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Abstract

Climate change is one of the greatest challenges of the 21st century, and curbing it requires
significant efforts from all sectors, including transportation. The city's public transport system is
a crucial component of the transport sector. Trolleybuses, which have been used as a means of
public transportation for decades, have gained renewed popularity. Combining the tried-and-true
trolleybus technology with the state-of-the-art battery technology creates the battery-trolleybuses,
which offer significant environmental benefits in the fight against fossil fuel pollution in cities.

The goal of this work is to develop a simulation model that can overcome limitations in accurately
representing real-world conditions, such as traffic congestion, weather conditions, and passenger
demand. The proposed simulation model considers various factors that affect the performance of
trolleybus systems and is designed to be flexible and adaptable to different scenarios. This work
also investigates the challenges of implementing many innovative features into modern trolleybus
systems, such as battery-trolleybuses, photovoltaic systems, electric vehicle charging stations,
and battery storage power stations.

The simulation model will take into account various factors from both the traffic and electrical
network parts that can affect the performance of trolleybus systems. The model is based on a
combination of electrical network simulation and vehicle (traffic network) simulation and is
designed to be flexible and adaptable to different scenarios.

To calculate the bus propulsion power and location accurately, it is essential to simulate the bus's
longitudinal dynamics and its corresponding speed profile. However, calculating a realistic bus
speed profile that takes into consideration traffic situations and limitations while assuring a
complete stop at the designated stops is presented with sophisticated modelling techniques.

The simulation model is a discrete-time model that identifies the trolleybus system state across
time samples. As the buses move continuously, the topology of the traction network will vary
with each time step. Thus, a new conductance matrix for the trolleybus traction network is
determined at each time step. Furthermore, modelling the power consumption of the trolleybus
system is critical. Thus, voltage rules for the traction network that protect the bus motor and keep
the traction network stable is considered. Moreover, the presence of unidirectional traction
substations results in significant voltage rises whenever surplus power is produced. A specific
approach is implemented to effectively determine the traction network's steady-state.

Overall, this thesis makes a significant contribution to the fields of transportation and electric
power engineering by introducing a novel simulation model. This model can help enhance the
performance and efficiency of current trolleybus systems, support decision-making processes
for public transportation authorities, and promote the transition towards more sustainable and
environmentally friendly public transportation systems, specifically battery-trolleybus systems.
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1 Introduction

One of the greatest frustrations of the 21st century is climate change; consequently, curbing the
climate change is considered the most challenging task. Increased atmospheric CO»
concentrations are to blame for global warming and consequently climate change. In Germany,
the average temperature has increased by 1.6 °C with compare to the pre-industrial period [1]. As
a leading industrial country, Germany pursues the Energy Transition® since 2011 [2]. In addition,
the Climate Action Plan 2050 outlines the basic principles for implementing Germany's long-term
climate action strategy to achieve a largely greenhouse gas-neutral Germany in 2050. The main
goals are to cut greenhouse gases (GHG) emissions 40% by 2020, 55% by 2030, 70% by 2040,
and 80-95% by 2050 as compared to 1990 as the baseline year [3].

Following the manufacturing and energy industries, the transport sector can and is imposed on
sustainably contribute to meeting the climate goals. The city's public transport system is an
important element of the overall transport sector. To this day, most urban transport uses internal
combustion engines as its principal energy source. The internal combustion engine is easy to
operate, but it generates polluting emissions due to fuel burning. Pollutant gases contribute
significantly to global warming and have negative impacts on human health. Transportation emits
around 19% of the GHG emissions in Germany in 2018 [4].

Germany's climate strategy includes steps to change the transport sector. These — efforts include
government-funded subsidies for replacing personal and commercial vehicles by electric vehicles
and for the development of the essential charging infrastructure [5]. As a result, electric traction
systems have gained renewed popularity. This entails a well-known focus on trolleybus
technology, which remains to be constrained by the limitation of the overhead contact wires. As
a means of public transport, the trolleybus has thrived for decades and continues to thrive in
several parts of the world as new technological advancements open up new possibilities for its
expansion [6, 7]. However, combining the well-engineered trolleybuses with state-of-the-art
battery technology creates the designated battery-trolleybuses, which can operate fully electrical
for even more ranges wire-free [8].

The trolleybuses/battery-trolleybuses offer significant environmental benefits in the fight against
fossil fuel pollution in cities. As oil costs grow, the trolleybuses/battery-trolleybuses become more
popular as a mode of transportation.

In conjunction with renewable energies, e-mobility makes it possible to achieve a structural shift
in the fossil fuel-intensive transport sector and is a fundamental for achieving environmentally
friendly transport systems [5]. Technically, this involves considerable adaptations to electric
network infrastructure and control. Electric battery vehicles acquire charging power from a low-

Y In German, famous as: Energiewende



2 INTRODUCTION

voltage network, meanwhile battery-trolleybuses charge their on-board battery directly from the
overhead contact wires while they are moving. However, the electric network's original design
dose not ensure the needed charging infrastructure.

1.1 Motivation

Cities, municipalities, and transport operators (in particular) are planned to play an essential role
in the development of electric mobility in Europe [9]. Based on the associated energy policy and
climate-related goals, the existing energy supply and transport systems are considered to play an
essential role in the context of the emerging transformation processes. Even today, fossil fuels are
used to run most public transport fleets, which adds to CO. emissions, especially in cities.
Substituting diesel buses with electric buses in public transport services reduces local CO;
emissions and worldwide GHG emissions, making them climate-friendly and sustainable public
transport. Electrifying public transport vehicles in cities is possible and has been done effectively
for decades using trolleybuses. Technological advances in battery and charging technologies
enable the new electric battery bus to be deployed flexibly and offer a viable alternative to the
already deployed trolleybus.

Nevertheless, battery electric buses (BEBs) are unreliable to totally overcome the challenge of
wire-free driving, primarily due to their limited driving range and the battery's limited operating
life and energy capacity, which raises further cost-benefit considerations [10]. One of the current
solutions for this issue, which has high potential, is a hybrid trolleybus, which combines the
cutting-edge battery storage technology with the tried-and-true trolleybus (TB) technology [11].
Many other terms, including: in-motion charging (IMC), electric battery-trolleybus (EBTB),
battery-trolleybus? (BTB), and battery-powered trolleybus (BPTB), are used to denote the hybrid
trolleybus.

Implementing power-intensive batteries eliminates the auxiliary diesel generator unit equated in
conventional trolleybuses and provides extended driving range independent of the overhead
contact wire infrastructure. Compared to conventional trolleybus systems, this could decrease
investment costs through the targeted partial expansion of the routes to be traversed and enhances
the flexibility of the route range. In this approach, it is possible for the BTB to recharge the on-
board batteries while marching under the overhead contact wires or at bus stops where quick
charging outlets are available, which could lead to maximising the utilisation of the existing
trolleybus system infrastructure. The increased amount of energy used to charge the on-board
batteries pushes the trolleybus system's capacity to its technological limits. Existing trolleybus
systems can only tolerate a certain amount of equipment overloads and voltage violations, but the
infrastructure of a newly designed trolleybus system (battery-trolleybus system) may be designed
while considering the charging power already in the planning process. The increased network

2 In German, famous as: Batterie-Oberleitungsbus (BOB)



INTRODUCTION 3

load may trip protection mechanisms and damage operating equipment, compromising the
trolleybus system's reliability [12].

The conventional trolleybus system has the potential to include more innovative features, i.e.,
photovoltaic (PV) systems, electric vehicle charging stations (EVCSs), and battery storage power
stations (BSPSs), making it even more comprehensive. Include these new features will add more
strain on the trolleybus system. Decentralised feed-ins may easily exceed consumption demands,
resulting in severe voltage violations; likewise, power demands may exceed equipment durability,
especially at feeder cables and traction substations, causing internal overload problems.
Theoretically, increasing system capacity can solve such difficulties. Thus, the direct current (DC)
traction network may be enlarged, and the traction transformers improved. Due to its high cost,
infrastructure expansion is however an expensive adaptation method. Even increasing nominal
voltage to minimise line load is limited by traction system rules [13]. Using larger overhead
contact wires exert more mechanical strain on the existing catenary framework, which is
commonly attached to residential building walls in cities. DC traction network upgrades should
be minimised [14, 15].

The context of this thesis is based on the current efforts regarding the environmentally friendly
public transport systems transformation and is developed as part of a publicly funded research
project and developed under joint cooperation with various project partners from the fields of
academic research, electrical distribution, and the transport system operators. The expert
knowledge from different sectors as well as the accessibility of a real trolleybus system
contributed significantly to the practical approach and the overall quality of the obtained results.

1.2 Related Work

Germany aims to achieve the highest level of sustainability by 2050 [3], so this work is mainly
focused on the energy and transport sectors. In this context, the transport sector accounts for 24%
of worldwide CO; emissions [16]. European Union regulations force transport operators to
purchase certain percentages of vehicles that are environmentally friendly, which implies that
transport operators have to cope with the present and future mobility technologies [17]. For the
development of future-proof and sustainable trolleybus systems, a complete decarbonisation is
essential. Especially in the case of existing trolleybus systems, this can be favoured using
innovative and intelligent technologies. However, a complete fleet replacement is a challenging
task, since an enhanced system infrastructure could be needed. With existing trolleybus systems,
the challenge is to optimise the use of the existing infrastructure making sure that a reliable
operation is maintained. Thus, the steady-state and adaptability of an existing trolleybus system
must be further analysed based on its present characteristics and associated innovative features.

The aim of this work is to develop a trolleybus system simulation model (TBSSM) by employing
novel approaches for traffic and electric network modelling and simulation. An overview of
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scientific and practical efforts that examine the relevant scope of topics is presented below to
contextualise the present work.

The proposed TBSSM, which is developed to analyse the above-mentioned problems, is a novel
solution approach that has been the focus of humerous past and current efforts in research and
development. Research on railway traction systems, however, has been the focus of the preceding
trend [18-23]. Contrarily, trolleybus system modelling has very few concern, as in [24, 25].
Whereby, a trolleybus simulation model to analyse urban trolleybus performance is presented.
Such simulation models never covered renewable energy sources, electric vehicle charging
infrastructure, storage stations, and battery-trolleybuses since they are not obtained with any
consideration. There are several publications of simulation models that address this subject as a
consequence of the growing usage of buses with electric propulsion technology, such as BEB,
TB, and BTB. Therefore, a TBSSM is crucial to evaluate the buses' energy consumption and
traction network steady-state.

To effectively evaluate the impact of TBs and BTBs on a traction network, a realistic model of
the traffic network with bus daily schedules, trolleybus longitudinal dynamics, and traction
network infrastructure need to be combined into one comprehensive model. So far, the literatures
on simultaneous traffic and traction network modelling of trolleybus systems are limited. For
example, in [26], 125 software for modelling and evaluating electric vehicle effect on power
networks are identified. Their evaluation comprises 23 traffic simulation tools. Yet, to investigate
energy consumption and traction network steady-state, no simulation tool can model the traffic
network, including vehicle dynamics, and electric traction network simultaneously.

Modelling the energy consumption for a real-world electric vehicle relies on vehicle type, speed
profile, passenger loading and alighting (in case of electric bus), traffic situation, road topography,
heating, ventilation and air conditioning (HVAC) operation, and auxiliary power [27-31]. Thus,
reliable modelling and prediction of real-world traffic, TB and BTB advantages can be quantified.
In [31-34], historical speed profile data from real-world driving are used to predicted the energy
consumption. Alternatively, obtaining high-resolution speed profile data for big bus fleets is
challenging, if not impossible [35]. Broad ranges of energy consumption rate (kWh/km) are
reported. For example, in [36-38], E’= 1.2 kWh/km to E’= 2.9 kWh/km for BEBs. However,
trolleybuses (with and without on-board battery) kwh/km of consumption are in the range of
E’=13kWh/km to E’=2.52kWh/km [39, 40]. Several factors influence the energy
consumption, and these broad ranges are attributed to different weather conditions (winter or
summer), traffic volumes (regular or rush hours), and topography of the roads (flat or hilly).

A bus simulation model to establish energy consumption and predict optimal charging schemes
for BEBs is presented in [41], where power consumption is impacted by weather and the type of
day. The authors of [42] use a simulator tool to calculate BEB energy consumption. However,
different HVAC operation conditions are not considered. Based on probabilistic speed profiles,
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an energy demand analysis of electric buses is done in [43]. The heating and air conditioning
demand are simulated in detail. The authors of [44] use a stochastic driver model based on a
Markov chain to calculate electric bus torque at various speeds. The preceding simulation models
do not include a sophisticated longitudinal dynamics model. Furthermore, none of the simulation
models include additional calculation for a traction network. More researches which include
vehicle longitudinal dynamics modelling are found in [45-48].

However, TBs and BTB modelling are considered in several works. In [49] the Monte Carlo
method is used to model a trolleybus system, including daily route schedules, velocity profiles,
and traction network characteristics. Using Matlab/Simulink, the authors of [50] develop a
simulation model of two trolleybuses running in the same traction network section. The authors
of [51] study the maximum possible energy saving that is achieved by using battery-trolleybuses.

Modelling the trolleybus traction network requires a power flow approach that can determine its
steady-state. Owing to the passive traction network, the unidirectional behaviour of the traction
substations demands special consideration. After establishing TBs and BTBs energy consumption
and locations, the steady-state of the traction network may be simulated in order to evaluate any
trolleybus system expansion. Also, TBs' and BTBs' contact positions with the traction network
must be evaluated. Therefore, several simulation models have been created to calculate the steady-
state of a traction network. The authors of [52] present a simulation model that determines train
voltages at any position on a single railway track. Simscape, a MathWorks simulation programme,
is used to represent the rail track system's mechanical and electrical features.

In [53], a new approach to simulating traction networks is presented. The suggested approach
considers vehicle longitudinal dynamics as the traction network. The proposed model mimics the
effect of voltage drops on vehicle acceleration dispose of any surplus regenerative braking energy.
Nonetheless, the proposed model relies on reference speed profiles, which must be established in
advance, and does not consider the traction network as a single mesh network, but rather splits it
into several sections depending on traction substation feed-in points.

In [54]. a neural network optimization is used to simulate the power demand of an urban
trolleybus/battery-trolleybus system. A test ride of a BTB is used to train the neural network.
More historical data from real-world driving, even considering daily traffic volumes, are planned
for future work.

The author of [55] suggests a two-stage approach to solve the power flow problem. The first step
uses a bisection method to find a scaling parameter, and the second step uses the Newton-Raphson
method to check if the traction network can be solved. However, the proposed approach includes
no provision for power regulation based on line voltage drops [56]. Instead, it simply considers
the unsolvable load flow problem from a mathematical standpoint.
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Consistently, the concept of modelling a traction network with sustainable features is presented
in plausible works. The author of [57] studies the effect of using a battery storage power station
on the traction network voltage profile. In [58], a PV system is presented in a traction network.
Monte Carlo methods are used to address irradiation and traffic congestion uncertainties. In the
follow-up work [59], two unique battery storage power station applications for urban mobility are
presented. The studied applications try to reduce the peak demand of a traction substation or make
the best use of solar energy by matching production with demand. In [60], PV and Wind systems
are integrated into the traction network to optimise direct utilisation using a simulation model to
prove different scaling and positioning situations.

1.3 Aim and Structure of the work

The challenges that transport companies are currently confronted with are mainly related to the
planning of new transport systems and operating models as well as the further development and
technical upgrading of existing systems so that they are capable of adapting to fully electrified
transport systems. The primary objective in this thesis is to develop a reliable simulation model
that can mimic a real-life trolleybus system for the purpose of reliability evaluating in the presence
of various modifications and other operational needs necessary to the long-term stability.
Furthermore, all innovative features, such as battery-trolleybuses (BTBs), photovoltaic (PV)
systems, electric vehicle charging stations (EVCSs), and battery storage power stations (BSPSs)
are to be included in the proposed simulation model.

This associative thesis describes the development steps of the TBSSM. For this purpose, the
historical background and the relevant technical information of trolleybuses are explained in
Chapter 2. This includes the technical characteristics of TBs and BTBs as well as those of the
traction network. The principle need for a TBSSM will be clarified afterwards. Furthermore, the
overall structure of the proposed TBSSM will be presented. Finally, the challenges that could face
the development of such a simulation model will be pointed out.

Chapter 3 will handle the process of developing both the traffic network model and the bus model.
The traffic network model will include the final structure of the travel route that will be used by
each bus during its daily operation. The model will also include the traffic situation that will affect
the bus movement. The bus model will consist of the longitudinal dynamic model. Accordingly,
speed, travel distance, and traction power will be calculated. The model will also incorporate the
power consumption of the auxiliary systems. In the case of BTB, the on-board battery model will
be incorporated.

