to further simplify the
equations for the larger systems, or alternatively use simulations to analyze the
system behavior when the number of parameters is increased.

From now on in this thesis, the focus is on simulations when analyzing the ef-
fects of short circuit to a common DC bus system. Figure 34 shows a simulation
model of one inverter unit used in the short-circuit analysis. Compared to the
equivalent circuits in Figures 32 and 33, the simulation model contains few differ-
ences: Busbars in the simulation are modeled by ladder circuit instead of a single
impedance value, DC fuse are included directly in the model instead of pre-arcing
value comparison, and motor is added to the output side of the inverter to model
the contribution of load to the short circuit.
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Figure 34: Short-circuit model used in simulations. Modified from [2]

Parameters used in inverter unit simulations are listed in Table 3. The impedance
values in the simulation model correspond to measured values in 2 kHz frequencies
according to an earlier study [2].

Table 3: Parameters for inverter model

Simulation parameters in 2kHz frequency

Main busbars R 0,20 mΩ/m
L 358 nH/m

Connection busbars R 0,64 mΩ
L 487 nH

Module busbars R 0,24 mΩ
L 120 nH

Capacitors
ESR 4,7 mΩ
ESL 90 nH
C 10,7 mF
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4.6 Voltage drop caused by the short circuit in inverter
branch

The main focus of the thesis has been so far on estimating the significance of either
the current or i2t value on fuse protection, as the damage caused by the short circuit
is mainly affected by these values. In common DC bus systems, one of the other
important aspects affecting the protection is the voltage level of common DC bus.
During normal operation, the voltage level is mainly determined by the application
requirements, and the voltage variation depends mostly on the strength of the supply
network. Inverters and other devices connected to the common DC bus can tolerate
these voltage variations to some extent, but to ensure the continuous operation, the
voltage is not allowed to drop below pre-defined limits.

In common DC bus systems, a large voltage drop can mean that not only the
faulted unit will stop operating, but also other units connected to the same DC
bus may trip due to the undervoltage fault. Therefore, to ensure the continuous
operation for the whole system, the voltage after the short circuit should remain
sufficiently high. In this thesis, the fault limit for inverter units is defined as 60% of
the lower bound of the DC voltage.

The voltage drop is proportional to the magnitude of the short-circuit current in
the circuit. As a result, the maximum voltage drop occurs nearby the fault location,
and the effect decreases when the inverters are further away from the fault. The
voltage drop caused by the short circuit is evaluated by using the simulation model
of inverter unit introduced in Figure 34. The short circuit is initiated inside the
inverter unit at time instance t = 0, causing the fuses in the short-circuited inverter
unit to operate, and consequently isolating the faulted inverter branch from the DC
bus. Figure 35 represents the common DC bus configuration used for evaluating the
voltage drop. Figure also shows the contribution of individual inverter branches to
the short-circuit currents.

The simulations are performed for different number of modules in order to define how
increase in the number of modules affect the voltage drop, and what is the number of
modules needed in the system to ensure that the voltage remains within predefined
limits after the fault.
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Figure 35: Circuit for estimating the voltage drop in a common DC bus.
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5 Fuse dimensioning criteria for common DC bus
systems

This chapter presents the results of the DC short-circuit analysis. The results have
been obtained by using both analytical methods and simulations introduced in Chap-
ter 4. The chapter is divided into three sections, with each section focusing on
different aspects of the fuse dimensioning. Together, these sections provide a set of
rules and observations that can be used as a basis for fuse dimensioning in common
DC bus systems.

First, section 5.1 presents the results regarding short-circuit contribution and fuse
protection of an individual module. The short-circuit current discharge caused by the
inverter unit capacitors are based on series RLC circuit analysis, first introduced in
section 4.1. This section also evaluates the effect of the capacitance to the fuse rating.

