
Design and Development
of LVDC Cables

Meenakshi Sundaram Ramakrishnan

November 2021





Design and Development

of LVDC Cables
by

Meenakshi Sundaram Ramakrishnan
to obtain the degree of Master of Science
at the Delft University of Technology,

to be defended publicly on Tuesday November 30, 2021 at 10:00 AM.

Student number: 5123577
Project duration: December 14, 2020 – November 30, 2021
Thesis committee: Prof. Dr. Pavol Bauer, TU Delft,supervisor

Dr. Ir. Zian Quin, TU Delft,supervisor
Dr. Arno Smets, TU Delft
Ir. Sachin Yadav, TU Delft,Daily supervisor

An electronic version of this thesis is available at http://repository.tudelft.nl/.

http://repository.tudelft.nl/




Abstract
The current energy systems with the mix of renewable and conventional sources are already work-
ing on their maximum capacity in order to meet the existing demand. In the near future to meet the
burgeoning demand, the future electrical power system would be a mix of both AC and DC systems
coexisting with each other. With the fast paced development of smart grids, decentralised system and
micro grids, there is an increasing interest in the LVDC (Low Voltage Direct Current) distribution. Also
there is increase in the loads in the residential and commercial sector side that require DC supply in-
herently. To tap in and realise the potential of the LVDC distribution systems, it requires the appropriate
infrastructures to be developed that supports its assimilation faster. This thesis “The Design and de-
velopment of LVDC cable” is a step forward in realising the potential that DC has in the LV distribution
side. This research is done in collaboration between TU Delft and the Prysmian Group.

To begin with, two LVDC statespace based dynamic distribution systemmodel namely: a neighbour-
hood distribution system and a ship distribution system are formed. The LVDC cables are incorporated
as lines into these models. The sensitivity and stability analyses are performed by varying each of the
active parameters individually, the influence that each of the active parameter has on node voltages,
line currents and the stability of the system are studied and the trend is absorbed through this anal-
ysis. This analysis is set to be performed in both distribution systems under monopolar and bipolar
configuration.

Subsequently, the short circuit analysis i.e the pole to pole and pole to neutral fault analysis is
performed on both the neighbourhood and ship distribution system. Here the cable’s active parameters
that are expected to have an influence on the system performance and the line current during short
circuit are taken into consideration. These active parameters are varied throughout this analysis and
the resulting plots are further analysed to study their influence. These active parameters are cable
resistance, cable inductance, cable capacitance, and cable length. The observations are tabulated
for each of the active parameters individually. The generated results from this study would support in
better assessment of cable’s active parameters influence on the short circuit current and designing the
LVDC cables.

The accuracy of the dynamic model are validated by breaking the distribution system model into
smaller sections and forthcoming results are compared to get the model accuracy. Finally based on the
results from the sensitivity stability and short circuit analyses the optimal characteristics of the LVDC
cables is formulated.
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1
Introduction

The electricity demand is rising at a rapid pace with the expected global electricity demand for the year
2050 is set to be increased by 57% with respect to the 2017 demand [1]. The rise in global electricity
demand from 2017 till 2050 is expected to be more than 2% annually [1] . The current energy system
with the mix of renewables and conventional sources are already working on their maximum capacity
to meet the existing demand [2]. So, there is an increasing need to quickly increase the generation
capacity at a gradual pace along with the demand in order to avoid overloading of existing energy
network. As the conventional sources are likely to be depleted and also due to its polluting nature, it
can’t be used to meet the increase in demand. Then the non-conventional (renewable) sources will be
in forefront to balance this increase in demand and could also support in meeting the emission targets
set in the Paris agreement. The distributed renewable sources like solar and wind are predominantly
used Renewable Energy Technologies (RET). If the power transmission from these Renewable Energy
Sources (RES) are done in DC condition through DC grids then there is decrease in losses (Lack
of skin and proximity effect)[3], so increase in power delivered to the receiving end in comparison to
AC conditions. [4] [5].Also DC requires less number of conductors,less voltage drop for long distance
transmission and many more advantages that will be explained in the upcoming chapters.

The solar arrays inherently produce DC power, so it requires only a DC- DC converter in order to
connect it to the DC grid. The wind farms, microturbines and tidal sources are integrated to the AC grid
through a AC/DC/AC conversion system [6], but now connecting to a DC grid would require a AC/DC
converter. In the near future there is high probability of both the transmission and distribution grids to
transition from AC to DC[7]. Already for long range transmission, HVDC grids are preferred, and there
is a good chance to realise this change in distribution grids too [8]. In order to realize it in the LV(Low
Voltage) distribution side the infrastructure and the load that supports this grid transition needs to be
available. The significant infrastructure that is required is the formulation of LV Cables, specifically
designed to operate in DC conditions will be vital in leading this grid transition.

There is an increasing interest in the LVDC (Low Voltage Direct Current) distribution with the growth
of decentralised and microgrid systems supporting the tail end of the power networks. The LV Cables
designed specifically for DC condition will play an important part in taking this transition forward and
realising it. Currently LVAC (Low Voltage Alternating Current) cables are utilized in the DC conditions
too, as the LV cables specifically designed for DC conditions is still in the formulation phase [9]. The
LVAC cables operating in DC conditions, are not optimal as there is a string of advantages in utilis-
ing appropriate LVDC cables in low voltage DC conditions like better power transfer with less losses,
longevity of the cable and less material wastage [9]. The LVAC cable operating at DC peak voltage
experiences absolute losses leading to lesser transmissible power compared to LVDC cables and also
heat generation within the cable causing faster ageing of the LVAC cable [9]. Continuous working at
this DC peak voltage will lead to faster degradation of the insulation layer leading to shorter life span
of the LVAC cable.

Now it is the right time to test the capabilities of the LVDC Distribution system with the formulation of
appropriate LVDC cables. As nowadays in the residential and commercial sector many electrical loads
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in the distribution side inherently need DC supply. For example, loads like advanced lighting systems
(CFL, LEDs), Multimedia appliances (TVs, Speakers), administrative appliances (laptops, PCs, scan-
ners, printers) and communication appliances (Mobile phones, modems) are inherently DC loads [6].
The future generation might be dominated with RET which are inherently DC, to balance the energy
network during shortage (due to intermittency of RET) batteries would be utilized that are inherently DC
and the loads in the distribution side are also available in DC. So, it is not always appropriate to have
AC systems as the best possible solutions in every level of the electrical grid system network mainly
in the transmission and distribution network[10]. With the introduction of smart grids, decentralised
system and micro grids, the future electrical power systems would be a mix of both AC and DC sys-
tems coexisting with each other. In order to realise the potential of the DC systems it needs the right
infrastructures to be developed and put up in place. This research collaboration between TU Delft and
the Prysmian Group on ”The Design and development of LVDC cable” is a step forward in realising the
potential that DC has in the LV distribution side.In this thesis, through different analysis and simulations
a comprehensive set of guidelines are formed to design the LVDC cables.

1.1. Research Objectives

The main objective of this research is to formulate the optimal characteristics for the LVDC cables by
looking closely in to the results of different analysis and simulation conducted through this thesis. The
aim of this thesis is achieved by working on the following research objectives step by step:

1. Choose an appropriate DC distribution system modelling method and then formulate the DC dis-
tribution system models for a neighbourhood and ship distribution system.

2. Find the influential parameters that could affect the performance of the LVDC Cable by simulating
different scenarios in the models.

3. Study how the variation in active parameters affects distribution system’s stability and cable per-
formance.

4. Carry out short circuit analysis to study the system stability and the limits of the cable.

5. Validate the accuracy of the distribution system model through which different analyses were
carried out.

By following these steps, ultimately leads to forming a set of characterstics guidelines for designing
an optimal LVDC cable based on the outcomes of the studies carried out. These guidelines would give
more in detail description of the LVDC cable formulation.

1.2. Research Methodology

As for most of the LVDC application the LVAC cables are utilized and it seems to work fine. So there is
not a lot of research that is available based on LVDC cable formulation and also there is no standard-
isation of cable design for the LVDC cable as of now [11]. The most of LVDC cable that are designed
now are based upon the behaviour of the LVAC cables under DC conditions. In order to formulate
the optimal characteristics for the LVDC cables, a comprehensive approach is set up. The intended
approach utilized for the thesis is enumerated below:
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1. In the literature review the intended approach for the thesis was identified by analysing and study-
ing about the characteristics of low voltage distribution system and the low voltage cables. Also
from the approaches available for modelling the LVDC distribution system, the state space ap-
proach is deemed to be suitable for designing the LVDC distribution and in reaching the objectives
set.

2. Designing the dynamic models of LVDC distribution system for both neighbourhood and ship
through the state space approach and simulation the behaviour of LVDC cables in them.

3. Simulating different scenarios in the models in order to detect the influential parameters that could
affect the performance of the LVDC Cable.

4. Conducting the sensitivity and stability analysis on the distribution system models by varying
the influential cable and system parameters and assess its influence on the stability and system
performance.

5. Performing short circuit analysis on the distribution system models in order to analyse the limits
of the cables. Also to get a better outlook of cable parameter’s influence on the magnitude of the
peak short circuit current formed.

6. Finally validate the accuracy of the model by breaking the distribution system model into smaller
sections and simulating it and comparing the results obtained.

By following this approach it is intended to aid in reaching the main objective that is formulating the
optimal characteristics for the LVDC cables based on the outcomes of the different analyses performed
during the thesis. These results from the sensitivity, stability and short circuit analyses form the base
for formulating the optimal characteristics of the LVDC cables. The set objectives of this thesis can be
achieved by answering the following research questions:

1. How does the performance and the stability of the LVDC neighbourhood and ship distribution
systems gets influenced when each of the active cable and system (system parameters which
has influence on the cable parameters are varied individually?

2. How influential are each of the cable‘s active parameters on limiting the effect of the short circuit
in the distribution systems modelled?

3. How should the optimal LVDC cable’s active parameters look in order to provide the ideal perfor-
mance expected by the users? Also comment on the accuracy of the dynamic models utilised for
the simulation.

1.3. Thesis organisation

The thesis report is structured as follows. Firstly, Firstly in chapter 1 a brief introduction about this the-
sis with its approach and the limitation involved are described. Then in chapter 2, the back ground of
LVDC distribution system, different system model configurations available, active parameters and chal-
lenges in formulation of LVDC cables are discussed. Followed by the description of dynamic modelling
approaches for the LVDC distribution system is outlined in chapter 3. Chapter4 deals with explaining
the LVDC distribution system and electronic power converter models that are involved in this thesis.
Next in chapter 5, different analyses that are performed on the formulated LVDC distribution system
models are explained. In chapter 6, the short circuit studies that were performed on the neighbourhood
and ship distribution system models are described in depth. The results and the key findings from all
the analysis performed in the model are discussed in chapter7. Finally, the 8 chapter deals with the
concluding set of optimal characterstics to design the LVDC cables and the future scope of the thesis.
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1.4. Limitations

The first limitation is that the dynamic distribution system model based on the state space approach is
valid only when the wavelength of the system signals are larger than the length of the distribution lines
in the system[12] [13]. This limitation needs to be satisfied in order to have a valid model design of any
DC distribution system utilizing this approach explained in chapter 3. The wavelength of the system
signal is calculated using equ (1.1), shown below [12]. Where 𝑐 is the speed of light, 𝑓 is the frequency
of the signal, 𝜇𝑟 and 𝜖𝑟 are the relative permeability and relative permittivity of the distribution line.

𝜆 = 𝑐
𝑓√𝜖𝑟𝜇𝑟

(1.1)

The second limitation is that as the modelling approach taken is through a non transient model
with a lumped element representation of the distribution line parameters. These models neglect and
don’t consider the frequency dependent effects and propagation delay present in the system [14] .
The distribution line parameters such as resistance, inductance, conductance and capacitance are
considered to be constant in the selected approach, but they are frequency dependent parameters
which are not always constant. However several literature [12][15][16] states that the propagation
delay can be neglected, if the length of the distribution lines in the system are smaller than the signal
wavelength.

The third limitation is the accuracy of the model utilized to perform different analysis. As the models
utilized are non transient based and they are neglecting the influence of frequency dependent effects on
the distribution line parameters in the model[16]. In general the transient models have higher accuracy
compared to the non transient models. But realizing the DC system through these transient models is
difficult as they are far more complex and the simulation requires more computational power and time
to compile the simulation. So that’s the main reason for modelling the DC distribution system in the
state space dynamic approach method, more explanation about the methodology used is explained
in Chapter 3. The analysis of the model accuracy is also part of the research objectives, so the state
space dynamic model’s accuracy will be analysed deeply, more on this in chapter 5.

1.5. Summary

In this chapter a brief introduction about the thesis, the research objectives and the methodology used
were described. Also the thesis outline with the limitations of the dynamic models utilized in this thesis
was explained in this chapter.
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The discussions in this chapter will give the background information on the LVDC distribution systems
and LV cables. Section 2.1 deals with the structure of LV distribution system. Followed by section 2.2,
which presents the detailed characteristic assessment of LVAC and LVDC cables. Then, in section
2.3, the design of LV cables is discussed. Section 2.4 deals with the active parameters of LV cables.
Next in section 2.5, the challenges that are present in formulating LVDC cable is discussed. Finally in
section 2.6, a complete summary of chapter2 is presented.

2.1. Low voltage distribution systems

The tail end of the power system network constitutes the low voltage distribution system that is re-
sponsible to deliver electricity to the consumers. In accordance to the IEC ’s international standard the
voltage rating of the low voltage distribution system is below 1500 V in DC conditions and under 1000V
in AC conditions[17]. The low voltage distribution can be done in two ways: through DC or AC. Each
of them has their own pros and cons that will be discussed in this chapter with primary focus given to
LVDC distribution.

In order to learn and analyse the characteristics of the LVDC cables, first the distribution system in
which the cables are situated must be known better. So the top down approach is taken and from the
system level to element level progression will be made. In this section only the power transmission ca-
pabilities and the advantages of each of the LVDC distribution system configurations will be discussed.
The modelling and the theory regarding it would be discussed in chapter 3. The power system layout
consists of different structural levels, in regard to low voltage distribution the main focus is on the LV
distribution power grid. The LV distribution grid contains lines from the MV/LV transformers and its con-
nected to the household feeders[18]. The three-phase distribution system with a return path is the most
preferred distribution layout in Europe [19]. The detailed explanation of different layout configurations
that are present in distribution level will be discussed in upcoming sections.

In the distribution power grid, three configurations one associated with AC and the other two asso-
ciated with DC are analysed. The Layout configurations of distribution power grid that were assessed
are:

• Three phase AC system

• DC Monopolar System

• DC Bipolar system

The favourable layout configurations in the distribution power grid were analysed by calculating their
respective transmissible power [20] [21] [22][23] [24]. Through the transmissible power calculation for
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each of the layout configurations allows us to view the maximum transmissible power delivered by each
of the configuration listed above. For simplicity in the calculating the transmissible power delivered by
different configuration, it is assumed that for the AC system line reactance, skin and proximity effect
are neglected.

2.1.1. Distribution Grid configuration

In this section a brief description about the transmissible power calculation[23] [20] done for the differ-
ent configuration of the LV distribution grid is explained. Three different distribution grid configuration
layouts, one associated with AC and other two associated with DC are compared based on their trans-
missible power delivered (Ptrans). The DC monopolar configuration is not utilized in the current trend
[18][19], but still its performance in comparison with other configurations is beneficial for further DC
studies. For the AC based distribution power grid: AC three-phase with return conductor configuration
is considered and for the DC based distribution power grid, DC bipolar and DC monopolar configura-
tions are considered. The transmissible power is calculated for a total cable cross section of 500𝑚𝑚2
for all the system configuration and the length of the cable is varied along to find the power transfer
capabilities for longer range[23] [20] .

Figure 2.1: AC three phase with Return Conductor configuration

Firstly, AC three-phase with return conductor configuration is analysed, and the diagrammatic rep-
resentation of this configuration is shown in Fig 2.1. This configuration is the most widely used in the
European distribution grid [19]. The AC three phase with neutral conductor contain 4 conductors: each
of the 3 phases has one conductor each and the neutral conductor takes one(configuration 1). The
three phase system is considered to be a balanced three phase system, so no current flow through the
neutral conductor. The maximum transmissible power calculation is done with respect to the voltage
drop in the cable and the ampacity limit of the cable. The equations which will govern the maximum
transmissible power of this AC system are shown in equ(2.1) and (2.2)[23]. The maximum transmis-
sible power calculation with respect to the cable ampacity (Imax1)is shown in equ (2.1). Where Vp-n
is the rms line to neutral voltage, Z is the line impedance present in the cable and cos 𝜙 is the power
factor. The line impedance (Z) is a combination of resistance (R) and reactance (X) as said earlier the
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reactance of cable or line is neglected and the power factor is taken as 1[23]. The maximum transmis-
sible power calculation with respect to the voltage drop limitation (∆V) is shown in equ (2.3)[23]. The
minimum value calculated by these two maximum transmissible power equations will take precedence
and will dominate the system by being the maximal transmissible power as shown in equ (2.4)[23]. As
there are four conductors (including the neutral) present, so for each of the cable the cross section is
taken as 125𝑚𝑚2 . The cable ampacity for this configuration is taken as 264 A[23].

𝑃1𝐼𝑚𝑎𝑥 = 3(𝑉𝑝𝑛 − 𝑍𝐼1)𝐼1𝑐𝑜𝑠𝜙 (2.1)

𝑅(𝐿) = 𝜌2𝐿𝐴 (2.2)

𝑃1Δ𝑉 = 3(𝑉𝑝𝑛 − Δ𝑉)
Δ𝑉
𝑅 𝑐𝑜𝑠𝜙 (2.3)

𝑃𝑡𝑟𝑎𝑛𝑠,1 = 𝑚𝑖𝑛(𝑃1𝐼𝑚𝑎𝑥 , 𝑃1Δ𝑉) (2.4)

Secondly, the Monopolar DC configuration is analysed, and the diagrammatic representation of this
configuration is shown in Fig 2.2. This configuration has only a positive pole and a return conductor
present in it and that makes it less efficient in comparison to the three phase AC and Bipolar DC
configurations. But still its costs the least among the grid configurations compared in this analysis as
only one conductor and a return are present. The maximal transmissible power is calculated based on
the voltage drop in the cable and the ampacity limit of the cable as shown in equ (2.5)and (2.6)[23].
In equ (2.5), the maximum transmissible power is calculated based on the cable ampacity limit where
�̂�𝑝𝑛 is the peak pole-neutral voltage, 𝑅2 is the per conductor resistance of the cable in the unipolar
configuration and 𝐼2 is the cable ampacity limit for this configuration and it is calculated to be 392 A[23].
The resistance is calculated similarly using equ(2.2) and the cross section for this two conductor system
(including the return) is taken as 250𝑚𝑚2 for each of the cable. The maximum transmissible power
calculation with respect to the voltage drop limitation (Δ�̂�) is calculated using equ(2.6)[23].

Figure 2.2: DC Monopolar configuration

𝑃2𝐼𝑚𝑎𝑥 = (�̂�𝑝𝑛 − 2𝑅2𝐼2)𝐼2 (2.5)

𝑃2Δ�̂� = (�̂�𝑝𝑛 − Δ�̂�)
Δ�̂�
2𝑅2

(2.6)

Lastly the Bipolar DC configuration is analysed, and the diagrammatic representation of this con-
figuration is shown in Fig2.3. As seen in figure this configuration has positive, negative and a neutral
conductor. In the DC bipolar system, the cable insulation must be designed for twice the pole to neutral
voltage[23]. In this configuration the load can be connected to the system based on their load require-
ments as the pole to neutral connection provides �̂�𝑝𝑛 and the pole to pole connection provides 2 �̂�𝑝𝑛.
The bipolar DC configuration is the most efficient configuration in comparison with the other two con-
figurations. In equ(2.7), the maximum transmissible power is calculated based on the cable ampacity
limit[23] where 𝑅3 is the per conductor resistance of the cable in the Bipolar configuration and 𝐼3 is the
cable ampacity limit for this configuration and it is calculated to be 314 A. The resistance is calculated
similarly using equ(2.2) and the cross section for this three conductor system is taken as 167𝑚𝑚2
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Figure 2.3: DC Bipolar configuration

for each of the cable. The maximum transmissible power calculation with respect to the voltage drop
limitation (Δ�̂�) is calculated using equ(2.8) [23].

𝑃3𝐼𝑚𝑎𝑥 = 2(�̂�𝑝𝑛 − 𝑅3𝐼3)𝐼3 (2.7)

𝑃3Δ�̂� = 2(�̂�𝑝𝑛 − Δ�̂�)
Δ�̂�
𝑅3

(2.8)

2.1.2. Transmissible Power Comparison

The transmissible power for all the three different distribution power grid configurations is compared
with the load distance and it is plotted in the graph shown in Fig2.4. The three phase AC configuration‘s
power factor is maintained at 1 for the best case and for the worst case it is taken as 0.8. From the graph
it is visible that the voltage drop in the bipolar DC configuration is clearly lower than that of AC three-
phase configuration [18][21][23]. Even after neglecting the line reactance, skin and proximity effect in
the AC systems, transmissible power is reduced as the load distance increases is mainly because the
rms current limits the power transfer capabilities for the AC configurations [18] [19][20][23]. Based on
the graph shown in Fig2.4, the bipolar DC configuration achieves the maximum transmissible power
followed by three phase AC and then the unipolar DC configurations. When DC distribution takes upper
hand in the distribution grid then bipolar configuration could be looked upon as a replacement to the
three phase AC configuration which is currently used in the existing AC distribution grids [19][21][9]. So
with all the advantages that DC distribution has over AC in terms of greater transmissible power, lower
voltage drop, lower losses and greater efficiency if the reliable supporting infrastructure is introduced,
then at an instant LV DC distribution can over take AC [22][24][9][14][25].
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Figure 2.4: Transmissible power at different cable length for different distribution power grid configurations

2.2. Characteristics of LV cables

The characteristics of LV cables utilized in the LV system is analysed both under LVAC and LVDC con-
ditions. This is mainly done to understand the cable behaviour better, so that more efficient LV cables
could be modelled based on the existing ones. As the LVDC cables are still in their formulation phase
it is necessary to get more info on the behaviour of these cable under DC conditions. In this chapter,
sec2.2.1 deals with the characteristics of LV cables under AC conditions. Followed by describing the
characteristics of LV cable under DC condition in sec2.2.2.

2.2.1. LVAC Cables

The existing AC LV distribution network utilizes LVAC cables for the distribution purpose. The LV ca-
bles that are currently formulated are predominantly for AC condition. As the distribution side both in
the household and distribution power grid side are dominated by AC. Majorly in Europe, the under-
ground cables are mostly used in LV distribution network and they usually contains 3 or 4 cores in their
cables. These cables have an insulation layer and the commonly used materials for this purpose are
XLPE (Cross-linked polyethylene), EPR (Ethylene Propylene Rubber), and PVC (Polyvinyl chloride)[22]
[9][26][27]. More details about the insulation material’s properties are discussed in the upcoming sec-
tions. A LVAC cable requires three conductors to carry power as they operate in three phase system.
The three-core XLPE cable are widely used in the LVAC distribution network [23][28][29] and a pictorial
representation of it is shown in Fig2.5. Under AC conditions the cable used will deliver less power to
the receiving end user due to the cable reactance, skin and proximity effects. The skin and proximity
effects are absent under LVDC conditions[18][19][14][30] So the transmissible power for the LV cable
under LVDC is higher compared to LVAC conditions.
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Figure 2.5: Three core XLPE cable [31]

Secondly, ageing and the lifetime of the cables under AC conditions are affected due to the thermal
breakdown and electrical treeing [25][32][33][32]. The thermal breakdown occurs when excessive cur-
rents more than rated flow through the cable due to voltage transients or harmonics present in the AC
system and also it could be due to environmental factors (Elevated temperatures and Flooding)[32].
These conditions for the AC cables will reduce the lifetime of the cable by more than half and these
shortcomings needs to be considered during the design phase in order to be rectified. Also the electri-
cal treeing occurs due to the manufacturing defects such as voids and the contaminants present in the
cable. These cable defects present in the AC system causes high electrical stress that would eventually
lead to insulation layer erosion and decrease in dielectric strength[31][34].

Finally, the effects of temperature on the LV cables under AC condition is explained. It was seen
that on three phase 230 V system, the temperature difference across the cable was raised insteps of
5 °C[33] [32] [9]. The electric field was seen to be rising in near the sheaths of the cable uniformly and
it doesn’t cause any adverse effect on the system performance due to the polarity reversal that takes
place in AC. But the result in the LVDC condition was seen to be different and affecting the cable.

2.2.2. LVDC Cables

The LVDC cable are not a common occurrence in the distribution network as it is dominated by the
AC distribution. The DC cables are usually utilized for longer range high voltage transmission but
due to the advantages seen in LV DC distribution, slowly the distribution side is transitioning towards
LVDC distribution. As said before, the LVDC cables are not available everywhere, it is necessary to
understand and improve the working of LVDC cable by analysing the behaviour of LVAC cables. The
HVDC cable design is not taken into consideration for the design of LVDC cable since they both operate
at different voltage levels and the breakdown mechanism for the cable is completely different[28]. So,
the LVAC cables working well in LVDC and LVAC conditions are looked upon for the LVDC cable design.

In DC condition, the power losses in the conductor due to the presence of skin and proximity effect
doesn’t occur. The main reason for skin effect occurrence is due to the presence of back emf. The
rate of change of flux is zero in DC thus back emf is zero. So the current is uniformly distributed
across the conductor leading to no skin effect in DC. The LV cable utilized in LVDC condition seems
to have increased power transfer capabilities compared to LVAC, up to 2 times and in some cases
3.5 times higher power transfer than the LVAC condition [22][4] [5]. This mainly is due to absence
of skin, proximity effect and the dielectric losses leading to lower losses in the system. The space
charge accumulation is a big problem in HVDC condition as it would increase the losses, but in low
DC field the space charge accumulation in solid insulation need not be considered, as it is assumed to
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be insignificant. The electric field distribution under cable insulation in DC voltage is dependent on the
electrical conductivity of the material[25].

