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ABSTRACT

DC Microgrids could play an important role in a renewable and sustainable future. Unfortunately, there
are not enough standards or guidelines for the implementation of DC Microgrids or DC distribution grids
in general. Nevertheless, reliability and security of such a system must be assured at all times. As a
consequence, an important challenge lies in terms of protection.

This thesis project focuses on capacitive grounding and their respective ground fault detection and
protection scheme for a general DC distribution grid. The protection scheme proposed aims to discriminate
currents caused by load shifts from ground fault currents with as little communication between the protective
relays as possible.

The safety requirements needed for a DC distribution system are analyzed and threshold values for current
that may endanger the human body are derived from literature. A scheme using capacitive grounding is
analyzed further through a sensitivity analysis for capacitor size. This analysis serves as a starting point to
determine an important challenge for the discrimination of currents caused by load shifts and human faults.
A detection scheme is proposed to differentiate these currents and demonstrated with Matlab Simulink.

An analysis showing the behavior of the system to increasing number of grounding points using this
detection scheme is further discussed and studied by means of state space representation. This analysis
helps as a starting point for the scalability of DC distribution systems with capacitive grounding.
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1
INTRODUCTION

1.1. MOTIVATION

Energy production and distribution will play a very important role in the upcoming years. Currently World’s
energy demand accounts for more than 20 TWh of energy, which according to Energy Information Adminis-
tration [1] will increase up to 38 TWh 1 . Modern society depends on a steady supply of energy.

Figure 1.1: World net electricity generation by energy source in trillion watthours, 2012

If a renewable energy future is to be achieved, important changes have to be implemented to today’s
energy production and distribution systems. Energy has to be produced and transported ensuring stability
and availability for all end users [2]. Renewable energies prove to be a feasible solution to future energy
requirements but with their large scale implementation, new challenges appear.

Regardless of which renewable energy technology will be the most prominent, sun based renewable ener-
gies such as PV and Wind share one disadvantage: their stochastic behavior. These renewable technologies
11 trillion=1012=1 Tera

1



2 1. INTRODUCTION

unlike conventional energy generation systems cannot be controlled in terms of production. Nevertheless,
their energy generation potential promises to overthrow conventional fossil fuels technologies with electricity
as the main energy carrier. A match between consumption and production from stochastic energy resources
has to be overcome if large scale renewable energy technologies are to be implemented.

Future electrical distribution grids have to cope with renewable energy technologies while ensuring the
grid security, operation safety, protection, power quality and efficiency [2]. A relatively new concept emerges
to solve this challenge: the Smart Grid. A smart grid is an electrical transmission network that by means
of intelligent control can integrate the actions of energy generators and energy consumers whilst delivering
sustainable, economic and secure electricity. This type of network can ease the integration of Distributed
Generation, Renewable Energy Sources, and Energy Storage Systems [2]. Smart Grids are also a platform for
new technologies and services that follow the main objective of linking power generation with power demand.

Moreover, as a result of the gradual improvement of renewable energy technology, microgeneration
technologies such as home photovoltaic, micro wind power, domestic solar thermal systems and domestic
combined heat and power have been steadily penetrating the low voltage energy market [3]. As a mean to
integrate distributed generation on a low voltage level as a result of the increase in microgeneration units an
adaptation of a Smart Grid on a low voltage scale demonstrates to be of great use. For the scope of this
thesis project a Microgrid will be defined as the following according to [2],[4]:

“A Microgrid comprise a LV distribution system with distributed energy resources (micro-turbines, fuel
cells, PV, etc.) together with storage devices (flywheels, energy capacitors and batteries) and flexible loads.
Such systems can be operated in a non-autonomous way, if interconnected to the grid, or in an autonomous
way, if disconnected from the main grid. The operation of microsources in the network can provide distinct
benefits to the overall system performance, if managed and coordinated efficiently”.

1.1.1. AC-MICROGRIDS VS DC-MICROGRIDS

In this Section a brief comparison between two system topologies which aim to integrate renewable based
distributed generation units will be shown. First an overview of low voltage AC and low voltage DC Microgrid
systems is provided. AC and DC topologies will be shown to exemplify the two systems.

AC MICROGRID SYSTEM

An AC microgrid system can be integrated by DC and AC systems with distributed generation units and
electrical storage systems connected with the distribution network. Nevertheless, a part of the network which
consists of the distributed units and loads form an AC Power System. In Figure 1.2 a general AC Microgrid
system is shown.

As defined before these two networks can operate interconnected or if required in islanded mode. The
main characteristic of an AC microgrid system is that during operation the network adopts the voltage and
frequency standards applied in most conventional distribution systems which are clearly defined.

DC MICROGRID SYSTEM

Most of domestic LV equipments are inherently DC which have embedded power electronic devices (comput-
ers, cell phones, TVs, etc). Nevertheless, these devices need power electronic components in order to convert
the AC power into DC power. As such, renewable distributed generation sources based on DC require also
a conversion stage in order to be coupled with the existing AC Network. In Figure 1.3 a general topology
of a DC Microgrid is shown.

In contrast with an AC microgrid the bulk of the network which consists of the DG units and loads form
an isolated DC Power System with only DC/AC converters when AC loads have to be provided. Looking at
Figure 1.3 the DC Microgrid is a simpler topology with a straightforward structure. Furthermore, the use
of less power conversion stages increases the efficiency of the systems at by default lowers its cost.

The bipolar configuration enables the loads to be connected across the positive conductor and middle
conductor which is neutral or between positive and negative conductor having increasing voltage for higher
voltage loads. It is evident that in actual applications this could lead to asymmetric loading of the grid,
causing increased voltage magnitudes for the nodes of the neutral conductor [6]. The low voltage DC links
can be based on unipolar and bipolar configurations as shown in Figure 1.4.
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1.2. PROBLEM DEFINITION

Although DC microgrids prove to be a solution for future energy systems many challenges have to be
overcome. Potential areas of improvement are the grounding system, protection devices, power converters
and battery protection methods [5]. Considering a DC bipolar network the main challenge as mentioned
before is the protection scheme. Under this scope the grounding protection and its respective detection is of
critical importance to ensure the system against ground faults and leakage currents. An interesting solution
for grounding configuration is capacitive grounding. Since this is a new topic the literature is scarce, but
still the requirements of such a scheme can be defined.

The grounding configuration analyzed through this thesis has the following restrictions:

• The grid can be meshed; it doesn’t follow the standard radial distribution.

• The network is bipolar with +350 V on the positive conductor, 0 V (metallic return) on the middle
conductor and -350 V on the negative conductor.

• The protection has to cope with the IEC Standard 60479 [7].

• The protection should not trip in case of load change or load unbalance.

• The protection should react fast enough to ensure safety of the users of the network.

• The network can be grounded at multiple locations.

1.3. OBJECTIVE

The objective of this Thesis is to determine a capacitive residual ground fault protection and detection
scheme for a bipolar DC network that can discriminate between ground currents due to unbalance change
and human touch. Thus, enabling normal operation of the network whilst ensuring safety of end users and
equipment avoiding communication between protective relays when is not needed.

1.4. RESEARCH QUESTIONS

In order to exemplify the objective above mentioned the research questions intended to be solved by this
thesis are the following:

• What is the effect of the capacitor size in the capacitive grounding scheme?

If capacitive grounding is to be implemented as a grounding scheme for a DC distribution grid its effects
have to be known. The intention of this question is to determine the sensibility of a given DC distribution
system to capacitor size.

• How can communication for fault triggering be omitted on a radial section of a DC distribution grid?
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The intention of this question is to determine under which circumstances the communication between
the protection devices can be omitted in order to optimize the system design and reduce costs.

• How can human ground faults and load changes be differentiated on a detection scheme for DC
distribution grids?

The reason for communication is to be able to differentiate normal operating values from faulted values.
The need of communication may be ommitted if the right conditions are met or if a proper detection scheme
is implemented without the need of it.

• What would be a consequence of increasing the number of grounding points?

The intention of this question is to understand the consequences of increasing number of grounding
points on a DC distribution grid. The reason of this question is to determine if the scalability of such a
system is possible and under which considerations.

REPORT OUTLINE

At the outset of each chapter an introduction to the main topic will be given in order to explain the
importance of protection in LVDC networks. At the end of each chapter a short conclusion summarizing the
most important ideas is also given.

A more detailed description of the main challenges of a DC distribution system are introduced in Chapter 2
with an analysis of the requirements that such a system has to meet.The possible grounding configurations
that could be used for a DC distribution grid are studied from literature. The effects of DC current flowing
through the human body are analyzed to delimit threshold values that will be used in the following chapters
for the protection and detection scheme. Capacitive grounding is explained from previous work done as an
interesting choice to prevent corrosion on a DC grid.

Chapter 3 discusses in more detail capacitive grounding along with the grid configurations that are
addressed throughout this thesis project. A sensitivity analysis by means of simulations done with software
Matlab Simulink is presented to show the system behavior to different capacitance values. The focus is done
to test the system when load power demand is changed suddenly and how the capacitance values affect the
system response.

With the results presented in the previous Chapter the challenges of the protection scheme to discriminate
ground faults from load change currents are described in Chapter 4. The approach for the system detection
scheme studied by means of a filter is discussed with simulations done in Matlab Simulink. The filter is
shown as a possible solution to discriminate ground fault currents from currents caused by load changes. A
detection map is presented and compared with the threshold values of currents that may harm the human
body that were discussed before.

Since the scalability of capacitive grounding is one of the main research questions, Chapter 5 is focused to
study the behavior of a simple unipolar grid with increasing grounding points and with two different network
arrangements. The analysis is done by means of state space representation and modeling load disconnection
on the grid. The different results obtained and a comparison between current magnitudes for increasing
grounding points is further debated in this Chapter.

Finally, in Chapter 6 the research questions presented at the beggining of the thesis are discussed. The
questions are addressed with the results obtained in the previous Chapters. A brief conclusion summarizing
the results shown is further presented.





2
PROTECTION OF DC GRIDS

As discussed in Section 1.2 one of the main challenges for DC Microgrids is how to properly suit it to protect
sensitive loads and end users. Moreover, LVDC distribution systems primarily provide users who are unaware
of certain aspects of the electric power utilization. Meantime, ground faults are one of the main threats to
cause indirect contact risk[8].

In the first Sections of this chapter the relevance of system protection is addressed. A general design
criterion from the literature is analyzed and the different possible grounding configurations for LVDC distri-
bution are discussed. In these two Sections the focus is to set the starting point for the design of a residual
ground fault protection scheme for a LVDC Grid. An analysis of the effects of current in the human body is
presented in order to state the allowed threshold values for grounding currents. The standard IEC60479 [7]
is addressed to show the values and duration of current flowing through the human body which are hazardous
to end users. Finally, the concept of capacitive grounding will be introduced as a interesting solution for the
protection of LVDC grids.

2.1. ELECTRIC SYSTEMS OF THE FUTURE

The dominance of AC systems proves to be a difficult obstacle in the adoption of DC systems. Electrical AC
systems are a well developed technology and widely adopted throughout the world. Nevertheless, there are
several technologies that can benefit from the adoption of DC systems.

The USB Type-C and USB Power Delivery technologies can allow up to 100 W (5A at 20 V) to be
transferred. This new protocol may be able to provide power to most consumer appliances under a DC
network topology. As explained in the previous Chapter unnecessary power conversion steps may be omitted
since most of the devices used by end users run on DC Power.

Furthermore, the adoption of public LED street lighting, greenhouse lighting and shipboard power sys-
tems [9] can benefit from the development of a DC distribution grid. On the other hand commercial buildings
can benefit from these technologies enabling the adoption of these systems and as consequence the need
and maturity of this technology.

In addition, residential DC houses are likely to become a feasible concept making use of the advantages of
DC schemes such as the bipolar topology. As shown in Figure 2.1 the distribution systems for LV domestic
could be able to provide enough power for high loads such as heat pumps, washing machines, cooking
facilities and domestic lighting. The planning of future buildings and neighborhoods could be done thinking
in this topologies and enabling the conversion of normal AC appliances into DC. The potential scalability of
this components is shown in Figure 2.2.

A microgrid composed of multiple nano grids as a distributed energy source structure that can be
coupled further with other microgrids may increase the adoption of RES and the scalability of DC systems.
The connection between them may be more beneficial and natural to be done in DC in this case. Figure 2.3
shows a simple topology example connection of two microgrids as DES. This may be a future feasible option

7
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Figure 2.1: Modular Bipolar Voltage Levels. Adapted from [9].

for DES connection and large scale adoption.
Nevertheless, it is expected that AC and DC systems coincide in several locations during the transition

and adoption of this new market. It is easy to understand that this change will not be easy and DC will only
prove to be a tangible option to the well-established AC market when a DC market is also available and real
infrastructure exists.