Chapter 4 will cope with the modelling of the electric network and the innovative features. The
electric network will be considered as both a traction network and the overlaying medium voltage
alternating current (MVVAC) network. The modelling of the power profiles for the innovative
features will also be included. However, buses will not have a pre-defined power profile. For that,
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the calculation process for the power consumption as well as bus location with respect to the
traction network will be established.

Chapter 5 will outline the complete simulation model. The step-by-step process to determine the
traction network steady-state will be elaborately described. The steps to determine the
conductance matrix of the traction network after each topology change — due to bus movement —
will be described. Due to the passive behaviour of the traction network, a novel approach that will
solve this issue will also be described. Moreover, a power control model, which will hold bus
motor current at the permitted voltage level, will be included in the simulation model. Lastly, a
sequential AC-DC power flow calculation will be discussed too.

In Chapter 6, different scenarios will be tested using the TBSSM and real trolleybus system data.
The results will be discussed and evaluated with real measured logs from the same trolleybus
system.

In Chapter 7, four use cases of the TBSSM will be presented. The TBSSM will be used for
different planning and operation cases.

Chapter 8 will summarise the work of this thesis.

Finally, the result of this work is aimed to make it easier to configure the future of existing
trolleybus system, and consequently, adapts future planning and operation of trolleybus and
battery-trolleybus systems.






2 Conversion of a Trolleybus System into a Simulation Model

Nowadays, trolleybuses (TBs) are often criticised for being inflexible, and their unsightly
overhead contact wires are widely cited as a determining factor. They do, nevertheless, have a
distinct advantage over public transport systems that employ buses with internal combustion
engines. Innovative electric drive technologies, such as the battery-trolleybus (BTB) running on
a smart trolleybus system, can compensate for the disadvantages of a trolleybus system and may
introduce a new era of environmentally friendly transport systems.

2.1 Historical and Technical Overview

Essentially, the trolleybus as we understand it today is comprised of an electrical motor, a pair of
overhead live wires, and a couple of rolling or sliding contacts. Over 130 years have passed since
the first successful journey of the world's first electric trolleybus was successfully accomplished.
In 1882, Werner von Siemens demonstrated his groundbreaking concept of an electric vehicle
powered by a fixed source but capable of being directed like conventional road vehicles. The
vehicle he designed, the Electromote, was completely without rails support and travelled the
Kurfiirstendamm in Berlin. The vehicle was driven by two electric motors with P= 2.2 kW each
fed by a flexible cable connected to a small eight-wheeled trolley (the contact assembly with the
wires) running on two stranded copper wires that are supported by wooden poles along the
roadside. The overhead contact line operated with a DC voltage of U= 550 V. Even though the
trolleybus is less expensive than rail vehicles, Werner von Siemens decided to halt the test as
early as mid-June 1882. Most of this was due to poor road conditions, making it impossible for
the vehicle to move without causing significant disruption. Additionally, there were no rubber
tyres available for automobiles at the time. For the time being, "trolleybus™ technology was
obsolete. However, the concept survived: In cooperation with Siemens & Halske, the engineer
Max Schiemann resumed construction and continued developing the Elektromote. The drive
methods and current collectors were improved because of his efforts. In 1901, the world's first
trolleybus route was established between Kdnigstein and Bielatal in Dresden, Germany. From
then on, Schiemann trolleybuses began to be seen on roads [61].

The development of the trolleybus may be traced back to its rise and fall periods [62], as shown
in Figure 2-1. After its discovery in the 1880s, the first actual use of trolleybus technology lasted
until 1915. Many countries around the world adopted the technology during that period. In
Germany, 110 trolleybuses were built and used until 1911 [63].

After World War |, from 1921 to 1926, new pilot projects were carried through to establish
trolleybus services. Several cities of North America and Europe embraced these services. Even
though the early vehicles were primitive by today's standards in these projects, they were
functional and helped with gaining experience and learning lessons [64].
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Figure 2-1: ?é?[%%ﬁ of opened, decommissioned and existing trolleybus systems worldwide through decades
In the late 1920s, a more appropriate vehicle was developed, which had a larger and more
powerful motor, improved brakes, a workable pantograph, and pneumatic tyres. As a result of its
further development, the trolleybus achieved its excellent deployment during this period, which
lasted from 1927 to the early 1950s. At the beginning of this period, tram lines began to be viewed
as obsolescent modes of transportation, and the trolleybuses began to take their place. However,
the employment of trolleybus technology to transport trams quickly gained great popularity.
Trolleybuses quickly emerged as the primary mode of public transit in several countries. In
general, the number of trolleybuses on the road continued to rise, except for World War Il from
1941 to 1945. A trolleybus powered by both electricity and gasoline was officially introduced in
the early 1930s. On routes that were partly wired, the trolleybus was powered by electricity until
it reached the end of the catenary. The gasoline engine then assisted the vehicle's operation for
the remains of the route [6].

From the 1950s to the beginning of the 1970s, many problems began to emerge. One of these is
the development of large diesel buses that accelerated the trolleybus' decline at a rate that almost
matches its success before the 1950s. The decline continued despite the several upgrading of
electric and electronic elements in the late 1960s. Power consumption was decreased significantly
with the use of chopper control, which also ensured smooth speed transitions. Improved power
connections and regenerative braking were included too. Trolleybus services were discontinued
in nearly every country, notwithstanding the significant early development work. In particular,
the procedure was criticised for being rigid and the overhead wires as being ugly. However,
countries like Switzerland and Germany have modernised their trolleybus systems and
extensively used them across the region. On 19 June 1952, the city of Solingen decided to end the
tram service and replace it with a trolleybus system. The cheap operating and fuel expenses and
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the extended service life of the trolleybuses influenced this choice. It took seven and a half years
to transition tram lines to trolleybus service. In November 1959, the final tram line was
decommissioned from operation. In contrast to many other German cities, Solingen has converted
its entire public transportation system to trolleybuses rather than just minor parts. As of that time,
it operated the third-largest German trolleybus network, running about 40 kilometres, and even
led in terms of vehicle count [67].

A new era of trolleybus popularity began in the early 1970s. Relative price changes for diesel
sparked a renewed interest in the trolleybuses. The oil crises of the 1970s, combined with growing
concern about the environment and air pollution on city streets, resulted in a relatively small
restored concern for trolleybuses as an alternative transportation system. Accordingly, several
developing countries, especially those that are reluctant to import expensive oil fuels but can
produce sufficient electrical energy, have embraced this form of public transportation service. [6].
Nevertheless, the number of trolleybus systems has continued to decline. Like the rest of the
world, Germany's trolleybus era had faded. Almost all of the operating trolleybus systems were
shut down, so that only three systems in Solingen, Eberswalde, and Esslingen are still in operation
today [68, 69].

With the current push to minimise greenhouse-gas (GHG) emissions and improve air quality in
cities, transportation operators are pressured to compensate their fleets with more zero-emission
buses, such as the battery-electric bus (BEB) [70, 71]. This bus has the same operating concept
as atrolleybus, but its electric motor obtains energy from an on-board battery pack and not directly
from the overhead network. Improvements in battery technology have extended the BEB range
to 300 km with a fully charged battery. Thus, the BEB has outsold all other types of electric
vehicles on the market today, making it the best seller [71, 72]. However, the issue of charging
the bus battery remains challenging. Optimistically, a battery-trolleybus (BTB) could open the
opportunity for a promising new era of trolleybuses that combine the advantages of a trolleybus
and battery-electric bus in a single-vehicle. The BTB is the most economical approach for large
capacity routes when compared to other electric buses [73]. As concluded in [40], 33% to 50% of
the travelling route must be electrified in order to operate BTBs. For existing trolleybus networks,
it is possible to utilise existing overhead contact lines correlate with buses, which could be replace
by BTB, running on a variety of routes. This approach will allow for more efficient use of the
existing infrastructure. Furthermore, in many circumstances, it may be practical to plan new
traction systems based on the BTB technology.

2.2 Sources and Loads

Generally, the electrical infrastructure of a trolleybus system is composed of three main
components: power supply sources, loads, and overhead contact wires. The traction substations
serve as the primary power source, while the TBs operate mostly as the main loads for the system.
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As one of the most essential components, overhead contact wires (OHCWSs) are those that link
the sources and loads. The connection and impact of each component on the overall trolleybus
system are therefore vital to model a realistic simulation for a trolleybus system.

TBs utilise direct current (DC) through the OHCWs to power their electric propulsion and
auxiliary system. The connection to the OHCW is facilitated by a current collector system (two
trolley poles and two contact shoes) of about 6 m length mounted above the TB roof, at the rear,
allowing a lateral movement of up to 4.5 m [74]. Additionally, a combustion engine — serving as
a generator or a direct propulsion — is equipped to power the TB and enable it to travel
autonomously; without contacting the OHCW or in the event of supply malfunction. Formerly,
TBs were propelled by series wound DC traction motors; however, modern TBs are equipped
with asynchronous motors powered by a three-phase DC to AC inverter [75]. Hence, the motor
speed is controlled by altering the applied voltage and frequency. The low manufacture cost and
their advantages, three-phase asynchronous motors with brushless squirrel-cage rotors are widely
used in the automobile industry. A single, sometimes two, electric motor with a total power
ranging between Py; = 165 kW and Py = 320 kW is inducted in TBs, depending on their models
(I = 12 m single-decker or [ = 18 m articulated) [76, 77]. The maximum speed of a TB is usually
v =60 km/h and in some model up to v = 80 km/h [74].

The primary function of the OHCW is to provide energy to the TB fleet through overhead
suspended contact wires distributed along the TB traffic routes. Sustain poles and anchors on
buildings along the streets support the longitudinal contact line equipment, i.e., contact wires,
messenger or catenary wires, droppers, and stitch wires. Grooved contact wire® (see Figure 2-2),
which is a copper wire feature grooves on each side of the top section for clamping by clips, is
preferred as overhead contact wires for the trolleybus system [78]. A cross-sectional area of
80 mm?, 100 mm?, 107 mm?, 120 mm?, or 150 mm? is considered (based on European Standard)
for the overhead contact wires [79].

4 mm

12 mm

Figure 2-2: Groove contact wire (type AC-100) cross section [78].

3 Abbreviated Ri (dt. Rillenfahrdraht)
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TBs, in contrast to trams, do not operate on rails and hence require a two-pole wire system. In
most cases, the wire fixed on the outside — in direction of travel — is the negative wire, while the
other is the positive and positioned on the inside. Accordingly, the two-pole overhead wires
provide the complete path for the current to flow from the traction substation to the TB and back
again. The TB load current is divided between the overhead contact wires — on both traffic
directions — by cross-couplings which electrically interconnect these wires at regular intervals
(see Figure 2-3). Since these couplings are integrated rapidly into the OHCW, particularly over
long sections, power losses as well as voltage drops are minimised. As shown in Figure 2-4 the
voltage drop conditions are compared for equivalent total loads between two substations. In
addition, the graph of Figure 2-4 shows that increasing the number of cross-couplings k between
traction substation improves the voltage conditions over the OHCWs of a traction network [80].
The traction substation supplies the OHCW with feeder cables, which connect the overhead
contact wires with the traction substation busbar (see Figure 2-3).

Traction
Substation

Single Feeding

Traction Traction
Substation Substation
Double Double
Feeding " Feeding
| ———  Feeder Cables Il Section Separator

(Double Line) A< Switch
———  Overhead Contact .
Crossing

Wires (Double Line)
——  Cross-Coupling

Feeding Section

Figure 2-3:  Structure of a trolleybus traction network.
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Figure 2-4: Voltage drop relative to the voltage drop AU which occurring with single end feed and one load
in the feed section for single end substation (e = 1), and double end substations (e = 2) with
different number of cross-couplings k between the substations (SS1 and SS2). The distance from
SSi1 to SSzis represented as d (compare to [80]).

The OHCW, in contrast, is not just utilized to provide electricity to the TBs. It is also used to
distribute energy during brake applications and provide regenerative energy — TB as a power
source — to other TBs in the same supply segment. The electric motor transforms the TB's Kinetic
energy into electricity while braking. The auxiliary equipment consumes the regenerative energy
first, and if possible, the OHCW distributes the surplus energy; otherwise, it is converted into heat
using a brake-resistor, and, thus, all voltage violations — due to this surplus energy — are restricted
[81].

The function of traction substation is to supply electrical energy within voltages conforming with
the nominal values used for the traction system. As shown in Figure 2-5, the traction substation
draws energy from the upper stream medium voltage alternating current (MVAC) network. After
stepping-down the voltage from the MVVAC network by the traction transformer, the three-phase
AC voltage is rectified into the nominal DC voltage of the traction network by the traction power

rectifier.

The spacing of traction substations is determined based on calculations of voltage regulation and
short circuit situation. This decision is made based on the technical performance of the trolleybus
system. Nevertheless, other factors such as: availability of land, position of junctions and
crossovers, and road access determine the final choice of the traction substation locations, and
thus, influence the distance between the traction substations. As rule of thumb, most economical
distance between traction substations is (2 km to 4 km) for the DC with U,, = 600 V systems and
(4 km to 6 km) for the DC with U, = 750 V systems.
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As shown in Figure 2-3, each traction substation is responsible of suppling at less one feeding
section. It is noteworthy that a feeding section may be supplied by one or multiple traction
substation. A section separator is used to isolate adjacent feeding sections in such a way that they
cannot be bridged by the OHLWs; although, the feeding sections are still connected through the
direct current busbars of the traction substation. In this manner, regenerative energy can be
distributed beyond the feeding section to other nearby feeding sections with power demands.

Medium Voltage Busbar
% Three-Phase Medium Voltage Lines

Medium Voltage Switchgear

Traction Transformer

Traction Power Rectifier

Traction Substation

Direct Current Busbars

)
E[ m Direct Current Switchgear

Direct Current Feeder Cables

Overhead Contact Wires (Direction 1)

Overhead Contact Wires (Direction 2)

Section 2 Section Section 1
Separator

Figure 2-5: Schematic diagram of a traction substation (Adapted from [80] and [82]).

2.3 System Regulations

The electric traction system is powered by a direct current (DC). Concerning the voltage level
restriction on city roads, a low voltage direct current (LVVDC) system with a hominal voltage
U, =600V or U, =750 V is regulated according to IEC 60850:2014-11 [13]. For an appropriate
bus operation, a considerable tolerance between the maximum and minimum voltage values is
authorised (see Table 2-1). Greater current consumption may arise due to the low voltage level of
the traction system, resulting in a significant voltage drop at the bus locations, which increases as
a bus travel farther away from the substations. Nonetheless, the tolerable minimum voltage value
(Umin1 = 0.76 - U,) permits the buses with greater feeding distances and minimises the need for
additional substations. However, with the maximum voltage value (Upyaxi = 1.2 - Uy), the
utilisation range of regenerative power is extended. Within 5 minutes, the maximum certified
voltage Up,ax1 May be extended to Up,axo [13]. The system voltage must not exceed the highest
non-permanent voltage Up,ax2; accordingly, voltage increase during bus braking is regulated by
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a squeeze control system, where the surplus energy is converted into heat using a brake-resistor,
preventing the system voltage from acceding Up,.x2 [83]. A system with higher nominal voltage
U, =750 V is reasonable in terms of supply ranges, short-circuit detectability, and power loss
reduction. There are no different between the value of the lowest non-permanent voltage (Upinz)
and the lowest permanent voltage (Uping) With in the nominal voltage U, =600V and
U, = 750 V as shown in Table 2-1; However, the values of Up,in, and Up,in1 With higher nominal
voltage according to IEC 60850:2014 [13].

Table 2-1: Nominal voltages and their permissible limits in a trolleybus/battery-trolleybus traction system
(based on IEC 60850:2014) [13].

Nominal voltage (U,,) 600 V 750 V
Lowest non-permanent voltage (U yinz) 400 V 500 V
Lowest permanent voltage (Umin1) 400V 500 V
Highest permanent voltage (U ax1) 720V 900 V
Highest non-permanent voltage (Upmaxz) 800 V 1000 V

The TB propulsion system is consisting of asynchronous motors which behave as constant power
loads [84]. The TB motor power Py is computed as follows:

where I is the motor drawn current, and U is the bus voltage. The TB accumulates the required
power (see Equation 2.1) from the OHCW to fulfil propulsion demands. Consequently, a high
motor current I, arises with a low voltage level provided by OHCW throw the bus current
collector. An overcurrent protection mechanism is thus built into the bus, reducing power
consumption while the bus is in traction mode. The regulation curve of the maximum allowable
current — drawn by the TBs/BTBs — corresponding to the OHCW voltage is shown in Figure 2-6.