Secondly, ageing and the lifetime of the cables under DC conditions are affected due to the thermal
breakdown and sheath corrosion [25][34][33][32]. The electrical treeing is not a major factor affecting
the lifetime of the LVDC cable in comparison to AC. The thermal breakdown occurs when the cable are
working under elevated temperatures, the DC conductivity increases and that increases the current
through the insulation, leading to heat generation[32]. This leads to reduction in the cable lifetime
significantly; this could be avoided by properly analysing and improving the thermal design of the cable.
Similar to the AC, the chemical treeing has become a major contributor in causing cable breakdown in
LVDC too. The chemicals and contaminants in the soil directly cause corrosion in the sheath layer and
this ultimately leads to insulation breakdown as the days progress. Then the cable failure occurs, so it
is important to have the anti-corrosion coating over the insulation layers utilized in order to be protected
against certain corrosive chemicals[31][34].

Finally, the effect of temperature on the LV cables under DC condition is looked into. In the DC
Bipolar system of 325 V, the temperature difference across the cable was raised insteps of 5 °C[33][32]
[9]. The electric field was seen to be constantly rising near the sheaths to higher levels non-uniformly
leading to insulation failure and cable breakdown[35]. This is mainly due to DC conductivity being
increased at elevated temperature, in order to solve this better thermal design of the cable needs to be
done.

2.3. Design of LV cables

In this section, different structural layers that forms the low voltage cable are explained and it is pic-
torially represented in Fig 2.6. The structural importance of each of the cable layer with their material
consideration that will support in LV conditions are described briefly.

Figure 2.6: Structural diagram of a LV Cable [34]
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Table 2.1: Resistivity of prominent metal conductors [31]

Metal Ohm-mm2 /m × 10−8 Ohm-cmil/ft × 10−6
Silver 1.629 9.80
Copper, annealed 1.724 10.371
Copper, hard drawn 1.777 10.69
Copper, tinned 1.741–1.814 10.47–10.91
Aluminium, soft, 61.2% cond 2.803 16.82
Aluminium, 1/2 hard to full hard 2.828 16.946
Sodium 4.3 25.87
Nickel 7.8 46.9

2.3.1. Conductor

The conductor layer is one of the most important layers inside a cable. The purpose of having the
conductor is to provide a conducting path for the current to pass through. For a LVDC system at low
voltage (75 to 1500V) the conductors are not subjected to high electric stress. The most preferred
conductor materials for the LVDC cable are Aluminium and Copper. For different situation different
conductor material could be chosen. There are several low resistivity materials (High conductivity)
available that could be used as the conductor. The values of resistivity of conductor metal is tabulated in
table 2.1. But comparing the resistivity values and the cost of the material then copper and Aluminium is
the most obvious choices. They are the most dominant metal used in the power cable industry[36][34].

Not only the value of resistivity is important but the physical and chemical properties of the selected
conductor material should be also within the favourable limits. Based on the resistivity, Silver has good
levels of resistivity, but its high cost and weak physical strengths are the main reasons for neglecting
it. The comparison of physical and mechanical properties of Copper and Aluminium is shown in table
2.2. The factors that influence the conductor selection between Copper and Aluminium is enumerated
below[37]

• Aluminium metal has been relatively less expensive compared to copper.

• For equivalent ampacity condition, the Aluminium has lower mass compared to copper that makes
it easier to handle large cable sizes.

• For terminations the Aluminium conductor requires special treatment and Copper doesn’t require
a special termination treatment.

• For equivalent ampacity condition, copper conductor is smaller and can be easily installed in
smaller raceways and it is flexible in nature as well.

Table 2.2: Comparison of physical and mechanical properties of Copper and Aluminium [31]

Property Unit Copper, Annealed Alum, Hard Drawn
Density at 20°C Pounds/in3 0.3211 0.0975
Density at 20°C Grams/cm3 8.890 2.705
Linear Temp. Coef. per °F 9.4 × 10−6 12.8 × 10−6
of Expansion per °C 17.0 × 10−6 23.0 × 10−6
Melting Point °F 1981 1205–1215
Melting Point °C 1083 652–657

2.3.2. Insulation layer

The second most influential layer in the LV cable is the Insulation layer. Insulation is used to protect the
conductor from local environment by isolating it from other objects and also at the same time ensure
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that the current flow path remains constant. The insulation layer is expected to fulfil its functions for
both dry and wet conditions. The key properties that characterize good insulating polymer at stress
condition are: Dielectric Constant (k), volume resistivity (VR) , Polarisation and dissipation factor(DF).
VR can be defined as the electrical resistance between opposite faces of a cube of interest, when
measured at a set temperature and pressure. DF is a measure of lost energy as heat instead of being
transmitted as electrical energy. It can also be denoted as the power factor (P.F). K is the measure of
how well the insulation holds a charge. For a good insulation material, the value of K and DF must be
low [34].

For the LVDC cable the suitable insulation materials are XLPE (Cross-linked polyethylene), EPR
(Ethylene Propylene Rubber), and PVC (Polyvinyl chloride)[9]. The material properties of each of this
material is tabulated in table 2.3. From the table it is clearly seen that the XLPE insulation material
has better insulation properties compared to the EPR and PVC. The XLPE material also has higher
voltage break down strength and the most resistant to chemicals[27]. This insulation is perfectly suit-
able for LVDC underground cable as it can resist chemical corrosion and increase the longevity of the
cable. Few of the insulation material are used as the insulation in the cable for specific purpose and
environment condition.

Table 2.3: Material properties of suitable insulation material [38]

Condition EPR XLPE PE PVC
Max Continuous Operating Temperature °C 90 90 75 60
Emergency and Overload °C 130 130 95 100
Short Circuit (Max 5 seconds) °C 250 250 150 150
Volume Resistivity (ohm-cm) >10^15 >10^16 >10^16 >10^12
Dielectric Constant 3.5 2.3 2.3 4
Power Factor 1.5 <0.2 <0.2 >4
Tensile Strength (kgf/mm2) min 0.5 min 1.27 min 1 min 1
Elongation (%) min 300 min 350 min 350 min 150

The EPR insulations are utilized by the cable which are set to be installed in rough and flame prone
areas. As EPR insulation has good level of toughness and flame resistant it is more suitable to that
environment than XLPE. But in normal condition it is not preferred over XLPE because of its thermal
conductivity and ampacity is lower than XLPE. The PVC insulation ‘s main advantage over the other two
insulationmaterial is that it’s the cheapest among the three. So for lower cost projects the PVC insulated
cables are widely used. Also it is used as jacketing layer for many LVDC cables, improving the strength
of the cable. For inner power station wiring, the PVC insulated cables are avoided because when fire
accidents take place the smoke generated during the burning of the cable causes severe respiratory
problem. The residue from the burnt cable is a corrosive mixture which cause extensive damage to the
whole system. So, based on the environmental condition the cable insulation is selected. For normal
conditions and high investment projects the XLPE insulation is usually preferred[33]. It is also more
important to check the compatibility between the insulation layer used and the conductor material. If
the insulation layer is not compatible, then it might cause extensive corrosion towards the conductor
layer and ultimately led to cable failure. So, it is important to check the conductor compatibility before
installing them [27] [29].

2.3.3. Sheath layer

The third level of influential layer in a LV cable is the sheath and the Jacket layer. They represent the
same portion of the cable, but they are named different based on themetallic or non-metallic component
over the insulation layer of the cable. The non-metallic coverings are called jacket and the metallic
coverings are called sheaths. They are mainly utilized in LV cable to overcome the effect of electro
statics, electromagnetic fields, it also acts as mechanical protective layer and moisture barrier [39]
[34].
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The sheath layer wraps around the outside of the cable, it’s primary functionalities are to protect
the conductor of the cable and to isolate vital areas of the cable from external environment [40]. The
metals like Aluminium, Bronze, Copper, Lead is usually used as sheath in LV and MV cables [31]. In
general, for LV cables most predominantly Lead and Aluminium metals are used as sheath layers [34].
The constrains for assessing the precedence of metal used as sheath layer is categorized by their cost,
ampacity requirements of the system during fault and the compatibility with other materials [32] [31].

Leadmetal has been constantly used as the sheath material for the cables. With favourable material
properties having low melting point, softness and it can also be easily extruded over the cable allowing
it to protect the cable from moisture and harsh chemicals. The metal also doesn’t get corroded that
easily even though the mechanical strength of the material is poor. These material properties allow
lead to even act as metallic screen to divert short circuit if its required. The one disadvantage of using
lead sheath is that it can get easily damaged due to mishandling of the cable. When the cable is mis
handled by bending and unbending this leads to causing fatigue of the lead sheaths and ultimately the
sheath layer fails. With the introduction of XLPE as insulation material and it being quickly integrated
into being major part of the LV cable design has caused the omission of lead as sheath material. This
mainly due to its incompatibility with XLPE and its carcinogenic nature [34].

Nowadays, Aluminium sheath are being widely utilized in cables as it has better mechanical strength
and electrical properties compared to the other preferred range of metals [34] [41]. The DC resistance
of aluminium being low allows it to even act shielding material for the cable. Also as the cable is already
mechanically strong, it doesn’t require any added mechanical protection in the form of armour. The only
disadvantage that the aluminium sheath layer has, is that it easily gets corroded. So in order to avoid
corrosion, it needs an addition of an anti-corrosive layer such as bitumen followed by thermo plastic
covering. This combination is being widely used in LV cables [39].

2.3.4. Jacket layer

Jackets are the non-metallic coverings found on the outer layer of the cables. The functionality of the
jacket layer is to serve as electrical and mechanical protection to the cable materials. Based on the
type of jacket material included in the structure of the cable, it increases physical toughness, chemical
and flame resistance of the cable. There are two different categories of jacket material available one
is thermo plastic and the other is thermo setting jacket material. The thermo setting jacket material is
not used in the underground distribution cables and they are widely used in the industrial and power
plant application. As the LV cables are usually underground cables [11], so the thermo setting jacket
materials are not focussed in this section.The summary of material properties of different jacket material
is tabulated in table2.4.

The thermo plastic jacket materials that is widely used as jacket material in the cables are Polyvinyl
chloride, Polyethylene, and Chlorinated Polyethylene[34] [31].The PVC is the most widely used jack-
eting material, this was mainly due to its low cost. The other favourable properties of PVC are its easy
processability and an excellent combination of fire and chemical resistance. In the LV cables PVC are
utilized as a single layer of material that functions as both insulation and a jacket material. But based
on material properties of PVC it is know that PVC cannot withstand high temperature[35]. So during
fault current situations PVC insulations could be permanently damaged by melting or it could emit plas-
ticizers and become brittle and stiff within a period of time. Due to this, PVC jackets were avoided in
high temperature conditions[26]. Also, under DC conditions in wet environment, the PVC cable (PVC
jacket and insulation) have frequently known to fail in these conditions due to moisture ingress [34]
[26]. Based on these responses, PVC is not preferred for underground power cables.
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Table 2.4: Comparison of material properties of jacket materials

Property PVC PE CPE
Heat resistance Excellent Good Excellent
Sun resistance Good Good Excellent
Flame resistance Excellent Poor Excellent
Water resistance Fair Excellent Good
Low temperature Poor Good Fair

Polyethylene has been used as jacket material for the underground cable mainly due to mois-
ture resistance characteristics. Polyethylene are usually compounded with carbon black that enables
polyethylene to be used a s jacket material and the carbon black addition also provides the polyethy-
lene with sunlight protection. For instances where moisture resistance is a requirement in the cable
design[39], then polyethylene is the perfectly suitable for it as it has the best moisture resistance ca-
pabilities compared to other non-metallic jacket materials and good ageing properties when operated
within its temperature limits [35]. They are extremely difficult to bend at low temperature due to their
stiffness. The one major disadvantage of using polyethylene as jacket material is that it has poor flame
resistance properties. High Density Polyethylene (HDPE) is extensively utilized as jacket material in
low voltage cables that are used in rough environment as it increases the toughness of the cables [42].

Chlorinated polyethylene (CPE) is considered usually as a thermo plastic material, although ther-
moset version of it is also available. Thermo plastic CPE has excellent heat, water and flame resis-
tance properties compared to the other jacket materials[43]. This allowed the thermo plastic version
have a better reach and it is more commonly used as jacket material in the LV cable industry due to its
favourable properties [44].

2.4. Active parameters of the LV cables

In this section the active parameters of the LV cable, that could affect the system and cable performance
are described. These active parameters are chosen based on the previously available literatures stud-
ies. These active parameters give us an idea about the things to take consideration of while formulating
the LVDC cable design. Each of them has a trend in affecting or improving the system performance
when increased or decreased. This trend that’s mentioned in the literature is described in this section.

First, the active parameters of the cable that could have an influence in the system performance
and stability is discussed. The cable parameters that are described to have an influence on the system
performance and stability are inductance, capacitance, cross section (resistance) and the length of the
cable. The cable or line inductance value when it is increased this leads to the eigenvalue calculated
to analyse the stability of the system to decrease. This decrease in the eigenvalue would lead to the
roots lie closer to the real axis and this would mean the stability margin of this distribution system
is decreasing. So it can be concluded that the increase in inductance would lead to decrease in the
stability of the system with the magnitude of the eigenvalue decreasing[45][46]. Then with the decrease
in the cable cross section value, it leads to increase in the cable resistance and the eigenvalue. The
increase in cable resistance is said to have a positive effect in the stability of the system. This increase
in the resistance leads to slight decrease in the voltage and increase in the current delivered by the
cables. The decrease in cable cross section would increase the resistance that will lead to better
stability due to improved damping and performance from the system[47].

When the cable capacitance is increased, it said to be increasing the magnitude of the eigenvalue.
With the increase in the magnitude, the roots of the system tend to lie on the imaginary axis further
away from the real axis and this leads to improved stability of the system with less oscillations. So the
increase in capacitance leads to better system stability. But during the analysis, the results seems to
contradict this inference. Then finally with the increase in the cable length is said to increase all the
admittances and impedances value associated with the cable. So this is said to be affecting the stability
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of the system as the length increase [48][46]. The roots of the eigen values of the system tends to be
positioned closer to the real axis as the cable length increases.

These active parameters of the LVDC cable mentioned above are said to be having an influence
in the stability and performance of the cable. These cable parameters will be closely looked upon and
more concrete inferences would be collected by conducting different analysis during the thesis. Also
not only the cable parameters many system parameters are said to be influencing the performance and
stability of the LVDC distribution system. These system parameter would be also mentioned, with the
influence it has on the system performance and stability in the upcoming chapters.

2.5. Challenges

There are challenges in formulating a LVDC cable based on its simulation behaviour under a LVDC
distribution system. A detailed description of few of these challenges that were found based on the
literature review are enlisted in this section.

Firstly, the cable fault detection under a DC system is a bit more difficult than the AC system as there
is no natural zero crossing and the system operate within the normal current and voltage level making
it hard to distinguish a fault from normal operation[49]. The power electronic device present in a LVDC
system are influencing the current behaviour in the system and this makes it hard in interrupting the DC
fault currents[30]. When a fault occurs in the cable, the network which experiences it gets disconnected
from the system, this affected network could be reconnected and time taken for that majorly depends
on the speed in locating the fault in order to clear it[50]. But a longer wait to detect and clear the fault
mainly due to recurring disturbances could lead to a possible blackout. The intermittent fault in LV
cables are even more difficult to locate, with numerous joints and connections these faults are more
prone to occur in LV systems[51]. Also, the DC fault currents have high di/dt that makes detecting the
fault location and isolating it more difficult.

The second challenge is the lack of standardisation in LVDC Systems. There are no universal
voltage standards as different voltage levels are utilized for different LVDC application [52]. Due to
this the LVDC cables are also not formulated in a standardised way that could be utilized for all kinds
of LVDC application, they are being designed conceptually for very specific applications.But, in the
Netherlands there are standards for bipolar system with the system voltage level need to be 350 or
700V. Now most researchers are converging towards 350-380 V to be the standardised voltage levels
for LVDC application[53][54]. This voltage level was chosen because it matches the voltage levels
of consumer electronics used in household appliances[55][56]. But still, these voltage levels are not
officially approved by any research or government organisation, so it would be need to be done quickly
to standardise the LVDC side of the network. This delay in standardisation is mainly due to the lack of
small DC grids being present in distribution side and this shortage of DC grids is mainly caused due to
lack of DC devices present in the consumer side[53][24]. So as each of them are being interdependent
on each other, both the DC grid and DC devices expansion is not taking shape in the consumer side.

The last challenge is the research based on LVDC cables. As the availability of LV cables to work
specially under DC Condition is limited in the cable industry. For most of the LVDC application the LVAC
cables are utilized. There is not a lot of research that is available based on LVDC cable formulation
and there is no standardisation of cable design for the LVDC cable as of now[57]. The most of LVDC
cable that are designed now, are based upon the behaviour of the LVAC cables under DC conditions.
The HVDC cables are not involved in the LVDC cable design that is mainly because of the working
conditions of the cable under different voltage levels and the break down mechanism of the HVDC
cable is completely different to the LVDC cables [28]. So there is limited research available that is
useful and also utilized to validate the research findings that is going to be done during this thesis.
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2.6. Summary

In this framework chapter the structure of the LVDC distribution system, LV cables and the design of
the cables were discussed. Also the active parameters and the challenges involved with formulating
LV cable was explained in detail in this chapter.





3
Modelling

The DC distribution system modelling is a vital part in formulating the LVDC cable, as the behaviour of
the cable designed is assessed by simulating it in a LV distribution system environment. Based on the
outcomes received through simulations, will help in better understanding of the DC distribution system
and it would lead to better designing of the LVDC cables.

The DC distribution system could be modelled by three different modelling methods, each of the
methods utilized has a specific purpose that it satisfies. The three methods which could be utilized for
modelling the DC distribution system are steady state, dynamic and transient modelling. The steady
state modelling is preferred when the system that is modelled is set to be in steady state operating con-
dition and the variables considered in the simulation are expected to be constant with respect to time
[58].The transient modelling is preferred when the propagation delays and the frequency dependent
effects needs to be considered for the system modelled [46]. This modelling gives a clear viewpoint
on the evolution of the variable and circuit parameters with respect to time[15][59]. The dynamic mod-
elling is preferred when the dynamic behaviour of the capacitances, inductances and discrete elements
present in the system needs to be continuously assessed for the systemmodelled [60][46].The dynamic
modelling method is the most comprehensive approach compared to the other modelling methods[61].
The DC distribution system for this thesis also needs to be modelled dynamically, as the behaviour of
discrete and the energy storage elements present in the system needs to be assessed continuously
in order to ideally formulate the LVDC cables. In the forthcoming section more details on the different
approaches of the dynamic modelling is presented.

3.1. Dynamic Modelling

As mentioned earlier, in dynamic modelling the dynamic behaviour of the discrete elements and the
energy storage elements like the capacitance and the inductance present in the system are continu-
ously assessed for the distribution system modelled. The dynamic modelling of the distribution system
could be done in three different ways namely through the transfer function of the system, through the
state space approach and lastly through the transient simulation[62]. All these approaches of dynamic
modelling are further explored in the upcoming section.

3.1.1. Transfer Function

The dynamic modelling of a distribution system could be also done by deriving the transfer function of
the model. A dynamic model is a mathematical representation of the inputs and the outputs that are
present in the dynamic system. The dynamic system models are usually represented in the form of a
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differential equation. Also, the dynamic system models could be either linear or non linear. A linear
model obeys both the principle of superposition and homogeneity and the non linear models do not
obey the principles of superposition and homogeneity[63].

The transfer function is the polynomial function that defines the relationship between the inputs and
the outputs of the dynamic models. This includes the capacitance, inductance and discrete elements
present in the system needs to be continuously assessed for the dynamic system modelled[64]. After
deriving the transfer function of the dynamic model, based on the transfer function various studies could
be carried out in order to understand the dynamic system better. The nature of the system could be
explored even more by finding the limits of the system by utilizing the dynamic nature of the inputs and
the output functions[65]. The transfer function also provides with a complete description of the dynamic
characterisation of the system. For any configuration of the DC distribution system, once the transfer
function of that distribution system is derived then the eigen value of the system could be assessed from
the transfer function[66]. The eigen value denotes the dominant pole movements, from that the stability
of the distribution system could be analysed. This shows the importance of the transfer function based
dynamic modelling as it provides a pathway to analyse the stability of the distribution system through
an algebraic analysis[67].

3.1.2. Transient Simulation

The transient simulation based dynamic models are the most accurate models dynamic model as they
take in to account the propagation delays present in the system[16]. These dynamic models are far
more complex to implement and the simulation take more computational power and time. Due to the
complexity involved the DC distribution system designed doesn’t permit to take the conductance in-
volved in the system to account. So usually non transient models are frequently utilized for dynamic
modelling of the DC distribution system. Thesemodels lack the flexibility and the ease that the non tran-
sient models. Also these models cannot be extended and they are not flexible in order to accommodate
different distribution system models with varying design[59].

The transient simulation can be done in the PSCAD-EMTDC, EMTP, and ATP environments. The
results provided for short circuit analysis implemented in distribution system models take into account
the propagation delays and this aid in far more accurate results[68]. The line elements in these system
are modelled based on lumped elements or travelling wave model[16][69].

3.1.3. State Space Approach Based Dynamic Modelling

One of the most prominent method for conducting the dynamic modelling of distribution system is
through the state space approach [70][71] [72]. The state space model solves many of the limitations
that were found in classical control theory in which transfer functions were used. The state space model
describes the behaviour of the dynamic distribution system as a set of first order ordinary differential
equation [72].

The state space approach is defined by two sets of equation namely the state equation and the
output equation. Firstly, the state equation is represented by equ(3.1). In this equation �̇� is the derivative
of x, A is the state matrix, B is the input matrix, x is the state vector and U is the input vector. The number
of state variables x present in the state space model is equal to the highest order of ODE present in
describing the dynamic distribution system[73]. The state variable (x) could also be defined as the set
of independent variables that completely describes the system. The variables set is not completely
different and they may be defined as physical variable that could be measured or by variables that
cannot be measured directly[73][72].

�̇� = 𝐴 ⋅ 𝑥 + 𝐵 ⋅ 𝑢 (3.1)
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The general representation of each of the variable present in the state equation is given as:

𝑥 =
⎧

⎨
⎩

𝑥1
𝑥2
⋯
𝑥𝑛

⎫

⎬
⎭𝑛×1

(3.2)

𝑢 =
⎧

⎨
⎩

𝑢1
𝑢2
⋯
𝑢𝑚

⎫

⎬
⎭𝑚×1

(3.3)

𝐴 =
⎡
⎢
⎢
⎣

𝑎11 𝑎12 … 𝑎1𝑛
𝑎21 𝑎22 … 𝑎2𝑛
… … … …
𝑎𝑛1 𝑎𝑛2 … 𝑎𝑛𝑛

⎤
⎥
⎥
⎦𝑛×𝑛

(3.4)

𝐵 =
⎡
⎢
⎢
⎣

𝑏11 𝑏12 … 𝑏1𝑚
𝑏21 𝑏22 … 𝑏2𝑚
… … … …
𝑏𝑛1 𝑏𝑛2 … 𝑏𝑛𝑚

⎤
⎥
⎥
⎦𝑛×𝑚

(3.5)

Secondly, the output equation given by equ3.6. In this equation Y denotes the output variable, D is
the output matrix and finally E is the direct transmission matrix. Collectively ABDE matrixes are called
as state space matrices [71][74].

𝑦 = 𝐷 ⋅ 𝑥 + 𝐸 ⋅ 𝑢 (3.6)

𝑦 =
⎧

⎨
⎩

𝑦1
𝑦2
⋯
𝑦𝑝

⎫

⎬
⎭𝑝×1

(3.7)

𝐷 =
⎡
⎢
⎢
⎣

𝑑11 𝑑12 … 𝑑1𝑚
𝑑21 𝑑22 … 𝑑2𝑚
… … … …
𝑑𝑝1 𝑑𝑝2 … 𝑑𝑝𝑚

⎤
⎥
⎥
⎦𝑝×𝑚

(3.8)

𝐸 =
⎡
⎢
⎢
⎣

𝑒11 𝑒12 … 𝑒1𝑛
𝑒21 𝑒22 … 𝑒2𝑛
… … … …
𝑒𝑝1 𝑒𝑝2 … 𝑒𝑝𝑛

⎤
⎥
⎥
⎦𝑝×𝑛

(3.9)

As the general outlook of the state space approach is now familiar, next the working of this approach
in dynamic modelling is explained. The dynamic behaviour of the discrete elements and the energy
storage elements like the capacitance and the inductance present in the lines are taken in to account
for the distribution system modelled [71] [75]. Firstly the distribution system for which the state space
approach based dynamic modelling is said to be done, need to be represented like the line model
representation. After the representation the state space approach can be implemented on the model.
The state space approach starts with first choosing the state variable for the model, usually for DC
distribution system modelling the current in each distribution line and the voltage at each node are
chosen [70] [73]. This method is most widely preferred method for dynamic modelling of DC distribution
system as it has a highly flexible model and it is highly accurate with its results [70] [73] [75]. So finally
based on the literature research, the state space approachmethod would be perfectly suitable to realize
and assess the dynamic behaviour of the DC distribution system modelled in this thesis.
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3.2. Distribution System Modelling

The LVDC distribution system as said in the previous section is said to bemodelled through the dynamic
based state space approach[46]. The state space approach utilized to represent a DC distribution
system takes into account the dynamic nature of the system elements present in the distribution grid.
The dynamic based state space approach utilised to model the LVDC distribution system is based on
[46]. In this section, detailed explanation about each of the different levels of the distribution system‘s
representation in the state space approach is given.

3.2.1. Grid elements

The DC distribution grid can be represented by the number of nodes (N), number of distribution lines (L)
and the number of phase conductors (M) present in the system. The lines contain the cables between
the nodes. This information is completely necessary in order to form the state space equation and
matrices of the distribution system. After the above system information is known, the first step in the
state space approach is the formation of incidence matrix of the selected DC distribution grid. The
state space approach described can be utilized to form any DC distribution system by following the
implementation methodology used in this section. The state space approach is implemented on a
three node two line bipolar system. The bipolar system consists of three conductors in comparison to
the monopolar system which has just one conductor. At each of the node, there is a power electronic
converter connected to it. The state space approach is implemented in a bipolar systemmainly because
it is slightly complex to define compared to the monopolar system, the influence of mutual inductance is
taken into consideration and knowing the approach in the bipolar system makes it easier to implement
in the monopolar system.