It is not the purpose of this thesis to prove that DC systems pose a better solution for energy distribution
than AC systems but to exemplify that the conception of systems like this are the possible answers to the
future challenges of energy usage and distribution that come along.

Figure 2.2: "On the right: a DC microgrid connecting a neighborhood with multiple DC nanogrids inside buildings and some
larger distributed energy resources. It can be connected to other DC microgrids on the same voltage levels and/or to the
medium voltage grid at the substation depicted in the center. On the left: a DC nanogrid inside a building with various energy
resources is shown in detail. A fault isolation device can separate it from the microgrid".[9]
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Figure 2.3: "An overview of a distribution area with multiple DC microgrids that are directly connected (black) to each other
forming some meshes. On top of that, a medium voltage DC grid (red) connecting most of these microgrids at substations.
Furthermore, a high voltage transmission system is depicted in green". [9]

2.2. REQUIREMENTS OF DC-MICROGRIDS PROTECTION SCHEME

Nowadays, AC systems continue to be preferred as opposed to DC systems due to the lack of available
DC micro-grid protections schemes, standards and technologies. Likewise, the viability of the large scale
implementation of DC micro-grids strongly depends on the right development of these standards and guide-
lines [10]. Nevertheless, protection is a complex parameter and there are many different means for its
configuration in an electrical power system.

In order to establish how to properly protect a DC Grid the following key design criteria for any protective
system have to be met according to [10]:

• Reliability: Right prediction of the protective system response to faults and dependability to not trip
spuriously on transient or noise.

• Speed: Appropriate fault removal from the system and promptly restoration of operating voltages.

• Performance: Continuity of service to the loads; where lower performing system loses a significant
portion of its loads when a fault occurs.

• Economics: Lowered installation and recurring costs; generally in opposition to performance.

• Simplicity: Quantity of parts, zones of protection to ensure its reliability.

A protection system in general terms consists of current interrupting protection devices, protective relays,
measurement equipment, and grounding. Some commercially available components used on DC distribution
systems depend on current interrupting devices which rely on the physical principle of clearing a current flow
path upon an over-current condition. Moreover, fuse and breaker designs are enhanced with Zero Current
Switching obtained by the natural zero current condition of AC systems. As a consequence, these devices
are not properly designed for DC systems although can be used under special considerations [10].

For the case of distribution protection the main requirements for design criteria looking at a DC distri-
bution system can be summarized in the following way according to [2]:

• Sensitivity: protection system should be able to identify an abnormal condition that exceeds a nominal
threshold value.

• Selectivity: protection system should disconnect only the faulted part minimizing fault consequences.

• Speed: protective devices should respond to abnormal conditions in the least possible time in order to
avoid damage to equipment/users and maintain the system stability.



10 2. PROTECTION OF DC GRIDS

• Dependability: protection system must operate correctly when required to operate and shall be designed
to perform its intended function while itself experiencing a credible failure.

• Security: protection system must not operate when not required to operate and shall be designed to
avoid unwanted operation while itself experiencing a credible failure.

• Redundancy: protection system has to care for redundant function in order to improve reliability.
Redundant functionalities are planned and referred to as backup protection.

2.3. CONFIGURATIONS FOR LOW VOLTAGE DC
Electrical grounding is a safety practice implemented on electrical systems which consists in connecting a
given electrical system to a common path for electrical current to flow or to a physical connection to earth’s
ground.

For safety and noise reduction nowadays electrical systems grounding connection is not intended to
premeditate carry current but to safeguard users and property from risks arising from the use of electricity [11].
Nevertheless, the challenges facing DC systems protection are not only caused by the absence of standards
and recommendations but also from the relative lack of practical experience [10].

Although LVDC systems are not fully developed HVDC connections have been implemented successfully
in different countries. Knowledge from existing high power DC systems can be used as a starting point
for a grounding protection outline for LVDC distribution systems. In [12] an overview and comparison for
possible grounding configuration options for Meshed HVDC grids is given as base for LVDC grids. It is
important to note that the grounding and grid configuration depend on each other and directly affect the
grid design. Parameters like number of grounding points and their location affect the insulation requirements,
fault behavior and fault response. Moreover, not all grid configurations are compatible for extensibility. In
Tables 2.1 and 2.2 an analysis of HVDC grid configurations is presented according to [12].

Table 2.1: HVDC Grid Configurations: Unipolar Grid. Adapted from [12].

Asymmetric monopolar grid Symmetric monopolar grid
Operating voltages -Un,0,Un -Un/2,0,Un/2
Cables 2 2
Grounding Type Low impedance High impedance

Grounding points Single grounding point
Multiple grounding points

Multiple grounding points

Cable Voltage Rating 0,Un -Un,Un
Steady-state fault current Large Zero
Protection requirements Fast acting protection Less stringent time constraints

Extensibility Asymmetric monopoles
Upgrade to bipolar grid

Symmetric monopoles
High impedance grounded bipoles

Post-fault flexibility after loss of cable Low Low
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Table 2.2: HVDC Grid Configurations: Bipolar Grid. Adapted from [12].

Bipolar Grid
Operating voltages -Un,0,Un -Un/2,0,Un/2
Cables 3/2 3
Grounding Type Low impedance High impedance

Grounding points Single grounding point
Multiple grounding points

Multiple grounding points

Cable Voltage Rating Un,0,Un -Un,+-Un/2,-Un
Steady-state fault current Large Zero
Protection requirements Fast action protection Less stringent time constrains

Extensibility
Low impedance grounded bipoles
Asymmetric monopoles between
metallic return and pole

High impedance grounded bipoles
Asymmetric monopoles between
metallic return and pole

Post-fault flexibility after loss of cable High High

2.3.1. STANDARD GROUNDING SYSTEMS

As discussed in Section 2.3 grounding scheme is important for the network design. Looking at ground faults
the safety of users is a critical issue that has to be overcome for DC networks. In Chapter 1.2 the lack of
standards and guidelines for DC networks acts as a counterweight on their adoption. Nevertheless, some
currently defined standards can be used as a good guideline to achieve this.

First of all we have to acknowledge what the IEC is:
“The international Electrotechnical Commission (IEC) is a worldwide organization for standardization

comprising all national electrotechnical committees (IEC National Committees). The object of IEC is to
promote international co-operation on all questions concerning standardization in the electrical and electronic
fields”[13].

According to the International standard IEC-60364, 3 grounding configurations are presented: TT, IT
and TN systems. A brief explanation of each configuration will be given to put in perspective the impact on
the grid design.

The standard IEC-60364 denotes the configurations with two letters. The first letter indicates the
connection between the earth and the power source.

• T: Direct connection of a point with earth, from Latin terra.

• I: No point is connected with earth.

The second letter indicates the type of connection between earth and the power source.

• T: Earth connection is done by a local direct connection to earth.

• N: Earth connection is supplied by the power source either as a separate protective earth conductor or
combined with the neutral conductor.

GROUNDING SYSTEMS

• TT-system: In the TT system the protective earth connection is provided by a local electrode whilst
a separate conductor also grounds the power source. This system is preferred for telecommunications
systems due to the lack of interference which is provided by the nature of this system. The TT
grounding system is used throughout Japan, with RCD units in most industrial settings. This can
impose added requirements on variable frequency drives and switched-mode power supplies which
often have substantial filters passing high frequency noise to the ground conductor.

• IT-system: In the IT system the electrical distribution does not have a ground connection at all [8].
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• TN-system: In the TN system at least one of the points of the power source is connected to earth.
This is a very common system and is openly used for residential and industrial systems. Furthermore,
TN systems can be classified further into TN-C, TN-S and TN-C-S. Figure 2.4 shows the different
topologies described in the standard.
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Figure 2.4: Possible grounding types on a LVDC network [14].

Significant voltage deviations on the cables are a hazard for network stability and as a consequence the
nature of the IT systems becomes unrealistic for this type of networks. This also mean that the scalability
of a DC distribution network cannot be achieved using an IT grounding system. On the other hand, a TT
system requires the implementation of many grounding points if the network is to be scaled, which makes
detection of ground faults a more demanding factor than needed. Therefore, as stated before the number
of grounding points may be limited to an optimum amount.

Moreover, the TN system which may have the option to have a separate conductor enables a more stable
grounding point which grounds the load and prevents current to flow through the grounding resistance. A
TN system with a separate conductor proves to be a good option for DC distribution networks that may
ensure both users and network stability.

2.4. EFFECT OF DC CURRENT ON THE HUMAN BODY

The IEC60479 standard “Effects of current on human beings and livestock” [7] helps to set a valuable basis
of ground fault current limits that if surpassed may inflict permanent damage to end users. As its name
indicates this standard provided by IEC describes the effect of electrical current passing trough human body.
In this Section a brief explanation of the most relevant aspects for DC distribution systems under the view
of a protection scheme is given. In addition, the relevance and usefulness that this standard implicitly has
on DC distribution system protection is shown.
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LET-GO AND PHYSIOLOGICAL THRESHOLDS

The Let-Go threshold is defined as the maximum value of electric current through the body of a person
at which that person can release himself or herself. This value depends on multiple conditions such as the
individual physiological attributes, contact area shape of the electrodes, etc. Figure 2.5 presents the Let-go
thresholds for men, women and children for combinations of alternating current and direct current. The
thresholds chosen by IEC are considered to be adequate to represent the entire population from inability to
let go.

On the other hand, Figure 2.6 shows the physiological thresholds for AC and DC current flowing from
both hands to both feet through the human body. This Figure delimits different values of DC current for
different time duration and delimits 4 zones that have specific physiological effects for humans. A brief
description of these zones and their physiological effects is presented below.

• DC-1: Slight pricking sensation when making, breaking or rapidly altering current flow.

• DC-2: Involuntary muscular contractions likely especially when making, breaking or rapidly altering
current flow but usually no harmful electrical physiological effects.

• DC-3: Strong involuntary muscular reactions and reversible disturbances of formation and conduction
of impulses in the heart may occur, increasing with current magnitude and time. Usually no organic
damage expected.

• DC-4: Patho-physiological effects may occur such as cardiac arrest, breathing arrest, and burns or other
cellular damage. Probability of ventricular fibrillation increases with current magnitude and time.
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Figure 2.5: Let-go thresholds for men, women and children. Adapted from [7].

According to the IEC Standard IEC60479 2.6 the DC-3 and DC-4 zones pose a serious risk for end users
and thus should be a safety requirement for the protection scheme. The time and current values that delimit
these areas are in the order of mA which and have to be limited to values under 10ms. This information
also states that the detection and clearing of the faults have to be done under 10ms which with current
solid state technology can be easily achieved.
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Figure 2.6: Time and current zones IEC standard [7]. Figure adapted from [8]

FAULT DETECTION

One of the most common methods for fault detection in electrical systems is the over current approach. As
the name states faults are detected by measuring currents and comparing them with a threshold value. This
approach is useful in systems that can provide enough fault current to reach the threshold limits. In the case
of a domestic household exemplified as a nanogrid in Figure 3.1 this is the case when is interconnected to
a large grid. Nevertheless, if operated in islanded mode current values may not be reached to ensure fault
detection.

On the other hand, a relatively new approach based on fault transients emerges as a possible solution
to this problem. By measuring the rate of change in current with respect to time di

d t as a discriminating
indicator even if the current limit may not be reached the slope could accurately indicate that indeed a fault
is present. This type of detection can be very fast if applied properly. Since signal analysis is important,
accurate measurements should be made with as few noise as possible.

As mentioned in Section 2.5 on a DC distribution grid one of the challenges is to differentiate between
normal operation of the network and fault condition. However,this differentiation is not very obvious in terms
of measurements. This in terms of clearance speed is critical and affects the detection method selection.

Furthermore, due to the nature of capacitive grounding inrush currents have to be considered. Inrush
currents can surpass in 2 orders of magnitude the nominal current values causing a considerable problem in
the protection scheme. With the purpose to solve this problem and avoid false positive detection standards
regarding this type of systems have to be developed in detail.

Moreover, load shifts should not be done too fast in order to avoid transients causing false positive
detections. As mentioned before guidelines and standards have to be developed to cover most cases by
limiting the rate of change in load and thus ensuring system stability.
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RESIDUAL CURRENT MEASUREMENT

As stated before, a ground fault is the flow of current in a path that was not designed for. There are
many factors that may cause ground faults in electrical systems: aged infrastructure, poor insulation, etc.
A ground fault occurs when an undesirable connection is made between one of the conductors and ground.
In a DC system human error may cause ground faults and as part of the protection scheme it is relevant to
analyze how to detect and prevent them.