Next, Section 5.2 focuses on defining the total short-circuit currents in common DC
bus by using simulation model introduced in Figure 30. In the analysis, short-circuit
current waveforms are obtained for varying number of inverter units between two
and forty. For each number of modules, four data points are listed in time-current
coordinates: start of the short circuit, the maximum current, fuse operating time,
and the end of the arcing phase. The effect of increasing the number of modules to
the lineup is then estimated based on the graphs created from these data sets.

Finally, Section 5.3 shows the effect of short circuit on the common DC bus voltage,
when one of the inverter branches is disconnected due to a fault category 3 short
circuit, presented in Figure 7. The results concentrate on defining the voltage drop in
common DC bus systems consisting of various number of inverter units. The circuit
representing the short-circuit analysis is shown in Figure 35.

In addition to voltage drop, this section also analyses the effectiveness of selec-
tive coordination with different fuse ratings. The selective coordination is evaluated
by defining the number of fuses that operate, and by comparing the fuse operating
times between different branches. The analysis is performed using simulations, where
inverter units connected to the common DC bus are modeled according to Figure 34.

5.1 Short-circuit contribution of individual module

This section focuses on the observations from series RLC circuit analysis of an
individual module. The reliability of the series RLC circuit analysis is first evaluated
by comparing the waveforms of RLC circuits to simulated results. Figure 36 shows
an example of short-circuit current waveform of both simulated and calculated series
RLC circuit, where initial conditions are chosen according to Table 4.
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Table 4: Circuit parameters used in short-circuit analysis of an individual module

Parameter Value
Initial voltage 1000 V
Initial current 0 kA
Resistance 5,6 mΩ
Inductance 700 nH
Capacitance 10,7 mF
Fuse rating 1100 A

As visible in the Figure 36a, the short-circuit current in simulation reaches a value of
75 kA, before the fuse operates and restricts the current after 125 µs. The correspond-
ing calculated values are shown in Figure 36b. The maximum current, indicated
with blue color, is approximately 80 kA. The fuse operating time 160 µs is obtained
by finding the intersection point of the red RMS current waveform and the dashed
fuse operating curve.

(a) Simulated current (b) Calculated current

Figure 36: Comparison between calculated and simulated short-circuit currents of
one module

The main difference between the RLC analysis and simulated waveforms are the
slower current rise and decay times of the simulated current, which result in higher
circuit energy in the system, thus causing the fuse to operate earlier. This effect is
visible in Figure 36, as the area below the curve in the simulated current waveform is
higher. Consequently, the fuse operates already before reaching the maximum value
in Figure 36a, while according to Figure 36b, the fuse is not current limiting.

The differences in the current waveforms are mainly due to the higher precision of
the simulation model, which allows the short-circuit impedance and circuit voltage to
be varied during the analysis. However, the slower decay time does not considerably
affect the results, as both methods give similar values for maximum currents and
operating times.
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The remainder of this section uses series RLC circuit to evaluate fuse operation. The
RLC circuit analysis utilizes primarily the parameters indicated in Table 4 unless
dependency of results on certain parameters are specifically studied.

The effect of fuse rating to fuse operating times is demonstrated by an example in
Figure 37, where the values of the solid line are obtained from the comparison between
the circuit i2t and fuse i2t values. The dashed blue line in the figure represents
the values for estimated fuse operating times. The graph increases fairly linearly
at low fuse ratings, but after reaching a certain value operating times start rapidly
increasing. This is caused by the relatively narrow current peak of the RLC circuit,
meaning that if the fuse fails to operate before the first current peak, there is much
less energy in the circuit to melt the fuse elements. If the fuse rating is too high, the
circuit can no longer be isolated within a reasonable time period, indicated by the
red dashed line in the figure. The maximum allowed operating time can range from
a less than a millisecond to several seconds depending on the requirements.

Figure 37: Fuse operating times as a function of fuse rating.