Figure 3.1: 3 Node 2 Line DC Monopolar Distribution System

The incidence matrix is the algebraic representation of the interconnection present between the
lines and the nodes of the distribution system. The rows of the incidence matrix represent the lines
present in the system and the nodes of the distribution system are represented by the columns of the
incidence matrix. The system considered here is a bipolar system containing three conductors, so it
contains L*M rows and N*M columns as the size of the incidence matrix. The incidence matrix of the
bipolar configuration of the system shown in Fig 3.1, is given by equ(3.10)[46]. The bipolar distribution
system contains 3 nodes, 2 lines and 3 conductors so the size of the incidence matrix is 6*9. When
the current is flowing from the node to a line, it is represented as 1 and when the current is flowing
from the line to a node then it is represented as-1 in the incidence matrix. The direction of current flow
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is made through assumptions here and the sign denoted in the matrix could be opposite[46]. If the
incidence matrix is formulated for a monopolar system the size of it is reduced by three as it has only
one conductor.

Γ =

⎡
⎢
⎢
⎢
⎢
⎣

1 0 0 −1 0 0 0 0 0
0 1 0 0 −1 0 0 0 0
0 0 1 0 0 −1 0 0 0
0 0 0 1 0 0 −1 0 0
0 0 0 0 1 0 0 −1 0
0 0 0 0 0 1 0 0 −1

⎤
⎥
⎥
⎥
⎥
⎦𝐿×𝑀,𝑁×𝑀

(3.10)

3.2.2. System elements

The modelling of the distribution system is done through the state space approach, after deriving the
incidence matrix the state variables which defines the distribution system needs to be chosen. In this
case it is chosen to be the node voltage and the line currents present in the distribution system. The
amount of nodes and lines present in the system has a say in the computational speed of the system
with lesser state variable leads to higher computational speed. The KCL and KVL are applied on the
distribution system in order to derive the statespace equation in terms of the state variable chosen.

First the KCL is applied on the 3 node, 2 line Bipolar Distribution system, the monopolar version of
the model is shown in Fig 3.1 in order to derive the state equation for the node voltages. An extended
and elaborate version of Fig 3.1 can be seen in Appendix A. Applying KCL at node 1+ , the resultant
equation is shown in equ (3.11). Where 𝐼𝑛1+ is the current flowing through node 1+,𝐼𝑙1+ is the current
flowing through the positive conductor of distribution line 1,𝐶1+ is the capacitance connected only to
the positive conductor of node1, 𝐶1+− is the capacitance connected between positive and negative
conductor of node 1, similarly 𝐺1+ is the conductance connected only to the positive conductor of node
1, 𝐺1+− is the conductance connected between positive and negative conductor of node 1, 𝑈𝑛1+ is the
voltage at node 1+ and �̇�𝑛1+ is the time derivative of node voltage denoted with a dot notation.

𝐼𝑛1+ = 𝐶1+�̇�𝑛1+ + 𝐶1+𝑁(�̇�𝑛1+ − �̇�𝑛1𝑁) + 𝐶1+−(�̇�𝑛1+ − �̇�𝑛1−) + 𝐺1+𝑈𝑛1+
+ 𝐺1+𝑁(𝑈𝑛1+ − 𝑈𝑛1𝑁) + 𝐺1+−(𝑈𝑛1+ − 𝑈𝑛1−) + 𝐼𝑙1+

(3.11)

Similarly KCL is applied at other nodes (node 1N and node 1-) within node 1 and then it is carried
on to other nodes present in the system. Extended step by step derivation of the statespace approach
applied on this DC distribution is given in Appendix A. The general form of the KCL applied on each
of the nodes, rearranged in terms of state variable- node voltage is given by the equ (3.12)[46].Where
Γ is the incidence matrix that is multiplied with the current through the distribution line is mainly done
to denote the difference current flowing between two nodes. This equation shows the voltage across
the capacitance is equal to the difference between the current flowing through the node injected by
the converter, the current flowing through the distribution lines and the current leaked through the
conductance.

𝐶�̇�𝑛 = 𝐼𝑛 − Γ𝑇𝐼𝐿 − 𝐺𝑈𝑛 (3.12)

Secondly the KVL is applied to the distribution system, in order to derive the state equation for
the line currents. Applying KVL between Node 1+ and Node 2+, the resultant equation is shown in
equ (3.13). Where 𝑅𝑙1+ is the resistance present in line 1, 𝐿𝑙1+ is the inductance connected to line
1, 𝑀1+𝑁 is the mutual inductance induced between positive and neutral conductor of node 1, 𝑀1+−
is the other mutual inductance induced between positive and negative conductor, 𝐼𝑙1+ is the current
flowing through the positive conductor of distribution line 1 and ̇𝐼𝑙1+ is the time derivative of the current
flowing through the positive conductor of distribution line 1 denoted with a dot notation. The rest of the
elements are the same as described in the above equations. Similarly, KVL is applied between node
1N and node 2N, and node 1- and node 2-. Then it is carried on to other nodes present in the system.
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The extended version of the derivation is available in the appendix A. As the whole derivation is not
explained here, the general form of the KVL applied between each of the nodes, rearranged in terms
of state variable - (line current) is given by the equ (3.14)[46]. Also this equation shows the current
through the line inductance is equal to the difference between the node voltages and the voltage drop
across the resistances present in the nodes. Here L is the inductance matrix which contains also the
mutual inductances present in the system.

𝑈𝑛1+ − 𝑅𝑙1+𝐼𝑙1+ − 𝐿𝑙1+ ̇𝐼𝑙1+ − 𝑈𝑛2+ −𝑀1+𝑁 ̇𝐼𝑙1𝑛 −𝑀1+− ̇𝐼𝑙1− = 0 (3.13)

𝐿 ̇𝐼𝑙 = Γ𝑈𝐿 − 𝑅𝐼𝑙 (3.14)

The general form of the equations present in equ(3.12)and (3.14) are re-arranged to form the states-
pace equations of the system[46]. These equations are represented in the form of first order ODE and
it is given by equ (3.15) and (3.16).

�̇�𝑛 = 𝐶−1𝐼𝑛 − 𝐶−1Γ𝑇𝐼𝐿 − 𝐶−1𝐺𝑈𝑛 (3.15)

̇𝐼𝑙 = 𝐿−1Γ𝑈𝐿 − 𝐿−1𝑅𝐼𝑙 (3.16)

The KCL and KVL equations found through by applying it on each of the nodes present in the
distribution system is converted in to matrix form separately. After the conversion the equations are
arranged interms of their state variable as shown in equ (3.15) and (3.16). Then both the KCL and
KVL equations are combined together to form the statespace equation of the system in their matrix
form shown in equ (3.17)[46]. Where �̇�𝑛 is the matrix containing the time derivative of node voltages,
̇𝐼𝑙 is the matrix containing the time derivative of the line currents[46], R,L,C,G are the individual matrix
containing the Resistance, Inductance, Capacitance and Conductance present in the distribution sys-
tem and finally 𝐼𝑛,𝑁,𝐶 (N and C represents number of nodes and conductors) is the matrix containing
the node currents injected by the converters. Extensive description of this equ(3.17) with complete
elaboration of each of the matrix elements is given in Sec 3.2.3.

[ �̇�𝑛̇𝐼𝑙
] = [ −𝐶

−1𝐺 −𝐶−1Γ𝑇
𝐿−1Γ 𝐿−1R ] [ 𝑈𝑛𝐼𝑙 ] + [ −𝐶

−1

∅ ] [ 𝐼𝑛,1,1𝐼𝑛,𝑁,𝑀 ] (3.17)

This equ (3.17) is converted into the state space form by utilizing the state space equation shown in
equ (3.1) and (3.6). By converting in terms of state space equation we can define x,u and the statespace
matrices as shown in equ(3.18)-(3.23) below[46]. Here state vector matrix x consists of all the node
voltages and line currents present in the system, n, l and c represents the number of nodes, lines and
conductors. The input vector u consists of all the node currents injected/ extracted by the converter
present in the system [46]. The state space matrix D is an identity matrix and E is a null matrix in
the output equation formed. Then the line elements present in the state space matrices are defined
elaborately in the forthcoming section 3.2.3.

𝑥 = [𝑈1,1⋯𝑈𝑛,𝑐 , 𝐼1,1⋯𝐼𝑙,𝑐] (3.18)

𝑢 = [𝐼𝑛,1,1⋯𝐼𝑛,𝑁,𝐶] (3.19)

𝐴 = [−𝐶
−1𝐺 −𝐶−1Γ𝑇

𝐿−1Γ 𝐿−1𝑅 ] (3.20)

𝐵 = [ −𝐶
−1

∅ ] (3.21)

𝐷 = 𝐼 (3.22)

𝐸 = ∅ (3.23)
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3.2.3. Line elements

In this section the line or cable elements (R,L,C,G) present in the distribution system ‘s matrix repre-
sentation in the state space approach is described. First the model that is used to define the cable
elements is the lumped element pi model of the bipolar distribution system shown in Fig 3.2. In this
representation, the mutual inductance, capacitance and conductance present between the multiple
conductors of the bipolar system are considered, as they could have a significant impact on the system
performance. It can be seen that the admittance of the line or cable (G and C) are distributed between
the nodes that its connected to, each of the node considered are set to have half of the capacitance
and the conductance of the distribution line due to the pi model representation.

Figure 3.2: Bipolar distribution system ‘s Lumped element Pi model representation

The matrix definition of the cable elements (R,L,C,G) is done in two steps, first the cable elements
are defined in terms of the lines and in the second step all the cable elements are defined in terms of the
nodes present in the distribution system [46]. First the cable elements are defined in terms of the lines
and the number of conductors (C) present in the distribution system is shown in equ(3.24)-(3.27). Here
in the matrix the cable elements are defined in terms of its connections present between the phase
conductors of each distribution line present in the distribution system.

𝑅𝐿,𝑙 =
⎡
⎢
⎢
⎣

𝑅1 0 ⋯ 0
0 𝑅2 ⋱ 0
⋮ ⋱ ⋱ 0
0 ⋯ 0 𝑅𝐶

⎤
⎥
⎥
⎦

(3.24)

𝐿𝐿,𝑙 =
⎡
⎢
⎢
⎣

𝐿11 𝑀12 ⋯ 𝑀1𝐶
𝑀21 𝐿22 ⋱ 𝑀2𝐶
⋮ ⋱ ⋱ 𝑀(𝐶−1),𝐶

𝑀𝑚1 ⋯ 𝑀𝐶,(𝐶−1) 𝐿𝐶𝐶

⎤
⎥
⎥
⎦

(3.25)

𝐶𝐿,𝑙 =
⎡
⎢
⎢
⎢
⎣

∑𝐶𝑝=1 𝐶1𝑝 −𝐶12 ⋯ −𝐶1𝑀
−𝐶21 ∑𝐶𝑝=1 𝐶2𝑝 ⋱ −𝐶2𝑀
⋮ ⋱ ⋱ −𝐶(𝐶−1),𝐶

−𝐶𝐶1 ⋯ −𝐶𝐶,(𝐶−1) ∑𝐶𝑝=1 𝐶𝐶𝑝

⎤
⎥
⎥
⎥
⎦

(3.26)
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𝐺𝐿,𝑙 =
⎡
⎢
⎢
⎢
⎣

∑𝐶𝑝=1 𝐺1𝑝 −𝐺12 ⋯ −𝐺1𝑀
−𝐺21 ∑𝐶𝑝=1 𝐺2𝑝 ⋱ −𝐺2𝑀
⋮ ⋱ ⋱ −𝐺(𝐶−1),𝐶

−𝐺𝐶1 ⋯ −𝐺𝐶,(𝐶−1) ∑𝐶𝑝=1 𝐺𝐶𝑝

⎤
⎥
⎥
⎥
⎦

(3.27)

Now for the second step, the cable elements are defined in terms of their nodes and this repre-
sentation is the one that is utilized by the state equations formed before. As the pi model is used to
represent the distribution lines, the admittance matrix are defined differently. The capacitance and
conductance of the node are found by summing the half of the capacitance and conductance of each
distribution line connected to that specific node. As shown in the equ(3.28) and (3.29) [46], the inci-
dence matrix Γ is utilized as it gives the connection between the lines and the nodes of the distribution
system. The final representation of the cable element’s matrix in terms of their nodes is defined by the
equ(3.30)-(3.33)[46]. This representation is only utilized for solving the state equation defined above.

𝐶𝑁,𝑛 =
1
2 |Γ

𝑇|
𝑙

∑
𝑞=1

𝐶𝐿,𝑞 (3.28)

𝐺𝑁,𝑛 =
1
2 |Γ

𝑇|
𝑙

∑
𝑞=1

𝐺𝐿,𝑞 (3.29)

𝑅𝑚𝑎𝑡 =
⎡
⎢
⎢
⎣

𝑅𝐿,1 0 ⋯ 0
0 ⋱ ⋱ ⋮
⋮ ⋱ ⋱ 0
0 ⋯ 0 𝑅𝐿,𝑙

⎤
⎥
⎥
⎦

(3.30)

𝐿𝑚𝑎𝑡 =
⎡
⎢
⎢
⎣

𝐿𝐿,1 0 ⋯ 0
0 ⋱ ⋱ ⋮
⋮ ⋱ ⋱ 0
0 ⋯ 0 𝐿𝐿,𝑙

⎤
⎥
⎥
⎦

(3.31)

𝐶𝑚𝑎𝑡 =
⎡
⎢
⎢
⎣

𝐶𝑁,1 0 ⋯ 0
0 ⋱ ⋱ ⋮
⋮ ⋱ ⋱ 0
0 ⋯ 0 𝐶𝑁,𝑛

⎤
⎥
⎥
⎦

(3.32)

𝐺𝑚𝑎𝑡 =
⎡
⎢
⎢
⎣

𝐺𝑁,1 0 ⋯ 0
0 ⋱ ⋱ ⋮
⋮ ⋱ ⋱ 0
0 ⋯ 0 𝐺𝑁,𝑛

⎤
⎥
⎥
⎦

(3.33)

3.3. Summary

In this modelling chapter, the different dynamic modelling approaches for DC distribution system were
explained. Along with the detailed discussion about the grid, system and line elements present in the
distribution system’s representation in the state space approach was presented in this chapter.
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LVDC Distribution System

Two LVDC distribution systems are modelled namely: a neighbourhood distribution system [46] and a
Ship distribution system[76]. The cables are incorporated as lines into thesemodels. Different analyses
focussed on cables are carried out in both these distribution system models mainly to check the cable
performance in different distribution system under different conditions.Also, the results generated from
the analyses performed in both distribution system is compared, to get a better and far more reliable
outlook on designing the LVDC cable. The power simulation scenario that has been utilized for the
analysis has both positive and negative load imbalances present and it is structured in a way to meet
the equilibrium system conditions that is present during the start of the simulation. Simulating the
system in different scenarios will definitely aid in a better assessment of the cable and its performance.
This chapter will provide a detailed description of the different LVDC distribution system models that
has been modelled with its respective power simulation scenario. Also the Power electronic converters
models that is utilized during different analysis are explained in detail.

4.1. Neighbourhood Distribution System

The LVDC neighbourhood distribution system modelled consists of 5 nodes and 8 lines. For the
monopolar configuration of this distribution system, it has 1 conductor and for the bipolar configura-
tion it has 3 conductors. In the bipolar configuration it consist of positive negative and a neutral (acting
as metallic return) conductor. The neutral conductor is used to avoid the direct injection of DC Current
to the ground causing corrosion. The neutral conductor provides a return path for these currents and
also it improves the reliability of the distribution system. The analyses are carried out in both these
configurations to figure out the differences present in the results. The Monopolar representation of
the neighbourhood distribution system is shown in Fig 4.1. There are five power electronic converters
present in the system, each of the power electronic converter is connected to a node[46]. The power
electronic converter connected to node 1 is droop controlled. The source converter is connected to
node 2 and 4. The load converter is connected to node 3 and 5. The power electronic converters
specified are operated as Bidirectional DC- DC interleaved converters as it provides better efficiency
compared to other converter models due to reduction in switching losses and output voltage ripples[77].
The cable length of all cables utilized in this system is taken as 100 meters. The nominal voltage level
of the bipolar system is ±350 𝑉𝐷𝐶[46].

The power simulation scenario considered for this distribution system is shown in table4.1[46]. The
power flow through each of the node at a particular time period is tabulated below. At node 1 as the
droop-controlled converter is connected, so there is no variation in the output power[46]. But in the
other nodes, the source and the load power converters are allowed to change their respective power
output at different time period. The source converters are connected to node 2 and 4, as the power is
flowing into the system through the nodes it is given a positive sign. The load converters are connected
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to node 3 and 5, as the power is taken out from the system through the nodes it is given a negative
sign.At t=0ms there is no power flowing through the system. First the source converter connected at
node 2 is turned on and the rest of the nodes are maintained at zero at t= 10ms. The load at Node 5
is turned on at t=20ms. At t=30 ms the load at node 3 in addition to the load at node 5 is turned on. At
t=40 and 50ms all the source and the load nodes are turned on.

Figure 4.1: Monopolar DC Neighbourhood distribution system

All the capacitors are considered to be fully charged to ±350 𝑉𝐷𝐶, which is the nominal voltage of
the distribution system. As said before, the power simulation scenario values are predefined in a way
to accommodate both the positive and negative load imbalances in the system. This is done in order to
be able to assess the cable’s performance better as it is put through different situations. The specific
line or cable parameter values used for the neighbourhood system are described in the forthcoming
section 5.3. A smaller version of the neighbourhood system is modelled here to carry out different
analysis and produce definitive results at a faster pace. By using the state space approach even larger
extensive models with any number of lines, nodes and conductors under different system arrangement
and simulation scenario can be easily done. But the simulation would take longer to execute and
produce results of different analysis as the system equation would take longer to solve.

Table 4.1: Power simulation scenario of the neighbourhood distribution system

Time(ms) P1(W) P2(W) P3(W) P4(W) P5(W)
0 0 0 0 0 0
10 0 1500 0 0 0
20 0 1500 0 0 -1500
30 0 1500 -3000 0 -1500
40 0 1500 -3000 2250 -1500
50 0 1500 -3000 2250 -1500



4.2. Ship Distribution System 29

4.2. Ship Distribution System

The ship distribution system modelled consists of 12 nodes and 11 lines[76]. This ship design layout is
formulated based on a basic electric ferry ship design. Similar to the neighbourhood distribution system
the ship distribution system is also analysed under Monopolar and Bipolar configuration. The ship is
powered by 6 batteries, each with a nominal capacity of 30.5 kWh. The voltage level of the bipolar ship
distribution system is ±331 VDC [76]. The monopolar representation of the ship distribution system is
shown in Fig 4.2. The loads that are connected to this system are propulsion motors, service loads
and bow thruster motor. The two propulsion motors are connected at Node 8 and Node 11. The bow
thruster motor is connected at Node12. The service loads are connected at Node 9 and 10[76]. The
bow thruster motor is rated at 24 KW and 2000 rpmmotor speed. Then the propulsion motor connected
at port side is rated at 140 KW and 700 rpm motor speed. The second propulsion motor connected at
star board side is rated at 100KW and 1000rpm motor speed. The line length of all the cables or lines
present in this system is shown in table 4.3[76].

Table 4.2: Power simulation scenario of the Ship distribution system in kW

Time(ms) P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12
0 0 0 0 0 0 0 0 0 0 0 0 0
20 0 0 0 0 0 0 0 0 -10 -5 0 0
40 0 35 35 0 0 0 0 -70 -10 -5 0 0
60 0 35 35 35 35 35 0 -70 -10 -5 -70 -25
80 0 0 0 0 0 0 0 0 -10 -5 0 0
100 0 0 0 0 0 0 0 0 0 0 0 0

As shown in the figure, the Bidirectional DC- DC interleaved converters are connected to the bat-
teries at the front end of the distribution system. The power electronic converter connected to node 1
is droop controlled. The DC-AC converters are connected to the loads at the tail end of the distribution
system. Similar to the previous distribution system droop controlled converter is connected at node 1
and all the capacitors are considered to be completely charged to the nominal voltage of the distribution
system. The power at Node 7 is taken as zero for all instances because it acts as a common node with
no source or load connected to it. The line parameter’s of the cables utilized in the ship distribution
system is explained extensively later in the section 5.3.

The power simulation scenario is constructed with both positive and negative load imbalances in
the system and is structured in a way to meet the equilibrium system conditions that is present during
the start of the simulation. First at t=20ms the service loads are turned on and these load’s needs are
satisfied by the droop controlled converter connected to the battery at Node 1. At t=40 ms the two
battery connected source converter at node 2 and node 3 are turned on, also the propulsion motor at
the port side is turned on. Then the battery connected source converters at node 4,5,6 are also turned
on with the propulsion motor on the star board side at T= 60ms[76].All the loads excluding the service
loads are turned off and only the droop controlled source converter is turned on during t= 80ms. At
t=100ms all the loads and sources are turned off. The power simulation scenario considered for this
distribution system is shown in table4.2.

Table 4.3: Line length data

Line Length (m)
Line1-6 5
Line7,10 15
Line 8,9 7
Line11 10
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Figure 4.2: Monopolar DC Ship distribution system

4.3. Electronic power converters models

In this section the different electronic power converter models that are used in the distribution system
are extensively explained in detail. The large signal converter models describe the non linear behaviour
of the distribution system more accurately. But for larger DC distribution systems using large signal
models for the converters and deriving stability is quite complicated [78][79]. For that reason small
signal is preferred over large signal models. The small signal models also linearize the power elec-
tronic converter that is accurate in time frames longer than semiconductor’s switching period. Also the
converter instantaneously react to the disturbance in the system as their bandwidth is lower than one
tenth of the switching frequency[80].

TheNorton equivalent small signal model is used for modelling the power electronic converters. This
small signal model in their linearized version usually consists of shunt capacitance (𝐶𝐶), impedance (𝑍𝐶)
and injected/extracted converter current (𝐼𝐶)[46].The pictorial representation of the Norton equivalent
power electronic converter model is shown in Fig4.3. The constant current converters is implemented
by making the impedance reach infinity, and the constant impedance converter is implemented by
making the current reach zero. In the upcoming section the droop controlled and constant power
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converter’s linear and idealized model representation would be discussed. The converters can be
modelled in two ways namely the linearized and idealised models. Each of these type of models are
utilized during certain instances and these will be explained in the forthcoming sections.

Figure 4.3: Norton small signal model representation of the power electronic converter

4.3.1. Idealized converter model

The state space approach that’s been utilized to design DC distribution system uses the idealized
converter models for deriving its results. As there are two converter types that have been used in
the distribution system namely droop and constant power controlled converters. The droop controlled
converter is mainly used in both the distribution system models as it assists in the voltage regulation of
the system. The droop control helps the system regulate the system voltage in relations to the power
demanded from or supplied to the system. For the rest of the sources and loads are assumed to be
attached to the constant power converter in the distribution system models. As in this state space
dynamic models it is assumed that the power electronic converters spontaneously reacts inside their
control bandwidths limit. So the power electronic converters are modelled in terms of their idealized
Norton equivalent circuit[46]. This converter model’s idealized version is shown in Fig 4.4 below.

In the idealised power electronic converters models the generalised form of current flowing through
or taken from the droop and constant power controlled converters is shown below in equ (4.1)and (4.2)
[46].

𝐼𝑑𝑟𝑜𝑜𝑝 =
𝑈𝑟𝑒𝑓 − 𝑈𝑁
𝑍𝑑𝑟𝑜𝑜𝑝

(4.1)

𝐼𝑐𝑜𝑛𝑣 =
𝑃𝑐𝑜𝑛𝑣
𝑈𝑁

(4.2)

Here 𝑈𝑟𝑒𝑓 is the reference output voltage, 𝑈𝑁 is the voltage at the node in which converter is
connected, 𝑍𝑑𝑟𝑜𝑜𝑝 is the impedance of the droop controlled converter and 𝑃𝑐𝑜𝑛𝑣 is the power flow-
ing through/ taken out from the converter. The reference voltage is set in accordance to the monopolar
and bipolar distribution system taken. The droop impedance is taken as 1(Ω) in both the cases and
the power flowing through the converter from the source is taken as positive and the power flowing out
of the converter to the load is taken as negative. So the converter current is positive for the source
node and negative for the load node of the positive conductor. All the formula shown above is for the
monopolar system and for the bipolar system it is defined differently and more explanation about this
is given in sec 5.3.
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Figure 4.4: Ideal droop and constant power converter models

4.3.2. Linearized converter model

The linearized converter model is mainly utilized during the distribution system’s stability analysis. As
the stability of the distribution system is analysed with respect to the converter impedance, so the
idealised models aren’t utilized for the stability analysis [81][82]. A new linearized converter model is
established with proper impedance representation in the droop and constant power converters. The
linearized model of the power electronic converters is shown in Fig4.5. In comparison to the idealised
converter models it can be seen that in the linearized models of both the converters, a constant cur-
rent source is used, the impedance and the capacitance of the converters are connected in the shunt
position.

In the linearized power electronic converters models [46] the generalised form of current flowing
through or taken from the droop and constant power controlled converters is shown below in equ(4.3)
and (4.4).

𝐼droop =
𝑈ref
𝑍droop

− 𝑈𝑁
𝑍droop

= 𝐼droop, 𝑜 −
𝑈𝑁
𝑍droop

(4.3)

𝐼𝑐𝑜𝑛𝑣 = 𝐼𝑐𝑜𝑛𝑣,𝑜 −
𝑈𝑐𝑜𝑛𝑣
𝑍𝑐𝑜𝑛𝑣

(4.4)

Here (𝐼𝑑𝑟𝑜𝑜𝑝,0) is the linearized droop converter’s output current, (𝑍𝑐𝑜𝑛𝑣) is the converter impedance
and (𝐼𝑐𝑜𝑛𝑣,0) is the linearized converter output current [46]. The constant power converters are linearized
around a set voltage limit and also an equivalent impedance is added in the linearized power converter
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model. The formula shown above is for the monopolar system and for the bipolar system it is defined
differently and the more explanation about this is given in sec 5.3.

Figure 4.5: Linearized droop and constant power converter models

4.4. Summary

In this LVDC distribution system chapter, the LVDC distribution system model utilized for the upcoming
analysis were explained in detail with their respective power simulation scenario.Also the electronic
power converter models that are used in the distribution system models were discussed extensively in
this chapter.





5
Analysis

In this chapter the different analyses, that’s been carried out in the thesis is explained in detail. Short
circuit analysis is not explained in this chapter as it is separately explained in chapter 6. The analyses
that are carried out are namely the sensitivity, stability and the methodology utilised for varying the
active cable parameters is explained in this chapter. The stability analysis is conducted through the
eigenvalue approach. The sensitivity analysis is carried out by varying the system, cable parameters
and the influence this has on node voltages, line currents and the stability of the system is studied. As
the state-space approach is used to model the distribution system the voltages at each node and the
current at each distribution line are obtained, as they are chosen as the state variables of the distribution
system. These state variables are represented in the state-space equation, and by solving this state-
space equation the node voltages and line currents present in the system are obtained[69][81].The
sensitivity and stability analysis are implemented in a combined way and the default case results are
also presented in this chapter. In the forthcoming sections, a detailed description of the analysis that
are carried out will be explained.