Imax

Current

0 Uo Uniin2 a- U, Unax2
Voltage

Figure 2-6: Maximum consumption current against voltage (compare to [56]).
A: No traction power, only auxiliary current
B: Traction power with reduced current.
C: Maximum traction power.
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Based on voltage levels (see Table 2-1), the TB/BTB consumption current is regulated within
three regions. The bus voltage Ug in region ® is less than the lowest non-permanent voltage
Unminz2; thus, the current consumed by the bus I, is just used to power the auxiliary system, and
the propulsion system is powered off Py; = 0. The overcurrent protection system is activated in
region ® as the bus voltage swings between U,,;in, and « - U,,. Accordingly, the motor current is
restricted, which reduces the motor's maximum power Py; < Py max- In region ©, the bus voltage
is higher than a - U,; hence, the bus operates normally with full motor power and a maximum
current accumulated from the OHCW through the current collector system. The value of Py in
Equation 2.1 must not exceed the value of Py 1,ax Which is defined based on the regulation curve

shown in Figure 2-6 as follows:

PMmax = @r * Pm (2.2)
1, UB >a- Un
Ug—Umin
a, = m, UminZ < UB <a- Un (23)
0, UB < UminZ

Where a, is a reduction factor, Py is the maximum motor power as indicated by the TB
specifications, Py max IS the maximum motor power based on the traction network state (as
defined by [56]), and « is the knee point factor, where a = 0.8 is considered for a system with
nominal voltage U,, = 600 V and U, = 750 V [56].

2.4 Development of a Simulation Model

Reducing GHG emissions and improving air quality in cities can be made possible with
implementation of environmentally friendly public transport systems. The primary component
contributing to this goal is the withdrawal of diesel buses by replacing them with electric buses.
Although some cities already have a trolleybus system as part of their public transportation
systems, which makes it even more sustainable to invest in replacing the remaining bus fleet with
electric buses, specifically battery-trolleybuses, which combine the features of already efficient
and reliable trolleybus technology with state-of-the-art storage technologies. Nevertheless,
designing a new battery-trolleybus system should be taken into consideration too [85]. The BTBs,
like conventional TBs, obtain their power directly from the overhead contact wires (OHCWS).
Still, additional energy can be stored in their on-board battery even while moving (in-motion
charging). Thanks to the energy provided by the on-board batteries, BTBs are more adaptable for
travels beyond the traction network, which previously needed a diesel engine. The utilisation of
BTBs, however, exposes the existing trolleybus system infrastructure to its technical limitations
because of the extra energy needed to charge the on-board batteries. Thus, the existing trolleybus
system is no longer guaranteed to operate reliably due to equipment overloads and voltage drops
below the lower voltage limit [86].
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It is possible to achieve a fully sustainable public transport system by assessing the potential of
existing trolleybus systems. The conventional trolleybus system could be upgraded to include a
range of innovative features, making it even more comprehensive. Sustainable power sources,
i.e., PV systems, can be directly linked to the DC traction network. Accordingly, there will be
fewer power losses when energy is transferred from PV systems to TBs/BTBs. Integrating PV
systems directly into the DC traction network allows an efficiency improvement of the PV voltage
from n = 90% to n = 96% [87]. Old traction substations can also be replaced with a promising
concept for a bidirectional traction substation with active front-end converter [87, 88], which will
allow surplus power produced by renewable sources or regenerative power during bus
decelerations to be converted into the upper stream AC network. The outdated batteries from the
BTBs can be as well repurposed to establish battery storage power stations (BSPSs) within the
trolleybus system. Thus, more flexibility is added to the DC traction network. By using this
approach, the average battery lifetime can be increased by several years. Additionally, multiple
electric vehicle charging stations (EVCSs) can be linked to the DC traction network, giving city
residents easy access to charge their electric vehicles.

The existing trolleybus system will be stretched to its threshold by these new load scenarios.
Basically, decentralised feed-ins within the DC traction network may easily surpass the power
consumption demands, resulting in severe local voltage violations above the allowed voltage
range. However, the DC traction network may experience power demands that are greater than
its equipment durability, particularly at feeder cables and traction substations, leading to internal
overload conditions that cannot be recognised [15]. In theory, there are two methods for resolving
these issues. Such problems can be solved by increasing the system's capacity. For example, the
traction transformers can be upgraded to higher capacities, and the DC traction network can be
expanded. Infrastructure expansion is still a costly adaptation strategy that can only be used to a
limited extent due to its high cost. Due to the regulations established for traction systems [13],
increasing the nominal voltage to reduce line current flow is only a restricted choice. Larger cross-
section OHCWs provide a greater mechanical pressure on the existing catenary structure, which
is often fixed on residential building walls in metropolitan locations. If the DC traction network
is to be upgraded conventionally, it should be done to a limited degree [89]. Nevertheless, it must
be remembered that the previously indicated overload situations are only present for short periods
of time. Therefore, upgrading the trolleybus system with automation technologies and
establishing a smart trolleybus system (STS) is a more viable option [86].

Taking into consideration the above conclusion, a simulation model is required to determine the
reliability of a system under certain extensions and additional operational requirements that are
necessary for stable operation. The model should incorporate both technical and operational
considerations. For the purpose of this work, a trolleybus system simulation model (TBSSM) will
be developed in order to mimic the regular activities of TBs and BTBs, as well as evaluate the
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steady-state behaviour of a trolleybus system over a period of time. Consequently, a competitive
trolleybus system can be adaptably planned and operated.

According to [86], a TBSSM can be used to contribute to the development of a predictive control
and optimization algorithm for trolleybus systems. The proposed algorithm makes it possible to
safely operate a trolleybus system that includes new techniques and network elements, i.e., BTBSs,
PV systems, EVCSs, BSPSs, and bidirectional traction substations, in the right way. Based on the
features of the traction system and the associated challenges, which could be simulated using the
TBSSM proposed in this work, the general process of establishing a central network automation
system is explained [86]. In this context, the traction network steady-state forecast can be
determined using a TBSSM [85]. The use of grid automation technology has already been proven
to be an effective method for the practical upgrading of power systems. Accordingly,
infrastructure expansion can be delayed or completely prevented, and thus, it makes sense to adapt
these concepts to enable the implementation of the new network elements into the existing
trolleybus system [86].

And furthermore, the steady-state of a traction network over time interval can be predicted by
implementing a forecasting model with TBSSM [85]. The forecasting model mirrors TB and BTB
locations, based on their GPS* information, into TBSSM and matches other available measures
to their corresponding components in TBSSM. The steady-state of a traction network is forecasted
for a given time frame and reported to the work of [86].

Based on [85], TBSSM is a great asset for planning a new battery-trolleybus system. The planning
approach relies on successive simulation analyses, which are performed using TBSSM. In which,
BTB energy demands are segmented along the travel route schedule. These simulated segment-
specific energy data can be used to determine the required OHCWs for the new battery-trolleybus
system. The contiguous segments, which are commuted for each potential solution of this
optimization problem, are grouped into zones. For each of these zones, the number of traction
substations needed is determined after considering all technical restrictions. Following successful
optimization execution, the validation of the resulting battery-trolleybus system will be examined
using TBSSM to conform the compliance with technical framework criteria and constraints.

2.5 Structure of the Simulation Model

A proper simulation model of a trolleybus system requires adequate modelling of the traction
network infrastructure (traction network) and the public transport roads (traffic network) with bus
daily schedules as well as buses movements and energy consumptions. The term bus(es) is used,
in this work, to indicate trolleybus(es)/battery-trolleybus(es) or both. A traction network is
highlighted by the fact that its loads are in motion. TBs and BTBs, which are connected to traction

4 Global Positioning System
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network's OHCW, change locations on a regular basis to fulfil their daily schedule. TBSSM is
used to recreate in vitro the activity of a real-world trolleybus system. Whereby, mathematical
equations and diagrams are utilised to explain the relationship between the system components,
i.e., TBs, BTBs, PV systems, EVCSs, BSPSs, and traction substations. During the simulation
cycles, the dynamic behaviour of the trolleybus system and its state variables are solved over a
specified time interval. The simulation time samples set z is defined as follows:

Ty = {tgs, (tss + Ot), (tss + 2 - 6t), ..., (tss + (Ng — 2) - 6t), tse} (2.4)

where t is the start time that correspond to real-world time, &t is the time step that represents
the progress of the simulated trolleybus system over 7, .. is the end time, which in the simulation
cycles are concluded, and ng is the number of discrete samples in .

The start (date and time) set SMgq is defined as follows:
SMsq = {Ysa, Msq, Dsa, hsd, Msa, Ssa} (2.9)

where Y54, Mgq, Dsq, hsq, Msq, and ssq are the start year, month, day, hour, minute, and second,
respectively. The values of Yyq, Mgq4, and Dgq are used to identify the type of day, i.e., workdays,
weekends, and public holidays. Moreover, the value of M4 is used to identify the seasons of the
year.

The simulation interval set SM;y, is defined as follows:
SMint = {Dint, Rint Mints Sint} (2.6)

where Djnt, Rint, Mint, and sjye are the number of days, hours, minutes, and seconds that are
intended to be simulated, respectively.

Therefore, simulation starting time t is determined as follows:

tss = (3600 - hgg) + (60 - mgq) + Sgq (2.7
and simulation end time t, is determined as follows:

tse = tss T Tint (2.8)
where 7;,,; the simulation interval in second and is calculated as follows:

Tinte = (86400 - Diy) + (3600 - hine) + (60 - min) + Seq (2.9)
The number of discrete samples n is determined as follows:

_ Tint
ng = St (2.10)
where &t is in second.

However, the sample elements in 7, do not represent the actual day time yet they are the advancing
steps correspond to the start time t¢s. The actual day time can be determined as follows:
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Trw = Ts mod 86400 (2.11)
where ., is the real-world time setand 1 s < 7., < 86400 s.

The TBSSM represents a discrete-time model, where the trolleybus system state is determined at
each time step. Several models that are characterised by mathematical relationships are used to
describe the connection between the trolleybus system features. Attribute sets and events are
included as well in the model structure. A discrete-time model can be used to capture how the
trolleybus system's features change over time. There are numerous parts of the TBSSM, such as
the traffic network, that are treated as static entities, even though the trolleybus system is
considered a dynamic system. Yet, despite the traffic network’s static attributes, certain events
still take place as a result of some dynamic behaviour, so the TBSSM is also a discrete-event
model. An example of such a dynamic event is the traffic light, where the bus may stop for some
time or may not. The process is not frequent with time but can happen when a bus arrives at a
traffic light location. Contrarily, the bus motion that changes its point of contact with the OHCWs
causes the traction network's topology to change with each time step, making the traction network
show dynamic behaviour despite the static topology nature of the electric network. The bus model
also changes frequently with time. Nevertheless, discrete-events can affect the behaviour of the
bus model and last till the next discrete-event occurrence. For example, the bus weight depends
on the number of passengers in the bus, which changes when a bus dwells at a bus stop and
passengers board and alight the bus.

As shown in Figure 2-7, the TBSSM is divided into four blocks, which are explained in more
details in the following chapters. There are four primary model blocks, each of which is
distinguished in the trolleybus system model scheme by a different colour. The blocks are
arranged in the same order as their corresponding entity appear in the real world. First, on the
ground, is the road (Traffic Network Model), then the buses (Bus Model), and finally, on the top,
the traction overhead contact wires (Traction Network Model).

The light green block (Traffic Network Model) represents the road network topology with traffic
nodes and traffic branches. Both the traffic node and traffic branch models contain attributes that
further characterise the road network's features. The model also includes bus schedules and traffic
situations. The traffic network model defines the routes and events that impact bus movements.
Chapter 3 — Sections 3.1, 3.2, and 3.3 elaborate on the traffic network model.
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Figure 2-7:  Trolleybus system model scheme.

The turquoise block (Bus Model) represents the bus model. As shown in Figure 2-7, it overlaps
the traffic network block. The overlap resembles the dependence of the bus model on the traffic
model. According to the daily travel route schedules, bus movements are calculated based on their
mechanical and electrical specifications. The model also includes longitudinal equations of
motion, which will be used to compute electrical traction power, bus speeds, and travel distances.
Using the heat balance equation, the required amount of heat and the interior temperature of the
bus are calculated discretely in time. In addition, basic auxiliary powers are determined. The bus
position, based on the daily travel route schedule data, indicates whether it is under an overhead
line, so the on-board batteries of the BTBs can be turned on or off as needed. Chapter 3 —
Section 3.4 elaborates on the bus model.

The electric network is represented by the purple block (Electric Network Model). Figure 2-7
shows that it covers the bus block. The overlap is a visual representation of the link between the
buses and the traction network. The electrical network includes the DC traction network and may
optionally incorporate the upstream AC medium voltage network in the calculations. Based on
traction network and AC network topology, node and branch models are featured. The electric
network model also includes PV systems, electric vehicle charging stations, and battery storage
power stations models. The traction network simulation model uses power flow calculations at
each time sample (see Equation 2.4). Since each bus's location and power consumption fluctuate
over time, stationary counterparts for moving loads are employed, where the buses are paused at
each time samples in 74 in order to find the new locations and powers of the buses. The behaviour
of the traction network needs to be evaluated once regenerative power is identified using the
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proper power flow approach. The electric network model is described in more detail in Chapter 4
and Chapter 5.

The dark blue block (Trolleybus System State) represents the result block of the simulation model
and includes the traction network steady-state as well as the TB and BTB. From the bus model,
relevant process data such as position, speed, and interior temperature are stored. Yet, regarding
the traction network, all node voltages, node powers, and branch current profiles are included in
the output sets.

2.6 Implementation Challenges

When developing a realistic simulation model for trolleybus systems, it is necessary to consider
the characteristics of the surrounding environment that have the potential to affect the movement
of the TBs and BTBs. The following are some of the most challenging aspects of modelling the
bus routes and bus movements:

e Bus movement progression is affected by traffic volume and the daily schedule. Traffic
lights and bus stops force frequent stops, and also the bus's speed is limited by road speed
restrictions and peak times. Accurately representing a bus's daily trips is a challenging
task, particularly when dealing with the unpredictable nature of traffic and the demands
of a bus's passengers. This problem will be directed in Sections 3.2 and 3.3.

e The approach to finding bus propulsion power and bus location is to mimic the bus's
longitudinal dynamics and its corresponding speed profile. Motion regimes influence the
speed at which the bus accelerates, steady drives, rolls, and decelerates (see Figure 3-6).
It is incorrect, though, to use an optimal speed profile to depict the bus's movements on a
road (between two stop points). Calculating a realistic bus speed profile (see Figure 3-10)
that takes into consideration traffic situations and limitations while simultaneously
assuring a complete stop at the intended stopping point is a difficult problem to solve in
practise. This problem will be addressed in Sections 3.3, 3.4.2, and 3.4.3.

e An important factor in determining the topology of the traction network is the positions
of the buses in reference to the OHCWSs. However, bus movement is computed with
respect to the road network and bus schedule. In order to determine and utilise the contact
points of the buses with the OHCWs in the formulation of the traction network
conductance matrix, the locations of the buses need to be mirrored on the traction network
(see Figure 3-3). This problem will be handled in Sections 3.1.1, 3.1.2, and 3.3.

Correspondingly, the electric network model implies a different method of modelling entirely.
Listed below are some of the issues that need to be addressed:

e The TBSSM, as aforementioned, is a discrete-time model that identifies the system state
across particular time samples (see Equation 2.5). Owing to the buses' continuous
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movements, the topology of the traction network will vary with each time step. Thus,
determining a new conductance matrix for the traction network must be taken into
account at each time step. This problem will be handled in Sections 5.1 and 5.2.2.

In trolleybus systems, the presence of unidirectional traction substations results in
significant voltage rises whenever surplus power is produced. This problem needs a
specific approach in order to effectively anticipate the traction network's steady-state.
This problem will be handled in Section 5.2.4.

There are voltage rules for the traction structure (see Table 2-1 and Figure 2-4) that
protect the bus motor and keep the traction network stable. Section 5.2.4 deals with
voltage rises; however, for the steady-state calculations, voltage drops and their
associated effect on bus motor current must be considered and correctly implemented.
This issue will be directed in Section 5.2.5.



3 Modelling the Traffic Network along with Buses

One of the most promising approaches to developing realistic trolleybus system simulation model
(TBSSM) is to mimic the real-world traffic flows of trolleybuses (TBs) as battery-trolleybuses
(BTBs). The characteristics of the traffic network and the buses as well as the bus movements,
need to be defined in considerable detail in order to develop appropriate speed and power profiles
for all traffic situations.

A traffic network model (TNM) is the initial stage of the TBSSM. It is developed to characterise
the travelling routes, with respect to traffic conditions and bus daily trip schedule, for trolleybus
systems. As shown in Figure 3-1, TNM is composed of several models, which are responsible for
describing the features of the road network. The road network is divided into two primary
components, namely the traffic nodes and the traffic branches. This contributes to the description
of how the travel roads are arranged depending on the topology of a road network. Both the traffic
node and traffic branch models feature a number of attributes that are intended to assist in
characterising the individuality of the elements that constitute the road network model (RNM).
The mathematical expressions of the road network elements are described in Section 3.1.