Looking at a bipolar network under normal conditions in Figure 2.7 and applying Kirchoff’s Current Law in
node 1 when there are no fault conditions the sum of currents will account to 0 as shown in Eq. 2.1 .

I++ Im+ I- = Ignd =⇒ Ignd = 0 (2.1)

On the other hand if the network is under a fault the sum of the currents will be different from 0 since there
is current flowing through a path where is not supposed to. This simple method is applied to discriminate
between normal conditions of operation and during faulted conditions[14].

I++ Im+ I- = Ignd =⇒ Ignd 6= 0 (2.2)

Load350V

350V Load

iΣi

i+

im

i−

ig nd

Load350V

350V Load

iΣi

Fault

i+

im

i−

ig nd

Figure 2.7: Bipolar dc grid with and without fault conditions. To the left Bipolar DC grid without fault conditions. To the
right Bipolar DC grid with fault conditions.

2.5. CAPACITIVE GROUNDING

As discussed in Section 2.2 the bipolar system network proves to be the most preferred topology for LVDC
grids. Nevertheless, when there is an unbalance on the poles, i.e. the power on each pole is not equal, a
voltage deviation occurs on the middle conductor. This voltage deviation incites current to flow from the
neutral conductor to ground. This is a normal effect on AC systems but is negligible since as a consequence
of the alternating current this effect is canceled out. In a DC network this is not the case and the flow of
this current to ground when unbalance exists will cause a constant current flowing to ground for a persistent
period of time. This translates on the protection scheme since this current may be detected as a fault in the
network which results on a poor designed protection system. Moreover, as stated in [14], this continuous
current flow to ground will cause corrosion on the electrical infrastructure which ages prematurely the system
and increases the likelihood of major failures. That is why on a DC distribution system this effect has to be
taken into account properly when designing the protection scheme.

Capacitive grounding proves to be a simple yet efficient solution for grounding DC distribution networks
and to avoid leakage currents on unbalanced operation. Capacitors prevent currents from flowing to ground



16 2. PROTECTION OF DC GRIDS

when a load unbalance is present on the network. Furthermore, due to their nature capacitors behave as
open circuits at low frequencies (DC), and as short-circuit at high frequencies.

Due to the nature of the capacitors when load unbalance is present on the network current will start
flowing to ground and start charging the capacitors. Once the capacitor is charged it behaves as an open
circuit not allowing current to flow further. In Figure 2.9, the behavior of the two capacitive grounding
points is proved when, in spite of the voltage unbalance, there is no current flowing to ground in steady
state operation.
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Figure 2.8: Plot of resistor grounding voltage and current when a load unbalance is presented[14].
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Figure 2.9: Plot of capacitive grounding voltage and current when a load unbalance is presented[14].

If a fault occurs most of the current would flow back to the network through them increasing the safety
and stability of the grid. Nevertheless, the charge and discharge of the capacitors during ground faults
remains a problem[14].

As discussed in [14] by means of RCM, ground faults can be detected in the system and determine their
location. This enables the disconnection of the faulted section ensuring system selectivity. Nonetheless, this
is only possible by means of efficient communication and multiple grounding points. Having a communication
system between the protective relays in the grid configuration is imperative with this approach.
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Every time a load is shifted, balancing current flows will leak through ground to enable capacitors reach
steady state with the new voltage distribution. Ideally one would like to have a symmetric network but in real
life applications this is hardly the case. The network is likely to be symmetrical causing a voltage drop across
the capacitors that is directly related to the load distribution of the network. For balancing and circulating
currents the order of magnitude is similar to that of fault current and protection is likely to be triggered if
communication does not exist on the system. Communication between the protective relays ensures ground
fault detection.

However, this approach implies a more expensive network due to the fact that in order to discriminate
between balancing and circulating currents the protection device has to cover a considerable range of currents.
Having such a robust protection device on the network may not be economically viable. Furthermore, since
in order to avoid ground faults to reach critical values the clearance of the fault has to be done quite fast.
This means that the communication system and protocol must be able to react in the order of ms or us.

As discussed in Section 1.4 one of the research questions of this thesis relates on how communication for
fault detection be omitted on a radial distribution. A different approach will be considered in the following
chapter which may enable the proper discrimination between ground faults and circulating currents avoiding
having extensive communication all over the network.

2.6. CONCLUSION

In this Section the current status for the protection of DC grids was studied. A brief overview of the scope
of DC distribution systems as a reality was presented. The potential of DC for LV systems and as a coupling
technology with RES was discussed and different possibilities of implementation were mentioned.

Since the lack of standards and guidelines is one of the major problems for DC distribution systems the
general safety requirements a system like this should meet were adressed. Different grounding configurations
that standard AC systems use were also exemplified in a DC system. It was also concluded that the TN-S
system is a good and stable configuration to be implemented on DC distribution systems and thus the
following chapters base their topologies and analysis using this grounding configuration.

Furthermore, the effect of DC current was analyzed based on the IEC60479 standard “Effects of current
on human beings and livestock”. The different physiological effects caused by different current magnitudes
and durations were mentioned by the DC zones in the standard. This zones serve as design guideline for the
DC protetcion scheme that is studied in the following chapters.

Finally, the concept of capacitve grounding as a mean of protection scheme for LV distribution grids
was introduced. The advantages of this system to avoid leakage currents from load pole unbalance was
mentioned. The current research done in this topic also shows that there are some aspects to be adressed
such as the proper detection of fault currents. Moreover, the scalability of a system like this remains unkown.
In summary this Section sets the requirements and guidelines from the knowledge taken from literature and
previous research. For the following chapters the implementation of a capacitive grounding protection scheme
are based on what has been mentioned in this chapter.
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CAPACITIVE GROUNDING FOR LV DC GRIDS

As explained in Chapter 2 ground fault protection is an important aspect for the adoption of DC distribution
systems. Looking at this system, low impedance grounding does not avoid, the flow of DC ground currents
which as discussed previously lead to corrosion and system degradation. On the other hand capacitive
grounding was briefly discussed in Section 2.5 and may be a suitable solution for the protection of DC grids.
In such a system the use of capacitive grounding promises to prevent ground faults whilst enabling normal
operation on the grid.

However, in order to proper detect and clear faults the implementation of multiple grounding points all
over the network and fast communication are required between the protective relays. This would increase the
network costs making this system difficult to implement and not as attractive as more economical solutions.

The aim of this chapter is to further explain capacitive grounding as a mean of protection scheme
applied on a DC distribution system. First, the scope of a DC distribution system grounding scheme is
presented by discussing the way it could be implemented. Secondly, a description of the capacitive grounding
implementations on a Unipolar and Bipolar configuration is discussed. An analysis done on each system is
presented by means of a set of simulation results done with the software Matlab Simulink. These simulations
are given to demonstrate the system sensibility to capacitor size. Finally, conclusions are made exemplifying
the advantages, disadvantages and further research of this system.

3.1. FINAL GOAL FOR CAPACITIVE GROUNDING

In Section 2.2 an overview of how future DC distribution systems would look like was given. The different
grounding schemes that could be adapted from AC systems were studied. This Section will focus in more
detail on the protection system using capacitive grounding for DC distribution systems.

Figure 3.1 shows a schematic of capacitive grounding implemented on a LV Domestic street arrangement.
The schematic shows a LV DC bipolar distribution network. At the point of interconnection each house
serves as a nanogrid having a bipolar configuration and with their own capacitive grounding protection. The
schematic shows a symmetric configuration with the possibility to load the two LV distribution poles with
rows of houses lowering the poles voltage unbalances.

Multiple grounding points implementation like in Figure 3.1 are needed to island individual nanogrids.
Nevertheless, multiple grounding points enable ground currents to flow and selective protection becomes more
challenging. As a result the development of suitable grounding schemes is critical. In a configuration like
this capacitive grounding could be an interesting alternative by providing low impedance for fault transients
and preventing dc ground currents from flowing[15].

As described in the previous Section fast fault detection is essential to ensure fault clearance before
reaching dangerous values. The response time of such a scheme would have to be in the order of a µs
which is considerably faster than traditional protection strategies found on AC systems. In addition, if fast
detection is achieved ensuring selectivity during fault clearance will become a more difficult task. In order

19
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Figure 3.1: Schematic Capacitive Grounding DC Distribution Systems
.

to understand in which direction the capacitive protection scheme is to be stirred, different approaches to
ensure the protection characteristics shown in Section 2.2 will be discussed.

3.2. UNIPOLAR TOPOLOGY

The Unipolar DC system consists of, DC sources and loads connected between the positive and negative pole
of the DC bus voltage level. As shown in table 2.1 the voltage of the network would be the one of the source
with the DC power transmitted on one level [16]. For capacitive grounding the neutral wire connected with a
capacitor to ground. This is done in each place where otherwise solid grounding would be used, i.e., in each
dc nanogrid that should be able to operate in islanding mode. Figure 3.2 shows a schematic of the unipolar
configuration that is used on this thesis with two grounding points with capacitors C1 and C2 connected to
the negative conductor.

The main advantage of this grounding configuration is that the impedance to ground is infinite in steady
state (s = 0). This means that no DC ground currents can flow. In this way corrosion can be avoided. For
high frequencies the capacitor impedance ZC (s) decreases. Thereby it behaves similar to low impedance
grounding for fast fault transients. Due to this fact selectivity and short circuit protection can be done
similarly as with low impedance grounding.

The impedance of a capacitor in Laplace domain is

ZC (s) = 1

sC
. (3.1)

Capacitors are rated for a maximum voltage. A maximum neutral voltage should be specified, in order
to limit the cost and size of the grounding capacitors. It is important that capacitors used do not have
polarity. This is because the potential of the neutral conductor can go negative. Due to isolation leakage,
or other means, the capacitors could charge over time to either their maximum or minimum voltage. As a
consequence, the voltage across them has to be clamped.

A possible implementation that will be considered through this thesis project are two Zener diodes in
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anti-series configuration as shown in Figure 3.2. For this thesis a value of ±5% of 350V is chosen, which
results in a clamping voltage of ±17.5 V as can be seen in Figure 3.2.

A shielded cable with a length of 100m length is assumed and modeled with a Πmodel, in order to consider
the effect of the cable capacitance in the simulation. The Π model used for the unipolar schemes is detailed
in Figure 3.3. The cable chosen is relatively thin, which is meant to show in principle a considerable voltage
drop in order to make the load change more significant in the sensitivity simulations detailed in Section 3.5.
The cable length is represented in the schematic as a series resistance-inductance with parameters described
in Table 3.1. As discussed before Residual Current Measurement (RCM) is applied at both ends of the circuit
to measure the grounding currents stated by iΣ21 and iΣ21.

Table 3.1: Cable Parameters

Parameter Value

Cable Resistance 4.61Ω/km
Cable Inductance 360µH/km
Cable Capacitance 260µF/km
Capacitance ESR 10Ω/km

350V

100m

12.25Ω
Load

iΣ12 iΣ21

i1

C1u1

i2

C2u2

Figure 3.2: Unipolar DC grid with two capacitive grounding points with voltage clamping by zener diodes. Source on the left
and load on the right [17].
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Figure 3.3: Detailed Π model used for unipolar cable simulations

3.3. BIPOLAR TOPOLOGY

The bipolar system as mentioned before has more flexibility than unipolar systems. A unipolar DC network
consists of three wire bus system which has two voltage levels as illustrated in Figure 3.4. The clamping
voltage configuration used in the unipolar scheme is also implemented here. The residual current measure-
ment is applied including both poles at both ends of the circuit stated by iΣ21 and iΣ21. The same Π model
and cable parameters are included in this scheme as described in Table 3.1 and shown in Figure 3.5.

With such a configuration the system can provide +350V,0V, 350V as shown in table 2.2. Having more
voltage levels makes the system more flexible to the end users [16]. Nevertheless, as mention before the fact
that with the connection of different potential levels and power demands on the poles can result on a system
unbalance and these effects have to be taken into account for the protection scheme.
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Figure 3.4: Bipolar DC grid with two capacitive grounding points with voltage clamping by zener diodes. Sources on the left
and asymmetrical loads on the right [17].
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Figure 3.5: Detailed Π model used for bipolar cable simulations

3.4. CAPACITOR SIZING

It is easy to understand that capacitor size plays an important role in a capacitive grounding scheme. How
capacitance affects the behavior and response of the system is the main topic for this Section. An important
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event to take into consideration is that capacitors always need to be charged to the voltage potential of the
neutral, respectively grounded wire. This voltage changes depending on the load in unipolar grids, likewise
load balance in bipolar grids.