5.1. Stability analysis

The stability analysis is done by using the eigenvalue approach. This analysis is mainly done due to the
constant power converters that are connected to the loads, it shows negative impedance behaviour that
could make the system unstable[83][24]. So it is vital to analyse the stability of the distribution system
with respect to the converter impedance. In the state-space approach, the converter model utilized is
idealized. But in the eigenvalue analysis the converter model utilized need to be linearised[81][46]. So
linearized converter models are utilized for this analysis, the pictorial representation of these converters
is shown in Fig 4.4. Now the generalised form of current flowing in/ taken out from the linearised
converter is given by equ(4.3) and (4.4).

Combining equ(4.3),(4.4) with the state equations of the DC distribution system shown in equ(3.15),(3.16).
The resultant equation’s matrix form is shown below in equ (5.1) [46]:

[ �̇�𝑁̇𝐼𝐿
] = [ −𝐶

−1𝑍−1 −𝐶−1Γ𝑇
𝐿−1Γ −𝐿−1𝑅 ] [ 𝑈𝑁𝐼𝐿 ] + [ 𝐶

−1

∅ ] 𝐼𝑁,0 (5.1)

Where A, B are the new state matrices, x is the state variable matrix consisting of node voltage and
line current present in the system. u is the input matrix that contains the node current to/from power
converters present in the system. The new representation of state matrix A is used in the stability
analysis of the system and it is shown in equ (5.2).

𝐴 = [ −𝐶
−1𝑍−1 −𝐶−1Γ𝑇
𝐿−1Γ −𝐿−1𝑅 ] (5.2)

35
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𝐵 = [ −𝐶
−1

∅ ] (5.3)

𝑥 = [ 𝑈1,1 𝑈1,2 ⋯ 𝑈𝑁,𝐶 𝐼1,1 𝐼1,2 ⋯ 𝐼𝑙,𝐶 ] (5.4)

𝑢 = [ 𝐼𝑛,1,1 𝐼𝑛,1,2 ⋯ 𝐼𝑛,𝑁,𝐶 ] (5.5)

The Stability of the DC distribution system can be analysed by solving the characteristic equation
of the system and deriving the roots of the system. These roots depict the poles of the distribution
system, based on the positioning of these poles in the j𝜔- axis, the stability of DC distribution system
is analysed[84]. The characteristic equation of the system is given by equ(5.6). Where A is the state-
space matrix and I is the identity matrix.

|𝜆𝐼 − 𝐴| = 0 (5.6)

The poles of the distribution system are found by solving the characteristic equation. The system
is considered to be stable, only if the poles found have negative real part present and the poles should
lie on the left-hand side of the j𝜔 -axis. The oscillations present in the distribution system can also be
assessed through the eigenvalue analysis. The amplitude of oscillation is set to be high when the poles
of the distribution system lie closer to the j𝜔 axis and the amplitude of oscillation is set to be low when
the poles of the distribution system lie farther away from the j𝜔 axis[82].

The impedance is assumed to be connected between the positive or negative and the neutral pole
in the power electronic converter. There is no impedance directly connected between the positive and
negative pole in bipolar configuration. The impedance is calculated through equ(5.7) shown below.
The impedance is calculated based on the node voltage and the power extracted/ injected by the power
electronic converter. Where 𝑉𝑝−𝑛 is the pole to neutral voltage and P is the power from the converter
delivered to the load or generated by the source connected between pole and neutral conductor. In
order to analyse the system stability in a more well defined way, the system stability is analysed at
the lowest operating point (lowest equilibrium node voltage) achieved by the distribution system. The
droop converter‘s impedance is set as 1(Ω).The impedance connected in the rest of the converters
is calculated based on the below equation, will be negative for the loads and positive for the sources
connected in the system.

𝑍 =
(𝑉𝑝−𝑛)2
𝑃 (5.7)

5.2. Sensitivity Analysis

The sensitivity analysis is carried out to analyse the DC distribution performance and stability when the
active parameters are varied. The sensitivity of the distribution system towards the variation of each of
the active parameters is seen and they are extensively analysed through this analysis. First a param-
eter is called an active parameter, when the variation of the set parameter influences the distribution
system performance and stability. Then only the set parameter is identified as active parameter. The
active parameters are identified as cable inductance, cable capacitance, cable cross-section (indirectly
proportional to cable resistance), droop impedance and the source and load converter capacitance.
These active parameters are expected to have an influence on the system performance and the stabil-
ity of the system. So in this sensitivity analysis, these active parameters are varied and their influence
on the stability, node voltage, system oscillation and line currents of the system are observed. This
analysis is done in both the distribution system under monopolar and bipolar configuration. As per the
description of this analysis, it can be seen that the sensitivity and stability analysis is combined together
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to analyze how the variation in the active parameters influences the system. In the result sections, more
details about the range of the active parameters utilized and the influence it has on the system will be
discussed in detail.

For the idealised converter model, the governing equation that will denote the converter current
injected/extracted by the droop and constant power converters under bipolar configuration is explained
below. Also, the formulas involved with the cable parameter’s rating chosen for the analysis is explained
in this section. First the droop converter’s input current is calculated through equ(5.8) for the bipolar
configuration’s positive pole or conductor. As in the bipolar configuration there are three conductors
present, so the reference voltage is the bipolar voltage level of the system that is twice the pole-neutral
voltage of the monopolar system. For example in the neighbourhood system the reference voltage is
taken as 350 V under monopolar configuration and in the bipolar configuration as positive and negative
conductors are individually operating at 350 V so the reference output voltage is taken as 700V. The
small difference in the droop controlled converter current equation for the bipolar configuration is that
the node voltage is calculated based on the pole- pole voltage. Again for the constant power controlled
converter the input current is calculated through equ(5.9) for the bipolar configuration’s positive pole
[46]. Here also the node voltage is calculated based on the pole to pole voltage .As the system is
balanced , the converter input current through the negative pole or conductor is taken as equal in
magnitude but opposite in sign to the positive pole converter input current. The neutral pole‘s converter
input current is given by the sum of positive and negative pole‘s converter input currents, ultimately its
zero as the system is balanced. Only during faults or short circuit the current flows through neutral and
the system becomes unbalanced.

𝐼𝑑𝑟𝑜𝑜𝑝(+𝑝) =
2𝑈𝑟𝑒𝑓 − (𝑈+𝑝 − 𝑈−𝑝)

𝑍𝑑𝑟𝑜𝑜𝑝
(5.8)

𝐼𝑐𝑜𝑛𝑣(+𝑝) =
𝑃𝑐𝑜𝑛𝑣

(𝑈+𝑝 − 𝑈−𝑝)
(5.9)

Then the resistance of the cable is calculated based on equ(5.10). Where 𝜌 is the resistivity of the
wire material, l is the length of the cable and A is the cross section area of the cable. The resistivity of
copper wire is taken as 1.67* 10−8 ohm-m, the length and cross section area of the cables are assumed
to be different for different distribution system models, more explanation on this is given in Sec 5.3. The
rest of the cable parameters (Capacitance, inductance, conductance) are given in terms of their per
KM values based on their cable length. The converter capacitance is taken as 400µF, as it is within
the industrial converter’s capacitance range (300µF-700µF)[85]. The rest of the cable parameters are
extensively explained in Sec 5.3.

𝑅 = 𝜌 ∗ 𝑙
𝐴 (5.10)

5.3. Default case analysis

In the default case simulation, the values that are taken for different system and cable parameters
are considered to be default. The results found through the default case analysis would be vital, as
it is used to compare with other active parameter analysis results. This comparison helps in figuring
out significant differences that are present in the results found through the certain analysis and the
default case. This default case simulation will be carried out for both the ship and neighbourhood
distribution system, as they make the base for these studies to be carried out. In the next sub-sections,
a detailed description of both the neighbourhood and ship distribution system‘s default case analysis
will be explained. Here in this analysis the resulting node voltages and line currents of the positive
pole or conductor are only discussed. As the negative pole quantities tend to be equal in magnitude
but opposite in sign to the positive pole and the neutral quantities is zero due to the system being in
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balanced condition. So, in order to get better clarity of the results found only positive pole quantities
are plotted in the node voltage and line current graphs.

5.3.1. Neighbourhood Distribution system

The default case analysis of the neighbourhood distribution system with 5 nodes and 8 lines, first
its monopolar configuration is simulated. The parameter values utilized for this system simulation is
presented in table 5.1 shown below. As said before the positive pole quantities are only plotted in
the node voltage and line current graphs. The stability analysis through the eigenvalue approach is
also carried out for this default case. Through the state-space approach, the node voltages and line
currents are obtained for the dynamic model simulated. The resulting positive pole quantities of the
node voltages and line currents are plotted in Fig 5.1 and 5.2. The poles of this DC neighbourhood
distribution found through the eigenvalue analysis are shown in Fig5.3.
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Figure 5.1: Node voltages of the Monopolar neighbourhood distribution system for default case analysis
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Table 5.1: Default case parameter values

Parameters Value (unit)
Line-length 100(m)
Inductance 32(𝜇H/Km)
Capacitance 45(nF/Km)
Source converter capacitance 400(𝜇F)
Load converter capacitance 400(𝜇F)
Conductance 0
Cable cross section 20 (mm∧2)
Droop Impedance (Conv) 1(Ω)

0 0.01 0.02 0.03 0.04 0.05

Time (s)

-3

-2

-1

0

1

2

3

C
u

rr
e

n
t 

(A
)

Line Currents of the Monopolar Neighbourhood System (Default case)

I
1+

I
2+

I
3+

I
4+

I
5+

I
6+

I
7+

I
8+

Figure 5.2: Line currents of the Monopolar neighbourhood distribution system for default case analysis

First, from the node voltages plot, it is seen that the neighbourhood distribution system is stable
and the power exchange in the system takes place in accordance with the power simulation scenario
presented before for the neighbourhood distribution system. Also,small signs of oscillation can be
seen in the node voltages of this system. The presence of droop control aid in the system voltage level
being closely regulated by it[23][46]. It takes into consideration the power simulation scenario that’s
been simulated for that time instance and regulates the system voltage based on that. The equilibrium
voltages are reached when the state derivatives become zero. The general trend could be seen where
the equilibrium voltage of the nodes gets increased when there is a positive load imbalance present
and the equilibrium voltage tends to decrease when there is a negative load imbalance present.

Secondly, from the line currents plot, it is also seen that the system is stable, but the oscillations
present in the system is more prevalent now. This initial oscillation that is present at each load change
is mainly due to the interaction between the cable inductance and the converter capacitance that is
present in the system[46]. The negative currents that are seen in the positive pole quantities plotted in
the line current graph, is due to the current direction that is defined in the incidence matrix.
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Figure 5.3: Poles of the Monopolar neighbourhood distribution system for default case analysis

Finally, from the eigenvalue analysis plot of the neighbourhood distribution system, it is seen that
all the poles derived from the roots of the characteristic equation have only negative real parts present.
So, all the poles of the system lie on the left-hand side of the j𝜔-axis, so the system is considered
to be stable. As already discussed, the proximity of the poles of the system to the j𝜔-axis is directly
proportional to the amplitude of oscillations present in the system. The pole that is present closest to
the j𝜔–axis is related to the droop controlled converter present in the system. This pole has a greater
impact on the stability of the system, as the droop impedance of the converter is increased this makes
the poles go even closer to the j𝜔–axis.

The calculations involved in the bipolar neighbourhood default case, is already discussed in Sec 5.2.
As the bipolar neighbourhood system also produces similar results of the positive pole node voltages
and line currents in comparison to the monopolar configuration. So to avoid repetition the node voltages
and the line currents graphs of the default case bipolar neighbourhood system are presented in the B.

5.3.2. Ship distribution system

The default case analysis of the ship distribution system with 12 nodes and 11 lines, its monopolar
configuration is simulated. As mentioned before the cable length value of the line is considered to be
different for this system as shown in table 4.3. The parameter values utilized for this system simulation
is presented in table 5.2. The positive pole quantities of the ship distribution system are only plotted
in the node voltage and the line currents plot. The node voltages and the line currents of this dynamic
model are obtained through the state space approach. Their respective plots are shown in Fig 5.4 and
5.5. The poles of this DC ship distribution system are shown in Fig 5.6.
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Figure 5.4: Node voltages of the Monopolar ship distribution system for default case analysis
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Figure 5.5: Line currents of the Monopolar ship distribution system for default case analysis

From the node voltages plot, it can be seen that the ship distribution system is stable and the power
exchange in the system takes place in accordance with the power simulation scenario presented before
for the ship distribution system. It can be seen that the oscillations are present in the node voltages plot
of the ship distribution system. Again, the converter present in node 1 is droop controlled, so it helps
in regulating the system voltage level. Here it takes note of the power simulation scenario that’s been
taken for that time instance and regulates the system voltage for that time instance. The equilibrium
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voltage of the nodes is reached when the state derivatives become zero[76]. A similar general trend
seen in the neighbourhood system for the node voltages increase and decrease can be also seen in
the ship distribution system. As node 7 is a common node present in the system, so it is not considered
nor plotted in the node voltages plot as it does not contribute to the study.

From the line currents plot seen in Fig5.5, it can also be said that the system is stable. But the
oscillations are also present in the ship distribution system. These oscillations are present due to the
interactions between the cable inductances and the converter capacitances that are present in the
system. The negative currents that are present in the line currents plot are because of the negative
current direction assumed in the incidence matrix.

Table 5.2: Default case parameter values

Cable parameters Value (unit)
Inductance 32(𝜇H/Km)
Capacitance 45(nF/Km)
Source converter capacitance 400(𝜇F)
Droop converter capacitance 400(𝜇F)
Conductance 0
Cable cross section 30 (mm∧2)
Droop Impedance (Conv) 1(Ω)
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Figure 5.6: Poles of the Monopolar ship distribution system for default case analysis

In the eigenvalue analysis plot of the ship distribution system, it is seen that more number poles are
present in comparison with the neighbourhood system. This is mainly because of the greater number
of nodes and lines present in the ship distribution system. The poles of this system derived from the
roots of the characteristic equation have only negative real parts present, so the system is considered
to be stable. The poles are present away from the j𝜔 axis so the amplitude of oscillations experienced
by the ship system would be less[76]. The pole that is present closest to the j𝜔–axis is related to the
droop controlled converter present in the system. Increasing the droop impedance of the converter
makes the poles go even closer to the j𝜔–axis. This default case analysis of both the distribution
system forms the base with which the resulting plots generated after the analysis are compared with.
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This is done in order to be able to get proper inference about the system performance when each of
the active parameters is varied. Similarly, the resulting graphs of the positive pole node voltages and
line currents of the Bipolar ship distribution are identical to the monopolar results. The node voltages
and line currents graph of the Bipolar ship distribution system is presented in Fig A.4-5.

5.4. Variation of Active cable parameters

In this research each of the active parameters(R,L,C) of the cable are individually increased or de-
creased during the analysis. This is done to assess each of the cable’s active parameter’s individual
influence on the system performance and stability through the sensitivity, stability and the short circuit
analysis. Through the results that are obtained from these analyses would form the base for the LVDC
cable formulation that would be presented in chapter8. As the cable utilized by the distributions sys-
tems could be a single core or multiconductor cables based on the system configuration (Monopolar
or Bipolar). These cables have a solid round conductor. So, in this section the description is provided
for the basis through which each of the active cable parameters values of LV single core cables or
multiconductor cables are individually varied without affecting other cable parameters. The formula
described in this sections are defined in terms of its per unit length of the cable.

5.4.1. Cable resistance

The cable resistance for each conductor present in the single core and multi-conductor cables are cal-
culated through equ (5.11) shown below[86]. The resistance of the cable can be increased or decreased
by varying the resistivity of the conductor material (𝜌) used in the cable. As 𝜌 is directly proportional to
the resistance of the cable, using different conductor with increased resistivity leads to the resistance
of the cable to be increased [86]. The length and the area of the conductor are maintained the same
due to cable capacitance and inductance are directly or indirectly dependent on it. Varying the length
and the area of conductor will induce changes in the cable capacitance and inductance. So, only the
resistivity of the conductor that is independent to the cable capacitance and inductance variation is
used.

The cable resistance is increased by increasing only the resistivity of the conductor material. This
done by, firstly utilising different conductor material that has greater resistivity value compared to the
conductor material utilized previously. Secondly by using annealed type of the same conductor material
that was previously used, the annealed version of conductor material has higher resistivity compared
to the normal conductor [31]. Thirdly by adding impurities to the conductor material and increasing the
resistivity value to the level required to match the cable resistance value taken for simulation. Also the
cable resistance value could be decreased, by utilising pure conductor material without any impurities,
this reduces the resistivity of the conductor material[8]. Also different conductor material having resis-
tivity lower than that previously utilised conductor material could be used. For ex when cable utilising
Copper conductor (resistivity is 1.68e-8 Ω/m)[31] is replaced by silver conductor (resistivity is 1.56e-8
Ω/m)[31], this reduces the cable resistance.

𝑅(𝑝𝑒𝑟𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟) = 𝜌 ∗ 𝑙
𝐴 (5.11)

5.4.2. Cable Capacitance

Secondly, the cable capacitance variation is discussed. The cable capacitance for the single core and
multiconductor cable are calculated through equ(5.12) and (5.13)[8][12]. In equ(5.12) 𝜖 denotes the
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permittivity of the insulation material used in the cable, R is the radius of the external sheath and r is
radius of the cable conductor[8]. For the multiconductor cable the pole to pole capacitance is calculated
through equ(5.13)[12]. Here S denotes the spacing between the conductors (all the conductor present
in the cable are equidistant from each other), r1 and r2 are the radius of conductor 1 and conductor
2 of the cable[12]. In equ (5.14) [12]𝜖0 denotes the permittivity of vacuum and 𝜖𝑟 denotes the relative
permittivity of the cable insulation material. In both the cable configuration the cable capacitance is
individually varied by utilising the relative permittivity of the insulation material 𝜖𝑟[12]. The relative
permittivity of the insulation material is independent and doesn’t affect the cable inductance or cable
resistance when it is varied.

The capacitance of the cable is directly proportional to the relative permittivity of the insulation mate-
rial 𝜖𝑟.so using different cable insulation material having increased relative permittivity of the insulation
(𝜖𝑟), increases the cable capacitance. Also increasing the sheath radius and decreasing the distance
between conductors will increase the cable capacitance value[86]. But these variation in sheath radius
and the conductor spacing will have its effect on the cable inductance and the resistance as the ge-
ometry of the cable is changed when varying the above set parameters. So only way to increase the
capacitance of the cable is by using the different insulating material having different relative permittivity
of the insulation material 𝜖𝑟 [31]. Varying this relative permeability of insulation material used in cable
is the pathway to reach closer to the cable capacitance value used in the simulation.

𝐶 = 2 ∗ 𝜋 ∗ 𝜀
ln 𝑅

𝑟
(5.12)

𝐶( pole − pole ) = 2 ∗ 𝜋 ∗ 𝜀
cosh−1 ∗𝑆

2−𝑟21−𝑟22
2𝑟1𝑟2

(5.13)

𝜀 = 𝜀0𝜖𝑟 (5.14)

5.4.3. Cable Inductance

Thirdly the cable inductance variation is discussed. The cable inductance formula for the single core
and multiconductor cable are calculated through equ (5.15) and (5.16)[86]. In these equations,𝜇0 is
the permeability of free space, R is the radius of external sheath, r is radius of the conductor, D is the
distance between conductor(equidistant for this case)and GMr is the geometric radius of the conduc-
tor[86].

For both the cable configuration, the inductance of the cable cannot be varied individually without
affecting the cable capacitances and resistance [31]. As the variables utilised for calculating the induc-
tance of single core and multi conductor cable are interdependent directly or indirectly with the cable
capacitance and resistance. In order to vary the cable inductance, in single core cable the radius of the
external sheath and for muticonductor cable the distance between conductors variables are varied [31].
Varying these parameters is done by changing the geometry of the cable that would in turn change the
cable capacitance and resistance. They shouldn’t be influenced but here the capacitance and resis-
tance are varied. So for cable capacitance, the insulation material is changed based on their relative
permittivity of the insulation material 𝜖𝑟 and previously defined cable capacitance (before geometrics
changes) is brought back even though the geometry of the cable is changed. The cable resistance is
brought back to its previously defined cable resistance (before geometrics changes) even though the
geometry of the cable is changed. This is done through selecting the right conductor material whose
resistivity of the conductor material (𝜌) value would support in bringing back the previously defined ca-
ble resistance value (before geometrics changes). Through these ways the cable inductance variation
is done without affecting the cable resistance and cable capacitance, even though the geometry of the
cable is changed.

𝐿 = 𝜇0
2𝜋 ln

𝑅
𝑟 (5.15)
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𝐿(𝑝𝑒𝑟 cond) = 𝜇0
2𝜋 ln

𝐷
𝐺𝑀𝑟 (5.16)

By following the stated way described above, each of the active parameters(R,L,C) of the cable
can be individually increased or decreased for the analysis. The cable’s active parameter’s individual
influence on the system performance and stability is now studied further through the different analyses
carried out further through this thesis.

5.5. Summary

In this chapter the different analyses, that’s been carried out in the thesis were explained in detail with
the procedure followed for each of them. The default case sensitivity and stability analyses results were
also presented in this chapter.This default case analysis of both the distribution system forms the base
with which the resulting plots generated after the analysis are compared with.This is done in order to
be able to get proper inference about the system performance when each of the active parameters is
varied.





6
Short circuit analysis

The calculation of the magnitude of peak current flowing through the LVDC system during short circuit
are essentially required to incorporate appropriately rated protective equipments into the system and
protect the distribution system from severe outages. The short circuit studies conducted could also aid
in designing of LVDC cable, as the increase or decrease in ratings of the cable parameters are found
to have an effect on the magnitude of peak short circuit current reached by the Bipolar LVDC system
after the fault occur[87][88]. So the short circuit studies are conducted on the dynamically modelled
LVDC distribution system to comprehend the effect that the cable parameters has on the peak short
circuit current reached. Also the results of the default case analysis will be discussed in detail in this
chapter.

6.1. Approach

There are many comprehensive approaches to calculate the short circuit current of the DC system
available. Mostly, the transient approaches are utilized for the DC systems namely the summation
method, where the short circuit current of the sources present are individually calculated and summed.
The other method calculates the short circuit current based on the ratio of the system voltages to the pre-
fault equivalent resistance of the system and its multiplied by the transient decay time constant. As the
distribution system modelled in this thesis is through the state space approach, this model continuously
assesses the dynamic behaviour of the discrete elements and energy storage elements present in the
system. It doesn’t take propagation delay into account, which is considered in the transient approach.
So the short circuit analysis method that’s utilized needs to suit the model’s dynamic requirements.
Where the discrete elements and energy storage element’s (C,L) variation will have an effect on the
magnitude of short circuit peak reached by the system. Finally to suit the system‘s requirements the
fault current injection method is formulated for the short circuit analysis. Though this method both the
symmetrical (pole-pole) and asymmetrical fault (pole-neutral) are analysed to get a better outlook of
cable parameter’s influence on the magnitude of the peak short circuit current.

In the fault current injection method, the magnitude of short circuit current is calculated and the fault
current calculated is allowed to flow in to the system by injecting it through the converter connected
in the faulted node at the specific time instance when the fault occurs. When this fault current flows
through the converter, it helps set the node voltage and line currents of the system as the system
response to this short circuit situation. Usually in normal case the current injected from the converter
is given by (4.2). As we cannot assess the power injected/extracted from the converter during short
circuit condition, it is necessary to convert (4.2) in to justifiable form. So the power is converted and
given by combining watts and ohms law. The short circuit current that’s injected through the converter
is after simplifying is given by equ(6.1). Where VN is the faulted node‘s voltage at the time instance
in which fault occurs and Requ is the calculated equivalent resistance of the system. This would give

47
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us closest approximation of the fault current flowing, due to this faulted converter current helps set the
node voltage and line current of the system. The system short circuit response is seen visually through
the current flowing in the faulted line connected to the faulted node. The peak short circuit current
magnitude achieved by the faulted line depends on the dynamic behaviour of the discrete elements
and energy storage elements present in the system too. This formulated fault current injection method
perfectly suits the dynamic distribution system model and would support in properly analysing the short
circuit fault. Also the fault current injected through the converter shown in equ (6.1) would take different
form for pole-pole and pole- neutral fault. More on this would be explained in the forthcoming sections.

𝐼𝑓 =
𝑉𝑛
𝑅𝑒𝑞𝑢

(6.1)

6.2. Implementation

In this section, more explanation is given about the implementation of fault current injection method
on the short circuit fault analysis. It is implemented differently for the pole-pole and pole- neutral fault
analysis. Each of them will be explained in detail in upcoming sections. The short circuit analysis is
set to be performed on the bipolar distribution system models of neighbourhood and ship distribution
system. Also based on the results that are obtained during short circuit, the node voltage, line currents
and the oscillation present in these plots are deeply analysed to form the inference on different cable
parameter’s influence. The cable parameters whose variation’s influence on the magnitude of the short
circuit current are looked upon are cable resistance, cable cross section area, cable capacitance and
cable length.

6.2.1. Pole to pole fault

First in the pole to pole fault, the positive and negative pole of a particular node present in the bipolar
system is considered to be shorted together. Here this fault is a balanced fault and the system remains
symmetrical after the fault has occurred. For the neighbourhood system it is considered that the pole-
pole fault occurs on load node 3 at t=40ms. In the ship distribution system it is considered that the
pole-pole fault occurs on load 10 at t=80ms. The pole to pole fault is implemented in these distribution
systems by utilizing the concept of fault current injectionmethod discussed above. Here the fault current
injected by the converter connected in the faulted node through the positive and negative pole is given
by equ(6.2) shown below. Where 𝑉𝑓+ is the node voltage at the faulted node’s positive and 𝑉𝑓− is the
node voltage at the faulted node’s negative and Requ is the equivalent resistance of the system. The
maximum magnitude of fault current flowing through the positive pole when the pole-pole fault occurs
is given by equ(6.2). Similarly fault current injected at the negative pole is given as the opposite to the
magnitude of current flowing in the positive pole. The current flowing through the neutral would be zero
as the system is balanced.