P
Bus Daily

Traveling
Route

Traffic
Nodes

Road
Network

Traffic
Branches

Daily Timetable

& /

Figure 3-1: Trolleybus traffic network model scheme which is part of the TBSSM scheme.

In Section 3.2, the mathematical expressions for the daily timetable model (DTM) are developed
in considerable detail. Afterwards, the bus daily travelling routes model (BDTRM) is presented
in Section 3.3. In which, the formation of the road network as a distinct travel route for each bus
is described. In consideration of this, the RNM, the DTM, and the traffic state model (TSM) are
utilised in the modelling process of the bus daily travelling routes.

The objective of the TSM is to define the travelling routes and to characterise the events that have
the potential to affect how buses travel throughout their daily schedules, e.g., probability of
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dwelling at bus stops and traffic lights, dwelling time, passenger crowding, and speed limit
reduction due to road crowds. The mathematical expressions for TSM are impeded in BDTRM.

3.1 Features of the Road Network

To accurately model a network, one needs comprehensive data that precisely represent the
components of the network and the attributes of those components. Within the context of this
simulation model, the TNM mimic the actual roads that the buses use throughout the course of
their daily schedule. To that end, the RNM is represented by two basic elements, i.e., traffic node
and traffic branch. Accordingly, the real-world road network is represented by collection of nodes
linked by directed edges. Thus, the road network is structured as a directed graph ¢ = (V, E). In
directed graph G, the nodes i € V represent the points of interest in the network, so the edges
(branches) (i,j) € E indicate that two nodes i and j are connected by branch (i,j), with
(i,j) # (4,1 [90, 91]. The TNM has n; traffic nodes and m, traffic branches.

3.1.1 Traffic Nodes

The traffic nodes represent specific locations in the road network; these nodes customise the
RNM. In a standard road network, nodes represent the intersection points between roads. For the
prepuce of this work, RNM must be defined with additional traffic nodes to make it more flexible
and practical for simulating the bus movements (see Section 3.3). Intersections, turnouts, and bus
terminus symbolise the primary traffic nodes in RNM; this group of nodes is not enough for
modelling a correct bus speed-profile. In order to improve the bus speed-profile, more locations
must be included. Bus stops and traffic lights are examples of important locations as a bus may
reduce its speed or dwell at them. The road nature as the surface topography of the land effects
the bus speed-profile as well. Consequently, additional types of traffic nodes must be defined in
the RNM (see Figure 3-2).

The traffic nodes map the bus travelling paths (see Section 3.3); their locations predict possible
changes in bus speed-profile likewise bus travel direction. Due to the individual of the traffic
nodes, each one of them is represented with its own set of attributes. The traffic node attributes
consist of several information such as geographic position and position type, e.g., bus stop, traffic
light, road junction or roundabout. These attributes support tracking the location of traffic nodes
within the RNM as well as projecting their locations into the real-world geographic position and
vice versa. The attributes set of the traffic nodes TN, can be presented as:

TN, = {TN,y, TNay, TNy3, ... TNy } (3.1)

where TN, is the traffic node attribute set which includes several subsets. The number of attributes
(subsets) for a traffic node is represented by the indicator k.
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A)

B)

Figure 3-2: Trolleybus road network structure.
A: Road network graphic.
B: Traffic node types.

Let I be an indexing set I = {i € N;|i < n}. If for each element i of I there is an associated

Traffic Node /
Traffic Branch (i)
Bus Stop

Traffic Light

Traffic Node Type Traffic Node Id

Depot {1,98}

Bus Stop {3,31}

Traffic Light {4,32,58,83}
Road Junction {2,7,84,85}
Road Curve {60,82}
Spare Node {5,6,33,59.,61}

object in each subset of TN,, then the attribute set of a traffic node can be presented as:

The traffic node attributes are defined as follows:

TNyi = {TNa1 i, TNazi, TNas gy . TNaili € (1,23, ..,

(3.2)
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Node-Id

A unique number is assigned for each traffic node, where TN,; = {tn,;| N;}and [TN,;| = n,.
Lettn,q; € TNay,; and tngq; € TNyqj, if 0 # jand TN,y = U?t TNy, then TN,y ; N TNy, j =
@. The node elements of the road network graph G;,, are denoted by the traffic node Id set TN,;,
i.e., Viy = TN,;.

Node Type

A type that represents the feature of a traffic node in the RNM is described based on its location
in the real world: depot, bus stop, traffic light, road junction, road curve, or spare node. Except

for road curves, which are represented by three different numbers dependent on the curve radius,
each node type is represented by a unique number. If Ny is a set of the traffic node type

numbers, then Niype = {niype € N1| 1 < nyype < 8} and |Nyype| = 8. The traffic node type
spare node represents locations that are useful for the simulation but do not correspond to any of
the other traffic node types. For example, the road slope may change multiple times between two
distant traffic nodes, namely, a long traffic branch. The road slopes are correctly represented by
placing additional nodes across the long traffic branch (see Section 3.3), which will split it into
several short traffic branches. Moreover, certain traffic nodes of the type spare node are included
in the RNM to form the connection points between the TNM and the electric network model
(ENM) (see Section 3.3).

Node type attribute can be defined as TN,y = {TNay1, TNaz 2, TNaz 3, .. TNazp, }, Where n = n,
and Vi: TNy ; © Nigpe-

Altitude

For each corresponding traffic node, the elevation above sea level is given in TN,; in unit of
meter m. Where TNy3 = {TNa31,TNaz2, TNaz 3, . TNaz )}, n =1y, and Vi: TN,3; € R. The
altitude attribute for each traffic node contributes to determining the slope angle between two
nodes.

Electric Node-1d

The TBSSM includes two network models, i.e., the TNM and the ENM. Over time, new bus
locations are established on the TNM as a result of bus movements. These locations are projected
onto the ENM using intersection points between the TNM and ENM (see Section 3.3). Since each
bus location is projected onto the ENM, the traction network conductance matrix is calculated
sequentially (see Section 5.3.2). The TNM is projected onto the ENM by intersecting all traction
nodes with selected traffic nodes. Consequently, the traffic node attributes must include the
adjacent electric node. If TEN, is the traction node attribute set and TEN,; is the node-Id set, then
TNag = {TNag1, TNaa2 TNag3, . TNagn}, Where n = ny, 3i: TN,y ; € TEN,; < traction node
overlap the traffic node i, and 3i: TN,,; = @ < no overlapped traction node.
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Overhead-Line Connection

In case of an accessible overhead-line, the traffic node is referred to as a connected node, as shown
in Figure 3-3. The overhead-line connection attribute is TN,s = {TNas1, TNas 2, TNas 3,
«.TNaspn}, where n=n,, 3i:TN,s; = {1} & present of accessible overhead-line, and
Ji: TN,y ; = {0} © no accessible overhead-line.

X-Coordinate

The x-coordinate is a geographic reference that defines the longitude of the geographic point
associated with a traffic node measured in decimal degrees. Where TN,, = {x|x € R} and
ITNagl = 7y

Y-Coordinate

The y-coordinate attribute specifies the latitude of the geographic point associated with the traffic
node measured in decimal degrees. Where TN,, = {y|y € R}and |TN,,| = n;.

Each traffic node in the RNM is projected to its location on earth and vice versa. Let x; € TN ¢

and y; € TN,, be the longitude and latitude of the same traffic node, respectively, where i is the
traffic node index. If i = {1,2,3,...n}, and Vi(lyy; = (x;,¥;)). Then the geographic coordinate
set of the traffic nodes is Lyy = {lyy 1, by, lxy,3 - lxynln = 1t}

Bus Stop Name

For each traffic node type (bus stop) there is an associated bus stop name. Let
BShame = {BSname,1» BSname 2> BSname,3, - BSname,n} be the set of bus stop names, then bus
stop name attribute is TNyg = {TNag1, TNag 2, TNag3, - TNagn}, Where n =ny, 3i:TN,g; C
BShame © TNy = {busstop}, and 3i:TN,g; = @ & TN,,; :# {bus stop}.

Dwell Probability

The location of a bus stop has a significant role in determining whether a bus will dwell at that
stop. In order to fulfil the requirements of this attribute, each bus stop is assigned with a specific
dwell probability, which is used later in the daily travelling route (see Section 3.3) to determine
whether a bus dwells at the bus stops that are on its daily trips in the course of a day. Let
Pawen = {% lx EN; A5 <x < 10} be the set of dwell probabilities, then the dwell probability
attribute is TNy = {TNao1, TNag2, TNag3, -.TNagn}, Where n=ny, 3i: TNyg; € Pawen €
TNgg; # @,and 3i: TNyg; = @ & TNyg; = 0.

3.1.2 Traffic Branches

Traffic nodes are distributed all over the road segments of the road network. For every pair of
traffic nodes, an edge links them, referred to as a traffic branch in this simulation model. Traffic
branches are unidirectional, which means that the traffic flow only goes in one direction,
beginning at the start node and terminating at the end node of the traffic branch. Like the traffic
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nodes, traffic branches are associated with several attributes that are insertional for bus movement
(see Section 3.3 and 3.4.2) and the traction network state computing (see Section 5.2.2). The
attributes set of the traffic branches TB, is:

TB, = {TB.y, TBaz, TBas, ... TBax} (3.3)

where TB, is the traffic branch attribute set which has several subsets. The number of attributes
(subsets) for a traffic branch is represented by the indicator k.

If i indexes the traction branches in TB,, then the attribute set of traffic branch i can be written
as:

TBai = {TBay TBas TBas,is - TBaxli € {123, .., my}} (3.4)

The traffic branch attributes are defined as follows:
From-Node

This attribute denotes the traffic node at the start of the traffic branch. If TN, is the set of traffic
node Ids, then traffic branch from-node setis TB,; = {TBal’l, TBa12,TBa13, . TBaim } where
m = mt, and Vi: TBal,i C TNal-

To-Node

This attribute denotes the traffic node at the end of the traffic branch. If TN, is the set of traffic
node Ids, then traffic branch from node set is TB,, = {TBaZ,b TBaz2,TBaz3, .. TBazm } where
m = mt, and Vi: TBaZ,i C TNal-

Electric From-Node

To improve the simulation performance of the traffic and electric networks, two simulation
models, TNM and ENM, are introduced. By linking specific traffic nodes to all traction nodes,
the TNM may be mirrored in the ENM. The TNM has several traffic nodes to highlight the road
topology and traffic situation, which are essential for simulating bus moves. However, the ENM
has the least number of traction nodes. Thus, traffic nodes outnumber traction nodes,
I.e., Ny > nge, While the traffic branches outnumber the traction branches, i.e., m; > my,.

The electric from-node attribute of the traffic branch denotes the from-node Id of the overlapped
traction branch. If TB,; and TEB,, are traffic branch and traction branch attribute sets,
respectively, where TB,3 = {TBas1,TBaz2 TBaz3, . TBazm } and m = my. Thus, 3i: TB,3; C
TEB,, © traction branch overlaps the traffic branch, and 3i:TB,3; = @ < no overlapped

traction branch with the traffic branch.
Electric To-Node

As for the electric from-node, the electric to-node attribute of the traffic branch denotes the to-
node Id of the overlapped traction branch. If TB,, and TEB,, are traffic branch and traction
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branch attribute sets, respectively, where TB,, = {TBas1,TBas2 TBas3, --TBasm }, and
m=m. Thus, 3i:TB,,; € TEB,, & traction branch overlaps the traffic branch, and
3i:TB,4,; = @ < no overlapped traction branch with the traffic branch.

Figure 3-3 shows a traction branch being mirrored by multiple traffic branches when an OHCW
is present, where the from-node (5) and to-node (6) of traction branch the (5,6) are defined as the
electric from- and to-node of the traffic branches (25,26), (26,27), and (27,28), which have the
indexes 1, 2, and 3, respectively. Whereas, the traffic branches 4, 5, and 6 have no values for the
electric from- and to-node attributes, since no traction branches (OHCWSs) exist over this part of
the traffic road, i.e., electric from-node = ¢ and electric to-node = ¢ as well.

A)
Traffic Node /
5 6 9 Traffic Branch (i)
© o o—]
| | |
! ! ; [ ) Traction Node i
| | | . .
! | ! I._.‘I Traction Branch (i,f)
| | |
| | |
B) ! ! ! Traffic Branch Index
l : l
| | |
= 2 31 4 5 6 |
C) . ». ».
ae 0 0 0 ode 0 0
1 {25} {26} {5} {6}
2 {26} {27} {5} {6}
3 {27} {28} {5} {6}
4 {28} {29} { {
S {29} {30} { {
6 {30} {31} { {
Figure 3-3: Illustration of traffic- and electric network overlap.
A: Electric traction network from ENM
B: Road network from TNM
C: Traction branch (from-/to-node) correspond to traffic branch (from-/to-node).
Length

This attribute represents the distance between traffic branch from- and to-node. However, it is
calculated across the roadway shapes, not from the shortest distance between the end nodes.
Figure 3-1 shows that the distance between nodes 82 and 83 is not the shortest; instead, it is
computed from the roadway shape, i.e., a curve road.

Length attribute is measured in units of metres and denoted as TB,s = {TBaS,l,TBa5,2,TBa5,3,
. TBasm }, Where m = mg and Vi: TB,s5; € R,
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Speed Limit

It is noteworthy a maximum speed restriction is applied to particular stretch of roads according
to the surrounding of the road, for example, residential zones 30 km/h, towns or cities 50 km/h,
and arterial highways 70 km/h and above [92]. Since this speed limit impacts the bus movement
and its speed profile, the maximum permitted speed for a particular road is included in the
attributes of the traffic branch which represent that road. If S,,,, = {10x|x € N;} is the set of
maximum speeds in km/h, then TB,s = {TBas1, TBas2, TBag 3 - TBasm }, Where m = m, and
Vi:TBag; € Smax-

3.2 Daily Timetable

Daily bus schedules are represented by timetables that include estimated arrival and departure
times at bus stops. A bus schedule is divided into several trips, so that every bus starts and ends
its schedule at the bus depot. The departure trip begins from the depot and continues to the first
bus stop (of the next trip) at the end of the departure trip. On subsequent inbound and outbound
trips, the bus proceeds via a series of bus stops according to a predetermined schedule. Towards
the conclusion of the day's schedule, the final journey from the last bus stop to the depot is
established. The DTM is necessary to simulate bus movements in the road network; consequently,
a daily travelling route (see Section 3.3) for the TNM is developed.

To implement the daily schedule of all buses into the simulation model, a set of all the trips during
the daily schedule for bus k is defined as:

Btripsk = {Bt,k,th,k,z:Bt,ks: ---Bt,k,n}J (3.5)
n= nbt,k A k € {152131 ---;nbus} .

where By ; is the departure trip and By , is the arrival trip, ny, . is the total number of trips in
the daily schedule of bus k, n,,s is the to total number of buses. If I = {1,2,3, ...,nbt’k} andi €1
is an index for Byyips x elements, then for vi: (2 <i< (nbt’k - 1)) are the inbound and outbound

trips, consecutively. The minimum number of trips in a daily bus schedule By is four;

departure, arrival, one inbound and one outbound trip.

The bus trip set By ;is defined as:

Bt,k,i = {Bline,k,i: Tstart,k,i: BSstart,k,i: Tend,k,i: BSend,k,i: BSdis,k,i} (3-6)

where i is the trip number, Byjne k. ; 1S the bus line number, Tgar i ; IS the staring time at the first
bus stop of the trip, BSgtart ki IS the name of the first bus stop, Tepq x; IS the arriving time at the
last bus stop in the trip, BSenq ki i the name of the last bus stop, and BSg;s x; is the whole trip

distance.

Excluding the departure and arrival trips, which are driven directly away and toward the depot, a
bus dwells at several bus stops along the route between the first and last bus stop of trip
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i (2 <i< (nbt_k - 1)) A set of bus stop names, which contains the bus stops encountered

along a bus trip, is necessary to depict the bus travel route thoroughly. Including the bus line
number Bjine, the name of the first bus stop BSg..rt, the name of the last bus stop BS.,q, and the
total trip distance BSy;s, the set of bus stop names along a bus trip is:

BStrip = {Blines BSstart: BSend) BSais» BSts} (3.7)

where BS,; is a set of bus stop hames, sorted so that the element sequence starts with the first bus
stop name flowed by the series of consecutive bus stop names until the last bus stop name at the
end of the set. The BS,, is defined as:

BStS = {bsn’l, bSn,Z: bSn,3, ‘e bSn,r},

(3.8)
Vi: (bsy; € BSpameli = {1,2,3, ..., 7})

where r is the number of bus stops in a trip, e.g., r = 2 in the departure and arrival trips, where
only two bus stops are needed; one is the depot, and the other is either the destination or the
departing bus stop.