It is well know that the charge of a capacitor depends on its size and affects voltage and current as
depicted in Eq. 3.2.

uC (t ) = qC (t )

C
= 1

C

∫ t

t0

iC (τ)dτ+uC (t0) (3.2)

where qC (t ) is the charge of the capacitor at time t .
Depending on the capacitor size and the amount of current provided to during load shifts the time for

it to reach a steady state varies. As capacitance increases the time to reach steady state will also increase.
This is important to understand what behavior is expected for load shifts as capacitance varies. For this a
simple simulation is set up in order to asses the sensitivity of the system to capacitance values.

The capacitance values chosen are taken from the range of µF and are depicted in table 3.2

3.5. SYSTEM SENSITIVITY ANALYSIS

The previous Section shows the importance of capacitor size in the protection scheme. In this Section the
results of simulations done in Matlab Simulink are presented. The simulations are done to analyze the system
sensitivity to capacitor size for the unipolar and bipolar topologies. Since the goal is to model the behavior
of the system at different capacitances a first simulation in with the unipolar scheme is presented. In order
to model the worst case scenario for load shift and measure the system behavior the load is connected
and disconnected. In addition, simulations showing capacitance value variations on the bipolar scheme are
modeled using the same load shift.

SENSITIVITY UNIPOLAR GRID

A simple simulation of the Unipolar grid scheme shown in Figure 3.6 is made to show the behavior of the
capacitors during worst case scenario of load change.

A capacitance value of 10µF was used for the grounding points C1 and C2. The grid is assumed in steady
state at the beginning of the simulation with no load connected. The simulation duration is set to 0.7 s,
at 0.2s a 10kW load is connected to the grid and at 0.4 s is then disconnected. The voltage (u1,u2) and
currents (i1,i2) measured from C1 and C2 are respectively plotted in Figure 3.6.

This first simulation shows that the capacitors charge and discharge depending on the value of the neutral
conductor with respect to ground which is shown in the voltage plot. There is a considerable peak that is
caused mainly by the cable inductance reaching current values of 20A when the load is disconnected.

SENSITIVITY BIPOLAR GRID

Now that we know how in principle the capacitance behaves during load shifts it is relevant to simulate the
behavior on a bipolar topology with increasing capacitance. For this reason, a simulation using schematic
Figure 3.4 and cable parameters from Table 3.1 for different capacitance values is presented.

The schematic used consists of a bipolar dc grid system with a 350V voltage source on each pole and
two unbalanced loads of 10 kW on the positive and 20 kW on the negative pole. Two grounding points are
included with a connection distance of 20m both to source and load. A shielded cable with a length of
100m is assumed and modeled with the Π model shown in Figure 3.5, in order to consider the effect of the
cable capacitance in the simulation. The cable parameters used are listed in Table 3.1. The cable chosen
is relatively thin, which is meant to show in principle a considerable voltage drop in order to make the load
change more significant.

The capacitance values used in this simulation are considered in the range of µF and presented in
Table 3.2.

Five simulations are made individually, each of them with a different capacitance value.The 20 kW load
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Figure 3.6: Unipolar dc grid with load connection (0.2 s) and disconnection (0.4 s). The capacitors are charged to the new
voltage of the neutral line when connecting and discharged at disconnect. The voltages are clamped at 17.5 V and the balancing
currents are in the magnitude of 20A [17].
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Figure 3.7: Sensitivity simulation results for different capacitance values. Top plot shows the voltage of C1 shown on Figure 3.4.
Bottom plot shows the current flowing through C2 to ground as shown on Figure 3.4. Load is initially connected. At 0.2 s load
is disconnected and reconnected at 0.4 s, human fault is omitted for this simulation [17].
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Figure 3.8: Zoom for connection and disconnection points of Figure 3.7 for both voltage and current. From top to bottom and
left to right: zoom of voltage peak at 0.2 s (disconnection), zoom of voltage peak at 0.4 s (connection), zoom of current peak
at 0.2 s (disconnection), zoom of current peak at 0.4 s (connection) [17].

Table 3.2: Capacitance Values chosen for bipolar sensitivity simulations

Run Capacitance Value [µF]

1 0
2 0.1
3 1
4 10
5 100

at the negative pole is disconnected and connected again at 0.2 and 0.4 s respectively. Figure 3.7 shows the
voltage and current values of C1 shown on the schematic of Figure 3.4 for the different capacitance values
with a total simulation time of 0.7 s.

A zoom on each peak for each plot (voltage and current) is shown in Figure 3.8. The color coding of the
lines is the same as before. Looking at the 0µF capacitance case the behaviour is similar to the capacitances
of 0.1 and 1µF, which is a consequence of the parasitic/snubber capacitance of the zener diodes which are
modeled on the capacitive grounding points. Moreover, the voltage for the capacitance values of 1 and 10µF
shown in Figure 3.8 clamp at 17.5V which corresponds to the breakdown voltage of the zener diodes.

Furthermore, the system becomes more stiff with increasing capacitance as it is shown for 1, 10 and 100µF
capacitance values. At the moment of connection/disconnection currents around 25 and 50A corresponding
to 1 and 10µF flow through the capacitors to ground. It is important to note that low capacitance lower to
1µF are in the order of the cable capacitance value shown in Table 3.1 which for further system sensitivity
simulations can be omitted. The time it takes for the transients to be no longer relevant to the analysis is
less than 0.5ms which is relatively fast compared to the time it takes current flowing through the human
body to cause irreversible damage [7]. The load disconnection served as extreme case scenario of load shift.
Although load shift is a normal state of operation on a bipolar network as stated in Section 2.5 the transient
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state may trigger protective relays.

3.6. CONCLUSION

This chapter discusses capacitive grounding as an interesting solution for the grounding scheme of DC
distribution grids. Its advantages are the prevention of DC ground currents in steady state, while still
showing low impedance behavior for fault transients. The importance of the capacitance values and the
sensitivity of the system due to its variations was analyzed by means of simulations done in Matlab Simulink
on the unipolar and bipolar schemes.

The magnitudes observed during load change were discussed and since the magnitude for currents caused
from load shifts are considerably larger than the ones caused by human touch a discrimination scheme has
to be developded to difference them. The boundaries of the applicability have to be identified and guidelines
for capacitor size and line lenghts have to be derived.





4
FILTER DESIGN FOR RESIDUAL GROUND

FAULT DETECTION

As shown in Section 3.5, relatively high currents occur at the moment of load change. Nevertheless, load
changes are a normal behaviour in dc distribution grids and from the protection scheme point of view this
needs to be taken into account. This current behavior poses a challenge for discrimitating load change
currents from human fault currents, as the magnitude of the load change is much bigger than that of the
fault.

For this reason a detection scheme is of great importance in order to safely implement capacitive ground-
ing. The aim of this chapter is to describe a simple detection scheme by means of filtered current discrimina-
tion. This detection scheme is conceived to follow as accurately as possible the limits, times and thresholds
defined by the IEC60479 [7] standard.

This chapter is organized as follows: in Section 4.1, the main approach for the protection design is
presented and the main goal that is desired to achieve is discussed. Furthermore, in Section 4.2 the intro-
duction of a simple first order filter aimed to describe the desired response of the system is given. Section 4.3
describes the methods to further synthesis the filter that could serve as tool for discrimination of human
ground faults and load change currents. Finally, conclusions will be made in Section 4.4 discussing further
work and important aspects to consider.

4.1. APPROACH

The approach relies on a relevant difference between human fault currents and load change currents. As
mentioned in Section 3.5 load shifts take less than 0.5 ms to reach a steady state. This means that in a
worst case load shift scenario looking at the values of capacitance used for the sensitivity simulations the
maximum current values will not last more than 0.5 ms. On the other hand, according to the IEC60479 [7]
standard the current duration that is likely to cause permanent damage to the human body is approximately
of 10 ms. This means that the difference is at least one order of magnitude with a conservative approach.
This meaningful characteristic is the base of the detection scheme that is presented on this chapter. The
main objective of this chapter is to exemplify a detection scheme that can be useful for the implementation
of capacitive grounding on DC distribution grids that is able to discriminate between load shift currents and
human fault currents. If this approach is implemented properly the need of unnecessary communication that
may be needed according to what is discussed in Section 2.5 between protective relays may be omitted.

4.2. FIRST ORDER FILTER

The frequency domain behavior of a filter is described mathematically in terms of its transfer function or
network function. This is te ratio of the Laplace transform of its output and input signals [18]. Therefore,
a first order low pass filter as shown in Figure 4.1 can be written as follows:

29
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Figure 4.1: Circuit Schematic of a First Order Low Pass Filter.

Defining the input voltage of the circuit shown in Figure 4.1

vi n(t ) = Ri (t )+ q(t )

C
(4.1)

vi n(t ) = Ri (t )+ 1

C

∫ t

0
i (u)du (4.2)

Applying Laplace Transform to (4.2):

L
{

vi n(t )
}
= L

{
Ri (t )+ 1

C

∫ t

0
i (u)du

}
(4.3)

Vi n(s) = RI (s)+ 1

C s
I (s) (4.4)

Vi n(s) =
(
R + 1

C s

)
I (s) (4.5)

Defining the output voltage of the circuit shown in Figure 4.1

vout (t ) = q(t )

C
(4.6)

vout (t ) = 1

C

∫ t

0
i (u)du (4.7)

Applying Laplace Transform to (4.7):

L
{

vout (t )
}
= L

{ 1

C

∫ t

0
i (u)du

}
(4.8)

Vout (s) = 1

C s
I (s) (4.9)

Defining the Transfer Function using Equations (4.5) and (4.9)

Vout

Vi n
=

1
C s

R + 1
C s

(4.10)

G(s) = Vout

Vi n
= 1

RC s +1
= 1

τs +1
(4.11)
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I nput  Signal Output  Signal

Figure 4.2: Block Diagram of a First Order Low Pass Filter
.

Where τ is defined as the time constant of the Transfer Function

(4.12)

The transfer function defines the filters response to any arbitrary input signal.

4.2.1. ANALYSIS/FILTER PERFORMANCE

There are two types of faults that have to be considered. The first case is the residual ground fault which
would occur when a subject touches a live wire. In this case currents are limited to values lower than 1A
by the relatively large fault impedance (more than 500Ω). The fault will be cleared by residual ground fault
protection within a reasonable time and should not pose a problem for the power limit of the Zener diodes.

In case of a low impedance fault currents would be naturally higher and could easily destroy both Zener
diodes and grounding capacitors. Ground faults with potentially high currents would be cleared in the µs
range by solid state breakers, such that the energy dissipation in the Zener diodes does not pose a problem.
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Figure 4.3: Bipolar dc grid with two capacitive grounding points with voltage clamping by zener diodes. Sources on the left
and asymmetrical loads on the right. The 20 kW load on the negative pole is disconnected to change the load balance. Further
a human ground fault can be generated in the middle of the cable of 100m length [17].

A simulation for a grounding capacitance value of 1µF is modeled using the schematic in Fig. 4.3.
Additionally a ground fault on the negative pole is included to emulate a human ground fault. Human
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impedance is by no means a constant value and depends on many factors. Nevertheless, a reasonable value
of 1000Ω is chosen according to the IEC Standard 60479-5 [7]. The human ground fault is only used in the
next Section.The human ground fault is triggered at 0.5 s with a duration of 10ms. The balancing current
peaks can be seen in the top window of Fig. 4.4. The human ground fault can barely be seen at 0.5 s.

For discrimination the first order low pass filter from Eq. 4.11 is implemented to measure current for the
sum of currents iΣ12 shown in Fig. 3.4. A time constant τ = 100ms is choosen for this simulation. A fault
is detected when the filtered value reaches the selected current threshold of 30mA in both the positive and
negative direction.

Looking at the simulation results shown on Fig. 4.4 it is easy to see that the duration for both the load
change currents and the human fault current serves as discriminating variable for the protection scheme.
The high peaks of the balancing currents are very short and thus have only a small effect on the filter output.
The small magnitude of the human ground fault is compensated by the duration of 10ms that is needed to
cause considerable harm. In this simulation only the human ground fault filtered current peak the value is
higher than the selected threshold value of 30mA.
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Figure 4.4: Current sum measurement and low pass filtered current sum with time constant τ = 100ms. The negative load
is disconnected at 0.2 s and reconnected at 0.4 s. A 1000Ω residual ground fault of 10ms duration occurs at 0.5 s. It can be
seen that the threshold is only reached for the residual ground fault and not for the balance changes, even though the raw
magnitudes (on top) have the opposite relation [17].