𝐼𝑓+ =
𝑉𝑓+ − 𝑉𝑓−
𝑅𝑒𝑞𝑢 (6.2)

The cable’s active parameter influence on the magnitude of the short circuit formed is analysed dur-
ing the analysis. The cable’s active parameters that are looked at during this analysis are: Inductance,
Capacitance, Length and cross section area of the cable. For each of the active parameter’s variation
the positive pole node voltages and line currents plots are deeply analysed to provide conclusive infer-
ences about the influence that each of the cable’s active parameter has on the magnitude of the short
circuit current. Also the oscillations present in the node voltage and line currents plots are analysed.
The negative pole is not taken into considerations as the system is balanced and they are opposite
signed equal in magnitude compared to the positive pole. For the neighbourhood system as the fault
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occurs at node 3, the positive pole node voltage at node3 in the node voltage plots and then in the
line current plots the positive pole quantities at line 2,5 and 7 (lines connected to node 3)are analysed
further. For the ship system as the fault occurs at node 10, the positive pole node voltage at node
10 in the node voltage plots and the in the line current plots the positive pole quantities at line 9(line
connected to node 10) are further analysed.

6.2.2. Pole to neutral fault

In the pole to neutral fault, the positive and neutral pole of a particular node present in the bipolar system
is considered to be shorted together. Here this fault is an unbalanced fault and the system becomes
asymmetrical after the fault has occurred. For the neighbourhood system it is considered that the pole-
neutral fault occurs on load node 3 at t=40ms. In the ship distribution system it is considered that
the pole-neutral fault occurs on load 10 at t=80ms. Here the fault current injected by the converter
connected in the faulted node through the positive and neutral pole is given by equ (6.3) shown below.
Where 𝑉𝑓𝑛 is the node voltage at the faulted node’s neutral. The maximum magnitude of fault current
flowing through the positive pole when the pole-pole fault occurs is given by equ (6.3). Similarly fault
current injected at the neutral is given as the opposite to the magnitude of current flowing in the positive
pole. The current flowing through the negative pole would be zero as it is given by the negative sum of
positive and neutral pole fault currents.

𝐼𝑓+ =
𝑉𝑓+ − 𝑉𝑓𝑛
𝑅𝑒𝑞𝑢 (6.3)

Again for each of the active parameter’s variation the positive pole node voltages and line currents
plots are deeply analysed to provide conclusive inferences about the influence that each of the cable’s
active parameter has on the magnitude of the short circuit current. Also the oscillations present in the
node voltage and line currents plots are analysed. The positive and neutral pole quantities are taken
into considerations. The neutral quantities are further analysed due to the system being unbalanced as
large currents flow through the neutral and the fault effect not being identical as the pole-pole fault. For
the neighbourhood system as the fault occurs at node 3, the positive pole and neutral node voltage at
node3 in the node voltage plots and then in the line current plots the positive pole and neutral quantities
at line 2,5 and 7 (lines connected to node 3)are analysed further. For the ship system as the fault occurs
at node 10, the positive pole and neutral node voltage at node 10 in the node voltage plots and the in
the line current plots the positive pole and neutral quantities at line 9(line connected to node 10) are
further analysed.

6.3. Equivalent resistance

The equivalent resistance calculation is important for assessing the magnitude of short circuit current
injected into the system. The equivalent resistance is calculated by considering all the resistance con-
nections present in each of the equipment utilized in the system. The equivalent resistance calculation
is done for the ship distribution system. As it is a radial system, the equivalent resistance is calculated
by assessing the pathway of currents flowing through the system during short circuit. Also, considering
all the resistance connections present in each of the equipment utilized in the ship system. But the
neighbourhood system as it is meshed, the equivalent resistance is calculated through a code. Where
Kirchhoff’s voltage laws are applied at each node and select two points A and B where you want to
measure the equivalent resistance. Than arrange the voltage distribution in such a way that it cre-
ates 1A current coming from A and exiting at point B. The voltage difference between A and B is the
equivalent resistance.

All the source nodes are connected with a battery and all the load nodes are connected with mo-
tor as the load unless specified. The resistance ratings considered for both the distribution system
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is summarised in the table6.1 below. The clevapower batteries with rated nominal voltage: 384V,
current:40Ah is utilized for the neighbourhood system[89]. The motor utilized as load here has power
rating:3Kwh nominal voltage:220V. For the ship distribution system , the clevapower battery utilized has
a nominal voltage: 384V, current:80Ah[89]. The motor utilized as load here has power rating:70Kwh
nominal voltage:440V. As the service loads are not energy producing there will be no return flow of
current during short circuit so it is avoided in the calculation. For both the systems the droop source
impedance is taken as 1 Ω. The final equivalent resistance values calculated for both the distribution
system for pole to pole and pole to neutral fault are shown in table6.2:

Table 6.1: Resistance rating of different electrical equipment utilized in the distribution system

Equipment Neighbourhood System Ship System
Droop source 1(Ω) 1(Ω)
Battery 700(mΩ) 375(mΩ)
Motor 1(Ω) 0.1(Ω)
Converter Switches 100(mΩ) 100(mΩ)

Table 6.2: Equivalent resistance calculated for different faults

Fault Equivalent Resistance (Ω)
Neighbourhood Pole-pole 0.8194
Neighbourhood pole-Neutral 0.727
Ship pole-pole 0.0473
Ship Pole -neutral 1.1134

6.4. Default case analysis

In the default case analysis,the values considered for this short circuit analysis is same as the pre-
viously considered default case analysis utilized for the sensitivity and stability analysis. Again, the
results found through the default case analysis would be vital, as it is used to compare with other ac-
tive parameter variations results. This default case simulation will be carried out for both the Bipolar
ship and neighbourhood distribution system, as they make the base for the short circuit studies to be
carried out. Through this analysis, the resulting node voltages and line currents of the positive pole
(Pole-Pole fault) and positive and neutral pole (Pole-Neutral fault) are only discussed. As the negative
pole quantities tend to be equal in magnitude but opposite in sign to the positive pole, they are not fur-
ther discussed in the line current plots (Pole-Pole fault). The parameter values utilized for this system
simulation is the same as the one previously presented in table 5.1and 5.2.

6.4.1. Pole to pole fault

In the pole to pole fault, the default case analysis is performed on both the bipolar neighbourhood
and ship distribution system. The pole to pole fault is set to occurs at t=40ms at load node 3 in the
neighbourhood system. For the ship system the pole to pole fault set to occur at t=80ms at load node
10. The node voltages and line currents are plotted for both the distribution system for this short circuit
analysis.

First, the node voltages plots of the neighbourhood and ship distribution system are shown in Fig1
and 3 below. It can be seen from the node voltages plots that till the fault instance the distribution system
are stable and the power exchange in the system takes place in accordance with the power simulation
scenario presented before. After the fault occurs in both the distribution system, there is a sharp decay
in the positive pole node voltage curve and then after a fewmoremilliseconds the equilibrium is reached.
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The equilibrium node voltage reached by these nodes after the fault mainly depends on the magnitude
of the short circuit current reached by the system. The higher magnitude short circuit current reached
the lower the equilibrium node voltage is set by the droop. It can be seen through the plots that the
equilibrium node voltage achieved by the faulted node(Node 3 for neighbourhood and Node 10 for ship
system) is the lowest among the other nodes present in the system. Also for reference the node voltage
plots of the negative pole are also plotted. It shows inherently opposite curve trend to the positive pole
quantities as the negative pole quantities tend to be equal in magnitude but opposite in sign to the
positive pole.

Secondly from the line currents plots of the neighbourhood and ship distribution system are shown
in Fig2 and 4 below. The negative currents that are seen in the positive pole quantities plotted in the
line current graph, is due to the current direction that is defined in the incidence matrix. It can be
seen that the system is stable, but the oscillations present in the system are more prevalent after the
fault instance. After the fault occurs at a particular node, the lines connected to it reaches peak short
circuit current magnitude to satisfy the higher load demand of that faulted node. So, it is seen in the
graphs too, that the lines connected to the faulted node at the neighbourhood (lines2,5 and 7) and ship
distribution system(Line 9) reaches higher peak magnitude of oscillating short circuit current after the
fault occurs for a few milliseconds. The peak magnitude of short circuit current reached by the lines
during pole to pole fault is greater than the pole to neutral fault. Then the equilibrium is attained for the
rest of the time. These peak magnitudes of the short circuit current reached by these lines are also set
to be influenced by the active parameters of the cables. To comprehend this better, through this short
circuit analysis each of the active cable parameter’s values are varied and the influence this has on
the peak short circuit currents and the node voltages are thoroughly analysed and compared with this
default case.
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Figure 6.1: Pole to pole fault node voltages plot of Bipolar Neighbourhood system
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Figure 6.2: Pole to pole fault Line currents plot of Bipolar Neighbourhood system
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Figure 6.4: Pole to pole fault line currents plot of Bipolar Ship system

6.4.2. Pole to neutral fault

In the pole to neutral fault, the default case analysis is performed on both the bipolar neighbourhood
and ship distribution system. The pole to neutral fault also set to occurs at t=40ms at load node 3 in
the neighbourhood system. For the ship system the pole to neutral fault set to occur at t=80ms at load
node 10. The node voltages and line currents are plotted for both the distribution system for this short
circuit analysis. Here in the analysis, both the positive and neutral pole quantities are plotted as it is
asymmetrical fault.

First, the node voltages plots of the neighbourhood and ship distribution system are shown in Fig5
and 7 below. It can be seen from the node voltages plots that till the fault instance the distribution
system are stable and the power exchange in the system takes place in accordance with the power
simulation scenario presented before. After the fault occurs in both the distribution system, there is
a sharp decay in the positive pole node voltage curve, there is a sharp rise in neutral node voltage
curve and then after a few more milliseconds the equilibrium is reached. The equilibrium node voltage
reached by the positive pole of the nodes after the fault mainly depends on the magnitude of the short
circuit current reached by the system. The higher magnitude short circuit current reached the lower
the equilibrium node voltage is set by the droop. It can be seen through the plots that the equilibrium
node voltage achieved by the faulted node (Node 3 for neighbourhood and Node 10 for ship system)
is the lowest among the other nodes present in the system. As there are large return currents flowing
through the neutral after the asymmetrical fault occurrence, the neutral conductor comes in contention.
So the positive and neutral pole quantities are further analysed during this short circuit analysis.

Secondly from the line currents plots of the neighbourhood and ship distribution system are shown
in Fig6 and 8 below. The negative currents that are seen in the positive pole quantities plotted in the
line current graph, is due to the current direction that is defined in the incidence matrix. It can be seen
that the system is stable, but the oscillations present in the system are more prevalent after the fault
instance. It is seen in the graphs too, that the lines connected to the faulted node at the neighbourhood
(lines2,5 and 7) and ship distribution system(Line 9) reaches higher peak magnitude of oscillating short
circuit current after the fault occurs for a few milliseconds. The peak magnitude of short circuit current
reached by the lines during pole to neutral fault is lesser than the pole to pole fault. The equilibrium
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is not achieved after the fault occurrence because of the continuous discharge by the energy storage
elements connected between the pole and neutral conductors present in the system. These peak
magnitudes of the short circuit current reached by these lines are also set to be influenced by the
active parameters of the cables. To comprehend this better, through this short circuit analysis each
of the active cable parameter’s values are varied and the influence this has on the peak short circuit
currents and the node voltages are thoroughly analysed and compared with this default case.

0 0.01 0.02 0.03 0.04 0.05

Time (s)

0

100

200

300

400

V
o

lt
a

g
e

 (
V

)

Node Voltages of the Bipolar Neighbourhood System (Pole-Neutral Fault)

V
1+

V
1n

V
2+

V
2n

V
3+

V
3n

V
4+

V
4n

V
5+

V
5n

Figure 6.5: Pole to neutral fault node voltages plot of Bipolar Neighbourhood system

0 0.01 0.02 0.03 0.04 0.05

Time (s)

-150

-100

-50

0

50

100

150

C
u

rr
e

n
t 

(A
)

Line Currents of the Bipolar Neighbourhood System (Pole-Neutral Fault)

I
1+

I
1n

I
2+

I
2n

I
3+

I
3n

I
4+

I
4n

I
5+

I
5n

I
6+

I
6n

I
7+

I
7n

I
8+

I
8n

Figure 6.6: Pole to neutral fault Line currents plot of Bipolar Neighbourhood system
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Figure 6.7: Pole to neutral fault node voltages plot of Bipolar Ship system
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Figure 6.8: Pole to neutral fault Line currents plot of Bipolar Ship system

6.5. Summary

In this chapter, the short circuit analysis that is performed on the distribution system is explained in
detail. Both Pole to pole and pole to neutral faults are conducted in this model to analyse the active
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cable parameter’s influence on the peak short circuit current reached by the system. The procedures
followed for both the type of faults were described extensively. The equivalent resistance calculations
done for both the systems and the resistance ratings taken for each of the system elements were
discussed. Also the default case short circuit analysis was performed on both the distribution system
for the pole to pole and pole to neutral faults.



7
Results and Discussion

In this results section, the sensitivity, stability, short circuit and accuracy analysis that is performed in
both neighbourhood and ship distribution system will be discussed. Here in this analysis the resulting
node voltages and line currents of the positive pole quantities are only discussed. As the negative
pole quantities tend to have a similar magnitude compared to the positive pole but in the opposite
sign and the neutral quantities are zero due to the system being in balanced condition for the pole to
pole systems. So, in order to get better clarity of the results found, only positive pole quantities are
plotted in the node voltage and line current graphs for pole to pole systems.For the bipolar systems
during pole to neutral fault analysis, as the system becomes unbalanced both the pole and neutral
quantities are plotted. The generated results from all these analyses mentioned above would surely
help in better assessment and designing of the LVDC cables, as all the active parameters are varied
to get this comprehensive outlook. The results found through the analysis carried out on the active
parameter variation would be compared with the default case analysis.

7.1. Sensitivity and stability analysis:Monopolar Configuration

In this analysis, the active parameters that are expected to have an influence on the system perfor-
mance and the stability of the system are considered and varied. These active parameters are cable in-
ductance, cable capacitance, cable cross-section(indirectly resistance),cable length, droop impedance
and the source and load converter capacitance. The sensitivity and stability analysis are performed by
varying the active parameters. The influence this has on node voltages, line currents and the stability
of the system are studied through this analysis. This analysis is set to be performed in both distribution
systems under monopolar and bipolar configuration.

In the neighbourhood distribution system and ship distribution system, the sensitivity and stability
analysis are carried out. In this analysis, each of the active parameter’s values is set to be varied
individually. The general trend of the system performance and stability due to this variation is observed.
This observation is tabulated for each of the active parameters individually. During this analysis, few
active parameters values are varied above and below the rated/permissible values for a LV cable. This
is done in order to deeply assess the general trend and influence each of the active parameter has
on the cable performance and the stability of the system. The generated results from this study would
surely help in better assessment and designing of the LVDC cables as all the active parameters are
involved in it. This comprehensive study will also support in understanding the influence that active
parameters have on system performance and stability.
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7.1.1. Cable inductance

In this analysis, first the inductance of the cable is varied, the rest of the active parameter’s values are
maintained as it is in the default condition. This inductance value is varied in both the ship and neigh-
bourhood monopolar distribution system. The default case inductance value is taken as 32(µH/Km) for
both the distribution system. To get the general trend of how the inductance variation would affect the
system performance, the inductance value is increased and decreased with respect to the default case
value. The inductance value that is taken for this analysis are 1.2,12, and 100(µH/Km). For these set
inductance values the node voltages, oscillations, line currents and stability of the system are analysed
separately.

Major variation can be seen in the stability analysis plots shown in Fig7.1 and Fig7.2. Here the
poles derived through roots of the characteristic equation of both the distribution system can be seen
plotted away from the j𝜔-axis as the inductance value is decreasing. As said before the amplitude
of oscillation present in the system tends to increase as the poles of the system lie closer to the j𝜔
axis. These oscillations directly affect the stability of the distributions system and need to be taken into
account. The influence of the inductance variation in node voltages and the line currents plots can be
seen in the appendix B. From both these sets of plots, there is a certain trend that can be deducted as
the inductance value is increased. The trend is that there are more visible oscillations present in both
line current and node voltage plots of the distribution system as the cable inductance value is increased.
Also, the equilibrium node voltage and line current are reached with fewer oscillations when the cable
inductance value is decreased. So, it is inferred through these plots, that as the cable inductance
value is decreased this leads to the distribution systems become more stable and fewer oscillations
are present. This inductance variation has no distinct effect on the equilibrium node voltage and line
current achieved by the distribution system[31]. A summary table of the findings from the stability and
sensitivity analysis carried out for the cable inductance variation is shown in table7.1 below.
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Figure 7.1: Influence of cable inductance variation in the eigenvalue plots of neighbourhood system
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Figure 7.2: Influence of cable inductance variation in the eigenvalue plots of ship system

Table 7.1: Inference from the analysis carried out for the cable inductance variation

Inductance
(μH/Km) Stability Node Voltage Line current Oscillation

L=1.2
Most stable
compared
-all cases

Not affected Not affected
Least oscillation
compared
-all cases

L=12
Increased stability
compared-
case 3

Not affected Not affected
Increased oscillation
compared
- case 1

L=100
Decreased stability
compared-
all cases

Not affected Not affected
Most oscillation
compared-
all cases

7.1.2. Cable capacitance

The capacitance of the cable is varied, the rest of the active parameter’s value is maintained as it is in
the default condition. This stability and sensitivity analysis carried out for the cable capacitance variation
in both ship and neighbourhood monopolar distribution systems. The default case line capacitance or
cable capacitance value is taken as 45(nF/Km) for both the distribution system. The general trend of
how the capacitance variation would affect the system performance, when the cable capacitance value
is varied above and below the default case value is analysed.

The capacitance value that is taken for this analysis is 20,100, and 300(nF/Km). For these set ca-
pacitance values the node voltages, oscillations, line currents and stability of the system are analysed.
As seen in Fig A.10 and Fig A.11, there is no variation in the stability analysis plots as the capacitance
value is changed. Also, the capacitance variation also has no effect on the node voltages and line
currents shown in Fig A.12- A.15.This is mainly because the ratings of converter capacitance value
(400µF) are far greater than the line capacitance(45nF/Km) ratings. So, it is inferred through these
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plots that the variation of line capacitance has no effect in influencing the stability, node voltage and
line current achieved by the monopolar distribution system. But the line capacitance variation is seen
to have an effect in the bipolar distribution system, more on this in the upcoming sections. A summary
table of the findings from the stability and sensitivity analysis carried out for the cable capacitance
variation is shown in table 7.2 below.

Table 7.2: Inference from the analysis carried out for the cable capacitance variation

Capacitance
(nF/Km) Stability Node Voltage Line current Oscillation

C=20 No
changes

No
changes

No
changes

No
changes

C=100 No
changes

No
changes

No
changes

No
changes

C=300 No
changes

No
changes

No
changes

No
changes

7.1.3. Cable cross section

In this analysis, now the cable cross-section is varied and the rest of the active parameter’s value is
maintained as it is in the default condition. As the resistance of the cable is calculated using the formula
shown in (5.10), it shows that the cable resistance is inversely propositional to the cross-section area of
the cable (A). So varying the cross-section area of the cable is indirectly varying the cable resistance.
The cable cross-section value is varied in both the ship and neighbourhood monopolar distribution
system. The default case cross-section value is taken as 20(𝑚𝑚2) for neighbourhood and 30(𝑚𝑚2)
for the ship distribution system respectively. The cross-section value that is taken for this analysis is
5,100, and 400(𝑚𝑚2). For these set cross-section values, the variation in node voltages, oscillations,
line currents and stability of the system is analysed.

The first difference can be seen in the stability analysis plots, that is shown in Fig 7.3 and Fig 7.4. In
these plots, it shows that the poles of the distribution system derived from their characteristic equation
lie closer to the jω axis as the cross-section value is increased. This increase in the cross-section area
leads to a decrease in the cable resistance and the stability of the system tends to decrease due to this
trend[34]. The amplitude of oscillation present in the system increases and these oscillations directly
affect the stability of the distributions system. The influence of the cross-section variation in node
voltages and the line currents plots can be seen in Fig 7.5,7.6 and in the appendix B. The equilibrium
node voltage achieved by the system also tends to decrease as the cross section area increases and
the line resistance of the cable decreases.The equilibrium line current achieved by the system, doesn’t
show any variation to the cross section variation. There is more visible oscillation present, the positive
peak amplitude and the negative peak amplitude of oscillation in both the node voltage and line currents
plots is seen to be increasing as the cable cross-section value is increased. So, it is inferred through
these plots, that as the cable cross-section value is decreased the cable resistance increases and this
leads to the distribution systems become more stable, node voltage decreases and fewer oscillations
are present. A summary table of the findings from the stability and sensitivity analysis carried out for
the cable cross-section variation is shown in table 7.3 below.
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Figure 7.3: Influence of cable cross section variation in the eigenvalue plots of neighbourhood system
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Figure 7.4: Influence of cable cross section variation in the eigenvalue plots of ship system
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Node Voltages of the Monopolar Neighbourhood System
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Figure 7.5: Influence of cable cross section variation in the nodevoltages of neighbourhood system

Node Voltages of the Monopolar Ship System
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Figure 7.6: Influence of cable cross section variation in the nodevoltages of ship system
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Table 7.3: Inference from the analysis carried out for the cable cross section variation

Cross Section
(mm2) Stability Node Voltage Line current Oscillation

A=5 Most
stable Slight decrease Decrease in positive and negative

peak amplitude of oscillation
Least
oscillation

A=100

Increased
stability
compared-
case 3

Increase compared
to default

Slight increase
compared to default

Increased
oscillation
compared-
case-1

A=400 Least
stability

Increase compared
to A=100mm2

Slight increase
compared to A=5mm2

Most
oscillation

7.1.4. Source converter capacitance

In this analysis now the capacitance of the source converter is varied, the rest of the parameter’s
values are maintained as it is in the default condition. The main reason for doing this analysis is to
study the influence that power electronic converter has on the cable and system performance. The
power electronic converter connected to the source is considered as source converter. The nodes at
which source converters are connected to are node 2 and 4 in neighbourhood and node 2 till 6 in the
ship distribution system. The default case source converter capacitance value is taken as 400(µF) for
both the distribution system. The source converter capacitance value that is taken for this analysis is
100,500, and 700(µF).
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Figure 7.7: Influence of source converter capacitance variation in the eigenvalue plots of neighbourhood system
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Figure 7.8: Influence of source converter capacitance variation in the eigenvalue plots of ship system

For these source converter capacitance values, the variation in the node voltages, oscillations, line
currents and stability of the system is analysed. First, it can be seen in the stability analysis plots that
are shown in Fig 7.7 and Fig 7.8. It shows that as the source converter capacitance value is increased,
the poles of the distribution system derived from their characteristic equation lie closer to the jω axis.
The amplitude of oscillation present in the system increases and these oscillations affects the stability of
the distributions system. The influence of the source converter capacitance variation in node voltages
and the line currents plots can be seen in the appendixB. There is more visible oscillation present as
the source converter capacitance value is increased. There is more oscillation present in the lines
connected to the source node as the source converter capacitance value is decreased. Also, more
oscillations are seen to be present in other lines not connected to source as the converter capacitance
value is increased. So it is inferred that, as the source converter capacitance is decreased this leads to
the distribution systems become more stable and less oscillations are present. The equilibrium node
voltage and line current achieved by the distribution system is not affected by the source converter
capacitance variation. A summary table of the findings from the stability and sensitivity analysis carried
out for the source converter capacitance is shown in table 7.4 below.

Table 7.4: Inference from the analysis carried out for the source converter capacitance variation

Source
Converter
Capacitance
(μF)

Stability Node Voltage Line current Oscillation

C=100 Most
stable Not affected Not affected Least

oscillation

C=500

Increased
stability
compared-
case 3

Not affected Not affected

Increased
oscillation
compared -
case 1

C=700 Least
stability Not affected Not affected Most

oscillation



7.1. Sensitivity and stability analysis:Monopolar Configuration 65

7.1.5. Load converter capacitance

The capacitance of the load converter is varied, the rest of the parameter’s values are maintained as it
is in the default condition. The power electronic converter connected to the load is considered as load
converter. The nodes at which load converters are connected to are node 3 and 5 in neighbourhood
and node 8 till 12 in the ship distribution system. The default case load converter capacitance value is
taken as 400(µF) for both the distribution system. The load converter capacitance value that is taken
for this analysis is 100,500, and 700(µF).
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Figure 7.9: Influence of load converter capacitance variation in the eigenvalue plots of neighbourhood system
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Figure 7.10: Influence of load converter capacitance variation in the eigenvalue plots of ship system

The variation in the node voltages, oscillations, line currents and stability of the system are analysed
for these set load converter capacitance values. It can be seen in the stability analysis plots that are
shown in Fig 7.9 and Fig 7.10. As the load converter capacitance value is increased the poles of
the distribution system derived from their characteristic equation lie closer to the jω axis. The system
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oscillations generated due to this affects the stability of the distributions system and their amplitude
of oscillation increases as the load converter capacitance value is increased. The influence of the
load converter capacitance variation in node voltages and the line currents plots can be seen n the
appendix B. There is more oscillation present in the lines connected to the load node as the load
converter capacitance value is decreased. Also, more oscillations are seen to be present in other lines
not connected to load as the converter capacitance value is increased. The positive and negative
peak amplitude of oscillation in these plots is seen to be increasing due to this trend. It is inferred
through this analysis that as the load converter capacitance is decreased this leads to the distribution
systems become more stable and fewer oscillations are present. The equilibrium node voltages and
line currents achieved are not affected by the load converter capacitance variation. A summary table
of the findings from the stability and sensitivity analysis carried out for the load converter capacitance
is shown in table 7.5 below.

Table 7.5: Inference from the analysis carried out for the load converter capacitance variation

Load
Converter
Capacitance
(μF)

Stability Node Voltage Line current Oscillation

C=100 Most
stable Not affected Not affected Least

oscillation

C=500

Increased
stability
compared-
case 3

Not affected Not affected

Increased
oscillation
compared -
case 1

C=700 Decreased
stability Not affected Not affected Most

oscillation

7.1.6. Droop Impedance

The impedance of the droop converter is varied, the rest of the parameter’s value is maintained as it
is in the default condition. The converter input current is set up through the equ (4.3)-(4.4). The droop
impedance (Zd) is inversely proportional to the reference input current of the converter. For the default
case, the droop impedance is taken as 1(Ω) in both the distribution system. The droop impedance
value that is taken for this analysis are 0.5,8.3, and 20(Ω) for neighbourhood and 0.5,8.3, and 10(Ω)
for the ship distribution system.