If npge is the total number of the miscellaneous bus stop trips and BSyip; = BSyip (€€
Equation 3.8) with i = {1,2, ..., nyg }, then:
BStrips = {BStrip,l'BStrip,Z'BStripB: ---BStrip,n}:n = Npst (3.9)

The daily schedule of all buses is defined as:

DSgyses = {Btrips,l: Btrips,z: Btrips,3' Btrips,n}'n = Npus (3.10)

3.3 Daily Travelling Route

Throughout the day, each bus follows predetermined routes. Accordingly, a combination of the
bus traffic network and daily schedule data is necessary to successfully mimic these routes, which
will be later utilised by the bus model in order to simulate the bus movement (see Sections 3.4
and 4.3.1). BDTRM includes road topography, topology, and traffic data, i.e., road grades, traffic
light and bus stop locations, road junctions, road curves, and road maximum speed. Furthermore,
the OHCW data of the electric traction network are included as well.

The BDTRM of bus k is identified as Brp , however, for simplicity, the index k will be excluded.
Thus, Bty is defined as:

btry; btry, btri,
By = btry, : btr,, . btfzm ,m=myn=12 (3.11)
btry, btry, - btry,

Where By is an n X m matrix. The number of columns m,. represents the total number of the
successive traffic nodes that are shaped from the daily travelling route of bus k, and the twelve
rows represent the Ids of the successive traffic nodes that represent the bus daily travelling route,
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traffic branch lengths, day time, road slope angles, road speed limits, bus stopping points,
dwelling time at stop points, passenger crowding, distance to the next stopping point, electric
traction branch from-nodes, electric traction branch to-nodes, and electric traction branch lengths,
respectively. The structure and modelling of Bty are further described below:

Route Nodes

The first row of By is computed using Equations 3.1, 3.5, and 3.9. The first group of traffic
nodes is computed based on the first element of Equation 3.5 that is defined in Equation 3.6.
Matching the element of the first bus trip in Equation 3.6, i.e., Bjine1, BSstart 1, BSend 1, and
BSais, with the first four elements in (BSyrip i |i = {1,2,3, ..., npst}) from Equation 3.9. The index
¢ of the matched result is used to get BS;s, which is the fifth element of BS;, ;. After finding the
corresponded bus stop names of the first trip, Equation 3.1 is used to find the equivalent traffic
node Id of each bus stop in matched BS. Each element in BS.is compared with the elements
of TN, (see Equations 3.1). The index of the matched element is used to get the matched traffic
node Id from TN,,. With the same cardinality of BS,, a new set TN, = {tn|tn € TN,,} is
computed.

If npsn = ITNis| and j is the index of TNy elements, then BSsp = {(tnysj, thes ) Itnes €
TN, j = [Npsn]l ANk =) — 1} is a set of paired traffic nodes (tn ; := bsy, j), whose first traffic
node represents the (from bus stop) and the second traffic node represents the (to bus stop.). The
road network is modelled as a directed graph Gy, (see Section 3.1). By including the traffic branch
lengths T B, as a weight assigned to the graph edges, i.e., traffic branches, G, can be denoted as
Ginw = (Vin» Etny Win). The weight function wy,, maps the traffic branches Ey,, to their lengths,
Wen: Ety = TBys.

Whenever a path connects two nodes in a network, a weighted graph can be used to determine the
shortest route between them [90, 93]. Therefore, the shortest route for each element of BSgj, is
determined using Genw. If Rpaths = {Rpath,1» Rpath,2» Rpath 3, - Rpath,n} is @ set of the possible
paths between bus stops in BSgp, i.e., (tnesj, tiesk), and Dpaths = {Dpath,1> Dpath,2> Dpath 3,
Dpath,n} is the corresponding distance Of Rpahs, then the minimum path distance is
Dpathmin = min(Dpaths) and its corresponding route is Rpaehmin- The elements of Rp,ms
include the traffic nodes sequence for the path between (tnts, jr tnts’k). If there are n route paths
iN Rpaths and r is the index on each element in Ry,,hs, then each element in R, can be defined

s Rpathr = {tnpltny, € TNy ). Combining all  minimum routes in  BS ie.,

spr
(Rpath,min,1» Rpath,min,2s -+ Rpath,minn), Will produce the corresponding traffic nodes sequence
to the first trip BS. In the combination procedure, the final traffic node in Ry, min Must be
removed excluding last route path in BSg,. Therefore, repetition of traffic nodes — at the end of a
route path and the beginning of the following route path — is avoided.

After computing the traffic nodes sequence of the first trip TNy, ;, i = 1, the same process will

carry on with the remained bus trip in Equation 3.6. The daily route is modelled by combining all
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traffic node sequences of the bus trips respectively using the prior process to avoid any repetition
of traffic nodes in the end and start of the trips. Elements of the first row of Bty can be defined
as:

row, (Btg) = (rng|rn; € TNy;), 1 = {1,2,3, ..., m;} (3.12)

Where rn; is a traffic node Id and Vi: (btry; := rn;). Each consecutive pair in Equation 3.12
represents a traffic branch, i.e., (rn;, ;1) € By © (I+1) < m,.

Branch Lengths

As mentioned above, each consecutive pair in Equation 3.12 represents a traffic branch, and
(rn;_q,rny) for I = {2,3,4,...,m,} is the from- and to-node, respectively. If i is the index of
traffic branch in Equation 3.4 and (rn_q) € TB,1,; A Tn; € TB,y ), then the length of traffic

branch i is thy,; = tby ;, where thy; € TB,s. The length row can be defined as:

0, =1

Brra = {tbl, 2<l<m, (3.13)

Where tby; is the traffic branch length for the consecutive pair (rn;_1,7n;) from Equation 3.12.
Day Time

In Equation 3.6, bus trip start time Tgay¢; and end time Tqpq ; are defined. After computing the
traffic nodes sequence T Ny, ; Of trip i, a time value, corresponding to each traffic node in T Ny ;,
is calculated. The first and end time are given, i.e., Tgpare; and Tepq;. If @ = 1, the start index
s=1, and end index e = |TNys;| —1, then Brrss = Tstart; and Brrze = Tend;. The

corresponding time for the nodes between s and e is calculated as follows:

(Tend,i - Tstart,i)
Zle<=s BTR,Zk

For the next trip (i + 1), the start and the end index are recalculated, where s = |TNmS,(L-_1)| -1,

BTR,3r = <Tstart,i + + BTR,3r>rS <r<e (3-14)

and e = |TNys;| — 1 but not for last i in which e = |T'Ny,s ;| Hereafter, Equation 3.14 will be

repeated until all appropriate times are obtained. The elements of the day time row are defined as:
rows(Brr) = (traultray € H), 1 ={1,2,3, .., m;} (3.15)

where H = [00: 00,24: 00).

Road Slope Angle

The road slope angle is calculated between every consecutive pair in Equation 3.12, i.e.,
(rny_1,vny), where | = {2,3,4, ..., m..}. The traffic node altitude can be found by using Equation
3.2. If rn; € TNy, ;, then for the traffic node rn, the attitude is tn,; = TN,3 ;. The row elements

(road slope angle) can be computed as:
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0 =1

BTR,4l = tan~1 (t“z,(l—l) - t”z,z)

< <
! E ) 2 =~ l = mg

Where tby,, is the length of traffic branch (rn;,_1,mn;).

Road Speed Limit

After defining the traffic branch of every consecutive pair in Equation 3.12, i.e., (rn;_q,mn;),
where [ = {2,3,4, ..., m.}, the maximum permitted speed on these branches can be found by using
Equation 3.4. If i is the index of traffic branch and (rn_q) € TB,1; A ™y € TB,,;), then the

maximum permitted speed on traffic branch i is thg,; = tbgy, ;, Where tbg,; € TB,e. The (road
speed limit) row can be defined as:

o , =1

BTR’Sl = {tbSL,lJ 2<1< me (317)

where tbg;,, is the traffic branch speed limit for the consecutive pair (rn;_4,rn;) from Equation
3.12.

Stopping Points

Each bus stop has a dwell probability (see Section 3.1.1). The dwell probability Pgyen IS
between 0.5 and 1, i.e., Pqwen € [0.5,1]. Dwelling of buses at bus stops are not hold constant to
the defined values in the dwell probability attribute of the traffic nodes over the course a of day,
except for traffic nodes that are assigned with a dwell probability of Pqyen = 1. In other words,
the defined dwell probability attribute is determined according to rush hour situation, and it needs
to be adjusted for normal operation intervals. On workdays, three rush hour intervals are defined,
RH, =[6:30,9:00], RH, =[12:00,14:00], and RH; =[16:00,19:00], respectively.
Otherwise, weekends have only two rush hour intervals; thus, RH; = ¢, RH, = [12:00,14:00],
and RH; = [16:00,19: 00], respectively [94, 95]. The rush hours set can be defined as:

RH = RH, N RH, N RH,; (3.18)

In order to anticipate whether or not a bus may stop at bus stop, traffic light, or road junction, a
random number 0 < x, < 1 is generated for each traffic node in Equation 3.12, i.e., x,; € [0,1].
Thereafter, identifying whether or not the corresponding traffic node in Equation 3.12 is a
stopping traffic node is done by utilising Equation 3.2 as follows:

SPhs = {TNay |1 < i < ngATNyy; < {bus stop}} (3.19)
SPy = {TNa141 < i < n ATN,z; < {traffic light}} (3.20)
SPy = {TNal,ill Si<neATNy; C {roadjunction}} (3.21)

SP = SPys N SPy N SPy; (3.22)
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and

1, rn; € SP

Xspt = {0, otherwise’l = {123, .., m} (3.23)

where SPyg, SPy, and SPy; are sets of traffic node Ids which their type attributes are bus stop,
traffic light, and road junction, respectively, SP is a set in which all traffic node Ids in SP,g, SPy,
and SP;; are combined, and xg,; is an indicator which identifies possible stopping locations in
the route nodes defined by Equation 3.12. Dwell probability x4, for each bus stop in the route
nodes defined by Equation 3.12 can be determined using Equation 3.2 as follows:
TNy, TN,,;  {bus stop}
XdplL = { é), otherwise ’ (3.24)
1={1,23,..,m};i ={1,2,3,..,n}

where TN, ;, and TN,q; are the traffic node attributes for node type and dwell probability,
respectively (see Section 3.1.1).Bus dwelling corresponds to the route node (see Equation 3.12)
can be determined as follows:

, Xpg < Xdpy ATy € SPps Atrgy; € RH

. Xy < (xapy — 0.4) Arny € SPys Atrgy, & RH
Xdp1 = 1 Arn; € SPyg

Xp; < 0.5ATN € SPy Atrgy; € RH

1
1
1
Brrer =41
1
1

) Xy < 0.3 AT, € SPy
\0, otherwise
1={123,..,m:}
and
rowg (Brr) = (spy|sp; € {0,1),1 = {1,2,3, ..., m,} (3.26)

where sp; is an element in By, and it represents where a bus will dwell during its daily schedule.
The value of sp; is determined as presented in Equation 3.25. Bus dwelling at traffic node of type
bus stops rn; € SPys during rush hours try.; € RH is determined based on defined dwell
probability xqp,; which is compared to a random generated number x,.;. As a result, x4, has a
higher value, bus is more likely to dwell. The dwell probability at bus stops x4p,; is heuristically
found to be reduced (xdp,l - 0.4) outside the rush hours trgq, € RH; however, with a dwell
probability of one (xqp; = 1), bus dwell is inevitable. Similarly, the probability to dwell at traffic
lights rn; € SPy is when the value of random number x,; is below 0.5 and 0.3, i.e., x,.; < 0.5
and x,; < 0.3, during rush hours try.; € RH and regular hours tryq., & RH, respectively.
Regardless of day time, it is anticipated that buses have a dwell probability only when x,.; < 0.3
for road junctions rn; € SPy;.



38 MODELLING THE TRAFFIC NETWORK ALONG WITH BUSES

Dwelling Time

To model the travel route, dwelling time at each element in the SP set needs to be considered.
The dwelling time is a random variable whose range depends on several factors. The time spent
waiting at a traffic light, for instance, is determined by the arrival time of a bus at a traffic light
after the red light has been triggered. Similarly, dwelling time at a bus stop depends on the number
of passengers boarding or alighting. Furthermore, no dwelling time will be considered for
stopping at a road junction in the Btg matrix.

Let WTy = {wty € N|wtymin < Wty < Wty max), be a sequence of expected dwelling times at
traffic lights with minimum and maximum dwelling times wty min and Wty max, respectively,
and WTys = {Wtps € N|Wtpgmin < Wips < Wips max ), be asequence of expected dwelling times
at bus stops with minimum and maximum dwelling times wtyg min and wWtpg max, respectively.
However, dwelling time at road junction is always considered to be zero as mentioned above;
thus, WTy = {0}. The dwelling time at a traffic light is chosen at random with uniform probability
distribution from WTy, i.e., wty & WTy. Furthermore, dwelling time at a bus stop is likewise
picked at random from W T, but with a temporal constraint, so that there is a high likelihood of
a long dwelling time during the rush hours and a short dwelling time throughout the rest of the
day. Accordingly, the dwelling time at a bus stop is wtys & WT,(x), which is the random
process of obtaining wtys, by running algorithm WT, on input x. Where x is determined as

follows:

1 t € RH
x—{ o g =123 ..,m) (3.27)

1o, otherwise ’
Using Equations 3.19, 3.20, 3.21, and 3.26, the dwelling time row can be determined as follows:

Wty r, sp; =1Arn; € SPy

BTR,7l = Wtbs,r: Sp = 1 AT € SPbs, l = {1,2,3, ...,mr} (3.28)
o , spr = 1Arn; € SPy;

Passenger Crowding

For every trip between two consecutive bus stops, a specified number of passengers on board of
bus must be considered. Passenger count depends on the time of day and the location of bus stops.
In this work, only the time influence is considered. For sake of a random distribution, passenger
crowding may be represented as several discrete levels rather than absolute numbers. Four
crowding levels are defined as follows:

Pc = {Pc1, Pcz, Pc3, Pca} (3.29)

where P is the set of passengers crowding intervals, Pcq, Pca, Pcs, and Pg, are the low, low
medium, high medium, and high crowding intervals, respectively. Each crowding level is
represented as an interval [x,, x,], where x; indicates the lower number of passengers and x,
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indicates the higher number of passengers corresponds to each crowding level. Equation 3.29 can
be written as:

Pc= {[xl,Cler,Cl]' [x1,cz»x2,cz]» [x1,c3»x2,c3]» [x1,C4» xz,m]} (3.30)

The average passenger load over 24 hours is 37% and at peak time between 7:00 and 8:00 is 65%
[96]. The crowding intervals are defined for a correspond day time: Pg; at
tacr = {[22:00,7:00)}, P, at tqcp = {[9:00,12:00), [14:00,16:00),[19:00,22:00)}, Pcs
at tqcz = {[12:00,14:00)}, and P¢, at tgqcs = {[7:00,9:00),[16:00,19:00)}. If a random
integer number is picked from the crowding level intervals (Pcq, Pc,, Pcs, and Pc4) and defined
as:

Rp. € {x € Ny|x; . < x < x5.},c ={C1,C2,C3,C4} (3.31)

then the elements of the passenger crowding mass row can be computed based on the day time
sets (tq,c1, ta,czs ta,css and tgcq) and their corresponding crowding intervals as follows:

spp =1Arn; € SPy

Rec1 Atrgey € tace

R spp =1Arn; € SPy
Pz Atrge; € tgc2

=< ’ ’ = .
BTR,Bl R spl — 1 /\ rnl E SPbSl l {1)2)31 Imr} (3 32)

Pc3s Atrges € tqcs

R spp =1Arn; € SPy

\ P'C4’ /\ trdt’l E td’C4_

where Rp 1, Rpc2: Rpc3, and Rp, are random integer numbers generated randomly (see
Equation 3.31) from the crowding level intervals, (Pcq, Pcs, Pc3, and Pc,), respectively. Based
on Equation 3.32, all non-bus stops nodes (rn; # {bus stop}) are not assigned with a passenger
number. To substitute the missing values between any two consecutive bus stops, the passenger
number of the previse column is utilised in the subsequent blank columns.