The effect of DC capacitance to fuse ratings can be evaluated by changing capacitance
values, and then defining the highest fuse rating that is able to clear the fault current.
The contribution of capacitance is visible in Figure 38, where fuse rating is plotted
as a function of module DC capacitance. The solid blue line in the figure shows a
threshold for fuse operation in nominal operating conditions, meaning that below
the line, fuses will operate. Correspondingly, above the blue line the short-circuit
energy is not sufficient for fuse to operate. However, the threshold is only valid for
nominal operating conditions.
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Figure 38: Fuse rated current by capacitance.

As an example, a point shown with red color indicates that 8 mF capacitance is not
sufficient to cause a fuse with 1250 A current rating to operate. Adjusting either the
fuse rating or capacitance can improve the reliability of the protection. To ensure
fuse operation in given operating conditions, either the fuse rating must be reduced,
or alternatively the capacitance increased to provide short-circuit energy for the fuses.
Conversely, the green point is below the blue line, meaning that the fuse will operate
with given conditions.

As the operating conditions are not constant in actual systems, the influencing
factors on fuse selection introduced in Section 3.6 have a considerable effect on fuse
ratings. The contribution of these correction factors is considered by moving the
threshold line vertically along the y-axis, as indicated in Figure 38, thus making the
evaluation of fuse performance more demanding.

5.2 Short circuit in common DC bus

In this section, the results obtained from the short-circuit current analysis of one
module in previous Section 5.1, are extended to concern larger number of modules
in the common DC bus, when the short-circuit location is at the end of the lineup
according to Figure 30. Therefore, by defining the short-circuit properties of one
module and the equations representing the increase of number of modules, it is
possible to estimate the short-circuit current characteristics of the lineup.

Figure 39 shows how maximum short-circuit current is affected by the number
of modules in the common DC bus. The y-axis shows the change to the maximum
short-circuit current with per-unit value, meaning that the value of one in y-axis
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corresponds to the maximum short-circuit current of an individual module. As each
module in the simulation have the same ratings and parameters, the results directly
indicate the effect of common branches to the maximum fault current.

Figure 39: The effect of number of modules to maximum short-circuit current.

According to the figure, the increase in maximum short-circuit current is almost
linear for small numbers of modules. Between five and ten inverter modules, the
decrease in the rate of current change after each additional module is already visible.
After approximately ten modules, the short-circuit current saturates and the current
reaches a steady-state value, and adding more inverter modules to the lineup no
longer have significant impact on the resulting short-circuit current. For example, 100
kA maximum short-circuit current of one module means that the total short-circuit
current in fault location does not exceed 450 kA, regardless of the number of modules
in the same DC bus.

The waveform in Figure 39 also indicates that if the short-circuit properties of
one module and the coefficients representing the increase of number of modules are
known, the short-circuit characteristics can be estimated with proper accuracy. It can
be noticed that the graph follows the characteristics of a power function y = axb, there-
fore allowing to estimate the maximum current by a regression function. Adjusting
the function by considering the saturation of the function, as well as the initial current
value of one module, the regression function can be deduced to a form y = axb−cx−d.

Solving the constants a, b, c and d with regression analysis gives an approximation
for the maximum short-circuit current as a function of modules in the same lineup.
The analysis can be further improved by giving a constant value for the maximum
short-circuit current, when the number of inverters is above 15 in the x-axis. Figure
39 shown a comparison between the simulated results and the regression function,
where constants are defined as follows: a = 3, 27; b = 0, 65; c = 0, 89; and d = 1, 41.

Comparing the waveforms obtained using different input values allows to define
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whether it is possible to use common coefficients to estimate the effect of multiple
modules without compromising the reliability of the results. By changing the input
values, it can be observed that the circuit parameters do not heavily affect the shape
of the waveform in Figure 39. Instead, only the rate of change and the maximum
value are noticeably affected by the parameters.

The analysis on the effect of input parameters to the current rise time and maximum
value is shown in Figure 40, where the solid lines indicate the simulated values,
whereas the dashed lines represent the estimated values, which are assumed to remain
constant for large x-axis values.