4.2.2. FILTER DETECTION MAP

If a protection scheme for capacitive grounding were to be implemented using the aforementioned scheme,
the filter should follow the IEC standard [7] in order to guarantee safety for all users. Therefore the residual
ground fault protection filter is analized for different current magnitudes and fault durations. For this reason,
a detection map is derived and shown in Figure 4.5.The map consists of currents between 100µA and 10A
with durations ranging from 100µs to 10 s. The first order low pass filter has a time constant τ = 100ms
with a detection threshold of 30mA.

For each value of current and time the filter is tested to compare allowed limits according to standard [7].
The IEC standard [7] limits are included on Figure 4.5 (red line) to make a proper comparison. The standard
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Figure 4.5: Detection map for first order low pass filter [17]. Blue color implies no detection from the filter whilst yellow color
means favorable detection. Red line shows the limits for currents that may cause permanent damage to human body according
to [7].

only defines the behavior above 10ms as traditional AC circuitbreakers can not protect faster anyway. The
filter follows approximately the sectors that the standard states for dangerous currents through the human
body corresponding to values at the right of the red line. It can be seen that even though the filter detects
most of the area located at the right side of the standard, it also has a considerable amount of detection to
the left of it.

Furthermore, the time that the filter needed to detect the fault for each point in the map is shown as
a detection time map in Figure 4.6. At the right side of the Figure a colored bar states the time it took
to detect the fault. As a comparison with Figure 4.5, which can be considered as a Boolean map, this one
states how much time it took to the filter to reach the threshold value and detect the fault. The blue color
section means that the filter detected almost instantly the fault. This is a reasonable behavior since at higher
currents the duration needed to reach the threshold values is considerably lower, while at low currents the
filter may need more time to clear the fault. Nevertheless, the filter behavior as mentioned before follows
the limits stated by the IEC standard.

The information given by these maps may be useful to determine whether a detection scheme goes
according to the IEC standard or not. As means of standardization this can be implemented to state if the
protection is fast enough to detect and thus clear the fault before it becomes a problem for the system or
end users.
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Figure 4.6: Time detection map for first order low pass filter.

4.3. FILTER SYNTHESIS

In the previous Section the detection maps of the first order low pass filter are shown to exemplify how the
behavior of a detection scheme should look like and most importantly to establish a reference for future
standards that may be used on the design of protection schemes for LV DC distribution grids. Nevertheless,
this particular filter behavior is mainly determined by the time constant and threshold value chosen for the
simulation. This Section focuses on the sensitivity of the filter to the current threshold and time constant
parameters. The main objective is to determine how the detection behavior can be modified to adapt to
new current threshold values and standardization guidelines.

To show the sensitivity of the first order low pass filter to changes in current threshold values and time
constant a set of simulations is done. The filter simulations for different time constants and threshold values
of the first order low pass filter are shown in Appendix C.1. The plots are presented as following: on the top
leftt side the first simulation is presented with a current threshold value of 20 mA and a time constant of 1
ms. To the right side the simulation current threshold is increased per plot up to 100 mA. Furthermore, also
from the top left side towards the bottom side the time constant is increased per plot up to a value of 10
ms. Every column increases towards the bottom side only in time constant values and every row increases
towards the right side only in current threshold values.

These sets of simulations show an interesting behavior in the filter response. The "knee" shown in
the plots follows the threshold and time constant values of the filter. This means that for synthesis and
calibration purposes the filter can be adapted to follow the given behavior of the IEC or any relevant standard
current thresholds. This is relevant since it shows that the detection scheme implemented could be easily
adapted or modified if needed to address different detection requirements making it an interesting solution.
Furthermore, as shown in Section 4.2 the filter used in the simulations follows a simple first order low pass
filter transfer function stated by:
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Figure 4.7: Filter sinthesis by means of filter’s transfer function.

G(s) = 1

τs +1
(4.13)

Where τ is defined as the time constant of the Transfer Function.
Nevertheless, for practical real life applications this type of filter may also be adapted. For this reason

and based in the results shown in Appendix C.1 it becomes interesting to simulate the behavior of the filter
with different transfer functions. Therefore, a simulation with the same time constant and current threshold
is done but with a filter transfer function with the form:

G(s) = τs +1

τs2 +τs +1
(4.14)

The simulation results are shown in Figure 4.7.
As one may expect the filter response is not only affected by the current and threshold values but also

by the filter’s transfer function. Nonetheless, an interesting behavior is shown in Figure 4.7. The response
of the filter also follows the bode plot of the transfer function as shown in Figure 4.8. The bode plot of a
given transfer function can be further controlled by changing its poles and zeros. This enables the possibility
of further implement detection schemes that may be able to follow any given behavior as stated by the IEC
standard. Further filter synthesis can be done changing the poles and zeros of the filter’s transfer function
to test and ensure that the protection scheme will only be triggered by current values stated by relevant
standards.

The further filter synthesis by means of this method stays out of the scope of this Thesis and remains
as an importan aspect for further work and research.
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Figure 4.8: Bode plot for filter with transfer function shown in Eq. 4.14.

4.4. CONCLUSION

In this chapter a filter detection scheme implemented in a bipolar network was introduced. This simple filter
is designed to detect as accurate as possible the ground fault currents that pose a hazard for the system and
end users following the IEC standard current threshold limits. The filter though simple shows the potential of
a detection scheme that can be implemented along capacitive grounding protection on a LV DC distribution
grid.

Although the filter maps are only presented for a specific value of current threshold and time constant,
the sensitivity to these two parameters is further analyzed. It is shown that the detection maps can be
adapted by changing these two values.

The bode plots that correspond to the first order filter correspond to the detection curves in the maps
shown. It was also shown that further filter synthesis can be achieved by controlling the poles and zeros
of the transfer function in the frequency domain. This method may be very useful when designing new
standards and guidelines for protection schemes in the LV DC systems.
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EFFECT OF MULTIPLE GROUNDING POINTS

5.1. MATHEMATICAL APPROACH

In the previous Sections, the capacitive grounding scheme is analyzed on the unipolar and bipolar topologies.
The importance of capacitance during load shifts is addressed and a sensitivity analysis is made to show the
system behavior. A filter design is presented for residual ground fault detection which could discriminate
between human ground faults and load shifts. The filter analysis and synthesis are shown and the importance
standards like IEC60479 [7] is also discussed.

Nevertheless, the effect of increasing grounding points has not been addressed and the scalability of a
system like this remains unknown. This Section will focus on the scalability of such a protection scheme by
means of a mathematical analysis in state space representation on the unipolar topology applied on a street
network with increasing grounding points.

5.1.1. STATE SPACE MODEL REPRESENTATION

The state space representation of a system is a mathematical model as a set of input, output and state
variables related by first-order differential equations. As such, the goal of this Section is to represent in the
most simple yet accurate way the unipolar system we have discussed so far as a state space representation.
This is done in order to study the sensibility of the system to increasing grounding points. The state space
representation is based on the Unipolar scheme shown in Figure 5.1 with two grounding points.

Looking at Figure 5.1 the state space equations are derived by means of Kirchhoff’s current law and
Kirchhoff’s voltage law applied on the 4 nodes of the schematic shown in Figure 5.1. The detailed derivation
of the state space equations can be addressed in Appendix D.1.

37
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Figure 5.1: Unipolar DC grid with two capacitive grounding points model used to assemble state space equations.. Source
on the left and load on the right represented as a current source. The cable length for both positive and negative poles is
respresented by a series RL circuit (R1,L1 and R2,L2). The cable capacitance is represented by capacitors connected in parallel
(C1 and C2) to both poles. Capacitive grounding points are represented as to capacitors connected to ground (C3 and C4).
Currents and voltages on the pasive components are indicated

State Space Equations:

ẋ = Ax +Bu (5.1)

ẋ1 = Vs

C1Rs
− 1

C1Rs
x1 − 1

C1
x5 (5.2)

ẋ2 = 1

C2
x5 − 1

C2
IL (5.3)

ẋ3 =− 1

C3
x5 + 1

C3
x6 (5.4)

ẋ4 = 1

C4
x5 − 1

C4
x6 + IL (5.5)

ẋ5 = 1

L1
x1 − 1

L1
x2 + 1

L1
x3 − 1

L1
x4 − R1

L1
x5 (5.6)

ẋ6 =− 1

L2
x3 − R2

L2
x6 + 1

L2
x4 (5.7)

Once the state space equations are known they can be rearranged into a state space model representa-
tion [19](see Appendix E.1.)

{
ẋ=Ax +Bu

y=C x +Du
(5.8)

One equation per each energy storage element (capacitors and inductances) of the system was derived.
In this way the state vector is given by:

ẋ = [ẋ1 ẋ2 ẋ3 ẋ4 ẋ5 ẋ6]T (5.9)
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The input vector in this case is defined as:

u = [Vs IL]T (5.10)

Finally the state space representation of the system is given by:
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Table 5.1: Fixed Parameters Values for Linear Street Topology

Parameter Value

Voltage Source 385V
∆V (Source to Load) 70V
Source/Load Resistance 1 Ω
Cable Length 0.3 km
Cable Resistance 0.265 Ω

km

Cable Inductance 680×10−6 H
km

Grounding Capacitance 10×10−6 F
Simulation Time 0.02 s
Load Disconnection Time 0.002 s

Now that the state space representation of the circuit shown in Figure 5.1 has been determined, it can
be modeled in an easier way to assess its behavior. The system is now modeled to have a load disconnection
at 0.002 seconds to assess the system behavior. The load disconnection is modeled by adjusting the input
vector parameters. The voltage load is set to a fixed value of 385V and the input current parameter is set
in order to have a voltage drop of 70V from load to source. The parameters for the passive components
shown in Figure 5.1 are shown in Table 5.1.

The output signals before and after the filter are presenter in Figures 5.2 and 5.3. The response of the
system without the filter shows high frequency oscillations and high current peaks ( 95 A). As discussed in
the previous Chapters a load disconnection may be a normal operation of the grid and without a detection
criteria this current value may trigger the protection scheme. Furthermore, the output signal is analyzed
through the filter and shown in Figure 5.3. The filtered signal shows considerable lower values compared
with the unfiltered signal with a maximum peak of 0.02A. High frequency oscillations are further removed
and the detection threshold could be easily adapted to allow current values like this.

The basic network topology serves as a first approach to determine the system behavior by means of
the state space representation analysis. Nevertheless, further simulations have to be done to determine the
scalability of such a system with a more detailed network topology.
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Figure 5.2: Response to load disconnection for the schematic shown in Figure 5.1 for 2 grounding points. The simulation time
is set for 0.02 s with a load disconnection at 0.002 s. The resistance, inductance and capacitance are calculated by means of
the length of the cable which is considered to be 300m according to Table 5.1. The system response encounters high frequency
oscillations with a peak current of 95 A approximately.
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Figure 5.3: Response to load disconnection after filter for the schematic shown in Figure 5.1 for 2 grounding points. The
simulation time is set for 0.02 s with a load disconnection at 0.002 s. The resistance, inductance and capacitance are calculated
by means of the length of the cable which is considered to be 300m according to Table 5.1. The system response after the
filter has some higher frequency oscillations removed as a consequence of the filter with a considerably smaller peak current of
0.02 A approximately.
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5.2. INCREASING GROUNDING POINTS: LINEAR NETWORK

Based on the simulation results on the previous Section the system topology is now adapted to a TN-S
grounding configuration in order to make the simulations more realistic. The system schematic is shown in
Figure 5.4.
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Figure 5.4: Schematic 2 grounding points unipolar network with PE. The schematic shows in colored squares the components
of the grid. In red squares the load and source with their capacitive grounding points and the inherit capacitance on load and
source modeled by capacitors CS and CL . In blue squares the cable representation with the TN-S grounding configuration. The
cable capacitance is modeled by capacitors CC 1, CC 2, CC 3, CC 4, CC 5 and CC 6. Furthermore, the cable length is modeled by
a series RL circuit representented for each conductor by R1-L1, R2-L2 and R3-L3. Finally, in green squares a circuit breaker
representation representing the grounding points. The breaker inductance and capacitance is modeled for each conductor by
L4-L5, L6-L7, L8-L8 and CB1-CB2 .

Furthermore, the topology that will be addressed on this Section is shown in Figure 5.5. The state
space representation of the system is also derived from the circuit. For the sake of simplicity and due to
the complexity of the following simulations the derivation of the state space representation are not described
further. Nevertheless, the same principle is applied for all the following simulations to have consistent results.

1 2 3 n

Figure 5.5: Linear Unipolar Distribution Network with increasing grounding points. This topology is used to analyze the behavior
of the distribution LV unipolar DC grid to the effect of increasing grounding points. In red the load and source, in blue the
cable model, in green a DC breaker on which the grounding points are present.