If Brrgr = {t7p1,tTp2) tTp3, ..ty }, @Nd n = m,, then Equation 3.32 can be rewritten as

follows:

R sp; =1A1n; € SPy
el Atrger € tgca

R sp;=1Arn; € SPy
p.c2 Atrge € tgc2

Brrg = - R sp; = 1Arn; € SPy, (3.33)

p.c3 Atrge; € tgc3 '

R sp; =1A1rn; € SPy
p.ca Atrge; € tyca

\E7p,1-1/ otherweise

1=1{1,23,..,m)}
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Stopping Distance

In this row, the interstation distance between two consecutive stop locations (with tag 1 in B 4.)

is commuted as follows:

e
B1gpo = z Brpak ,s<l<e (3.34)
k=s
where s and e are the indices of the departure and arrival bus stops, respectively. The values of s
and e are updated for every consecutive bus stops. If [;is the index of departure bus stop and [,
is the index of arrival bus stop, thens =1; + 1and e = [,.

Electric Traction Branch (From-node)

Every consecutive pair in Equation 3.12, i.e., (rn;_q,7n;), represents a traffic branch, where
l ={2,3,4,..,m.}. The electric traction branch (from-node) that is corresponded to a specific
traffic branch (see Figure 3-3) can be determined using Equation 3.3 and the from- and to-node
values of the traffic branch, which are in this case (rn;_1,7n;), as follows:

tebgy; = {TBaz; © (rng_1) = TBayi A Tny =TBy )1 < i

<) (3.35)

and the (electric traction branch (from-node)) row can be defined using Equation 3.35 as follows:

0 , l=

Btr101 = {tebfn,l; 2<i<m, (3.36)

Electric Traction Branch (To-Node)

The electric traction branch (to-node) can be find using the same process used to find the electric
traction branch (from-node) of traffic branch (rn;_,,rn;). Therefore,

teby; = {TBas;i © (rng_1) =TBay; A Tny = TBy)|1 < i

< m) (3.37)

and the (electric traction branch (to-node)) row can be defined using Equation 3.37 as follows:

0 , =1
Brriu = {tebtn,l: 2<l<m, (3.38)

where teby,; is the to-node of the electric traction branch that is correspond to traffic branch
(rny_q,mny), and teby, ; € TBy,.

Electric Traction Branch Length

The elements in 10" row Brg 10. and 11" row By ;1. are the electric traction branch from- and
to-nodes, respectively. An electric traction branch can be represented as (tebg, teby,;) <
tebg,; # @ Ateby,; # @, where tebg,; € Brg 0. and teby,; € Brgr 114, and [ is the column
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index of Brg. Using Equation 4.3 and the electric traction branch from- and to-node
(tebn,, tebe,, ), the electric traction branch length can be determined as follows:

teby,; = {TEB,3; © (tebg; = TEBay; A teby,; = TEB,,)|1

3.39
<i< met} (3.39)
and the electric traction branch length row can be defined using Equation 3.40 as follows:
Brgag = {0 b= (3.40)
TR121 = tebL'l, 2 < l < me '

As mentioned above, the BDTRM contains the road network information that is sorted according
to bus daily travel routs. A bus starts its daily schedule from the second column in Bty and finish
at column m,.. Thus, the data of each column in Bty represent a travel segment that is utilised by
the bus model (see Sections 3.4 and 4.3.1) to simulate the continues move of a bus during the
simulation interval t¢. Equation 3.41 defines a travel segment correspond to column i in Brg.

BtI‘S,i == (btru, btrz’i, btr3’i, . btﬁz’i), i € {1,2,3, . mr} (341)

3.4 Modelling of the Bus

Basic information about the bus physical and technical specifications and its travelling routes is
essential to calculate the speed/load profile that mimics the traffic condition and trolleybus/battery
trolleybus behaviour in real-world scenarios. The bus speed/load profile is thus simulated using a
bus model (BM) that accounts for road topography, traffic regulation and bus schedule, which are
represented by BDTRM, as well as auxiliary loads, and the influence of weather conditions. The
BM can be computed as follows:

BMk = {Bsp,i,k' Bstate,k:Btrs,j,k}:k € {1;2;3; ---;nbus} (3.42)

where BM,, is the BM for bus k, ny, is the total number of buses, B, ; i is bus k mechanical
and electrical speciation which will be described in section 3.4.1, Bgiatex IS bus k state with

respect to time t, i.e. bus consumption power, bus battery SOC, and bus location in TNM and
ENM (see Sections 3.4.2 and 3.4.3), and By jx Is the actual travelling route segment (see

Equation 3.41).
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Figure 3-4: TB/BTB model scheme which is part of the TBSSM scheme. The overlapped light green and
purple parts represent the TNM and ENM, respectively.

The block diagram of BM is shown in Figure 3-4. Through the BDTRM, which is a combination
of road topography, traffic regulation, and bus schedules (see Section 3.3), the BM is
interconnected to the TNM. With regards to BDTRM, the location of the bus is continuously
updated based on the laws of motion while considering the impacts of mechanical and
aerodynamic drag on the bus as well as the characteristics of the bus. Numerous motion regimes,
including acceleration, constant-speed, rolling, and braking, are used to determine bus speed
profile between two stop points (see Section 3.4.2). Nevertheless, bus speed is impacted by bus
location (BDTRM), bus physical and technical specifications (see Sections 3.4.1 and 3.4.2), and
the traction network status (see Section 5.2.5). The corresponding bus speed is determined
following the calculation of bus longitudinal dynamics, and the updated location in the traffic
network is simultaneously recorded and used to update the traction network conductance matrix
(see Section 5.2.2). According to bus location in the traffic network, the battery operation may be
changed — charging or discharging — depending on the availability of the OHCWSs. When bus
contact with OHCWs changes, the current operating state of the on-board battery is evaluated and
changed if necessary. Temperature in the passenger compartment is regulated using a thermal
balance calculation that considers the surrounding environment's temperature. Combining the
auxiliary powers, which include heating, ventilation, air conditioning (HVAC) power, and basic
auxiliary power, with the electric traction power — the motor power — defines the total amount of
consumed power. If the on-board batteries of the bus are being charged, the charging power will
be included in the total consumed power. Otherwise, the power demands of the bus will be met
by the energy that has been stored in the on-board batteries.

3.4.1 Bus Specifications

To simulate the driving cycle of a TB or a BTB, mechanical and electrical specifications for these
buses need to be considered. The bus specifications can be represented as following:
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Bsp,i = {bspl,iv bspZ,iv bsp3,i' bspk,i} (3-43)

where By, ; is the specification set of a given bus maker, such as Premier AT 18, AG 300T, or
Trolino 18.75[97], i is the bus maker indeX, and (bsp+,; t0 bspy;) are the mechanical and electrical
specifications of bus maker i. The elements of set B, ; are defined as shown in Table 3-1. There

are 31 elements that represent the specifications of bus i, and, thus, k = 31 in Equation 3.43. In
case the bus variety is not a battery trolleybus, then bg19; = bsp20,i = bspa1,i = bsp22,i = 9.

3.4.2 Bus Speed/Power Profile

It is necessary to have comprehensive information about both the physical and technical
specifications of the bus (see Section 3.4.1) in order to mimic its realistic speed/power profile. In
the following section dynamic models for the longitudinal motion of a bus are presented.

Longitudinal Dynamics Model

Bus propulsion system counteracts the effects of aerodynamic and mechanical drags on the bus.
Figure 3-5 shows the forces impacting a bus moving on an inclining road. Based on Newton's
second law of motion, the forces acting in the movement of the bus is computed as follows [98—
102]:

FT = Fin + FR + FA + FS (344)

where Fr is the tractive (traction) force, F;,, Fr, Fa, and Fg are the inertia force, rolling resistance
forces, aerodynamic drag force, and grade (gravitational) force, respectively.

Figure 3-5:  Acting forces on a moving bus (trolleybus/battery trolleybus) [103].
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Table 3-1: Trolleybus/battery trolleybus mechanical and electrical specifications (elements of Equation 3.43).

Element Notation Description Unit
bgp1,; Biype Bus variety -
bspa,i Mpyin Minimum mass (without passengers) kg
bsps,i Mpax | Maximum mass (with full passenger capacity) kg
bspai Am Mass factor percent
bsps,i Ly Length m
bspe,i Wy Width m
bsp7,; Hpy Height m
bsps,i Vs Maximum Speed m/s
bspo,i Pnmax | Maximum passenger capacity -
bsp1o,i a Acceleration m/s2
bsp11,i a Deceleration m/s2
bsp12,i Cq Aerodynamic drag coefficient -
bsp1s,; Cr Rolling resistance coefficient -
bsp1a,i NMm Electrical motor efficiency percent
bsp1s,i M Regenerative braking efficiency percent
bspie Py Motor maximum power w
bsp17,i Pgy Heating power W
bsp1s,i Pgac Air-condition power W
bsp19,i Py Ventilator power W
bsp20,i Nhe Heating/Cooling efficiency percent
bsp21,i Pyaux | Basic Auxiliary power W
bsp22,i Dair Air density kg/m3
bsp2s,; Gy Air specific heat capacity kJ/kgK
bsp2a,i Ly Window glass thickness m
bsp2s,i L, Chassis thickness m
bspae,i kg Glass thermal conductivity W/m2K
bsp27,i k. Chassis thermal conductivity W/m2K
bsp2s,i Pyais Battery discharging power W
bsp2o,i Pycha Battery charging power W
bspz0,i Eq. Battery effective capacity Wh
bspz1,i SO0C;,; | Battery initial SOC percent
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The inertia force Fy, is responsible of providing the bus linear acceleration, and can be defined
from Newton's third law as follows:

Fpn=2An-M-a (3.45)
where A, := bgp,,; (see Equation 3.43) is the factor to take into account the rotational masses,
M is the total mass of the bus and calculated as shown in Section 4.3.1 and Equation 4.10, and a
is the acceleration/deceleration of the bus, a := b1, for acceleration and a = a’ :== b4, for

deceleration (see Equation 3.43).

The rolling resistance forces Fy is primarily influenced by the deformation and abrasion of the

tires [104]. Moreover, friction in bearings and the gearing system also play their part. Considering
the rolling resistance coefficient ¢, := b3, (see Equation 3.43) and the gradient of the road

0 := btrz; (see Equation 3.41), the rolling resistance force, which are distributed over the bus
tyres, is the summation of the rolling resistance forces F, that are applied on the bus tyres and can
be mathematically expressed as in Equation 3.46.

Fr = z F=c.-M-g-cos(6) (3.46)

where g is the gravitational acceleration (g = 9.81 m/s?). The rolling resistance coefficient c,. is
determined experimentally and is impacted by road and tire conditions, and, thus, the rolling
resistance depends on the tire's construction and the compounds used in its production.

The aerodynamic drag force F, is the force caused by the friction of the bus body moving through
air. This force is distributed over the bus surface and is influenced by many parameters: bus
physical body, bus velocity and wind velocity, temperature, altitude, and humidity [105]. The
aerodynamic drag force is expressed as:

Py = % paie - Ca - Ar - V(D) (3.47)
where p,;, is the air density in (kg/m®), ¢, = bsp12,; (see Equation 3.43) is the aerodynamic drag
coefficient, which depends on the bus design, Ar = (W}, - Hy,) (see Equation 3.43) is frontal area
of the bus in (m?), and v(t) (see Equation 3.52) is the bus speed in (m/s) at simulation time ¢ . In
this simulation model, the airflow velocity around the bus is assumed to equal the bus speed;
therefore, the wind speed is neglected. The value of (p,;, = 1.225 kg/mq) is considered for air
density p,;, in this work which is suitable for most cases, despite its dependence on temperature,
altitude and humidity [105].

The grade force Fs is the force that the bus requires to drive on a slope. It is computed from the
component bus total mass M acting along the slop and can be mathematically expressed as:

Fs =M - g -sin(@) (3.48)
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where M, g, and @ are the bus total mass, gravitational acceleration, and gradient of the road,
respectively. The bus will gain force when driving downhill (Fg < 0 and 8 < 0), and require
additional force when driving uphill (Fs > 0 and 6 > 0). Otherwise, Fs = 0 when 6 = 0.

The electric traction power of the trolleybus/battery trolleybus can be calculated from the resulting
traction force Fr and the electrical motor efficiency 1y, = bgp14,; (Equation 3.43) [106].

Prg = Fr-v(t") (3.49)
Pl
Mm

where Prg, and Prg are the mechanical and electric traction power, respectively. v(t") is bus
speed at simulation time t' (see Equation 3.52), and t’ is the progress of the simulation time ¢
after adding the time step 6t to it (t' =t + 6t).

A)
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Figure 3-6: Speed/power profile for a bus stop-to-stop driving cycles.
A) Optimal speed profile.
B) Optimal motor power profile.

The motion regime of a bus travelling between two stops is critical since it directly affects the
amount of energy a bus consumes, so it is essential to be aware of the motion regime at all
simulated times. Bus stop-to-stop movement can be represented in four different regimes of
motion: acceleration, constant-speed, rolling, and braking (see Figure 3-6) [107]. A regimes of
motion variable Mg can be defined as follows:
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1, Acceleration
2, Constant-speed
Mg = 0,  Rolling (3.51)
-1, Braking

Figure 3-6 (A) shows an optimal bus speed progress between two bus stops with respect to each
motion regime, while the corresponding motor power (bus traction power) with respect to these
motion regimes is shown in Figure 3-6 (B).

In acceleration regime (Mg = 1), more traction power is required to increase the bus speed.
Accordingly, the bus traction force/power must be higher than the resistance force acting against
the direction of motion (Fp(t") > 0, Prg(t’) > 0). The bus speed — in acceleration regime — is
calculated as follows:

v(t)=v(t)+a-6t; t' =t+6t (3.52)

where t is time, 8t is the time step (change in time), v(t) is the former bus speed, v(t') is the
new bus speed after 6t, and a = b1, (See Equation 3.43) is the bus acceleration. At the starting

of adriving cycle t = 0, v(0) = 0,and d(0) = 0.

The displacement §d(t") is calculated as follows:
1
8d(t") =v(t) - 6t + S a S5t%; t' =t+ 6t (3.53)

Thus, the travelled distance — between two consecutive traffic nodes — d is:

d(t") =d(t) +6d(t); t' =t + 5t (3.54)
the travelled distance — between two consecutive stops — d’ is:

d'(t)=d'(t)+dd(t'); t' =t + 6t (3.55)
and the travelled distance — between two consecutive traction nodes —d"" is:

d"(t")y=d"t)+6d(t"); t' =t + 6t (3.56)

The three different, above mentioned, travelled distance, i.e., d(t"), d'(t"), and d"'(t"), are used
to calculate the bus progress with respect to the traffic branches and traction branches. These
travelled distance are used to determine motion regimes with in a stop-to-stop movement (see
Section 3.4.3), index i in Equation 3.41 (see Section 4.3.1), and traction network topology (see
Sections 5.1).

In constant-speed regime (Mg = 2), the bus stops accelerating (a = 0) and keeps its driving speed
constant. Specifically, the exact amount of traction force/power required to overcome the
resistance force acting against the direction of motion (Fy(t") > 0, Pyg(t") > 0) must be applied
in this regime. The bus speed v(t") and displacement 8d(t") in Equations 3.52 and 3.53,
respectively, can be computed — in constant-speed regime — as follows:
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v(t) =v(t),t' =t+ 4t (3.57)
dd(t")y =v(t) -8t t' =t + 4t (3.58)

and traction force Fp in Equation 3.44 as:
FT = FR + FA + FS (359)

After determine the displacement §d(t") as shown in Equation 3.58, the travelled distances d(t'),
d'(t"),and d"(t") are calculated as defined in Equations 3.54, 3.55, and 3.56, respectively.

In Rolling regime (Mg = 0), the bus speed progressively drops due to resistance force acting
against the bus movement. While the bus is in rolling regime, no traction power is required to
propel it forward. Therefore, the bus moves by its momentum and F; = 0; moreover, the bus
acceleration a is calculated from Equations 3.44 and 3.45 as follows:

_ (Fr+Fp+Fs)

= 3.60
ar /lm . M ( )

with a road gradient 8 < 0 (see Equation 3.48), the bus rolling deceleration rate a,. is positive and
the bus will accelerate, e.g., (F5 + Fs) > Fg , otherwise, the bus will deaccelerate and lose speed.
The new bus speed v(t") and displacement 6d(t") are calculated as in Equations 3.52 and 3.54,
respectively. Where the calculated deceleration rate a, (see Equation 3.60) is used to substitute

a,ie.,a:=a.