Figure 40: Maximum short-circuit current with varying inverter unit parameters.

Next, Figure 41 shows the effect of inverter modules in a lineup to the time to reach
the peak current. This figure is also in per-unit scaling, meaning that the value of
one in y-axis correspond the time it takes for one module to reach the maximum
short-circuit current. The results are similar to the peak short-circuit current in
Figure 40, and the graph remains almost constant after the number of modules is
higher than 15 modules. As a result, with one module the peak current is obtained
200 µs after the initiation of the fault, whereas with over 15 modules, the peak
current time is reached after 500 µs. However, the graph does not directly indicate
that it takes three times as long for fuses to operate, since also the i2t value of the
short circuit is higher when the number of modules in the lineup is increased.
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Figure 41: The effect of number of modules to time of maximum current.

Figure 42 shows the effect of number of modules to the fuse operation time, when
the fuse sizes are identical in each module. Based on the graph, the increase on the
number of modules in the DC bus does not have a significant correlation with the
fuse operation time, as the DC fuses restrict the current in an individual branch,
regardless of the total current in the circuit.

Figure 42: The effect of number of modules to fuse operation time.

Figure 43 focuses on the i2t energy value in the common DC bus. The red line
indicates the total i2t, when modules are protected by 1400 A fuses, while the blue
line shows the i2t values for 1100 A fuses. The graph can be divided into two parts:
Values on the left side of the circles indicate the i2t values for small number of
modules. For these values, the short-circuit energy is mostly restricted by the DC
fuses and is relatively small, as indicated with dashed lines. When the number of
modules is increased, the additional energy is mostly unrestricted and increases
more sharply. The gray dashed line in Figure 43 shows a predicted i2t values for
smaller fuse rating, by assuming the same pattern in the short-circuit energy values.
However, the increase in i2t energy values is not perfectly linear.
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Figure 43: Circuit i2t as a function of number of modules.

5.3 Inverter branch short circuit

This Section analyses the simulation results regarding fuse operation and voltage
drop to a common DC bus system, when one of the inverter module branches are
short-circuited according to Figure 35. The circuit parameters correspond to the
table 4.

First, Figure 44 shows the magnitude of the DC voltage dip by comparing the
minimum DC voltage to the nominal DC voltage level during operation. The voltage
drop is highest when the number of inverter modules in the system is small. Increasing
the number of inverter modules improves the stability of the DC voltage, and after
a certain number of inverter modules, the short circuit in the common DC bus no
longer causes significant effect to other inverter units further away in the same DC
bus.

Based on simulations, the limit for the number of modules that will not result in
healthy parts of the system to be isolated, is approximately six to eight modules
for the given configuration. However, as the measured voltage is the minimum
momentarily value, this brief voltage drop may not cause fault indication for other
inverter modules in the system. Therefore, the number of modules that give sufficient
stability to the system is somewhat smaller.



63

Figure 44: Minimum common DC voltage by a number of modules.

Figure 45 indicates the time when the minimum voltage is reached. According to the
graph, the minimum value is highly dependent on the number modules. After five
modules, each additional module increases the delay by almost linearly. Therefore,
voltage balancing methods, such as energy storage units, must react more rapidly
when the number of inverter units is small.

Figure 45: Time of minimum common DC voltage by a number of modules.

The effect of number of modules on the fuse operation time is shown in Figure 46.
Unlike in the case of common DC bus short circuit in Figure 41, short-circuit currents
of all modules in the lineup are now directed in the faulted branch. As a result, the
figure shows a high correlation between the number of modules and the fuse operating
time. Instead of approaching zero value, the fuse operating time stabilizes to a lower
value, due to the inductance in the system, and the delays in fuse operation.
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Figure 46: The effect of number of modules to fuse operation time.
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6 Conclusions

The aim of this thesis was to evaluate the fuse protection of common DC bus systems
by analyzing the short-circuit properties. Based on the short-circuit analysis, the
aim was to develop simplified methods for evaluating fuse performance in simplified
systems, and then extend the result for various types of drive configurations. The
short-circuit analysis was done using calculations whenever reasonable and included
simulations for more complex computations. Simulations were also used for verifying
the results obtained by calculations.