The system sensibility will be modeled on a Matlab Simulink script exemplifying a linear DC distribution
system on a LV level for domestic households with increasing grounding points. Since the goal is to study
the system behavior with increasing grounding points other variables in the system are fixed and exemplified
in Table 5.2.

Furthermore, the system is modeled with a load disconnection at 3ms in order to study the response
to the system to load shifts with increasing grounding points. The input vector shown in Equation 5.10
is adapted to show a load disconnection by influencing the current source input variable while keeping the
voltage source value at 385V at all time. This input vector current magnitude input is calculated in a way
that guarantees that the voltage drop expected from load to source is exactly of 70V which corresponds to
a voltage drop from 385V to 315V (∆V = 70V ).

In addition, the filter studied in Chapter 4 is also implemented in the analysis to show the current detection
scheme implemented. This is done to give useful information on the detection scheme.The general flowchart
of the modeled system is shown in Figure 5.6. The state space vector is obtained on each model i.e. the
Unipolar schematic with 2, 4, 8, 16, 32 and 64 grounding points. Then a load disconnection is modeled to
show the system behavior. The sums on the two conductors (positive and negative) between each grounding
point are the outputs of the system. These individual outputs are plotted for each configuration and each
number of grounding points. Furthermore, the outputs of this system go through the first order low pass
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Table 5.2: Fixed Parameters Values for Linear Street Topology

Parameter Value

Voltage Source 385V
∆V (Source to Load) 70V
Source/Load Resistance 1 Ω
Cable Length 0.3 km
Cable Resistance 0.265 Ω

km

Cable Inductance 680×10−6 H
km

Breaker Inductance 47×10−6 H
Breaker Capacitance 10×10−6 F
Source Capacitance 100×10−6 F
Load Capacitance 100×10−6 F
Grounding Capacitance 10×10−6 F
Simulation Time 0.03 s
Load Disconnection Time 0.003 s

filter mentioned in Chapter 4 and with transfer function according to 4.13 with a time constant of 100 ms.
The filtered output current signals are also plotted for each configuration and each number of grounding
points.

Topology Select ion

2 Grounding Points
4 Grounding Points
8 Grounding Points
16 Grounding Points
32 Grounding Points
64 Grounding Points

Load 
Disconnect ion

State Space
Representat ion Not  Filt ered Filt er  Transfer 

Funct ion
Filt ered

Figure 5.6: Simulation Flow Chart. The selection of the desired topology is translated to state space representation. The
input vector simulates a load disconnection at a specific time and as ouput variables the sum of currents in the positive and
negative poles is obtained (Σipoles). This signal goes through the first order low pass filter with transfer function shown in
Equation 4.13. The filtered and not filtered values are plotted for all the grounding points.

The output signal before and after the filter for 2 grounding points are shown in Figures 5.7 and 5.8.
The load disconnection causes a disturbance in the system and as grounding points increase the current
peaks are also incremented. On the other hand is important to note that the maximum current value is
encountered approximately at the middle of the distribution line. This is because the inductance effect is
increased resulting on a maximum current peak value at disconnection in the middle of the line. Look
Figure 5.10

In addition to the information analyzed from the previous figures, the maximum peak current for every
number of grounding points aefore the filter is shown in Figure 5.11.

It is interesting to mention that the maximum peak values after the filter seem to stabilize to 0.04 A. This
could mean that the effect of added inductance may be limited to a certain value and the load changes on
the scalability of the system may not increase up to dangerous values for the system or end users. Moreover,
the system may be able to work properly and not detect these current values if filter synthesis is applied
as mentioned in Chapter 4. Since the values are still on a reasonable threshold value this could be easily
implemented on the detection scheme to avoid detection when load shifts occurs whilst detecting human
ground faults according to the IEC standard [7]. Nevertheless, further research has to be done with different
topologies and variables in order to prove this observation right.
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Figure 5.7: Output Signal for 2 grounding points before filter. The signal corresponds to the sum of the currents on the positive
and negative pole. The load disconnection is modeled after 0.003 seconds.
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Figure 5.8: Output signal for 2 grounding points after filter. The signal corresponds to the sum of the currents on the positive
and negative pole. The load disconnection is modeled after 0.003 seconds.
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Figure 5.9: Output signal for 64 grounding points before the filter. The signal corresponds to the sum of the currents on the
positive and negative poles for each grounding point.
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Figure 5.10: Output signal for 64 grounding points after the filter. The signal corresponds to the sum of the currents on the
positive and negative pole for each grounding point.
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Figure 5.11: Maximum peak current values for each grounding simulation on the linear topology. On the X axis the number of
grounding points simulated, on the Y axis the maximum current measured in A. The current values with increasing grounding
points seems to have a limit tending to 0.04 A.
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5.3. INCREASING GROUNDING POINTS: HOUSE NETWORK

Now that the behavior of the system to load unbalance with increasing grounding points was discussed in
Section 5.2, it is now interesting to analyze a different network arrangement. Keeping the same grounding
configuration as in Section 5.2 (TN-S), the schematic that will be addressed on this Section is shown in
Figure 5.12.

The system is also simulated for 2, 4, 8, 16, 32 and 64 grounding points following the topology shown
in Figure 5.13. The same flow diagram as mentioned in Figure 5.6 is also implemented so the simulation
results are consistent with each other. In the same way as in Setion 5.2 the input vector shown in 5.10
is adapted to show a load disconnection by influencing the current source input variable while keeping the
voltage source value at 385V at all time. This input vector current magnitude input is calculated in a way
that guarantees that the voltage drop expected from load to source is exactly of 20% which corresponds to
a voltage drop from 385V to 315V. The fixed system variables are modified for a symmetric LV domestic
network as shown in Table 5.3.

In Figures 5.14 and 5.15 the output signals for 2 grounding points modelated with this topology are
shown. The load disconnection causes a peak current value at 0.004 ms and the current presents high
frequency oscilations. This effect is mainly due to the parasitic capacitance that is included in the cable.
The peak current for every number of grounding point configuration is shown in Figures 5.18. In contrast
with the linear network results this plot shows no convergence towards a specific value. The peak encountered
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Figure 5.12: Unipolar DC grid with two capacitive grounding points on a symmetric network. The schematic shows in colored
squares the grid components. In red squares the load and source with their capacitive grounding points and the inherit
capacitance on load and source is modeled by capacitors CS and CL . In blue squares the cable representation with the TN-S
grounding configuration. The cable capacitance is modeled by capacitors CC 1, CC 2, CC 3, CC 4, CC 5 and CC 6. In orange and
located at the center of the Figure the street distribution cable line is shown. This orange squared section represents a different
cable parameters than the ones squared in blue. The distance for these cables blocks is not equal and thus a differentiation
has to be made. Finally, in green squares the LV household representation with its own grounding point. This LV household is
modeled as a load which is not consuming power from the grid. For this reason the current source encountered in the normal
operating LV household is not present in this case.
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in the 32 grounding point simulation is higher than the one of 64 grounding points. Since the peak current
plot in this Figure is the result of the sum of currents in both conductors (Positive and Negative) the current
fluctuations caused by the capacitance may not be the same and the peak shown may be a consequence of
this.

1

2 3

n

Figure 5.13: Symmetric Unipolar Distribution Network with increasing grounding points. This topology is used to analyze
the behavior of the distribution LV unipolar DC grid to the effect of increasing grounding points with a symmetric network of
houses. In red the load and source, in blue the cable model that represents the cable connected from the distribution line to the
house, in orange the cable model that represents the cable connection for the distribution line, in green a LV household model
connected to the distribution grid but with no load demand.
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Table 5.3: Fixed Parameters Values for Symmetric Street House Topology

Parameter Value

Voltage Source 385 V

∆V (Source to Load) 70V

Source/Load Resistance 1 Ω
Street Length 0.03 km

House Length 0.02 km

Cable Resistance 0.265 Ω
km

Cable Inductance 680×10−6 H
km

Breaker Inductance 47×10−6 H

Breaker Capacitance 10×10−6 F

Source Capacitance 100×10−6 F

Load Capacitance 100×10−6 F

Grounding Capacitance 10×10−6 F

Simulation Time 0.4 s

Load Disconnection Time 0.04 s
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Figure 5.14: Output signal for 2 grounding points before filter symmetric network. From top to bottom the sum of currents on
the cable conductors for the cable blocks explained in Figure 5.12 are shown. The signals show high requency oscilations due
tothe parasitic capacitance modeled in the cable blocks.
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Figure 5.15: Output signal for 2 grounding points after filter symmetric network. From top to bottom the sum of currents on
the cable conductor for the cable blocks explained in Figure 5.12 are shown. The magnitude for this signals is due to the fact
of the filter effect and in comparison with the output signals in Figure 5.14 this are not present.
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Figure 5.16: Maximum current values before the filter [64 grounding points]. For every cable model under the topology explained
in Figure 5.13 the sum of currents in the poles is shown. The current values seem to increase to a global maximum in the first
sections of the distribution line. On the other hand a local maximum is also present on the end line of the distribution line.
Since the simulation was done with 2 different distance for the cable connected to the houses and the transmision cable of the
street, the highest current values are encountered in the transmision cable. The lower current values are reasonable steady and
represent the curent flowing through the cable houses.
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Figure 5.17: Maximum current values aftter the filter [64 grounding points]. For every cable model under the topology explained
in Figure 5.13 the sum of currents in the poles is shown. The current values seem to increase to a global maximum approximately
at the middle section of the distribution line which in comparison with the signals before the filter only have a global maximum.
Since the simulation was done with 2 different distance for the cable connected to the houses and the transmision cable of the
street, the highest current values are encountered in the transmision cable. The lower current values are reasonable steady and
represent the curent flowing through the cable houses.
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Figure 5.18: Peak Current with increasing grounding points (Symmetric Network). The maximum value of current for each
simulation under the symmetric topology shown in Figure 5.13 are presented. In comparison with the linear topology shown
in Section 5.2 the current values does not seem to tend to a specific value. There peak encountered at 32 grounding points
(0.033 A) is higher than the one encountered at 64 grounding points (0.023 A).
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5.4. CONCLUSIONS

In this Section the behavior of increasing grounding points on a unipolar topology with a sudden load change
was studied. It is shown that the effect of added capacitive grounding points may not be a disadvantage to
the detection scheme. The results for the linear configuration shown in Section 5.2 show that with increasing
grounding points the maximum current encountered when the load change happens tends to converge to a
maximum value. This value is also in a reasonable limit if filter detection is implemented. This behavior
could be easily adapted to the protection scheme in order to keep normal operation and not detect currents
due to load shifts while detecting current caused by human ground faults.

On the other hand, it is also shown that this behavior is not present in all the topologies. The results
shown in Section 5.3 show that the peak current values not seem to converge to a specific value. In order
to properly determine the reason of such an invariance further research has to be done. It would be useful
to analyze the individual current behavior for each pole individually and not as a sum. This could help
determine if indeed the peak may be caused by the addition of both currents in the poles.





6
CONCLUSION

Throughout this thesis the capacitor grounding scheme for a LV DC distribution grid was studied. From the
literature studied in Chapter 2 requirements for a ground fault current detection and protection scheme were
derived. It was shown that using information of standards such as IEC Standard 60479 [7] current limits
that ensure human safety can be applied for a protection scheme. In Chapter 3 the effect of capacitive size
in the capacitive grounding scheme mainly affect the transient behavior during load changes. The current
values encountered during sudden load changes pose a danger for human users. Therefore, it was concluded
that a detection scheme has to be implemented to ensure normal operation while detecting ground faults
caused by humans. This detection scheme was analyzed demonstrated with Matlab Simulink and detection
maps were derived from it. The detection maps show that such a detection scheme may be implemented to
follow limits set by the standards. Finally, in Chapter 5 the scalability for increasing number of grounding
points was addressed. It was shown that with increasing cable lengths the current peaks encountered when
load changes occurred increased as well. Furthermore, it was shown that for some specific topology cases
this current increase tend to a limit thus showing system scalability without endangering end users.

6.1. ANSWER TO RESEARCH QUESTIONS

• What is the effect of the capacitor size in the capacitive grounding scheme?

As discussed in Chapter 3 the effect of capacitor value affects primarily the transient behavior during
load shifts. Simulations were done to determine how sensitive the system is to this capacitance value and
how does affect the protection system. It was determined that the capacitance values should not be smaller
than µF since it will have no effect compared with the line capacitance.