In braking regime (Mg = —1), the bus is forced to reduce its speed by reversing the operation
direction of the traction motor. Consequently, the mechanical energy (Prg(t) < 0) is utilized by
converting the bus kinetic energy into electrical energy. The bus speed v(t"), displacement

&d(t"), and tractive force Fr are calculated — in braking regime — using Equations 3.52, 3.53, and
3.44, respectively. The deceleration rate a’ := bgpq4; (see Equation 3.43) is used to substitute a,

i.e, a:=a':=bgpy,.
The regenerative braking power is computed as follows:
Prg(t) = Py =y - Prp(t) (3.61)

where P, is the regenerative braking power, and 7, := bgpy5; (see Equation 3.43) is the

regenerative braking efficiency.
Auxiliaries

The power consumption of the auxiliary units must be considered in the BM, given the significant
impact of some of these units on the bus power profile [108]. Heating, ventilation, and air
conditioning (HVAC) systems, as other non-mechanical units (basic auxiliary units), define the
auxiliary consumption power of a trolleybus/battery trolleybus.
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Qu

Figure 3-7: Heat loads through the bus passenger compartment.

The HVAC in the BM is computed using the heat balance equation of the air inside the passenger

compartment as shown below [109, 110]:
(Ti(t')—Ti(t)) _ (QHVAc(t')+QP(t')—QL(t')—QD(t')—Qv(t'))

T Vo panCy gt =t+6t (362

where Cp, is the air specific heat capacity (Cy, := bgpz3,, see Equation 3.43), (Vy, + pair) is the air
mass inside the bus in (kg) — Vi, := (bsps,; - bspe,i - bsp7,1) and the air density p, = bspza; (€€
Equation 3.43), T;(t) and T;(t") are the temperature inside the bus at the last step time ¢t and the
given time t', respectively, 6t is the simulation time step, Quyvac(t’) is the added HVAC thermal
energy at t’, Qp(t") is the passengers heat energy at t’, Q. (t") is the conductive and convective
thermal losses energy at t’, Qp(t') the energy loss due to the opening of the bus doors at t’, and
Qv(t") energy loss due to ventilation at t'. Figure 3-7 shows all the added heat energy and lost
energy losses (see Equation 3.62) contributing to the thermal balance inside the passenger
compartment are represented. The arrow directions are a symbolic for the impact of the heat
energy on the passenger compartment. Qp and Qy, represent the outside thermal energy coming
from opening the bus doors and the contact with the bus windows and chassis, respectively. A
small section of the bus side is removed to show the contribution of passengers' heat energy Qp
to the passenger compartment. The HVAC units are located on the roof of the bus, so Qyuyac and
Qv are impacting the passenger compartment through the roof of the bus, as indicated by the
arrow directions inside the bus.
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Figure 3-8: Comfort temperature range in the passenger compartment, in compliance with VDV 5
recommendation 236 [111].

Based on the bus internal temperature T; and the target comfort temperature T, setting (see
Figure 3-8), the HVAC system of the bus runs in either heating-, cooling-, or off-mode, as follows:

—Pgy - Ot, To(t") < 15° AMp (t') =1

Quvac(t’) =9 Peac-0t,  To(t) >22° AMp(t') =1 (3.63)
0 , Mp(t) =0
( (T:(®) < Tu(t) ATo () < Ti(®))
1

" (Ti(®) 2 Tou () ATo () > Tou (1)
Ti() = Tou(t) ATi(t — ) < Tou(t))  (3.64)

Ti(6) < Ty () ATyt = 56) > Ty (t))
15° < T, (t") < 22°
\M,,.(t), otherwise

My (t') = 1

(
o

where Pgy := bsp17,; and Pgac := bsp1g; are heating power and air-condition power (see
Equation 3.43), respectively, T, (t") is the outside temperature at t’, 8t is the time step, and My,
is a control variable, which turns on/off the heating and cooling, and is determined as shown in
Equation 3.64. M;.(t") turn off the heating or cooling (M;(t") = 0) when the outside
temperature T,(t") is between 15°C and 22°C (see Figure 3-8). Yet My,.(t") turn off the heating
(Mp(t") = 0) when the bus inside temperature T;(t) reaches the upper comfort temperature T,
(Ti(t) = Tey (£ ATi(t — 8t) < Tyyu(t")) and turns it on (Mp(t') = 1) when T;(t) drops below
the lower comfort temperature T,; with an outside temperature T, (t") less than Ti(t) (Ti(t) <
T (t") ATo(t") < Ti(t)), as it turn off the air-condition (My(t') = 0) when T;(t) drop below the

5 In German, famous as: Verband Deutscher Verkehrsunternehmen
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lower comfort temperature Ty (Ti(t) < Ty (t") A Ti(t — 6t) > Ty (t")) and turns it on once more
(Mpc(t") = 1) when T;(t) reaches the upper comfort temperature T, again (T;(t) = Ty, (t") A
To(t") > Ty u(t")). Otherwise, My (t") hold its revues value from the last time step My (t") =
My, (t). The initial value of My, when the bus starts to move from depot, is My (tp) = 1.
Figure 3-8 outlines the recommended comfort temperature — lower and upper — curves in the
passenger compartment, Ty, and Ty, respectively. T, is the regulated temperature in the passenger
compartment. Moreover, the heating-, cooling-, and off-region, correspond to the outside
temperature T,(t'), are represented in Figure 3-8 as well. The upper and lower comfort
temperature T, (t') and T,(t"), respectively, are defined using the upper and lower comfort
temperature curves Ty, and Ty, respectively, shown in in Figure 3-8 with correspond to the

outside temperature T, (t") at time t'.

The outside temperature T, is determined using real-world temperature measurements collected
on several days throughout the year (see Figure 11-2Annex 11.2). T, can be represented as
follows:

To = (To(tl)r To(tZ)'To(t3)r ---rTo(tn));

n =ty At; € Tpy

(3.65)

where ., is a set of the real-world times that is utilised in this simulation model (see
Equation 2.11), and |, | is the number of elements in 7.

The passenger heat energy Qp(t") in Equation 3.62 is calculated as:

Qp(t/) — qp . (np + 1) (366)
100 , Ti(t') < 18
10 ) )

w=13" Ti(t") — 80, 15 <Ti(t") <24 (3.67)
5-Ty(t') — 40, 24 <Ty(t") <35
25 , Ti(t') = 35

where g, denotes the heat gained per passenger (W) based on the interior temperature of the bus
cabin [112, 113], and n,, = btrg; (see Equation 3.41) denoted the number of passengers — plus

one for the bus driver — in the bus cabin.

Heat transfer between the bus cabin and outside ambient temperature can be computed using the
thermal resistance and conductance Equations [114, 115]. Thus, the conductive and convective
thermal losses energy Q. (t") is computed as follows:

1
Qut) =—— (Ti(t") = To(t)), t' =t + ¢ (3.68)
Rth,tot

. 1 . Ly s L, . 1
Ot Aps -y Ag kg Ac ke Aps Ry

(3.69)
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where Ry, o1 IS the total thermal resistance, Ags, Ag, and A, are the total surface area, the window

glass area, and the chassis area of the bus in (m?), respectively. Ags = (2-Ly-Wy) +
(2- Ly - Hp) + (2 Hy - Wy) is calculated using bus specification length Ly, := bgps;, Width
Wy, = bspe,i» and height Hy, := by, ; (see Equation 3.43), accordingly, the window glass area is
assumed to be third the total surface are Ag = éABS, and, therefore, the chassis area is
A= §ABS. Lg, L, kg, and k. are the glass thickness, the chassis thickness, glass thermal
conductivity and chassis thermal conductivity, respectively, and their values are fund in B, ; (see

Equation 3.43 and Table 3-1).

The surface convective heat transfer coefficients h, and h; depend on the air velocity and thus
are computed using the bus speed (from Equation 3.57) as follows [116]:

hy = 0.6 + 6.64 - \/v(t"), x € {o,i} (3.70)
where h, and h; are the outside and inside convection coefficients, respectively.

The energy loss due to opening the bus doors @p — during dwell time — can be estimated as follows
[113, 117]:

QD(t,) = lpdoor : Vd “Pa Cp ' (Ti(t,) - To(t,)) (3-71)
(L v(t") = 0 A btry; :== {bus stop}
¢door - {0, U(t') >0 (3-72)

where Vg is the air infiltration flow rate in (m%/s), based on [117], V4 = 0.4 m®s is assumed in
this simulation model, and 4,0 represents the condition of the bus doors. Accordingly, no
thermal energy is lost when the bus is moving Qp(t") = 0 as v(t') > 0, however, Y4oor = 1
when the bus stops at a traffic node btr; ; (see Equations 3.41 and 3.42) that its type is bus stop.

The energy loss due to ventilation Qy can be calculated as follows [113, 117]:

Qu(t) =Py () Vy - pa- G- (Tit) = To(t") (3.73)
1, Ti(t) > T (t") AMp(t') =0
Pt =1, {Tm < T () A Mpc(t') = 0 (3.74)
' th(t’) =1

According to [117], HVAC air flow rate between 1, = 0.05 m¥s and V, = 0.3 m?¥/s is measured
depending on the operation mode of the HVAC system My.. A value of V4 = 0.2m%s is
considered for all the ventilation mode in this simulation model. i, indicates the ventilation
system functional condition. Accordingly, the ventilation system is switched on (¥, (t") = 1)
when the bus cabin interior temperature T;(t) at time t (see Figure 3-8) is more than the regulated
temperature T, (t") at time t" and the heating system is off (M;,.(t") = 0), contrarily, the ventilation
system is switched off (1, (t") = 0) whenever the heating/cooling system is on (My,.(t") = 1) or
Ti(t) isless than Ty (t") and (M. (t") = 0). The regulated temperature T, (t") is defined using the
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regulated temperature T; curve shown in in Figure 3-8 with correspond to the outside temperature
T,(t") attime t'.

The bus cabin interior temperature T; is updated with every time step &t using
Equations 3.62 - 3.83, the old T;(t) — bus cabin interior temperature from last time stept = t' —
&t — is used to find the functional mode of the heating, cooling or ventilation at time t’ (see
Equations 3.64 and 3.74). After determining the value of M;,.(t"), the power consumption of the
HVAC system is:

Puc(t’) = 1 |Quvac(t)l

- = (3.75)
C

where ny = bspz0,; (Equation 3.43) denotes the thermal to electrical energy ratio. The power

consumption of the HVAC Ventilator power P, (t") is:

A Pvll th(tl)vwv(t’)zl
PO =10 e A =0

where P/ := bgy19; (See Equation 3.43) is the HVAC Ventilator power. The HVAC system total

(3.76)

power Pyyac is accordingly calculated as follows:

Pyyac(t) = Puc(t) + Py(t) (3.77)

More consumption power is contributed from other basic auxiliary units, besides the HVAC
system, such as battery cooling, air compressor, steering pump, and lights [98]. The basic
auxiliary power Py, is computed using the bus specifications parameter bgp,;; (see

Equation 3.43) as below:

Poaux(t) = bsle,i (3.78)

The TB power Pg(t") — included in BM and presented in the next section — is calculated using:
traction Prg(t’), HVAC Pyyac(t'), and basic auxiliary Py,.x(t") power. Therefore, by using
Equations 3.50, 3.61, 3.77, and 3.78, these powers can be accumulated as shown in Equation 3.79:

Pg(t') = Prg(t') + Puyac(t') + Ppaux(t) (3.79)
Battery System

Most of the batteries used in electric vehicles are composed of lithium titanate (LTO), lithium
iron phosphate (LiFePO4), and nickel-manganese-cobalt (NMC) cells. The high energy densities,
high charge and discharge currents, and appropriate cycle stability of these batteries have shown
great value in electro mobility applications [118].

For BTB, a battery system is associated with the BM (see Equation 3.43). Accordingly, the
maximum charging (Ppcha := bspzo,;) and discharging (Ppgis := bspzg,;) POWers are included in
the battery model as well as the effective energy (Esc := bgpso,) and the initial state-of-charge
SOC, i.e., the battery SOC when a BTB the first time states to move (SOCjp; := bgp31,;). In the
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context of a battery, the term SOC refers to the percentage of its remaining energy to the actual
rated energies. It shows how much charge is left in the battery, 100% fully charged and 0%
completely drained. Various estimation approaches can be utilised to determine the SOC. In this
simulation model, the Coulomb-Counting approach is used to calculate the new SOC.
Accordingly, the battery's remaining capacity is estimated by measuring the power flowing in and
out of the battery. The batteries new SOC is calculated as in the following Equation [119-121]:

St
1
S0C(t") =S0C(t) —nc- P f P (t)dt, t'=t+6t (3.80)
SC
0

where SOC(t") is the new SOC, SOC(t) indicates the last SOC, n.. is the coulomb efficiency,
Egc == bgpzg; (see Equation 3.43) is the battery effective capacity, and Py.(t) is the

charging/discharging power at time t’ (positive for discharge and negative for charge). Py (t) is
calculated as follows:

PL(t"), P1:3(t') < Ppdis
PB(t,) = _Pbcha
Ppaiss  Pg(t') > Puais
—p P},3(tl) < _Pbcha (381)
behas Ypat =0
. SOC(t) = 1 Ay = 0
\ ' 1SOC(E) = 0 Aty = 1

Psc(t) = Pl;at(t’) = 9

1, SOC@)>0 APy(t') >0 Abtry,; =0
Phac = (e <0 (3.82)
’ SOC(t) <1Abtry,; #0

where Pp,.(t") is the battery power, Pg(t') is the TB power (see Equation 3.79),
(Pbdis := bsp2s,i), and (Ppcha := bsp29,;) are battery discharging and charging power as in bus
specifications, respectively, (see Equation 3.43 and Table 3-1), and yy,,; is the battery operating
mode. As shown in Equation 3.81, the battery power is the same as the TB power Pg(t") when
the BTB is driving wire-free (no contact with OHCWSs) and the TB power is less than the battery
discharging power Pg(t") < Ppqis (bus consuming power) or more than the battery charging
power Pg(t') = —Pycna (bus generating power), otherwise, the battery discharges/charge with
the maximum battery discharge/charge power.

The battery is in discharging mode (5 = 1) when the battery SOC(t) > 0 and Pg(t") > 0 with
no available OHCW, where btry, ; (see Equation 3.41) is the length of the electric traction branch,
and in case of unavailability (no OHCW), its value is set to (@). However, the battery is in
charging mode (¥, = 0) when Pg(t") < 0 or when the battery SOC(t) < 1 and the bus is under
the OHCW, i.e., btry,; # .

The coulomb efficiency of the battery n. is determined by experiments, e.g., lithium-ion battery
has discharge efficiency n. = 1 and charging efficiency 0.98 < n. < 1 [122]. When the battery
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at time t is fully charged SOC(t) = 1 and P,.(t") < 0, then the battery SOC will maintain its
level SOC(t") = 1. Similarly, for completely drained battery SOC(t) = 0 and P,.(t") > 0, the
battery SOC will maintain its level SOC(t") = 0. Accordingly, Equation 3.80 can be formulated

as follows:
(1 ,SOC(t) =1 AP (t") <0
soc(t) = io f&psc(t)dt'SOC(t)_z 0AF(t) >0 (3.83)
SOC(t) —n,- OE—SC’ otherwise
The bus state set Bgate (Se€ Equation 3.42) can be defined as follows:
Bgtate = {bs_l, b5, bs 3, ... bs,lz} (3.84)
The elements of set Bgi,te are defined as shown in Table 3-2
Table 3-2: Bus state.
Element Description Equation

bs 1 Bus regime of motion (M) (3.51)

bs.» Bus Speed (v) (3.52)

bs 3 Travelled distance between two consecutive traffic nodes (d) (3.54)

bs 4 Travelled distance between two consecutive bus stops (d') (3.55)

bss Travelled distance between two consecutive traction nodes (d'’) (3.56)

bse Bus traction power (Prg) (3.50) or (3.61)

bs Bus HVAC power (Pyyac) (3.77)

bsg Bus basic auxiliary power (Pyaux) (3.78)

bs g Battery power (Py.¢) (3.81)

bs 10 Battery SOC (SOC) (3.83)

bs 11 Heating/Cooling control (M,,.) (3.64)

bs 1, Bus cabin interior temperature (T;) (3.62)

3.4.3 Stop-to-Stop Movement

The third part provides a further explanation of the bus stop-to-stop movement and its
corresponding regimes of motion. With the four possible regimes (acceleration (Mg = 1),
constant-speed (Mg = 2), rolling (Mg = 0) and braking (Mg = —1)), there are four basic cases

of stop-to-stop movements (see Figure 3-9) [107].
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Figure 3-9: Cases of stop-to-stop movement regimes (adopted from [107]).

Case A:

In this case the distance between the two stop locations (bus stop or traffic light) is short, in which,
the bus speed v’ = v(t") does not reach the maximum permitted speed vy, 1, Where v, defines
the maximum speed that is permitted by the road segment (see Equation 3.17) and bus maximum
speed indicated in the bus specifications (see Equation 3.43). As shown in Figure 3-9 (A), only
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two regimes of motion are expected, where the bus accelerates (Mg = 1) until reaching v'. The
bus travels the accelerating distance d, over the accelerating time interval t,. Afterwards it
changes to braking regimes (Mg = —1) directly and decelerates until settling at the end stop
location. Through the braking regimes the bus travels the braking distance d;, over the braking
time interval ty,. The total travel distance (stop-to-stop interstation distance) and total time interval
(stop-to stop travel interval) for case A are D = d, + dy, and 74 = T, + Tp,, respectively.