The variation in the node voltages, oscillations, line currents and stability of the system are analysed
for these set droop impedance values. It can be seen in the stability analysis plots that are shown in
Fig 7.11 and Fig 7.12. As droop impedance value is increased the poles of the distribution system
derived from their characteristic equation lie closer to the jω axis. The system oscillations generated
due to this affects the stability of the distributions system and their amplitude of oscillation increases
as the droop impedance value is increased. The influence of the droop impedance variation in node
voltages and the line currents plots can be seen in Fig 7.13-7.16. There is a greater rise and drop in
node voltages as the droop impedance value is increased. Also, there is a slight rise in the line currents
achieved by the system as the droop impedance value is increased. It is inferred through this analysis
that as the droop impedance is increased above the permissible droop impedance value this leads to
the distribution systems become less stable and more oscillations are present. A summary table of the
findings from the stability and sensitivity analysis carried out for the droop impedance is shown in table
7.6 below.
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Figure 7.11: Influence of droop impedance variation in the eigenvalue plots of neighbourhood system
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Figure 7.12: Influence of droop impedance variation in the eigenvalue plots of ship system
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Node Voltages of the Monopolar Neighbourhood System
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Figure 7.13: Influence of droop impedance variation in the node voltage plots of neighbourhood system

Line Currents of the Monopolar Neighbourhood System
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Figure 7.14: Influence of droop impedance variation in the line current plots of neighbourhood system
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Node Voltages of the Monopolar Ship System
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Figure 7.15: Influence of droop impedance variation in the node voltage plots of ship system

Line Currents of the Monopolar Ship System
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Figure 7.16: Influence of droop impedance variation in the line current plots of ship system
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Table 7.6: Inference from the analysis carried out for the droop impedance variation

Impedance(Ω) Stability Node Voltage Line current Oscillation

Zd=0.5 Most
stable

Increase in
equilibrium
voltage

Slight
decrease

Least
oscillation

Zd=8.3

Increased
Stability
compared
-Zd=10

Decrease in
voltage drop
and rise
compared
-Zd=10

Decrease
compared-
Zd=10

Increased
oscillation
compared-
Zd=0.5

Zd=20(Neighbourhood)
Zd=10(Ship)

Decreased
stability

Increase in
voltage drop
and rise-
Badly
designed

Slight
increase

Most
oscillation

7.1.7. Cable length

In this analysis, the length of the cable is varied and the rest of the parameter’s value is maintained as it
is in the default condition. Usually the length of all the cables in the neighbourhood distribution system
is taken as 100m and for the ship distribution system the cable length values are shown in table4.3.
The cable length for this analysis is varied and studied for three different cable length configurations in
order to properly assess the influence of cable length in the performance and stability of the system. In
the neighbourhood system each of the cable length values chosen for this analysis are 50,200 500(m).
For the ship distribution system as there are different lines with different cable length involved, so the
cable variation is tabularised and shown in table7.7 below.

Table 7.7: Ship distribution system cable length configurations

Cable length(m) Default Configuration1 Configuration2 Configuration3
Line1-6 5 25 50 75
Line 7,10 15 75 150 225
Line 8,9 7 35 70 105
Line11 10 50 100 150

The cable length is directly involved in all the line parameters of the cable, as the line parameters
other than resistance are all being considered as per meter values. So the line parameters (R,L,C,G)
values are increasing as the cable length value increases. First the influence of the cable length on
the stability of the distribution system can be seen in Fig 7.17,7.18. As the cable length is increased
the poles of the distribution system derived from their characteristic equation lie closer to the jω axis.
The system oscillations generated due to this affects the stability of the distributions system and their
amplitude of oscillation increases as the cable length is increased. The influence of the cable length
variation in node voltages plots can be seen in Fig 7.19,7.20.As the cable length increase the line
resistance, the equilibrium node voltage achieved by the system tend to have a deeper rise and drop
during different time instances. The influence of the cable length variation on the line current plot can
be seen in the appendix B. The amplitude of oscillation, the positive peak amplitude and the negative
peak amplitude of oscillation that is present in the line current and the node voltage’s plots tends to
increase as the cable length increases. Finally, it is inferred through these plots from the analysis,
that as the cable length is decreased this leads to the distribution systems become more stable, more
stable equilibrium node voltage is achieved, and fewer oscillations are present. A summary table of
the findings from the stability and sensitivity analysis carried out for the cable length variation is shown
in table7.8 below.



7.1. Sensitivity and stability analysis:Monopolar Configuration 71

-3 -2.5 -2 -1.5 -1 -0.5 0

10
4

-1

-0.5

0

0.5

1
10

5 Eigenvalue Analysis of Monopolar Neighbourhood System

Cable length=100m(Default)

Cable length=50m

Cable length=200m

Cable length=500m

Figure 7.17: Influence of cable length variation in the eigenvalue plots of neighbourhood system
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Figure 7.18: Influence of cable length variation in the eigenvalue plots of ship system
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Node Voltages of the Monopolar Neighbourhood System
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Figure 7.19: Influence of cable length variation in the node voltage plots of neighbourhood system

Node Voltages of the Monopolar Ship System
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Figure 7.20: Influence of cable length variation in the node voltage plots of ship system
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Table 7.8: Inference from the analysis carried out for the cable length variation

Cable length(m) Stability Node Voltage Line current Oscillation

Config 1

Increased
stability
compared
to config
2

Decrease in
Voltage rise
and drop

Not
affected

Least
oscillation

Config 2

Decreased
stability
compared
to config
1

Increase voltage
rise and drop -
compared default
case

Not
affected

Increased
oscillation
compared
to config
1

Config 3 Least
stable

Increase voltage
rise and drop -
compared to
config 2

Not
affected

Most
oscillation

7.2. Sensitivity and stability analysis: Bipolar system

The sensitivity and stability analysis is carried out again in the bipolar configuration of the neighbour-
hood distribution system and ship distribution system. In this analysis, each of the active parameter’s
values is set to be varied individually and the general trend of the system performance and stability is
observed. This observation is tabulated only for the active parameters for which there is a difference in
the observation from the analysis carried out for the monopolar configuration. Again, only the positive
pole quantities of the bipolar system are assessed.

7.2.1. Cable capacitance

In this analysis, the capacitance of the cable is varied, the rest of the active parameter’s value is
maintained as it is in the default condition. This stability and sensitivity analysis carried out for the cable
capacitance variation in both ship and neighbourhood bipolar distribution systems. The default case
line capacitance or cable capacitance value is taken as 45(nF/Km) for both the distribution system. The
capacitance value that is taken for this analysis is 20,100, and 300(nF/Km). For these set capacitance
values the node voltages, oscillations, line currents and stability of the system are analysed. It was
seen earlier in a monopolar configuration that the line capacitance variation didn’t have any effect on
the system performance and the stability of the distribution system. But in the bipolar configuration, the
line capacitance variation is seen to have an effect on the stability of the distribution system. As shown
in Fig7.21 and 7.22 it can be seen that as the capacitance value is increased the magnitude of the
poles derived from their characteristic equation decreases leading to decrease in system damping and
the oscillation increases.Mainly the pole closest to the jw axis is due to the droop controlled converter.
Zooming into these poles in the stability plots, it can be seen that the poles derived for the highest
capacitance value is seen to be closest and the least capacitance’s poles is seen to be further away
from the jw-axis. So, as the line capacitance value increases the poles are seen to lie closer to the
jω axis. The system oscillations generated affects the stability of the distributions system and their
amplitude of oscillation increases as the line capacitance value is decreased. The influence of the line
capacitance variation in node voltages and the line currents plots can be seen in the appendixB. So,
it is inferred through these plots, that as the line capacitance is increased this leads to the distribution
systems become less stable, the system damping is reduced and the oscillation present in the system
increases. A summary table of the findings from the stability and sensitivity analysis carried out for the
cable capacitance variation is shown in table 7.9 below.
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Figure 7.21: Influence of cable capacitance variation in the eigenvalue plots of neighbourhood system
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Figure 7.22: Influence of cable capacitance variation in the eigenvalue plots of ship system
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Table 7.9: Inference from the analysis carried out for the cable capacitance variation

Capacitance(nF/Km) Stability Node Voltage Line current Oscillation

C=20

Increased
stability
compared
to default

Not
affected

Not
affected

Least
oscillation

C=100

Decreased
stability
compared
- case 1

Not
affected

Not
affected

Increased
oscillation
compared
- case 1

C=300 Least
stable

Not
affected

Not
affected

Most
oscillation

7.2.2. Rest of the Active parameters

The sensitivity and stability analysis is carried out for the rest of the active parameters namely ca-
ble cross-section, inductance, length, droop impedance, source and load converter capacitance. The
positive pole quantities of the distribution system under bipolar configuration are analysed thoroughly.
But there were no changes in the general trend seen in the performance and stability of the distribu-
tion system when the active parameters are varied. The plots of the positive pole quantities in both
the configurations seem to be similar in the node voltage and the line currents plots. In the stability
graphs, there could be seen an increased number of poles plotted, that is due to the increased number
of nodes and lines present in the bipolar system in comparison to the monopolar distribution system.
The rest of the active parameter variation in the sensitivity and stability analysis seems to be similar to
the monopolar configuration.so in order to avoid repetition, further analysis and explanation on these
analysis carried out are not described again.

7.3. Short circuit analysis

The pole to pole and pole to neutral fault analysis is performed on both the neighbourhood and ship
distribution system. Here the cable’s active parameters that are expected to have an influence on the
system performance and the line current during short circuit are taken into consideration. These active
parameters are varied throughout this analysis and the resulting plots are further analysed to study their
influence. These active parameters are cable resistance, cable inductance, cable capacitance, cable
cross-section(indirectly resistance) and cable length. The general trend of the system performance
and line current achieved during short circuit due to this cable’s active parameter variation is observed.
This observation is tabulated for each of the active parameters individually. During this analysis, few
active parameters values are varied above and below the rated/permissible values for a LV cable. This
is done in order to deeply assess the general trend and influence each of the cable’s active parameter
has on the system performance and the line current during short circuit. The generated results from
this study would support in better assessment of cable’s active parameters influence on the short circuit
current and designing the LVDC cables.

7.3.1. Cable Inductance

In this analysis, first the inductance of the cable is varied, the rest of the active parameter’s values
are maintained as it is in the default condition. This inductance value is varied in both the ship and
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neighbourhood bipolar distribution system. The default case inductance value is taken as 32(µH/Km)
for both the distribution system. To get the general trend of how the inductance variation would affect the
system performance and line currents achieved during short circuit. The inductance value is increased
and decreased with respect to the default case value. This analysis is done for both the pole to pole and
pole to neutral fault. The inductance value that is taken for this analysis are 1.2,12, and 100(µH/Km).
For these set inductance values the node voltages, line currents are analysed separately for both these
short circuit faults.

First variation can be seen in the line currents plots of the pole to pole and pole to neutral faults for
both the distribution systems. As the inductance values are increased, the peak short circuit current
reached by the lines connected to faulted node also increases. The oscillations present in both the
line currents and node voltages plots increase with the inductance increase. This trend is seen to be
similar for both the pole to pole and pole to line fault. The influence of the inductance variation in the
line currents plots for both the pole to pole and pole to neutral faults can be seen in Fig 7.23-7.26 . The
peak magnitude of the short circuit current achieved by both the distribution system after each of the
faults occurs is noted and presented with the inference from the analysis in table 7.11 and 7.10. In the
pole to pole fault there is a greater rise of peak magnitude of the short circuit current as the inductance
value is increased compared to the pole to neutral fault.

For the node voltages plots, only the oscillation present in the plots increases as the inductance
is increased. The decay curve during the fault instance and the equilibrium node voltage achieved
after the fault are not affected and remains similar throughout, when the inductance is increased. The
influence of the inductance variation in the node voltage plots for both the pole to pole and pole to neutral
faults can be seen in the appendixB . So, it is inferred through these plots, that as the cable inductance
value is decreased this leads to the peak short circuit current reached by the lines connected to faulted
node for both the faults to decrease and also the oscillations present in the system decreases. This
inductance variation has no distinct effect on the decay curve and equilibrium node voltage achieved
by the distribution system. A summary table of the findings from this short circuit analysis carried out
for the cable inductance variation is shown table 7.11 and 7.10 below.
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Figure 7.23: Influence of cable inductance variation in the pole to pole fault line current plots of neighbourhood system



7.3. Short circuit analysis 77

Line Currents of the Bipolar Ship System (P-P Fault)
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Figure 7.24: Influence of cable inductance variation in the pole to pole fault line current plots of ship system

Line Currents of the Bipolar Neighbourhood System(Pole-Neutral)
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Figure 7.25: Influence of cable inductance variation in the pole to neutral fault line current plots of neighbourhood system



78 7. Results and Discussion

Figure 7.26: Influence of cable inductance variation in the pole to neutral fault line current plots of ship system

Table 7.10: Inference from the pole to neutral fault analysis carried out for the cable inductance variation

Cable inductance
(µH/km) Node voltage Line current

(PeakIsc (A)) Oscillations

L=12 Not affected

Lower peak short
circuit current reached
compared to case2.
Neigh:
L2+=119.9 L5+=-118.7
L7+=119
Ship:L9+=354.1

Lower oscillations
present:node
voltage
and line current
plots compared to
case2.

L=70 Not affected

Higher peak short
circuit current reached
compared to case1.
Neigh:
L2+=150.3 L5+=-150.3
L7+=143.9
Ship: L9+=396.6

Higher oscillations
present: node
voltage
and line current
plots compared to
case1.

L=100 Not affected

Highest peak short
circuit current reached
compared to all cases
Neigh:
L2+=154.8 L5+=-154.8
L7+=145.6
Ship:L9+=400.2

Highest oscillations
present: node
voltage
and line current
plots compared to
allcases.
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Table 7.11: Inference from the pole to pole fault analysis carried out for the cable inductance variation

Cable inductance
(µH/km) Node voltage Line current

(PeakIsc (A)) Oscillations

L=12 Not affected

Lower peak short
circuit current reached
compared to case2.
Neigh
L2+=253.4
L5+=-249.7
L7+=253.1
Ship
L9+=9141

Lower oscillations
present:node
voltage
and line current
plots compared to
case2.

L=70 Not affected

Higher peak short
circuit current reached
compared to case1.
Neigh
L2+=291.2
L5+=-294.7
L7+=290.7
Ship
L9+=11460

Higher oscillations
present: node
voltage
and line current
plots compared to
case1.

L=100 Not affected

Highest peak short
circuit current reached
compared to all cases
Neigh
L2+=296.9
L5+=-296
L7+=296.7.1
Ship
L9+=12990

Highest oscillations
present: node
voltage
and line current
plots compared to
allcases.

7.3.2. Cable capacitance

In this analysis, the capacitance of the cable is varied, the rest of the active parameter’s values are
maintained as it is in the default condition. This capacitance value is varied in both the ship and neigh-
bourhood bipolar distribution system. The default case line capacitance or cable capacitance value is
taken as 45(nF/Km) for both the distribution system. To get the general trend of how the capacitance
variation would affect the system performance and line currents achieved during short circuit. The ca-
pacitance value is increased and decreased with respect to the default case value. This analysis is
done for both the pole to pole and pole to neutral fault. The capacitance value that is taken for this
analysis are 20,100, and 300(nF/Km). For these set cable capacitance values the node voltages, line
currents are analysed separately for both these short circuit faults.

In the line currents plots of the pole to pole and pole to neutral faults for both the distribution systems,
no variation can be seen. As the capacitance values are increased, the peak short circuit current
reached by the lines connected to faulted node remains same throughout the analysis. The oscillations
present in both the line currents and node voltages plots also remain same with the cable capacitance
increase. This trend is seen to be similar for both the pole to pole and pole to line fault. The influence of
the capacitance variation in the line currents and node voltage plots for both the pole to pole and pole
to neutral faults can be seen in Fig7.27-7.30 and in the appendixB. So, it is inferred through these plots,
that as the cable capacitance value is decreased this leads to the peak short circuit current reached
by the lines connected to faulted node for both the faults remain the same and the oscillations present
in the system remain similar throughout. This capacitance variation has no distinct effect on the decay
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curve and equilibrium node voltage achieved by the distribution system.
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Figure 7.27: Influence of cable capacitance variation in the pole to pole fault line current plots of neighbourhood system

Line Currents of the Bipolar Ship System (P-P Fault)
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Figure 7.28: Influence of cable capacitance variation in the pole to pole fault line current plots of ship system
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Line Currents of the Bipolar Neighbourhood System(Pole-Neutral)
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Figure 7.29: Influence of cable capacitance variation in the pole to neutral fault line current plots of neighbourhood system

Figure 7.30: Influence of cable capacitance variation in the pole to neutral fault line current plots of ship system

7.3.3. Cable Cross section

In this analysis, first the cross section of the cable is varied, the rest of the active parameter’s values
are maintained as it is in the default condition. This cross section value is varied in both the ship
and neighbourhood bipolar distribution system. As the resistance of the cable is calculated using the
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formula shown in equ (5.11), varying the cross-section area of the cable is indirectly varying the cable
resistance. The default case cross-section value is taken as 20(mm2 ) for neighbourhood and 30(mm2
) for the ship distribution system respectively. To get the general trend of how the cross section variation
would affect the system performance and line currents achieved during short circuit. The cross section
value is increased and decreased with respect to the default case value. This analysis is done for
both the pole to pole and pole to neutral fault. The cross-section value that is taken for this analysis is
5,100, and 400(mm2 ). For these set cross section values the node voltages, line currents are analysed
separately for both these short circuit faults.

First variation can be seen in the line currents plots of the pole to pole and pole to neutral faults for
both the distribution systems. As the cross section values are increased, the peak short circuit current
reached by the lines connected to faulted node also increases. The oscillations present in both the
line currents and node voltages plots increase with the cross section increase. This trend is seen to be
similar for both the pole to pole and pole to line fault. The influence of the cross section variation in the
line currents plots for both the pole to pole and pole to neutral faults can be seen in Fig7.31-7.34. The
peak magnitude of the short circuit current achieved by both the distribution system after each of the
faults occurs is noted and presented with the inference from the analysis in table 7.12and 7.13. In the
pole to pole fault there is a greater rise of peak magnitude of the short circuit current as the cross section
value is increased compared to the pole to neutral fault. For the node voltages plots, the equilibrium
node voltage achieved after the fault and oscillation present in the plots increases as the cross section
is increased. The influence of the cross section variation in the node voltage plots for both the pole to
pole and pole to neutral faults can be seen in Fig 7.35-7.38 . So, it is inferred through these plots, that
as the cable cross section value is decreased this leads to the peak short circuit current reached by
the lines connected to faulted node to decrease, the equilibrium node voltage achieved after the fault
decreases and also the oscillations present in the system decreases for both the faults. A summary
table of the findings from this short circuit analysis carried out for the cable cross section variation is
shown table7.12 and 7.13 below.
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Figure 7.31: Influence of cable cross section variation in the pole to pole fault line current plots of neighbourhood system
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Line Currents of the Bipolar Ship System (P-P Fault)
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Figure 7.32: Influence of cable cross section variation in the pole to pole fault line current plots of ship system

Figure 7.33: Influence of cable cross section variation in the pole to neutral fault line current plots of neighbourhood system
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Figure 7.34: Influence of cable cross section variation in the pole to neutral fault line current plots of ship system
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Figure 7.35: Influence of cable cross section variation in the pole to pole fault node voltage plots of neighbourhood system
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Node Voltages of the Bipolar Ship System (P-P Fault)
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Figure 7.36: Influence of cable cross section variation in the pole to pole fault node voltage plots of ship system

Node Voltages of the Bipolar Neighbourhood System (Pole-Neutral)
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Figure 7.37: Influence of cable cross section variation in the pole to neutral fault node voltage plots of neighbourhood system
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Figure 7.38: Influence of cable cross section variation in the pole to neutral fault node voltage plots of ship system

Table 7.12: Inference from the pole to pole fault analysis carried out for the cable cross section variation

Cable cross
section (mm2) Node voltage Line current

(PeakIsc (A)) Oscillations

Neighbourhood system:
A=5
Ship system:A=5

Equilibrium node
voltage achieved
after fault occurrence
decreases compared
- case2.
Neigh: V3+= 134.6
Ship:V10+=13.92

Lower peak short
circuit current reached
compared to case2.
Neigh: L2+=180
L5+=-173.3 L7+=170.8
Ship:L9+=6272

Lower oscillations
present:node
voltage
and line current
plots compared to
case2.

A=100
A=40

Equilibrium node
voltage achieved
after fault occurrence
increases compared
- case1.
Neigh: V3+=156.3
Ship:V10+=14.79

Higher peak short
circuit current reached
compared to case1.
Neigh: L2+=370.2
L5+=-363.2 L7+=364.3
Ship:L9+=11930

Higher oscillations
present: node
voltage
and line current
plots compared to
case1.

A=400
A=50

Equilibrium node
voltage achieved
after fault occurrence
highest compared
- all cases.
Neigh: V3+=157.7
Ship:V10+=16.3

Highest peak short
circuit current reached
compared to all cases
Neigh: L2+=391.9
L5+=-384.4 L7+=385.7
Ship:L9+=12230

Highest oscillations
present: node
voltage
and line current
plots compared to
allcases.
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Table 7.13: Inference from the pole to neutral fault analysis carried out for the cable cross section variation

Cable cross
section (mm2) Node voltage Line current

(PeakIsc (A)) Oscillations

A=5

Equilibrium node
voltage achieved
after fault occurrence
decreases compared
- case2.
Neigh: V3+= 232.2
V3n= 206.7
Ship: V10+=222.4
V10n=211.9

Lower peak short
circuit current reached
compared to case2.
Neigh: L2+=98.05
L5+=-91.16 L7+=91.89
Ship:L9+=252.8

Lower oscillations
present:node
voltage
and line current
plots compared to
case2.

A=100

Equilibrium node
voltage achieved
after fault occurrence
increases compared
- case1.
Neigh: V3+=234.1
V3n= 212.9
Ship: V10+=224.2
V10n=212

Higher peak short
circuit current reached
compared to case1.
Neigh: L2+=200.7
L5+=-200.7 L7+=171.7
Ship:L9+=424.3

Higher oscillations
present: node
voltage
and line current
plots compared to
case1.

A=400

Equilibrium node
voltage achieved
after fault occurrence
highest compared
- all cases.
Neigh: V3+=234.6
V3n= 213.3
Ship: V10+=224.6
V10n=212.1

Highest peak short
circuit current reached
compared to all cases
Neigh: L2+=220.8
L5+=-220.8 L7+=183.6
Ship:L9+=439.6

Highest oscillations
present: node
voltage
and line current
plots compared to
allcases.

7.3.4. Cable length

In this analysis, first the length of the cable is varied, the rest of the active parameter’s values are
maintained as it is in the default condition. This cable length value is varied in both the ship and
neighbourhood bipolar distribution system. The length of all the cables in the neighbourhood distribution
system is taken as 100m and for the ship distribution system the cable length values are already shown
in table4.3. The cable length for this analysis is varied and studied for three different cable length
configurations in order to properly assess the influence of cable length in the system performance and
line currents achieved during short circuit. The cable length value is increased and decreased with
respect to the default case value. This analysis is done for both the pole to pole and pole to neutral
fault. In the neighbourhood system each of the cable length values chosen for this analysis are 50,200
500(m). For the ship distribution system as there are different lines with different cable length involved,
so the cable length variation utilized for the previous sensitivity and stability analysis shown in table7.7
is considered for this analysis. For these set cable length values the node voltages, line currents are
analysed separately for both these short circuit faults.

First variation can be seen in the line currents plots of the pole to pole and pole to neutral faults
for both the distribution systems. As the cable length values are increased, the peak short circuit
current reached by the lines connected to faulted node also decreases. This is due to the cable’s
active parameters also increasing as the cable length increases. The oscillations present in both the
line currents and node voltages plots decreases with the cable length increase. This trend is seen to be
similar for both the pole to pole and pole to line fault. The influence of the cable length variation in the
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line currents plots for both the pole to pole and pole to neutral faults can be seen in Fig7.39-7.42. The
peak magnitude of the short circuit current achieved by both the distribution system after each of the
faults occurs is noted and presented with the inference from the analysis in table7.14 and 7.15. In the
pole to pole fault there is a greater drop of peak magnitude of the short circuit current as the cable length
value is increased compared to the pole to neutral fault. For the node voltages plots, the equilibrium
node voltage achieved after the fault and the oscillation present in the plots decreases as the cable
length is increased. The influence of the cable length variation in the node voltage plots for both the
pole to pole and pole to neutral faults can be seen in Fig7.43-7.46. So, it is inferred through these
plots, that as the cable length value is increased this leads to the peak short circuit current reached by
the lines connected to faulted node to decrease, the equilibrium node voltage achieved after the fault
decreases and also the oscillations present in the system decreases for both the faults. A summary
table of the findings from this short circuit analysis carried out for the cable length variation is shown
table7.14 and 7.15. below.
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Figure 7.39: Influence of cable length variation in the pole to pole fault line current plots of neighbourhood system
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Line Currents of the Bipolar Ship System (P-P Fault)
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Figure 7.40: Influence of cable length variation in the pole to pole fault line current plots of ship system

Line Currents of the Bipolar Neighbourhood System(Pole-Neutral)
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Figure 7.41: Influence of cable length variation in the pole to neutral fault line current plots of neighbourhood system
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Figure 7.42: Influence of cable length variation in the pole to neutral fault line current plots of ship system
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Figure 7.43: Influence of cable length variation in the pole to pole fault node voltage plots of neighbourhood system
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Node Voltages of the Bipolar Ship System (P-P Fault)
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Figure 7.44: Influence of cable length variation in the pole to pole fault node voltage plots of ship system

Node Voltages of the Bipolar Neighbourhood System (Pole-Neutral)
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Figure 7.45: Influence of cable length variation in the pole to neutral fault node voltage plots of neighbourhood system
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Figure 7.46: Influence of cable length variation in the pole to neutral fault node voltage plots of ship system

Table 7.14: Inference from the pole to pole fault analysis carried out for the cable length variation

Cable Length
(m) Node voltage Line current

(PeakIsc (A)) Oscillations

Neighbourhood system:
Length=50
Ship system:
Configuration 1

Equilibrium node
voltage achieved
after faultoccurrence
increases compared-
case2.
Neigh: V3+= 154.3
Ship:V10+=14.05

Higher peak short
circuit current
reached
compared to case2.
Neigh: L2+=316.8
L5+=-316.1
L7+=312.8
Ship:L9+=5805

Higher oscillations
present: node
voltage
and line
current
plots compared to
case2.