Furthermore, since every system may be different it is important to state that if capacitance increases
current peaks are also increased in consequence. This means that the protection has to be designed to
withstand the peak value of current and consider it in the protection scheme. Moreover, system response
to transients and load shifts is also determined by how large the capacitance value is. A higher capacitance
value means the system will be more stiff to load shifts but higher current values are likely to happen for
more time until steady state is reached again. The most important point for capacitor size may be that load
shifting is likely to be limited by a standard value according to the voltage levels on which the capacitive
grounding scheme is to be implemented. That is to ensure stability of the system and avoid sensibility
problems that may arise due to effects caused by capacitance.

• Can communication for fault triggering be omitted on a radial section of a DC distribution grid?

Fast communication is considered on a radial section in order to improve system sensibility. This because
in order to discriminate between ground currents and circulating currents the direction and magniitude of
the currents had to be measured in several points of the grid. In addition the device has to be able to read
a wide range of values and manufacturing of this protective devices may be hard to achieve.

57
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Communication may be omitted if enough information of the current values can be obtained without
the need of another point of information. This can be done in a radial section of a DC distribution grid by
means of a detection scheme.

• How can human ground faults and load changes be differentiated on a detection scheme for DC
distribution grids?

The approach presented on this thesis is that communication may be needed at some points in the grid
but less information may be required if filter devices are installed at the grounding points. It was proven
that the filter is able to follow the curve of the IEC standard for DC current flowing through the human
body. Furthermore, it was determined that the filter syntheiss to follow other current profiles can be achieved
which could make this approach flexible to more system requirements that may be determined from future
standards.

• What would be a consequence of increasing the number of grounding points?

As discussed in Chapter 5 with increasing grounding points and longer distribution lines the inductance
and capacitance of the cables and grounding points adds up. As a consequence the currents encountered
when load changes occur increase as well. Nevertheless, it was shown that depending on the network
topology the maximum current peaks may have a limit although further research with different topologies
and a higher number of grounding points is needed. Capacitive grounding with their respective detection
and protetcion scheme may be a solution for grounding DC distribution grids since the effects of scalability
may be overcomed with the right parameters of the detection filter.



APPENDIX A

A.1. SIMULINK SCHEMATICS USED FOR SIMULATIONS

In order to understand the results and simulations a brief overview of the system components will be given.
The networks presented are kept as simple as possible in order to exemplify certain parameters at a time.
The poles of the networks studied in this thesis are modeled as 350V.

SOURCE UNIPOLAR

The Unipolar source consists of one DC voltage source with a series resistor modeling the source internal
resistance. Figure A.1 shows the block diagram made in Simulink and its internal components.

(a) DC Source Block (b) Internal Schematic of the DC Source Block

Figure A.1: Overal DC Unipolar Source Block

BLOCK MEASUREMENT (RCM)

The measurement block implemented in Matlab Simulink its based on the RCM. Figure XX shows the
measurement block and its internal components.

(a) Measurement Block
(b) Internal Schematic of the Measurement Block

Figure A.2: Overal Measurement Block

SOURCE BIPOLAR

The source consists of two DC voltage sources arranged in series with a middle conductor in between them.
The positive and negative poles have a voltage of 350V with the middle conductor having 0 Volts with
respect to ground under normal conditions. Figure A.3 shows the block diagram made in Simulink and its
internal components.
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(a) DC Bipolar Source Block

(b) Internal Schematic of the DC Bipolar Source Block

Figure A.3: Overal DC Bipolar Source Block

CABLE

Figure A.4

(a) Cable Block

(b) Internal Schematic of the Cable Block

Figure A.4: Overal DC Cable Block

CAPACITIVE GROUNDING

For the capacitive grounding block the schematic consists on a capacitor block with additional mesurement
blocks that enable to obtain voltages and current with respect to ground. Look Figure A.5.

Inside the capacitor block a capacitor with two Zener diodes in anti-series configuration as shown in Fig.
A.6 The use of this diodes will be further explained on the next sections.
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Figure A.5: Capacitive Grounding Simulink Scheme

Figure A.6: Iinternal Capacitive Grounding Simulink Scheme

Figure A.7: Bipolar Schematic Simulink
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B.1. CONFERENCE PAPER CAPACITIVE GROUNDING FOR DC DISTRIBUTION

GRIDS WITH TWO GROUNDING POINTS
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Abstract—Connecting large dc distribution grids on the same
voltage level can allow superior utilization of infrastructure.
Selective ground fault protection is necessary and can be done
using low impedance grounding. Distributed energy resources
would allow for higher resilience of the grid if islanding operation
of dc microgrids is allowed. For safety, grounding is essential
in these islanded microgrids so individual grounding points are
needed. Multiple low impedance grounding points would cause
dc ground currents that lead to corrosion.

This paper introduces capacitive grounding which is high
impedance in steady-state effectively eliminating ground currents
but is low impedance for fault transients and thus can allow for
selective ground fault protection. The sensitivity of the capacitor
sizing for two grounding points is shown. Further an initial filter
for ground fault discrimination is analyzed.

I. INTRODUCTION

The emergence of distributed energy resources suggest
changes to the traditional ac power system. Most of these
resources are dc inherently, or use a dc bus internally, and
a majority of the loads connected to the low voltage grid
nowadays directly rectify ac to dc before converting the
voltage levels using dc/dc power electronic converters. DC
distribution grids could remove unnecessary conversion steps
and increase the utilization of the components. This can be
done inside buildings, but higher benefits could be gained if
the complete low voltage distribution grid would be operated
on dc. In this case it would still be beneficial if dc nanogrids
inside buildings could operate independently in islanding mode
in case of faults in the grid [1]. These dc nanogrids may
be galvanically connected and only separated by protection
devices [2], [3].

Grounding is an important aspect of the protection system of
a distribution grid. DC microgrids that are galvanically isolated
can have various grounding schemes [4]. High impedance
grounding or floating is used often for critical loads such
as data centers in order to allow continuous operation in
case of a single ground fault [5]. This can be done because
the single ground fault current is very low. Ground faults
are detected by isolation monitoring. A problem with this
approach that fault localization and selectivity is difficult/not
possible. Low impedance grounding allows for residual ground
fault detection and selectivity using the current sum in the
conductors. This is commonly applied for residual ground fault
protection in ac grids.

For dc distribution grids each islanded dc nanogrid should
have a low impedance grounding point to allow local se-

350 V

100 m

12.25 Ω
Load

iΣ12 iΣ21

i1

C1u1

i2

C2u2

Fig. 1. Unipolar dc grid with two capacitive grounding points with voltage
clamping by zener diodes. Source on the left and load on the right.

lectivity. This would result in multiple grounding points in
connected (non-islanding) mode and dc ground currents would
flow due to difference in neutral potential. This can cause
corrosion in metallic structures, e.g, reinforcement steel in
concrete and has to be prevented [6].

This paper proposes capacitive grounding for dc distribution
grids to prevent dc ground currents in steady state while
still providing low impedance during fault transients [7]. The
general properties and challenges are described. Additionally
a sensitivity analysis regarding the grounding capacitor size
for two grounding points is done. Initial filter design to
discriminate balancing current from residual ground faults is
presented.

The remainder of this paper is organized as follows: In Sec-
tion II the concept of capacitive grounding is introduced and
a unipolar example grid is shown. Further the properties and
challenges are described. In Section III a sensitivity analysis is
done on the size of the capacitors. The challenges of residual
ground fault discrimination are discussed in Section IV and
finally conclusions are drawn and future work is indicated in
Section V.

II. CAPACITIVE GROUNDING

For capacitive grounding the neutral wire connected with
a capacitor to ground. This is done in each place where
otherwise solid grounding would be used, i.e., in each dc
nanogrid that should be able to operate in islanding mode.
Fig. 1 shows an unipolar example of such a configuration with
two grounding points with capacitors C1 and C2 connected
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Fig. 2. Unipolar dc grid with load connect (0.2 s) and disconnect (0.4 s). The
capacitors are charged to the new voltage of the neutral line when connecting
and discharged at disconnect. The voltages are clamped at 17.5 V and the
balancing currents are in the magnitude of 20 A.

to the negative conductor. The impedance of a capacitor in
Laplace domain is

ZC(s) =
1

sC
. (1)

The main advantage of this grounding configuration is that
the impedance to ground is infinite in steady state (s = 0).
This means that no dc ground currents can flow. In this way
corrosion can be avoided. For high frequencies the capacitor
impedance ZC(s) decreases. Thereby it behaves similar to low
impedance grounding for fast fault transients. Due to this fact
selectivity and short circuit protection can be done similarly
as with low impedance grounding.

A. Load Change – Balancing Currents

One challenge that occurs is that the capacitors always
need to be charged to the voltage potential of the neutral,
respectively grounded wire. This voltage changes depending
on the load in unipolar grids, likewise load balance in bipolar
grids. In order to charge the capacitors, ground currents will
flow at load changes. The charge is depending on the size of
the capacitors and relates to voltage and current as

uC(t) =
qC(t)

C
=

1

C

∫ t

t0

iC(τ)dτ + uC(t0) (2)

where qC(t) is the charge of the capacitor at time t. The
current is further dependent on the impedance of the ground
loop. In Fig. 2 the simulation of the unipolar grid of Fig. 1 is
shown. The load is connected at 0.2 s and disconnected at 0.4 s.
The capacitors charge and discharge to the respective neutral
voltage potentials. There is a significant overshoot which is
caused by the cable inductance. It can be seen that the currents
reach values of almost 20 A.

350 V 12.25 Ω
Load

350 V 6.125 Ω
Load

1000 Ω
Fault

iΣ12 iΣ21

i1

C1u1

i2

C2u2

C
ab

le
50

m

C
ab

le
50

m

Fig. 3. Bipolar dc grid with two capacitive grounding points with voltage
clamping by zener diodes. Sources on the left and asymmetrical loads on the
right. The 20 kW load on the negative pole is disconnected to change the load
balance. Further a human ground fault can be generated in the middle of the
cable of 100 m length.

B. Voltage Clamping

Capacitors are rated for a maximum voltage. A maximum
neutral voltage should be specified, in order to limit the
cost and size of the grounding capacitors. It is important
that capacitors used do not have polarity. This is because
the potential of the neutral conductor can go negative. Due
to isolation leakage, or other means, the capacitors could
charge over time to either their maximum or minimum voltage.
Therefore, the voltage across them has to be clamped. A
possible implementation are two Zener diodes in anti-series
configuration as shown in Fig. 1. For this paper a value of
±5 % of 350 V is chosen, which results in a clamping voltage
of ±17.5 V as can be seen in Fig. 2 on the top.

C. Ground Faults

There are two types of faults that have to be considered.
The first case is the residual ground fault which would occur
when a subject touches a live wire. In this case currents are
limited to values lower than 1 A by the relatively large fault
impedance (more than 500 Ω). The fault will be cleared by
residual ground fault protection within a reasonable time and
should not pose a problem for the power limit of the Zener
diodes.

In case of a low impedance fault currents would be nat-
urally higher and could easily destroy both Zener diodes
and grounding capacitors. Therefore, this grounding scheme
is only applicable with a low short-circuit current protection
philosophy [8]. Ground faults with potentially high currents
would be cleared in the µs range by solid state breakers, such
that the energy dissipation in the Zener diodes does not pose
a problem.

III. CAPACITOR SIZING SENSITIVITY

One of the challenges when using capacitive grounding is
the proper sizing of the capacitors. The capacitance will de-
termine the current behaviour during load changes. Therefore,
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TABLE I
CABLE PARAMETERS

Parameter Value

Cable Resistance 4.61Ω/km
Cable Inductance 360µH/km
Cable Capacitance 260µF/km
Capacitance ESR 10Ω/km

a simulation is made in order to test the system sensitivity to
different capacitance values. Fig. 3 shows the schematic used
which consists of a bipolar dc grid system with a 350 V voltage
source on each pole and two unbalanced loads of 10 kW on the
positive and 20 kW on the negative pole. Two grounding points
are included with a connection distance of 20 m both to source
and load. A shielded cable with a length of 100 m is assumed
and modeled with a Π model, in order to consider the effect of
the cable capacitance in the simulation. The cable parameters
used are listed in Table I. The cable chosen is relatively thin,
which is meant to show in principle a considerable voltage
drop in order to make the load change more significant.

Additionally a ground fault on the negative pole is included
to emulate a human ground fault. Human impedance is by
no means a constant value and depends on many factors.
Nevertheless, a reasonable value of 1000 Ω is chosen according
to the IEC Standard 60479-5 [9]. The human ground fault is
only used in the next section.