The short-circuit current in a common DC bus is a combination of currents from
inverter DC capacitors, supply units, motors, and other energy storage devices. In
this thesis, two methods to calculate the short-circuit current contribution of an indi-
vidual inverter module were analyzed: series RLC circuit analysis, and short-circuit
calculations according to IEC 61660. Even though both approaches offer a good
method to compute the short-circuit currents, the series RLC circuit analysis are
estimated to give more accurate results, and therefore preferred in the short-circuit
analysis.

When the current waveform of one inverter module is known using the series RLC
analysis, the other output values, including RMS current, time of maximum current,
short-circuit frequency, and the total circuit i2t are relatively easy to obtain for
different input parameters, including initial current and voltage, as well as module
and busbar impedances.

The common DC bus protection analysis is continued by estimating the fuse operation
of an individual module. Fuse melting times of one modules are estimated with high
reliability by comparing the fuse time-current curves directly to the RMS short-circuit
currents, or by using the i2t energy equivalent comparison. The pre-arcing times for
different fuse sizes can be calculated using the methods introduced in this thesis, and
the threshold value, where the fuse and circuit values are equal, can be then used for
defining the fuse rating in nominal operating conditions. This thesis did not cover the
total arcing times of fuses, as the focus was on defining whether the fuse will operate.
However, knowledge about the fuse total arcing times gives valuable information for
instance related to the component withstand strengths and is therefore an excellent
topic for future thesis.

The next step in the short-circuit current analysis is extending the results of indi-
vidual inverter unit for multiple inverter units by estimating the total fault current
when the fault location is near the common DC bus. This is done by considering
the results of one module as a building block, and then using additional factors
to scale the results for different number of inverter modules. This thesis consid-
ered only inverters of similar size, and the analysis of different types of inverter
modules in the same lineup can be proceeded in a separate study. Also, adding
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supply units, motors and energy storage systems to the analysis would increase
the accuracy of the calculations, especially with longer observation periods. The
contribution of other units in the system, would thus provide a basis for another study.

In addition to the short-circuit current and the fuse operation, other important
topics studied in this thesis were the methods to determine the reliability of the
selective coordination and the voltage drop of the common DC bus system, when
the fault location is in one of the inverter branches. The voltage drop was estimated
by simulating the voltage values for different numbers of inverter modules.

According to the evaluation made in this thesis, total arcing energies can be most
effectively limited when fuses operate already before the first current peak. However,
fulfilling this requirement for current limitation is challenging due to the high capaci-
tance and low inductance of the inverter units, as the current reaches the maximum
value almost instantaneously. Nevertheless, even when the fuses are not current
limiting, fuses have an important role on limiting the fault energies caused by the
fault, as they can limit the fault duration to tens or hundreds of microseconds.

Installing additional DC bus capacitors can improve the fuse operation times, as
the additional energy stored in capacitors ensure that fault energies are sufficiently
high to melt the fuse elements. However, the increased energy in the DC bus also
lead to higher fault energies if unrestricted. Therefore, adding capacitance to the
system can improve the selective coordination but does not usually reduce the total
short-circuit energy.

Distance to the fault has a considerable influence on the short-circuit current. In
large lineups, inverters furthest away from the fault have considerably smaller effect
on the short circuit. Therefore, estimating the fault current in various locations in
the lineup is necessary for estimating the fault impact.

The results of the thesis allows to create tools for evaluating DC short-circuit cur-
rents that utilize the simplified calculations presented in this thesis. Also, knowledge
related to the maximum short-circuit current and the voltage drop in larger systems
can be used to optimize the fuse selection, and improve the selective coordination
principles.
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