Length=200
Configuration2

Equilibrium node
voltage achieved
after faultoccurrence
decreases compared
- case1.
Neigh: V3+=145.2
Ship:V10+=13.26

lower peak short
circuit current
reached
compared to case1.
Neigh: L2+=246.6
L5+=-240.6
L7+=244.2
Ship:L9+=3862

lesser oscillations
present: node
voltage and
line current
plots compared to
case1.

Length=500
Configuration3

Equilibrium node
voltage achieved
after fault occurrence
lowest compared-
all cases.
Neigh: V3+=129.8
Ship:V10+=12.55

lowest peak short
circuit current
reached
compared to all cases
Neigh: L2+=189.2
L5+=-182.3
L7+=185.3
Ship:L9+=2983

Lowest oscillations
present: node
voltage
and line current
plots compared to
all cases.
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Table 7.15: Inference from the pole to neutral fault analysis carried out for the cable length variation

Cable Length
(m) Node voltage Line current

(PeakIsc (A)) Oscillations

Neighbourhood
system:
Length=50
Ship system:
Configuration 1

Equilibrium node
voltage achieved
after faultoccurrence
increases compared
- case2.
Neigh: V3+= 234.2
V3n= 212.2
Ship: V10+=222.4
V10n=211.2

Higher peak short
circuit current
reached
compared to case2.
Neigh: L2+=157.5
L5+=-158.2
L7+=151.2
Ship:L9+=312.4

Higher
oscillations
present: node
voltage
and line
current
plots compared to
case2.

Length=200
Configuration2

Equilibrium node
voltage achieved
after faultoccurrence
decreases compared- case1.
Neigh: V3+=233.2
V3n=208.6
Ship: V10+=222.1
V10n=210.2

lower peak short
circuit current
reached
compared to case1.
Neigh: L2+=119.7
L5+=-114.6
L7+=116.5
Ship:L9+=278.4

lesser
oscillations
present: node
voltage and
line current
plots compared to
case1.

Length=500
Configuration3

Equilibrium node
voltage achieved
after faultoccurrence
lowest compared-
all cases.
Neigh: V3+=231.7
V3n= 205.2
Ship: V10+=221.6
V10n=209.2

lowest peak short
circuit current
reached
compared to all cases
Neigh: L2+=94.87
L5+=–90.49
L7+=90.61
Ship:L9+=253.4

Lowest
oscillations
present: node
voltage
and line current
plots compared to
all cases.



94 7. Results and Discussion

7.4. Accuracy Analysis

7.4.1. Description

This accuracy analysis is performed to validate the accuracy of the model by breaking the distribution
system lines into smaller sections and simulating it. The results obtained from these broken down mod-
els are compared to analyse the accuracy of the state space approach based dynamic models. This
modelling approach, takes a non-transient model with a lumped element representation of the distribu-
tion line parameters. So this model neglects the frequency dependent effects and propagation delay
present in the system . For that reason, it is necessary to analyse the accuracy of these models utilized
in this thesis. As mentioned in several literature [12][15][16]the propagation delay can be neglected by
the distribution system, if the length of the distribution lines in the system are smaller than the signal
wavelength. For this analysis a sample 2 node 1line distribution system is formulated through the dy-
namic modelling approach. The frequency of the signal in this distribution system is assessed to be
3MHz. The system lines are broken down into smaller sections ( Smaller than the wavelength)and the
resulting accuracy analysis results are compared with the dynamic model results.

7.4.2. Analysis

In this approach, the 2 node 1 line sample bipolar system formulated is set as the default dynamic
model. The rest of the broken down models results are compared with this default case results inorder
to assess the accuracy of the dynamic model. The length of the lines or cable is set to be 100m and
the cable cross section is 30 mm2. The length of the distribution lines is broken into smaller sections
compared to the wavelength, in order to neglect the frequency dependent effects and propagation
delay present in the system and making the system results more accurate. This Bipolar neighbourhood
system is broken down in terms of four cases, as shown in the table 7.16 below.

In any case the first node is connected to a droop source and the last node of the bipolar system is
connected to a load node. The converters are set to be connected only to these two nodes (i.e source
and load node). At 20ms is the only time instance where the load is turned on and takes in 1500 W.
For the rest of the time it is switched off. These conditions and smaller system is mainly considered to
reduce the simulation time as the line divisions increases. For these set conditions all the four cases
are simulated and the results of the node voltages and line current plots are shown in Fig7.47 and 7.48.

In this accuracy analysis, it can be seen from the plots that as the line division increases, at the
instance when the load is turned on the amplitude of oscillations present in both the node voltage and
line currents plots increases. This is due to increase in line division, even slightest of variation in the
system causes increase in the system oscillation. The oscillations present in the line current plots can
be seen more significantly, analysing that further. It is seen that the oscillation period after the load is
turned on also increases as the line division increases. The accuracy of the dynamic model that has
utilised lumped element pi lines (non transient), through these plots it can be assessed that the results
obtained are from the dynamic models are closely accurate, when compared to the results of the system
with greater line division that has neglected the frequency dependent effects and propagation delay
due to its lines being shorter than wavelength. Only when the load is turned on the initial oscillation
set by these systems are different, but the equilibrium node voltage and line currents achieved are
same. Based on these results it can be adjudged that the dynamic models is a largely accurate model.
The main cable length is 100m here, which is a short cable that could have led to lesser differences.
When longer cable lengths are divided in to very short lines (greater line divisions) then the system
oscillation and performance is expected to be different for each of the load variation and the difference
would be significantly higher[8] and[90]. Also the simulation time for these models will be significantly
higher. So then, the accuracy of the dynamic model results could be lower as the system oscillation
and performance will be varied, when compared to system with longer cables.
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Table 7.16: Bipolar Distribution system line breakdown case details

Case Division Nodes Lines Length per line (m)
Default 1 2 1 100
Case1 10 11 10 10
Case2 50 51 50 2
Case 3 100 101 100 1

Node Voltages of the Bipolar Neighbourhood System (Accuracy Analysis)

Time (s)

V
o

lt
a
g

e
 (

V
)

0 0.01 0.02 0.03 0.04 0.05
348.8

349

349.2

349.4

349.6

349.8

350

350.2
Cable length=100m(Division-1)

V
1+

V
2+

0 0.01 0.02 0.03 0.04 0.05
348.8

349

349.2

349.4

349.6

349.8

350

350.2
Cable length=10m (Divisions-10)

V
1+

V
11+

0 0.01 0.02 0.03 0.04 0.05
348.8

349

349.2

349.4

349.6

349.8

350

350.2
Cable length=2m (Divisions-50)

V
1+

V
51+

0 0.01 0.02 0.03 0.04 0.05
348.8

349

349.2

349.4

349.6

349.8

350

350.2
Cable length=1m (Divisions-100)

V
1+

V
101+

Figure 7.47: Node voltage plots of sample system resulting from the accuracy analysis

Line Currents of the Bipolar Neighbourhood System(Accuracy Analysis)
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Figure 7.48: Line current plots of bipolar system resulting from the accuracy analysis
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7.4.3. Short circuit studies

The short circuit studies are also performed on these distribution system models in order to assess the
cable division’s influence in the peak short circuit current reached by the system. The pole-pole fault
occurs on the node that is present right in the middle of the source and the load node. The lines that
are connected to that faulted node are specially assessed and the peak short circuit current reached
by these lines are noted down. For ex: if the sample system has 50nodes and 49 lines, then the fault
is set to occur at node 25(median) and the lines connected to this node (line 24 and 25) are assessed
during fault occurrence. The converters are set to be connected only to these three nodes (i.e source,
load and faulted node).

The load is turned on and takes in 1500 W during the time period 20ms till 50ms. For the rest of the
time instances it is turned off. The pole to pole fault is considered to occur at t=30ms. The calculated
equivalent resistance of these systems is 2.16 Ω. The pole to pole fault procedure followed is already
explained in sec6.2.1. The bipolar distribution system division is same as it was previously mentioned
in table7.16. The only difference is that the default case lines are now broken down into two divisions
having three nodes and two lines in order to accommodate the faulted node.

The resulting plots from the pole to pole fault analysis for the node voltage and line current are shown
in Fig7.49 and fig 7.50 below. It can be seen from the node voltage plots that after the pole to pole fault
occurrence, the equilibrium node voltage achieved by the droop node and the faulted node decreases
as the line division increases. The last node and the faulted node have the same node voltages with
very slight difference can be seen in the plots when it’s zoomed in. From the line current plots it can
be seen that after the pole to pole fault occurs, the peak short circuit current magnitude achieved by
the lines connected to the faulted node increases as the line division increases. The magnitude of
peak short circuit current reached for the default case(Divisions-2) is 233.8 A and for the fifty divisions
case the peak short circuit current reached is 244 A. This difference generates the error percentage
of the dynamic model calculated to be 10.2 % for the short circuit studies. Based on this analysis it
can be inferred that greater the line divisions shorter than the signal wavelength, higher would be the
magnitude of short circuit current reached by the system in turn lowering the equilibrium node voltage
achieved after the fault instance.
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Figure 7.49: Node voltage plots of bipolar system resulting from the pole to pole fault analysis
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Line Currents of the Bipolar Neighbourhood System (Short Circuit)
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Figure 7.50: Line current plots of bipolar system resulting from the pole to pole fault analysis

7.5. Summary

In this chapter all the results from the different analyses i.e the sensitivity, stability, short circuit and ac-
curacy analysis that is performed in both neighbourhood and ship distribution system were discussed.
The influence of cable’s active parameter’s variation on the system performance and stability was anal-
ysed and conclusions are drawn based on the results obtained. Also to validate the accuracy of the
dynamic distribution system models, the results from the accuracy analysis performed was discussed.
The results from all these analyses mentioned above would surely help in better assessment and de-
signing of the LVDC cables and it supports in formulating the ideal LVDC cable characteristics, as all
the active parameters are varied to get this comprehensive outlook.





8
Inference

8.1. Conclusion

The main objective of this thesis is to formulate the optimal characteristics of the LVDC cables based
on the outcomes of the different analyses performed during the thesis. The results generated from the
sensitivity, stability and short circuit analyses performed is collectively analysed and then the optimal
characteristics of the LVDC cables are defined.

The two LVDC state space based dynamic distribution system model namely: a neighbourhood dis-
tribution system and a ship distribution system in their monopolar and bipolar configuration are firstly
formulated. Then the LVDC cables are incorporated as lines into these models. The Matlab environ-
ment was utilized for formulating and simulating the complete LVDC distribution system models. The
sensitivity, stability, short circuit and accuracy analyses are performed on the formulated distribution
system model. The conclusion of this thesis can be drawn by answering the following research ques-
tions.

1. How does the performance and the stability of the LVDC neighbourhood and ship distribution
systems gets influenced when each of the active cable and system (system parameters which has
influence on the cable) parameters are varied individually?

The inference derived from the sensitivity and stability analysis performed on the DC distribution
models, when the active parameters are varied are entailed as follows. The performance of the distri-
bution system (i.e. the node voltage and line current) and the stability of the distribution system (i.e.
eigenvalue plots)are closely looked upon to formulate the inference.

• Firstly , as the cable inductance value is decreased this leads to the distribution systems become
more stable and fewer oscillations are present. This inductance variation has no distinct effect
on the equilibrium node voltage and line current achieved by the distribution system.

• Secondly, as the cable cross-section value is decreased the cable resistance increases and this
leads to the distribution systems become more stable, node voltage decreases and fewer oscil-
lations are present.

• Thirdly as the line capacitance is increased this leads to the distribution systems become less
stable, the oscillation present in the system increases.

• Fourthly, as the load and source converter capacitance is decreased this leads to the distribution
systems become more stable and fewer oscillations are present. The equilibrium node voltages
and line currents achieved are not affected by the load and source converter capacitance varia-
tion.

• Fifthly as the droop impedance is increased, this leads to the distribution systems become less
stable and more oscillations are present. The equilibrium node voltages decreases and the rise
and drop of oscillating line currents increases as the as the droop impedance is increased.
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• Finally, as the cable length is decreased this leads to the distribution systems become more
stable, more stable equilibrium node voltage is achieved, and fewer oscillations are present. As
the cable length is decreased this leads the rise and drop of the oscillating line current and the
node voltages achieved by the system to decrease and become more stable with less oscillation.

2. How influential are each of the cable‘s active parameters on limiting the effect of the short circuit
in the distribution systems modelled?

Based on the results obtained from the pole to pole and pole to neutral fault analysis (SCA) is
performed on both the neighbourhood and ship distribution system. The cable’s active parameters
variation is seen to have an influence on the system performance and the line current during short
circuit condition. It is seen through the result that it could also limit the effect of short circuit on the
distribution system. The general trend of the system performance and line current achieved during
short circuit due to this cable’s active parameter variation is observed.

• Firstly as the cable inductance value is decreased this leads to the peak short circuit current
reached by the lines connected to faulted node for both the faults to decrease and also the oscil-
lations present in the system decreases. This inductance variation has no distinct effect on the
decay curve and equilibrium node voltage achieved by the distribution system.

• Secondly as the cable capacitance value is decreased this leads to the peak short circuit current
reached by the lines connected to faulted node for both the faults remains same and the oscilla-
tions present in the system remain similar throughout This capacitance variation has no distinct
effect on the decay curve and equilibrium node voltage achieved by the distribution system.

• Thirdly as the cable cross section value is decreased this leads to the peak short circuit current
reached by the lines connected to faulted node to decrease, the equilibrium node voltage achieved
after the fault decreases and also the oscillations present in the system decreases for both the
faults.

• Finally as the cable length value is increased this leads to the peak short circuit current reached
by the lines connected to faulted node to decrease, the equilibrium node voltage achieved after
the fault decreases and also the oscillations present in the system decreases for both the faults.

3. How should the optimal LVDC cable’s active parameters look in order to provide the ideal perfor-
mance expected by the users? Also comment on the accuracy of the dynamic models utilised for the
simulation.

After collectively assessing each of the active cable parameters variation’s influence on the perfor-
mance, oscillations and stability of the distribution system. Based on the results from the sensitivity,
stability, short circuit and accuracy analyses, the optimal characteristics of the formulated LVDC cable
should be as follows to

• Firstly the cable inductance rating needs to be lowered in the cable design to get better cable
performance and higher system protection with improved stability.

• Secondly, the cable resistance needs to be increased in order to get better cable performance
and higher system protection with improved stability.

• Thirdly, the cable capacitance needs to be lowered in the cable design to get better cable perfor-
mance and higher system protection with improved stability.

• Finally, in the case of cable length, it needs to be short to get better system performance and
when it’s long it provides better system protection. The pathway to formulate this optimal LVDC
cable is presented in section 8.2.

The accuracy of the dynamic model that has utilised lumped element pi lines (non transient), through
these plots it can be assessed that the results obtained are from the dynamic models are closely ac-
curate, when compared to the results of the system with greater line division that has neglected the
frequency dependent effects and propagation delay due to its lines being shorter than wavelength. Only
when the load is turned on the initial oscillation set by these systems are different, but the equilibrium
node voltage and line currents achieved are same.
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8.2. LVDC Cable optimal characteristics

The optimal LVDC cable’s active parameters need to follow a certain trend, to provide the ideal per-
formance expected by the system user. Here the ideal performance means set better system perfor-
mances and provide better system stability throughout the operation. Also the cable’s active parameters
has the ability to influence the system to generate lower short circuit peak magnitude in order to protect
the system during fault. In order to achieve these optimal characteristics the cable’s active parameters
needs to follow a certain trend. This certain trend has been formulated by analysing all the results from
the stability, sensitivity, accuracy and the short circuit analysis performed during this thesis. The cable
inductance, capacitance needs to be lower and the cable resistance needs to be increased in order to
get better cable performance and higher system protection with improved stability. But in the case of
cable length, it needs to be short to get better system performance and when it’s long it provides better
system protection. In the upcoming paragraphs, the pathway to formulate this optimal LVDC cable is
explained.

Firstly the cable inductance being one among the influential active parameter, its rating needs to
be lowered in the cable design to get better cable performance and higher system protection with
improved stability. This conclusion is solely based on studying the results derived from the different
analyses carried out in this thesis. To achieve lower cable inductance several pathways are available,
these pathways are further discussed here. The cable inductance of a single core cable is defined in
equ(5.15)[86] the effective self-inductance of the cable can be reduced by reducing the thickness of
the outer sheath and increasing the area of the conductor present in the cable. This would lead to
the reduction of self-inductance of the single core cable. For the multiconductor cable the inductance
is defined in equ(5.16)[86], the inductance of the cable can be reduced by reducing the equidistant
spacing between the conductors and increasing the geometric radius of conductor present in the cable.
Following this, would reduce the inductance of the cable. The cable needs to be shorter in length,
minimising the separation between the conductors and this reduces the cable inductance. For a Bipolar
two line system, when the twisting arrangements of cables are used. It is seen to reduce the inductance
of the cable as the magnetic field of cables is reduced leading to reduction in inductance [31].

Secondly, the cable resistance needs to be increased in order to get better cable performance and
higher system protection with improved stability. To achieve higher cable resistance several pathways
are available, these pathways are further discussed here. The resistance of the cable is given by
equ(5.11)[86]., the cross section area of the cable needs to be reduced to get higher resistance as they
both are inversely proportional to each other. The cross section area of the cable can be reduced by
reducing the equidistant spacing between the conductor by having a tightly packed cable with reduced
separation distance between the conductors. Also decreasing the thickness of the external sheath of
the cable could help in reducing the cable area and increasing the cable resistance. When the length
of the cable is longer it is directly proportional to the resistance increasing the cable resistance. By
replacing the conductor material of the cable with the conductor having higher resistivity increases the
cable resistance. Also, decreasing the thickness of the insulation layer will lead to decrease in the
cross section area leading to increase in the resistance of the cable[31].

Finally, the cable capacitance needs to be lowered in the cable design to get better cable per-
formance and higher system protection with improved stability. To achieve lower cable capacitance
several pathways are available, these pathways are further discussed here. Firstly, the capacitance
of the single core cable is defined in equ (5.12)[8]. The capacitance of these cables can be reduced
by increasing the thickness of the cable sheath, having shorter cable length, utilising certain insulation
material for the cable with lower relative permittivity and reducing the radius of the conductor material
used in the cable will lead to the cable capacitance rating to be reduced. Secondly, the pole-pole ca-
pacitance of multi conductor cable is defined in equ(5.13)[12]. The capacitance of these cables can
be reduced by increasing the spacing between the conductors, having shorter cable length, utilising
certain insulation material for the cable with lower relative permittivity and reducing the radius of the
conductor material used in the cable will lead to the cable capacitance rating to be reduced[8]. The
insulation layer also influences the cable capacitance, as the thickness of the layer increases the cable
capacitance gets reduced[90].
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These were the pathway to formulate an optimal LVDC cable, where the optimal characteristics of
the LVDC cable were defined based on the results from different analyses conducted during this thesis.

8.3. Future Scope

This thesis work could be further taken forward by carrying out research on these recommended parts
presented below.

• The influence of the damping factor of the cable in the performance and the stability of the system
could be further researched.As the increase in damping factor of the cable would reduce the
oscillations present in the system[31]. Also the damping factor unites all the active parameters of
the cable and the results produced based on the damping factor of the cable would be a significant
additions.

• Based on the LVDC optimal characterstics section presented in the thesis, the optimal LVDC
cable can be formulated on COMSOL. For different cable configuration the FEM simulations could
be performed to assess the electric field distribution under different test conditions(i.e Moisture
ingress and introducing elliptical voids in the cable).The electric field distribution analysis would
be significant in assessing the stability of the cable and cable failure occurrence of the formulated
LVDC cable[9].
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A
Derivation

In this appendix, the bipolar configuration of a 3 node 2 line state equation derivation is explained. The
monopolar configuration is easier to derive in comparison to Bipolar. This approach explained here can
be easily reproduced to derive the state equation numerically for any DC distribution system designed,
if the steps are followed properly.

Figure A.1: Three node,two line Bipolar DC system

The state equation is usually defined in the state space approach by the equ (A.1)shown below.

�̇� = A ⋅ 𝑥 + B ⋅ 𝑢 (A.1)

First step, in this approach is to define the incidence matrix of the DC distribution system. The incidence
matrix of the 3 node, 2 line bipolar system is given by equ (A.2)

Γ =

⎡
⎢
⎢
⎢
⎢
⎣

1 0 0 −1 0 0 0 0
0 1 0 0 −1 0 0 0
0 0 1 0 0 −1 0 0
0 0 0 1 0 0 0 0
0 0 0 0 1 0 −1 0
0 0 0 0 0 1 0 −1

⎤
⎥
⎥
⎥
⎥
⎦[(𝑙1+⋯𝑙2−),(𝑛1+⋯𝑛3−)]

(A.2)

The second step is to choose the state variables of the DC distribution system, that would return as
output from solving the state equation of the system. Here in this system, the state variables are taken
as 𝑈𝑛 (voltage at each node) and 𝐼𝑙 (current at each distribution line) present in the DC distribution
system.

The net current(𝐼𝑛𝑒𝑡) flowing into each node is given by equ(A.3) and the voltage over the inductance
present in each distribution line(𝑈𝐿) is given by equ(A.4).
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𝐼𝑛𝑒𝑡 = 𝐶
𝑑𝑈𝑛
𝑑𝑡 = 𝐶�̇�𝑛 (A.3)

𝑈𝐿 = 𝐿
𝑑𝐼𝑙
𝑑𝑡 = 𝐿

̇𝐼𝑙 (A.4)

Applying KCL at Node 1+

𝐼𝑛1+ = 𝐶1+�̇�𝑛1+ + 𝐶1+𝑁(�̇�𝑛1+ − �̇�𝑛1𝑁) + 𝐶1+−(�̇�𝑛1+ − �̇�𝑛1−) + 𝐺1+𝑈𝑛1+
+ 𝐺1+𝑁(𝑈𝑛1+ − 𝑈𝑛1𝑁) + 𝐺1+−(𝑈𝑛1+ − 𝑈𝑛1−) + 𝐼𝑙1+

(A.5)

Applying KCL at Node 1N

𝐼𝑛1𝑁 = 𝐶1𝑁�̇�𝑛1𝑁 + 𝐶1𝑁+(�̇�𝑛1𝑁 − �̇�𝑛1+) + 𝐶1𝑁−(�̇�𝑛1𝑁 − �̇�𝑛1−) + 𝐺1𝑁𝑈𝑛1𝑁
+ 𝐺1𝑁+(𝑈𝑛1𝑁 − 𝑈𝑛1+) + 𝐺1𝑁−(𝑈𝑛1𝑁 − 𝑈𝑛1−) + 𝐼𝑙1𝑁

(A.6)

Applying KCL at Node 1-

𝐼𝑛1− = 𝐶1−�̇�𝑛1− + 𝐶1−𝑁(�̇�𝑛1− − �̇�𝑛1𝑁) + 𝐶1−+(�̇�𝑛1− − �̇�𝑛1+) + 𝐺1−𝑈𝑛1−
+ 𝐺1−𝑁(𝑈𝑛1− − 𝑈𝑛1𝑁) + 𝐺1−+(𝑈𝑛1− − 𝑈𝑛1+) + 𝐼𝑙1−

(A.7)

Converting the KCL applied at Node 1 into Matrix form

[
𝐶1+ + 𝐶1+𝑁 + 𝐶1+𝑁 −𝐶1+𝑁 −𝐶1+−

−𝐶1𝑁+ 𝐶1𝑁 + 𝐶1𝑁+ + 𝐶1𝑁− −𝐶1𝑁−
−𝐶1−+ −𝐶1−𝑁 𝐶1− + 𝐶1−𝑁 + 𝐶1−+

] [
�̇�𝑛1+
�̇�𝑛1𝑁
�̇�𝑛1−

] =

[
𝐼𝑛1+
𝐼𝑛1𝑁
𝐼𝑛1−

] − [
𝐼𝑙1+
𝐼𝑙1𝑁
𝐼𝑙1−

] − [
𝐺1+ + 𝐺1+𝑁 + 𝐺1+𝑁 −𝐺1+𝑁 −𝐺1+−

−𝐺1𝑁+ 𝐺1𝑁 + 𝐺1𝑁+ + 𝐺1𝑁− −𝐺1𝑁−
−𝐺1−+ −𝐺1−𝑁 𝐺1− + 𝐺1−𝑁 + 𝐺1−+

] [
𝑈𝑛1+
𝑈𝑛1𝑁
𝑈𝑛1−

]

(A.8)

Applying KCL at Node 2+

𝐼𝑙1+ + 𝐼𝑛2+ = 𝐶2+�̇�𝑛2+ + 𝐶2+𝑁(�̇�𝑛2+ − �̇�𝑛2𝑁) + 𝐶2+−(�̇�𝑛2+ − �̇�𝑛2−) + 𝐺2+𝑈𝑛2+
+ 𝐺2+𝑁(𝑈𝑛2+ − 𝑈𝑛2𝑁) + 𝐺2+−(𝑈𝑛2+ − 𝑈𝑛2−) + 𝐼𝑙2+

(A.9)

Applying KCL at Node 2N

𝐼𝑙1𝑁 + 𝐼𝑛2𝑁 = 𝐶2𝑁�̇�𝑛2𝑁 + 𝐶2𝑁+(�̇�𝑛2𝑁 − �̇�𝑛2+) + 𝐶2𝑁−(�̇�𝑛2𝑁 − �̇�𝑛2−) + 𝐺2𝑁𝑈𝑛2𝑁
+ 𝐺2𝑁+(𝑈𝑛2𝑁 − 𝑈𝑛2+) + 𝐺2𝑁−(𝑈𝑛2𝑁 − 𝑈𝑛2−) + 𝐼𝑙2𝑁

(A.10)

Applying KCL at Node 2-

𝐼𝑙1− + 𝐼𝑛2− = 𝐶2−�̇�𝑛2− + 𝐶2−𝑁(�̇�𝑛2− − �̇�𝑛2𝑁) + 𝐶2−+(�̇�𝑛2− − �̇�𝑛2+) + 𝐺2−𝑈𝑛2−
+ 𝐺2−𝑁(𝑈𝑛2− − 𝑈𝑛2𝑁) + 𝐺2−+(𝑈𝑛2− − 𝑈𝑛2+) + 𝐼𝑙2−