Five simulations are made individually, each of them with
a different capacitance value. The capacitance values are 0,
0.1, 1, 10 and 100µF. The 20 kW load at the negative pole is
disconnected and connected again at 0.2 and 0.4 s respectively.
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Fig. 5. Zoom for connection and disconnection points of Fig. 4 for both
voltage and current. From top to bottom and left to right: zoom of voltage
peak at 0.2 s (disconnection), zoom of voltage peak at 0.4 s (Connection),
zoom of current peak at 0.2 s (Disconnection), zoom of current peak at 0.4 s
(donnection).

Fig. 4 shows the voltage and current values of C1 shown on
the schematic of Fig. 3 for the different capacitance values
with a total simulation time of 0.7 s.

A zoom on each peak for each plot (voltage and current) is
shown on Fig. 5. The color coding of the lines is the same as
before. Looking at the 0µF capacitance case the behaviour
is similar to the capacitances of 0.1 and 1µF, which is a
consequence of the parasitic/snubber capacitance of the zener
diodes which are modeled on the capacitive grounding points.
Moreover, the voltage for the capacitance values of 1 and
10µF shown on Fig. 5 clamp at 17.5 V which corresponds
to the breakdown voltage of the zener diodes.

Furthermore, the system becomes more stiff with increasing
capacitance as it is shown for 1, 10 and 100µF capacitance
values. At the moment of connection/disconnection currents
around 25 and 50 A corresponding to 1 and 10µF flow
through the capacitors to ground. It is important to note that
low capacitance lower to 1µF are in the order of the cable
capacitance value shown on Table I which for further system
sensitivity simulations can be omitted. The time it takes for the
transients to be no longer relevant to the analysis is less than
0.5 ms which is a relatively fast compared to the time it takes
current flowing through the human body to cause irreversible
damage [9].

IV. RESIDUAL GROUND FAULT DETECTION FILTER
DESIGN

As shown in Section III, relatively high currents occur
at the moment of load change. Nevertheless, load changes
are a normal behaviour in dc distribution grids and from
the protection scheme point of view this needs to be taken
into account. This current behavior poses a challenge for



-20

0

20

40

iΣ 1
2

[A
]

1µF

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time [s]

-0.04

-0.02

0

0.02

0.04

iΣ 1
2

Fi
lte

re
d

[A
] 1µF

ith
−ith

Fig. 6. Current sum measurement and low pass filtered current sum with
time constant τ = 100 ms. The negative load is disconnected at 0.2 s and
reconnected at 0.4 s. A 1000Ω residual ground fault of 10 ms duration occurs
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discrimitating load change currents from human fault currents,
as the magnitude of the load change is much bigger than that
of the fault. A simulation for a grounding capacitance value of
1µF is modeled using the schematic in Fig. 3 and including
the human ground fault at 0.5 s with a duration of 10 ms. The
balancing current peaks can be seen in Fig. 6 on top. The
human ground fault can barely be seen at 0.5 s.

For discrimination these measurements are filtered. A first
order lowpass filter with transfer function

H(s) =
1

1 + τs
(3)

is used for the sum of currents iΣ12 shown in Fig. 3. A time
constant τ = 100 ms is choosen for this simulation. A fault is
detected when the filtered value reaches the selected current
threshold of 30 mA in both the positive and negative direction.
Looking at the simulation results shown on Fig. 6 it is easy to
see that the duration for both the load change currents and the
human fault current serves as discriminating variable for the
protection scheme. The high peaks of the balancing currents
are very short and thus have only a small effect on the filter
output. The small magnitude of the human ground fault is
compensated by the duration of 10 ms that is needed to cause
considerable harm. In this simulation only the human ground
fault filtered current peak the value is higher than the selected
threshold value of 30 mA.

If a protection scheme for capacitive grounding were to
be implemented using the aforementioned scheme, the filter
should follow the IEC standard [9] in order to guarantee safety
for all users. Therefore the residual ground fault protection
filter is analized for different current magnitudes and fault
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Fig. 7. Detection map for first order low pass filter. Blue color implies no
detection from the filter whilst yellow color means favorable detection. Red
line shows the limits for currents that may cause permanent damage to human
body according to [9].

durations. Thereby a detection map is derived that is shown
in Fig. 7. The map consists of currents between 100µA and
10 A with durations ranging from 100µs to 10 s. The first
order low pass filter has a time constant τ = 100 ms with a
detection threshold of 30 mA. For each value of current and
time the filter is tested to compare allowed limits according to
standard [9]. On Fig. 7 the detection map for the given filter is
shown. The IEC standard [9] limits are included on Fig. 7 (red
line) to make a proper comparison. The standard only defines
te behaviour above 10 ms as traditional ac circuitbreakers can
not protect faster anyway. The filter follows approximately the
sectors that the standard states for dangerous currents through
the human body corresponding to values at the right of the red
line. It can be seen that even though the filter detects most of
the area located at the right side of the standard, it also has a
considerable amount of detection to the left of it.

V. CONCLUSION

In this paper capacitive grounding was introduced as a
possible grounding scheme for dc distribution grids with
multiple grounding points. Its advantages are the prevention
of dc ground currents in steady state, while still showing
low impedance behavior for fault transients. The challenging
magnitudes of load change and balancing currents were shown
in a sensitivity analysis on the capacitor size for two grounding
points. A filter was shown which can discriminate between
residual fault currents and balancing currents.

Future work comprises the extension to a multitude of
grounding points in order to generalize the system. Further
filter synthesis should be done in order to prevent false posi-
tives. The boundaries of the applicability have to be identified



and guidelines for capacitor size and line lenghts have to be
derived.
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APPENDIX C

C.1. FILTER SYNTHESIS WITH TC AND THRESHOLD VALUES

The filter simulations for different time constants and threshold values of the first order low pass filter are
shown in this section. The plots are presented as following: on the top leftt side the first simulation is
presented with a current threshold value of 20 mA and a time constant of 1 ms. To the right side the
simulation current threshold is increased per plot up to 100 mA. Furthermore, also from the top left side
towards the bottom side the time constant is increased per plot up to a value of 10 ms. Every column
increases towards the bottom side only in time constant values and every row increases towards the right
side only in current threshold values.
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APPENDIX D

D.1. STATE SPACE EQUATIONS DERIVATION UNIPOLAR CIRCUIT

Rs R1 L1

R2 L2

Vs

N3

C3uC3

N1

C1uC1 IL

N4

C4uC4

N2

C2uC2

is

x5

x6

C1ẋ1 C2ẋ2

C3ẋ3 C4ẋ4

Figure D.1: Unipolar DC grid with two capacitive grounding points model used to assemble state space equations.. Source
on the left and load on the right represented as a current source. The cable length for both positive and negative poles is
respresented by a series RL circuit (R1,L1 and R2,L2). The cable capacitance is represented by capacitors connected in parallel
(C1 and C2) to both poles. Capacitive grounding points are represented as to capacitors connected to ground (C3 and C4).
Currents and voltages on the pasive components are indicated

KCL for Node 1:

is =C1ẋ1 +x5 (D.1)

knowing that:

is = Vs −x1

Rs
(D.2)

Solving for ẋ1:

Vs −x1

Rs
=C1ẋ1 +x5 (D.3)

C1ẋ1 = Vs −x1

Rs
−x5 (D.4)

ẋ1 = Vs

C1Rs
− 1

C1Rs
x1 − 1

C1
x5 (D.5)
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KCL for Node 2:

x5 =C2ẋ2 + IL (D.6)

Solving for ẋ2:

C2ẋ2 = x5 − IL (D.7)

ẋ2 = 1

C2
x5 − 1

C2
IL (D.8)

KCL for Node 3:

C1ẋ1 +x6 =C3ẋ3 + Vs −x1

Rs
(D.9)

C3ẋ3 =C1

(
Vs

C1Rs
− 1

C1Rs
x1 − 1

C1
x5

)
+x6 + x1 −Vs

Rs
(D.10)

substituing ẋ1 and solving for ẋ3 :

C3ẋ3 =C1ẋ1 +x6 + x1 −Vs

Rs
(D.11)

C3ẋ3 =C1

(
Vs

C1Rs
− 1

C1Rs
x1 − 1

C1
x5

)
+x6 + x1 −Vs

Rs
(D.12)

C3ẋ3 =−x5 +x6 (D.13)

ẋ3 =− 1

C3
x5 + 1

C3
x6 (D.14)

KCL for Node 4:

x5 + IL =C4ẋ4 +x6 (D.15)
C4ẋ4 = x5 −x6 + IL (D.16)

ẋ4 = 1

C4
x5 − 1

C4
x6 + IL (D.17)

KVL for Bottom Mesh:

−x5 −R2x6 −L2ẋ6 +x4 = 0 (D.18)

Solving for ẋ6:

L2ẋ6 =−x3 −R2x6 +x4 (D.19)

ẋ6 =− 1

L2
x3 − R2

L2
x6 + 1

L2
x4 (D.20)

KVL for Central Mesh:

−x5 +R1x5 +L1ẋ5 +x2 +L2ẋ6 +R2x6 = 0 (D.21)

Substituing ẋ6 and solving for ẋ5:

L1ẋ5 = x1 −x2 −R1x5 −L2ẋ6 −R2x6 (D.22)

L1ẋ5 = x1 −x2 −R1x5 −L2

(
− 1

L2
x3 − R2

L2
x6 + 1

L2
x4

)
−R2x6 (D.23)

L1ẋ5 = x1 −x2 −R1x5 +x3 +x4 (D.24)

ẋ5 = 1

L1
x1 − 1

L1
x2 + 1

L1
x3 − 1

L1
x4 − R1

L1
x5 (D.25)
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State Space Equations:

ẋ = Ax +Bu (D.26)

ẋ1 = Vs

C1Rs
− 1

C1Rs
x1 − 1

C1
x5 (D.27)

ẋ2 = 1

C2
x5 − 1

C2
IL (D.28)

ẋ3 =− 1

C3
x5 + 1

C3
x6 (D.29)

ẋ4 = 1

C4
x5 − 1

C4
x6 + IL (D.30)

ẋ5 = 1

L1
x1 − 1

L1
x2 + 1

L1
x3 − 1

L1
x4 − R1

L1
x5 (D.31)

ẋ6 =− 1

L2
x3 − R2

L2
x6 + 1

L2
x4 (D.32)

State Space Matrix:



ẋ1

ẋ2

ẋ3

ẋ4

ẋ5

ẋ6


=



− 1
C1RS

0 0 0 − 1
C1

0

0 − 1
C2

0 0 1
C2

0

0 0 0 0 − 1
C3

1
C3

0 0 0 0 1
C4

− 1
C4

1
L1

− 1
L1

1
L1

− 1
L1

−R1
L1

0

0 0 − 1
L2

1
L2

0 −R2
L2





x1

x2

x3

x4

x5

x6


+



1
C1RS

0

0 1
C2

0 0

0 1

0 0

0 0


(

Vs

IL

)
(D.33)





APPENDIX E

E.1. STATE SPACE MODEL [19]
The differential equations of a linear system can be written in the form:

{
ẋ=Ax +Bu

y=C x +Du
(E.34)

This system of first order differential equations is known as the state equation of the system, where x(t )
is the state vector and u(t ) is the input vector. The second equation is referred to as the output equation.
A is called the state matrix, B the input matrix, C the output matrix and D the direct transition matrix.
One advantage of the state-space method is that the form lends itself easily to the digital and/or analog
computer methods of solution. Further, the state-space method can be easily extended for the analysis of
nonlinear systems. State equations may be obtained from an nth-order differential equation or directly from
the system model by identifying appropriate state variables[19].To illustrate how is the selection of a set of
state variables, an nth-order linear model described by a differential equation is considered:

d n y

d t n +an−1
d n−1 y

d t n−1 +·· ·+a1
d y

d t
+a0 y = u(t ) (E.35)

where u(t ) is the input and y(t ) is the output. A state model for this system is not unique but depends on
the choice of a set of state variables. A useful set of state variables, referred to as phase variables, is defined
as:

x1 = y, x2 = ẏ , x3 = ÿ , · · · , xn = yn−1 (E.36)

Taking the derivatives yields:

ẋ = x2, ẋ2 = x3, ẋ3 = x4, · · · , ẋn =−a0x1 −a1x2 −·· ·−an−1xn +u(t ) (E.37)

Expressed in matrix form:

ẋ1

ẋ2
...

ẋn−1

ẋn

=



0 1 0 · · · 0

0 0 1 · · · 0
...

...
...

...
...

0 0 0 · · · 1

−a0 −a1 −a2 · · · −an−1





x1

x2
...

xn−1

xn

+



0

0

0
...
1

u(t ) (E.38)

The output equation is given by:

y = [1 0 0 · · · 0] x (E.39)

For electrical networks, the state variables are directly related to the energy-storage elements of the
system. Therefore, the number of independent initial conditions is equal to the number of energy-storing
elements.
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