(A.11)

Converting the KCL applied at Node 2 into Matrix form

[
𝐶2+ + 𝐶2+𝑁 + 𝐶2+𝑁 −𝐶2+𝑁 −𝐶2+−

−𝐶2𝑁+ 𝐶2𝑁 + 𝐶2𝑁+ + 𝐶2𝑁− −𝐶2𝑁−
−𝐶2−+ −𝐶2−𝑁 𝐶2− + 𝐶2−𝑁 + 𝐶2−+

] [
�̇�𝑛2+
�̇�𝑛2𝑁
�̇�𝑛2−

] =

[
𝐼𝑛2+
𝐼𝑛2𝑁
𝐼𝑛2−

] − [
𝐼𝑙2+ − 𝐼𝑙1+
𝐼𝑙2𝑁 − 𝐼𝑙1𝑁
𝐼𝑙2− − 𝐼𝑙1−

] − [
𝐺2+ + 𝐺2+𝑁 + 𝐺2+𝑁 −𝐺2+𝑁 −𝐺2+−

−𝐺2𝑁+ 𝐺2𝑁 + 𝐺2𝑁+ + 𝐺2𝑁− −𝐺2𝑁−
−𝐺2−+ −𝐺2−𝑁 𝐺2− + 𝐺2−𝑁 + 𝐺2−+

] [
𝑈𝑛2+
𝑈𝑛2𝑁
𝑈𝑛2−

]

(A.12)
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Applying KCL at node 3+

𝐼𝑙2+ + 𝐼𝑛3+ = 𝐶3+�̇�𝑛3+ + 𝐶3+𝑁(�̇�𝑛3+ − �̇�𝑛3𝑁) + 𝐶3+−(�̇�𝑛3+ − �̇�𝑛3𝑛) + 𝐺3+𝑈𝑛3+
+ 𝐺3+𝑁(𝑈𝑛3+ − 𝑈𝑛3𝑁) + 𝐺3+−(𝑈𝑛3+ − 𝑈𝑛3−)

(A.13)

Applying KCL at Node 3N

𝐼𝑙2𝑁 + 𝐼𝑛3𝑁 = 𝐶3𝑁�̇�𝑛3𝑁 + 𝐶3𝑁+(�̇�𝑛3𝑁 − �̇�𝑛3+) + 𝐶3𝑁−(�̇�𝑛3𝑁 − �̇�𝑛3−) + 𝐺3𝑁𝑈𝑛3𝑁
+ 𝐺3𝑁+(𝑈𝑛3𝑁 − 𝑈𝑛3+) + 𝐺3𝑁−(𝑈𝑛3𝑁 − 𝑈𝑛3−)

(A.14)

Applying KCL at Node 3-

𝐼𝑙2− + 𝐼𝑛3− = 𝐶3−�̇�𝑛3− + 𝐶3−𝑁(�̇�𝑛3− − �̇�𝑛3𝑁) + 𝐶3−+(�̇�𝑛3− − �̇�𝑛3+) + 𝐺3−𝑈𝑛3−
+ 𝐺3−𝑁(𝑈𝑛3− − 𝑈𝑛3𝑁) + 𝐺3−+(𝑈𝑛3− − 𝑈𝑛3+)

(A.15)

Converting the KCL applied at Node 3 into Matrix form

[
𝐶3+ + 𝐶3+𝑁 + 𝐶3+𝑁 −𝐶3+𝑁 −𝐶3+−

−𝐶3𝑁+ 𝐶3𝑁 + 𝐶3𝑁+ + 𝐶3𝑁− −𝐶3𝑁−
−𝐶3−+ −𝐶3−𝑁 𝐶3− + 𝐶3−𝑁 + 𝐶3−+

] [
�̇�𝑛3+
�̇�𝑛3𝑁
�̇�𝑛3−

] =

[
𝐼𝑛3+
𝐼𝑛3𝑁
𝐼𝑛3−

] − [
𝐼𝑙2+
𝐼𝑙2𝑁
𝐼𝑙2−

] − [
𝐺3+ + 𝐺3+𝑁 + 𝐺3+𝑁 −𝐺3+𝑁 −𝐺3+−

−𝐺3𝑁+ 𝐺3𝑁 + 𝐺3𝑁+ + 𝐺3𝑁− −𝐺3𝑁−
−𝐺3−+ −𝐺3−𝑁 𝐺3− + 𝐺3−𝑁 + 𝐺3−+

] [
𝑈𝑛3+
𝑈𝑛3𝑁
𝑈𝑛3−

]

(A.16)

Applying KVL between Node1+ and Node 2+

𝑈𝑛1+ − 𝑅𝑙1+𝐼𝑙1+ − 𝐿𝑙1+ ̇𝐼𝑙1+ − 𝑈𝑛2+ −𝑀1+𝑁 ̇𝐼𝑙1𝑛 −𝑀1+− ̇𝐼𝑙1− = 0 (A.17)

Applying KVL between Node1N and Node 2N

𝑈𝑛1𝑁 − 𝑅𝑙1𝑁𝐼𝑙1𝑁 − 𝐿𝑙1𝑁 ̇𝐼𝑙1𝑁 − 𝑈𝑛2𝑁 −𝑀1𝑁+ ̇𝐼𝑙1+ −𝑀1𝑁− ̇𝐼𝑙1− = 0 (A.18)

Applying KVL between Node1- and Node 2-

𝑈𝑛1− − 𝑅𝑙1−𝐼𝑙1− − 𝐿𝑙1− ̇𝐼𝑙1− − 𝑈𝑛2− −𝑀1−+ ̇𝐼𝑙1+ −𝑀1−𝑁 ̇𝐼𝑙1𝑁 = 0 (A.19)

Converting the KVL applied between Node 1 and Node 2 into Matrix form

[
𝐿𝑙1+ 𝑀1+𝑁 𝑀1+−
𝑀1𝑁+ 𝐿𝑙1𝑁 𝑀1𝑁−
𝑀1−+ 𝑀1−𝑁 𝐿𝑙1−

] [
̇𝐼𝑙1+
̇𝐼𝑙1𝑁
̇𝐼𝑙1−
] = [

𝑈𝑛1+ − 𝑈𝑛2+
𝑈𝑛1𝑁 − 𝑈𝑛2𝑁
𝑈𝑛1− − 𝑈𝑛2−

] − [
𝑅𝑙1+ 0 0
0 𝑅𝑙1𝑁 0
0 0 𝑅𝑙1−

] [
𝐼𝑙1+
𝐼𝑙1𝑁
𝐼𝑙1−

] (A.20)

Applying KVL between Node2+ and Node 3+

𝑈𝑛2+ − 𝑅𝑙2+𝐼𝑙2+ − 𝐿𝑙2+ ̇𝐼𝑙2+ − 𝑈𝑛3+ −𝑀2+𝑁 ̇𝐼𝑙2𝑛 −𝑀2+− ̇𝐼𝑙2− = 0 (A.21)

Applying KVL between Node2N and Node 3N

𝑈𝑛2𝑁 − 𝑅𝑙2𝑁𝐼𝑙2𝑁 − 𝐿𝑙2𝑁 ̇𝐼𝑙2𝑁 − 𝑈𝑛3𝑁 −𝑀2𝑁+ ̇𝐼𝑙2+ −𝑀2𝑁− ̇𝐼𝑙2− = 0 (A.22)

Applying KVL between Node2- and Node 3-

𝑈𝑛2− − 𝑅𝑙2−𝐼𝑙2− − 𝐿𝑙2− ̇𝐼𝑙2− − 𝑈𝑛3− −𝑀2−+ ̇𝐼𝑙2+ −𝑀2−𝑁 ̇𝐼𝑙2𝑁 = 0 (A.23)

Converting the KVL applied between Node 2 and Node 3 into Matrix form

[
𝐿𝑙2+ 𝑀2+𝑁 𝑀2+−
𝑀2𝑁+ 𝐿𝑙2𝑁 𝑀2𝑁−
𝑀2−+ 𝑀2−𝑁 𝐿𝑙2−

] [
̇𝐼𝑙2+
̇𝐼𝑙2𝑁
̇𝐼𝑙2−
] = [

𝑈𝑛2+ − 𝑈𝑛3+
𝑈𝑛2𝑁 − 𝑈𝑛3𝑁
𝑈𝑛2− − 𝑈𝑛3−

] − [
𝑅𝑙2+ 0 0
0 𝑅𝑙2𝑁 0
0 0 𝑅𝑙2−

] [
𝐼𝑙2+
𝐼𝑙2𝑁
𝐼𝑙2−

] (A.24)
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Next step is combining all the KCL applied matrix together and rearranging them in terms of state
variable. Based on the number of nodes (N) and the total number of conductors(K) present, here 𝐶𝑁𝐾
and 𝐺𝑁𝐾 gives the sum of all capacitance or conductance that is connected to the particular node and
the conductor. For example 𝐶11 gives the sum of all capacitances connected to the +conductor (1)
present at node 1.

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

�̇�𝑛1+
�̇�𝑛1𝑁
�̇�𝑛1−
�̇�𝑛2+
�̇�𝑛2𝑁
�̇�𝑛2−
�̇�𝑛3+
�̇�𝑛3𝑁
�̇�𝑛3−

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

=

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

𝐶11 −𝐶1+𝑁 −𝐶1+− 0 0 0 0 0 0
−𝐶1𝑁+ 𝐶22 −𝐶1𝑁− 0 0 0 0 0 0
−𝐶1−+ −𝐶1−𝑁 𝐶33 0 0 0 0 0 0
0 0 0 𝐶44 −𝐶2+𝑁 −𝐶2+− 0 0 0
0 0 0 −𝐶2𝑁+ 𝐶55 −𝐶2𝑁− 0 0 0
0 0 0 −𝐶2−+ −𝐶2−𝑁 𝐶66 0 0 0
0 0 0 0 0 0 𝐶77 −𝐶3+𝑁 −𝐶3+−
0 0 0 0 0 0 −𝐶3𝑁+ 𝐶88 −𝐶3𝑁−
0 0 0 0 0 0 −𝐶3−+ −𝐶3−𝑁 𝐶99

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

−1

(

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

𝐼𝑛1+
𝐼𝑛1𝑁
𝐼𝑛1−
𝐼𝑛2+
𝐼𝑛2𝑁
𝐼𝑛2−
𝐼𝑛3+
𝐼𝑛3𝑁
𝐼𝑛3−

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

−

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

𝐺11 −𝐺1+𝑁 −𝐺1+− 0 0 0 0 0 0
−𝐺1𝑁+ 𝐺22 −𝐺1𝑁− 0 0 0 0 0 0
−𝐺1−+ −𝐺1−𝑁 𝐺33 0 0 0 0 0 0
0 0 0 𝐺44 −𝐺2+𝑁 −𝐺2+− 0 0 0
0 0 0 −𝐺2𝑁+ 𝐺55 −𝐺2𝑁− 0 0 0
0 0 0 −𝐺2−+ −𝐺2−𝑁 𝐺66 0 0 0
0 0 0 0 0 0 𝐺77 −𝐺3+𝑁 −𝐺3+−
0 0 0 0 0 0 −𝐺3𝑁+ 𝐺88 −𝐺3𝑁−
0 0 0 0 0 0 −𝐺3−+ −𝐺3−𝑁 𝐺99

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

𝑈𝑛1+
𝑈𝑛1𝑁
𝑈𝑛1−
𝑈𝑛2+
𝑈𝑛2𝑁
𝑈𝑛2−
𝑈𝑛3+
𝑈𝑛3𝑁
𝑈𝑛3−

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

−

⎡
⎢
⎢
⎢
⎢
⎣

1 0 0 −1 0 0 0 0
0 1 0 0 −1 0 0 0
0 0 1 0 0 −1 0 0
0 0 0 1 0 0 0 0
0 0 0 0 1 0 −1 0
0 0 0 0 0 1 0 −1

⎤
⎥
⎥
⎥
⎥
⎦

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

𝐼𝑙1+
𝐼𝑙1𝑁
𝐼𝑙1−
𝐼𝑙2+
𝐼𝑙2𝑁
𝐼𝑙2−
𝐼𝑙3+
𝐼𝑙3𝑁
𝐼𝑙3−

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

)

(A.25)

Then, combining all the KVL applied matrix together and rearranging them in terms of state variable.

⎡
⎢
⎢
⎢
⎢
⎢
⎣

̇𝐼𝑙1+
̇𝐼𝑙1𝑁
̇𝐼𝑙1−
̇𝐼𝑙2+
̇𝐼𝑙2𝑁
̇𝐼𝑙2−

⎤
⎥
⎥
⎥
⎥
⎥
⎦

=

⎡
⎢
⎢
⎢
⎢
⎣

𝐿𝑙1+ 𝑀1+𝑁 𝑀1+− 0 0 0
𝑀1𝑁+ 𝐿𝑙1𝑁 𝑀1𝑁− 0 0 0
𝑀1−+ 𝑀1−𝑁 𝐿𝑙1− 0 0 0
0 0 0 𝐿𝑙2+ 𝑀2+𝑁 𝑀2+−
0 0 0 𝑀2𝑁+ 𝐿𝑙2𝑁 𝑀2𝑁−
0 0 0 𝑀2−+ 𝑀2−𝑁 𝐿𝑙2−

⎤
⎥
⎥
⎥
⎥
⎦

−1

(

⎡
⎢
⎢
⎢
⎢
⎣

1 0 0 −1 0 0 0 0
0 1 0 0 −1 0 0 0
0 0 1 0 0 −1 0 0
0 0 0 1 0 0 0 0
0 0 0 0 1 0 −1 0
0 0 0 0 0 1 0 −1

⎤
⎥
⎥
⎥
⎥
⎦

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

𝑈𝑛1+
𝑈𝑛1𝑁
𝑈𝑛1−
𝑈𝑛2+
𝑈𝑛2𝑁
𝑈𝑛2−
𝑈𝑛3+
𝑈𝑛3𝑁
𝑈𝑛3−

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

−

⎡
⎢
⎢
⎢
⎢
⎣

𝑅𝑙1+ 0 0 0 0 0
0 𝑅𝑙1𝑁 0 0 0 0
0 0 𝑅𝑙1− 0 0 0
0 0 0 𝑅𝑙2+ 0 0
0 0 0 0 𝑅𝑙2𝑁 0
0 0 0 0 0 𝑅𝑙2−

⎤
⎥
⎥
⎥
⎥
⎦

⎡
⎢
⎢
⎢
⎢
⎣

𝐼𝑙1+
𝐼𝑙1𝑁
𝐼𝑙1−
𝐼𝑙2+
𝐼𝑙2𝑁
𝐼𝑙2−

⎤
⎥
⎥
⎥
⎥
⎦

)

(A.26)
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Finally Combining (A.25) and (A.26)

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

�̇�𝑛1+
�̇�𝑛1𝑁
�̇�𝑛1−
�̇�𝑛2+
�̇�𝑛2𝑁
�̇�𝑛2−
�̇�𝑛3+
�̇�𝑛3𝑁
�̇�𝑛3−
̇𝐼𝑙1+
̇𝐼𝑙1𝑁
̇𝐼𝑙1−
̇𝐼𝑙2+
̇𝐼𝑙2𝑁
̇𝐼𝑙2−

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

=

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

𝐺11
𝐶11

𝐺1+𝑁
𝐶1+𝑁

𝐺1+−
𝐶1+−

0 0 0 0 0 0 −1
𝐶111

𝐶1+𝑁
1

𝐶1+−
0 0 0

𝐺1𝑁+
𝐶1𝑁+

𝐺22
𝐶22

𝐺1𝑁−
𝐶1𝑁−

0 0 0 0 0 0 1
𝐶1𝑁+−1

𝐶22
1

𝐶1𝑁−
0 0 0

𝐺1−+
𝐶1−+

𝐺1−𝑁
𝐶1−𝑁

𝐺33
𝐶33

0 0 0 0 0 0 1
𝐶1−+1

𝐶1−𝑁
−1
𝐶33

0 0 0
0 0 0 𝐺44

𝐶44
𝐺2+𝑁
𝐶2+𝑁

𝐺2+−
𝐶2+−

0 0 0 1
𝐶44−1

𝐶2+𝑁
−1

𝐶2+−
−1
𝐶44

1
𝐶2+𝑁

1
𝐶2+−

0 0 0 𝐺2𝑁+
𝐶2𝑁+

𝐺55
𝐶55

𝐺2𝑁−
𝐶2𝑁−

0 0 0 −1
𝐶2𝑁+1

𝐶55
−1

𝐶2𝑁−
1

𝐶2𝑁+
−1
𝐶55

1
𝐶2𝑁−

0 0 0 𝐺2−+
𝐶2−+

𝐺2−𝑁
𝐶2−𝑁

𝐺66
𝐶66

0 0 0 −1
𝐶2−+−1

𝐶2−𝑁
1
𝐶66

1
𝐶2−+

1
𝐶2−𝑁

−1
𝐶66

0 0 0 0 0 0 𝐺77
𝐶77

𝐺3+𝑁
𝐶3+𝑁

𝐺3+−
𝐶3+−

0
0 0 1

𝐶77
−1

𝐶3+𝑁
−1

𝐶3+−
0 0 0 0 0 0 𝐺3𝑁+

𝐶3𝑁+
𝐺88
𝐶88

𝐺3𝑁−
𝐶3𝑁−

0
0 0 −1

𝐶3𝑁+
1
𝐶88

−1
𝐶3𝑁−

0 0 0 0 0 0 𝐺3−+
𝐶3−+

𝐺3−𝑁
𝐶3−𝑁

𝐺99
𝐶99

0
0 0 −1

𝐶3−+
−1

𝐶3−𝑁
1
𝐶991

𝐿𝑙1+
1

𝑀1+𝑁
1

𝑀1+−
−1
𝐿𝑙1+

−1
𝑀1+𝑁

−1
𝑀1+−

0 0 0 −𝑅𝑙1+
𝐿𝑙1+−𝑅𝑙1+𝑁

𝑀1+𝑁
−𝑅𝑙1+−
𝑀1𝑁−

0 0 0
1

𝑀1𝑁+
1

𝐿𝑙1𝑁
1

𝑀1+−
−1

𝑀1𝑁+
−1
𝐿𝑙1𝑁

−1
𝑀1+−

0 0 0 −𝑅𝑙1+
𝑀1𝑁+−𝑅𝑙1𝑛

𝐿𝑙1𝑁
−𝑅𝑙1−
𝑀1𝑁−

0 0 0
1

𝑀1−+
1

𝑀1−𝑁
1

𝐿𝑙1−
−1

𝑀1−+
−1

𝑀1−𝑁
−1
𝐿𝑙1−

0 0 0 −𝑅𝑙1+
𝑀1−+

−𝑅𝑙1𝑛
𝑀1−𝑁

−𝑅𝑙1−
𝐿𝑙1−

0 0 0
0 0 0 1

𝐿𝑙2+
1

𝑀2+𝑁
1

𝑀2+−
−1
𝐿𝑙2+

−1
𝑀2+𝑁

−1
𝑀2+−

0
0 0 −𝑅𝑙2+

𝐿𝑙2+
−𝑅𝑙2𝑛
𝑀2+𝑁

−𝑅𝑙2−
𝑀2+−

0 0 0 1
𝑀2𝑁+

1
𝐿𝑙2𝑁

1
𝑀2𝑁−

−1
𝑀2𝑁+

−1
𝐿𝑙2𝑁

−1
𝑀2𝑁−

0
0 0 −𝑅𝑙2+

𝑀2𝑁+
−𝑅𝑙2𝑁
𝐿𝑙2𝑁

−𝑅𝑙2−
𝑀2𝑁−

0 0 0 1
𝑀2−+

1
𝑀2−𝑁

1
𝐿𝑙2−

−1
𝑀2−+

−1
𝑀2−𝑁

−1
𝐿𝑙2−

0
0 0 −𝑅𝑙2+

𝑀2−+
−𝑅𝑙2𝑛
𝑀2−𝑁

−𝑅𝑙2−
𝐿𝑙2−

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

∗

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

𝑈𝑛1+
𝑈𝑛1𝑁
𝑈𝑛1−
𝑈𝑛2+
𝑈𝑛2𝑁
𝑈𝑛2−
𝑈𝑛3+
𝑈𝑛3𝑁
𝑈𝑛3−
𝐼𝑙1+
𝐼𝑙1𝑁
𝐼𝑙1−
𝐼𝑙2+
𝐼𝑙2𝑁
𝐼𝑙2−

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

+

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

1
𝐶11

−1
𝐶1+𝑁

−1
𝐶1+−

0 0 0 0 0 0
−1

𝐶1𝑁+
1
𝐶22

−1
𝐶1𝑁−

0 0 0 0 0 0
−1

𝐶1−+
−1

𝐶1−𝑁
1
𝐶33

0 0 0 0 0 0
0 0 0 1

𝐶44
−1

𝐶2+𝑁
−1

𝐶2+−
0 0 0

0 0 0 −1
𝐶2𝑁+

1
𝐶55

−1
𝐶2𝑁−

0 0 0
0 0 0 −1

𝐶2−+
−1

𝐶2−𝑁
1
𝐶66

0 0 0
0 0 0 0 0 0 1

𝐶77
−1

𝐶3+𝑁
−1

𝐶3+−
0 0 0 0 0 0 −1

𝐶3𝑁+
1
𝐶88

−1
𝐶3𝑁−

0 0 0 0 0 0 −1
𝐶3−+

−1
𝐶3−𝑁

1
𝐶99

0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

∗

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

𝐼𝑛1+
𝐼𝑛1𝑁
𝐼𝑛1−
𝐼𝑛2+
𝐼𝑛2𝑁
𝐼𝑛2−
𝐼𝑛3+
𝐼𝑛3𝑁
𝐼𝑛3−

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(A.27)
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The state equation of the chosen distribution system is derived and shown in (A.27) above. This
equation’s representation in terms of the state equation is individually represented in equ (A.28)-(A.32).
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Figures

The rest of the figures that are part of the analysis, but doesn’t provide more important insights to the
analysis are included here in this appendix.
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Figure B.1: Node voltage plot of Bipolar neighbourhood system(Default)
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Figure B.2: Line current plot of Bipolar neighbourhood system(Default)
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Figure B.3: Node voltage plot of Bipolar ship system(Default)



119

0 0.02 0.04 0.06 0.08 0.1

Time (s)

-100

-50

0

50

100

150

200

C
u

rr
e

n
t 

(A
)

Line currents of the Bipolar Ship System (Default Case)

I
1+

I
2+

I
3+

I
4+

I
5+

I
6+

I
7+

I
8+

I
9+

I
10+

I
11+

Figure B.4: Line current plot of Bipolar ship system(Default)
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Figure B.5: Influence of cable inductance variation in the Node voltage plots of neighbourhood system
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Line Currents of the Monopolar Neighbourhood System
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Figure B.6: Influence of cable inductance variation in the Line current plots of neighbourhood system
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Figure B.7: Influence of cable inductance variation in the Node voltage plots of ship system



121

Line Currents of the Monopolar Ship System
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Figure B.8: Influence of cable inductance variation in the Line current plots of ship system
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Figure B.9: Influence of cable capacitance variation in the eigenvalue plots of neighbourhood system
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Figure B.10: Influence of cable capacitance variation in the eigenvalue plots of ship system
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Figure B.11: Influence of cable capacitance variation in the node voltage plots of neighbourhood system
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Line Currents of the Monopolar Neighbourhood System
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Figure B.12: Influence of cable capacitance variation in the line current plots of neighbourhood system
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Figure B.13: Influence of cable capacitance variation in the node voltage plots of ship system
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Figure B.14: Influence of cable capacitance variation in the line current plots of ship system
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Figure B.15: Influence of cable cross section variation in the line current plots of neighbourhood system
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Time (s)

C
u

rr
e
n

t 
(A

)

0 0.02 0.04 0.06 0.08 0.1

-100

-50

0

50

100

150

200
A=30mm2(Default)

I
1+

I
2+

I
3+

I
4+

I
5+

I
6+

I
7+

I
8+

I
9+

I
10+

I
11+ 0 0.02 0.04 0.06 0.08 0.1

-20

0

20

40

60

80

100

120
A=5mm2

0 0.02 0.04 0.06 0.08 0.1

-100

-50

0

50

100

150

200

250
A=100mm2

0 0.02 0.04 0.06 0.08 0.1

-100

-50

0

50

100

150

200

A=400mm2

Figure B.16: Influence of cable cross section variation in the line current plots of ship system
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Figure B.17: Influence of source converter capacitance variation in the node voltage plots of neighbourhood system
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Figure B.18: Influence of source converter capacitance variation in the line currents plots of neighbourhood system
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Figure B.19: Influence of source converter capacitance variation in the node voltage plots of ship system
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Figure B.20: Influence of source converter capacitance variation in the line currents plots of ship system
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Figure B.21: Influence of load converter capacitance variation in the node voltage plots of neighbourhood system
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Figure B.22: Influence of load converter capacitance variation in the line current plots of neighbourhood system
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Figure B.23: Influence of load converter capacitance variation in the node voltage plots of ship system
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Figure B.24: Influence of load converter capacitance variation in the line current plots of ship system
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Figure B.25: Influence of cable length variation in the line current plots of neighbourhood system
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Figure B.26: Influence of cable length variation in the line current plots of ship system
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Figure B.27: Influence of cable capacitance variation in the node voltage plots of Bipolar neighbourhood system
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Figure B.28: Influence of cable capacitance variation in the line current plots of Bipolar neighbourhood system
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Figure B.29: Influence of cable capacitance variation in the node voltage plots of Bipolar ship system
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Figure B.30: Influence of cable capacitance variation in the line current plots of Bipolar ship system

B.1. Short circuit analysis
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Figure B.31: Influence of cable inductance variation in the pole to pole fault node voltage plots of neighbourhood system
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Figure B.32: Influence of cable inductance variation in the pole to pole fault node voltage plots of ship system
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Figure B.33: Influence of cable inductance variation in the pole to neutral fault node voltage plots of neighbourhood system
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Figure B.34: Influence of cable inductance variation in the pole to neutral fault node voltage plots of ship system
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Figure B.35: Influence of cable capacitance variation in the pole to pole fault node voltage plots of neighbourhood system
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Figure B.36: Influence of cable capacitance variation in the pole to pole fault node voltage plots of ship system
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Figure B.37: Influence of cable capacitance variation in the pole to neutral fault node voltage plots of neighbourhood system
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Figure B.38: Influence of cable capacitance variation in the pole to neutral fault node voltage plots of ship system
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