The x-axes in Figure 3-9 represent the time progress, where tg, is the time when the bus start to
move and tg, is the time when the bus arrive at the stop location, thus, tss = tg, — tg;. The
intervals remarked under the x-axes represent the time periods and distances that are correspond
to each distinct regime of motion (Mg).

To check if a bus could reach v, Within an interstation distance between two stops the following
Equation is utilized [107].

2-a-|a’'|-D
" — 3.85
v / PPy (3.89)

where a is the acceleration rate, a’ is the deceleration rate, and D is the distance between two
consecutive stops (as calculated in Equation 3.34), i.e., D = Bygrq,. If the calculated v’ is less
than v,,.4, the stop-to-stop interstation is considered as case A and braking regime (Mg = —1)
starts when the bus speed hits v', i.e.,, v(t') = v' and t’ > t5; + 74. The 7, and 7}, are calculated
as follows [107]:

v
Tq = P (3.86)
and
_ v
Tp = 2] (3.87)

where the bus speed v’ can be substituted for the speed v.

Case A is utilised in the bus speed profile whenever an interstation distance is rather small. Traffic
light with red light adjacent to a bus stop, or the other way around, is an example of this case.

Case B:

In this case, the bus hits v,;,,, and maintains moving at this speed until braking is required to stop
at the coming stop station. As shown in Figure 3-9 (B), only three regimes of motion are utilised
to simulate bus movement between the two stops. Acceleration interval 7, and braking interval
T, are determined using Equations 3.86 and 3.87 with vy, Substitutes for the speed v. Yet,
acceleration distance d, and braking distance dy, are determined using Equation 3.53. Stop-to-
stop travel interval T consists in case B of acceleration, constant-speed, and braking intervals,
i.e., T4, Tc, and Ty,. 745 Can be calculated as follows [107]:
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D VUmax (1 1 )
= + Y P 3.88
TSS vmax 2 a |aI| ( )
The constant-speed interval t. can be determined also as follows:
D Vmax (1 1 )
Te =Tgs — (Tg +Tp) = —-—— =t 3.89
C Ss ( a b) o ax 2 a |a | ( )

Thus, the following equation is used to determine when the braking regime (Mg = —1) could be
initiated:

t' > (tsg + 74+ 7c) (3.90)

As a consequence of a delay in bus schedule, case B is commonly implemented in the bus speed
profile, where rolling regime (Mg = 0) is omitted to avoid the additional delay caused by this
regime.

Case C:

The most efficient driving strategy in terms of energy utilisation is to accelerate (Mg = 1) until
VUmax then roll (Mg = 0) at the rolling deceleration rate a, (see Figure 3-9 (C) and Equation 3.60)
until braking (Mg = —1) is required. Three regimes of motion are consisted in case C:
acceleration, rolling, and braking regimes (see Figure 3-9 (C)). The rolling interval 7. is
determined as follows [107]:

Vmax — Ur

T, =
r |a,|

(3.91)

and

. 2-a-la'l-la;|-D)—(a’ - (a+|a.]) - Vmax?) (3.92)
r a-(lag| —la')

where v, is the bus speed before switching from rolling regime (Mg = 0) to braking regime
(Mg = —1). After determining the acceleration interval 7, as shown in Equation 3.88, the time
when the braking regime (Mg = —1) must be applied can be calculated as shown below:

t' = (tgy + T4 +7p) (3.93)

The rolling regime is measured unlikely when the determined v;. is too low, in which instance a
constant-speed regime must be implemented (see Case D). Equation 3.92 may be used to calculate
7, for a stop-to-stop interstation distance D only if v, is determined to be acceptable. Case C is
likely implemented for interstation distances that are relatively longer than interstation distance
of case A.
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Case D:

This case represents the optimal speed profile, where all four regimes of motion are involved (see
Figure 3-9 (D)). For a long spacing between stops, case D is selected to determine the regimes of
motion and their corresponding time intervals. The constant-speed time interval 7. for case D can
be determined as follows [107]:

;= D _ Vmax (l n L) _ Urz (L _ i) (3.94)
‘ VUmax 2 \a |al 2 Umax la'| la|

Moreover, the acceleration time interval 7, is determined using Equation 3.86 and the rolling time

interval . is determined using Equation 3.91. The start of the braking regime is calculated as
follows:

t' > (tgy +Tq + T+ 71) (3.95)

The v, value is unknown in Equations 3.91 and 3.94. A value for v, is selected to determine t,
and ... It is then checked to see whether a greater or smaller value of v, would result in 74 that
match with the bus schedule. This process is repeated until an expectable 74 is achieved.
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Figure 3-10: Realistic bus speed profile for a stop-to-stop movement.

The previously mentioned cases are simple and straightforward. In order to mimic a realistic bus
speed profile (see Figure 3-10), it is not possible to use only the equations introduced for case D
with an exact sequence of acceleration, constant-speed, rolling, and braking regimes; specifically,
to determine the right time to activate braking regime and achieve exact stop location at the end
of the stop-to-stop interstation distance D. As presented in Section 3.3, stop-to-stop can be
consisted of several traffic branches. Thus, the permitted maximum speed vy, is not fixed to a
single value, it changes based on the permitted maximum speed of the traffic branches (see
Equation 3.17 and Section 4.3.1 for bus motion continuity), leading to several vy, and random
sequence of motion regimes. As shown in Figure 3-10, during a stop-to-stop movement a bus may
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encounter three distinct maximum speeds Viax 1, Vmax2 and vmax 3, Which correspond to the

permitted maximum speed of the traffic branches.

Approaches and equations described for cases A to D can be used to predict the proper order of
the motion regimes during a stop-to-stop movement. Acceleration regime (Mg = 1) is used
whenever there is a possibility to increase the bus speed (v(t) < vyaxi, Where i represents the
sequence of the maximum speeds between a stop-to-stop movement and as shown in Figure 3-10
i = {1,2,3}). The bus retains its speed at vy, ; and operates in constant-speed regime (Mg = 1)
as long as vy, ; does not change, e.g., in Figure 3-10 the bus reduces its speed from vy, ; t0
Vmax2 When the permitted maximum speed of the traffic branch is drooped to v, and
subsequently accelerates when the permitted maximum speed changes to v,y 3. The remained
regimes are rolling regime (Mg = 0) and braking regime (Mg = 0), respectively, which come at
the end of the regime cycles. However, intermediate braking regimes are essential once vy, ay ; IS
dropped and the bus is moving at a speed v(t) above the new v,y i+1). AS it is not possible to
determine when exactly a rolling regime may be started (using Equations 3.91 and 3.92), a
repetitive check with each time step 6t is implemented. The value of an acceptable v, is
determined by utilising the trip time values (see Equation 3.15). The remaining time interval 7,
is determined using the time values in Equation 3.15. 7,4, is considered to be the time interval for
both rolling and braking regimes (see Figure 3-9 (D) — Figure 3-10 complicates concerns since it
introduces a new motion regime Mgz = 3 which will be discussed in more detail below). Thus,
T, IS calculated as follows:

Tep = Tr + T (3.96)

The braking interval can be calculated using Equation 3.87 as follows:
Ur
T = 1o (3.97)
Substituting Equation 3.91 (after replacing vy,ax by v(t)) and Equation 3.97 into Equation 3.96

and solving for v, one obtains:
la'| - lar| - 7ep — la'| - v(8)

Ve = , 3.98
' lal = 1] (3.98)

The remaining interstation distance is then compared to the distance that the anticipated rolling
and braking regimes achieved. Utilising Equation 3.53 to determine the rolling distance d, and
braking distance dy,, one obtains:

dr == la,| - 7, (3.99)

N = N =

db = . |a'| . sz (3100)
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and
(dy +dp) = (D—d'(®)) (3.101)

Switch to rolling regime (for simulation time t') is possible only when the condition of
Equation 3.101 is satisfied. Once the rolling regime has been triggered, further checks are no
longer necessary. Here it is worth mentioning that checking if a braking regime needs to be
activated occurs before checking the rolling regime. In fact, braking regime check occurs before
deciding any motion regime will be activated at t". Therefore, braking distance dy, is determined
as follows:

_w()?

dyp = —2
b 2‘|aI|

(3.102)

If the value of dy, satisfies the condition of Equation 3.101 (with d, = 0), then braking regime
(Mg = —1) for simulation time t' is activated and no more regime check is required.

Considering the frequent changes between the motion regimes and the uncertainty regarding the
start time of the rolling regime, it is possible that a bus dwells before or after the stop destination.
As shown in Figure 3-10, the bus stops before the stop destination when changing to braking
regime at t (as represented by the first dotted light green line) and it stops after the stop destination
when changing to braking regime at the next time step t’ (as represented by the second dotted
light green line and grey marking for the extended braking regime). Thus, a new motion regime
Mg = 3, which occurs before the last braking regime, is implemented. In other words, the dotted
light green lines in Figure 3-10 show where the bus could dwell without implementing the new
motion regime. In My = 3, a deceleration rate more than a’ is applied, which will enable the bus
to move less than it would when applying the normal deceleration rate of the bus a'.

The decision to utilise this regime (Mg = 3) is made as follows: As mentioned before, braking
regime check is implemented with each &t and before deciding the motion regime for t'. This
check will be repeated with a second check but after proceeding the bus movement with the
previse motion regime (from simulation time t). The resulted speed and travelled distance (at
simulation time ¢’ and deceleration rate a’) are defined as v, and dy, respectively (see Figure 3-10).
After utilising v, and d; into Equations 3.102 and 3.101, one obtains:

V2
2-|d|

dp > (D —d)) (3.104)

dp = (3.103)

where D is the total travel distance (stop-to-stop interstation distance) and D = Btro; (as
calculated in Equation 3.34). The total travel distance D is represented in Figure 3-10 under the
x-axis, narrowed between the starting stop at time ty; and the destination stop at time ts,. The
travelled distance d; (at simulation time ¢’ and deceleration rate a') is also shown in Figure 3-10
under the x-axis.
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If the condition of Equation 3.104 is satisfied (Equation 3.101 (with d,. = 0) is not satisfied), the
motion regime (Mg = 3) will be activated for t'. This type of regime may occur before the last
braking regime (during a stop-to-stop driving) and lasts for only one time step &§t. The
deceleration rate a,,5 for this regime is calculated using object displacement equation (based on
Equation 3.53) as follows:

_ 2-dpz—v(t) -6t

A3 = 502 (3.105)
where
dpz; =D—d'(t) —dy (3.106)
2
VUms3
= 3.107
b= d] (3.107)
vms = max({(la’| - x)|x € Ny A(la'| - x) <v}) (3.108)

and v,,5 is the bus speed at the end of motion regime (Mg = 3).

The bus speed v(t") and displacement §d(t") are calculated as in Equations 3.52 and 3.54,
respectively. Where a5 is substitute for a.

As summary, the implemented approaches to model the motion regimes of a stop-to-stop bus
move can be described as follows. Accelerating and constant-speed regimes are standard and
determined based on vy, .y ; Value. With each time step 8t a check for a required braking regime
is implemented as well as another braking regime checking is performed after assuming that the
bus has moved (for one time step) with its current motion regime. Moreover, a check for an
acceptable rolling regime (after passing the braking regime tests) is applied as well. Regime
(Mg = 3) is utilised only when correcting bus dwelling location (at the destination stop) is
required.



4 Modelling the AC/DC-Network

To simulate a trolleybus system, the traffic network model (TNM) and bus model (BM) (see
Chapter 3) must work with a suitable electric network model (ENM). To this end, this section
describes the modelling of the electric network. Following that, modelling the power profiles of
the traction network sources and loads are presented. Figure 4-1 represents the block diagram of
ENM and indeed the relationships between its elements. The process as the determination of the
admittance matrix, conductance matrix, traction substation power and voltage, and the electric
network steady-state are presented in Chapter 5.

The ENM is divided into two segments. The first segment is the DC network, which consists of
the trolleybus traction network. The term traction network will be used to denote the DC segment
of ENM. The AC network, which powers the traction network, is the second segment of ENM.
Since the trolleybus system can be operated at U,, = 600 V or U,, = 750 V (see Section 2.3), the
traction network is classified as a low voltage direct current (LVDC) network. Hence, the AC
network operates at a higher voltage level and is classified as a medium voltage (MV) network
(LkV < Upmy <52 kV) according to IEC 60071 [123, 124].

« D
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Figure 4-1: Trolleybus electric network model scheme which is part of the TBSSM scheme. The faded
turquoise part represents the TB/BTB model and the arrows between the overlapped models show
the direction of data exchanges.
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The admittance matrix, sources, and loads of the AC network are determined using the AC nodes
and AC branches models (see Section 4.2). However, the conductance matrix of the traction
network is determined using the traction nodes and traction branches (see Section 5.2.2). A new
conductance matrix will be created with each simulation time step 6t (see Section 5.2.2),
considering the bus's changing locations in the road network and therefor in the traction network
(see Section 5.1).

Figure 4-1 also shows that the ENM has the photovoltaic (PV) system, the electric vehicle
charging station (EVCS), and the battery storage power station (BSPS) models. These are the new
innovative features which are intended to be integrated into the conventional trolleybus system
(see Sections 1.1 and 2.4). The link between the AC network and the traction network is via the
traction substations, whose model is presented in Section 4.1.4. The total power of the operational
buses as their corresponding locations are determined (see Section 4.3.1) using the bus model
presented in Section 3.4 and subsequently reformatted (see Section 5.1) to be used in the traction
network steady-state calculation (see Chapter 5).

4.1 Modelling the Traction network

As shown in Figure 4-1, the traction network, which is part of the electric network block model,
consist of two block models, i.e., the traction nodes and the traction branches. Later (see Section
5.2.2), the conductance matrix of the traction network is computed using these two models.

4.1.1 Traction network Topology

The overhead contact wires (OHCWSs) are distributed over the road network, with the exception
of some areas where no OHCWs are available to provide the required traction power, compelling
the bus to use an auxiliary power source — auxiliary combustion engine or on-board battery — to
power the electric motor, allowing it to travel autonomously. The traction network symbolises
the trolleybus system's OHCWs, feeder cables, power sources, and loads as the equipment used
to connect the various sections of the system together (see Figure 2-3). In comparison to traffic
nodes, traction nodes have a much lower node count (see Section 6.1.1). When modelling the
traction network, the primary consideration is to limit the number of nodes in the traction node
model as much as possible. This is accomplished by modelling the traction network separately
rather than a compact model that includes traffic and traction nodes in one model. Consequently,
the conductance matrix (see Section 5.2.2) will be compact, which reduces the computational
efforts. The traction network is modelled as a directional graph G = (V, E)). Wherein, the nodes
i € V represent the traction nodes of the traction network, so the edges (branches) (i,j) € E
indicate that two nodes i and j are connected by branch (i, j) forming the traction branches, with
(i,j) # (j,i). The traction network has n.. traction nodes and m,, traction branches “pairs of
traction nodes” [125].
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4.1.2 Traction nodes

The traction nodes represent incident points in the traction network. Source and load connections,
disconnectors, change in line characteristics, junctions, and terminals are considered as traction
nodes. Even though trolleybuses (TBs) and battery-trolleybuses (BTBs) can be symbolised as
loads (see Section4.3.1 4.1.6), they are not represented as traction nodes in the basic traction
network — due to their dynamic nature — and are added to the basic traction network after their
locations are calculated as described in sections 4.3.1 and 5.1. Thus, the basic traction network
topology can be represented as shown in Figure 4-2 (A), in which the traction branches are
considered as two lines (for the positive and negative wires) and the traction nodes outline the
incident points in the traction network (see Figure 4-2 (B)). Like traffic nodes, each traction node
has its individual attributes. The traction node attributes consist of information regarding their
position and type. The node position helps to track the traction nodes based on the zone or feeding
section consisting of them; further, geographic coordinates project their locations into the real-
world and vice versa.

The attributes set of the traction nodes TE N, is defined as shown in Equation 4.1:
TEN,; = {TEN,1;, TENa2,, TEN,3, .. TENgy. i} (4.2)

where k indicates the number of attributes consisted with the traction node, i is the traffic nodes
index and i € I. The indexing set I is recognized as I = {i € Ny |i < ng}.

Each element of TEN,; represents a traction node attribute, the set elements are defined as

follows:
Node-Id

For each traction node, a unique number is assigned. The node-Id set can be denoting as
TEN,; = {ten,;| N1} With [TEN,| = ne. Let ten,y; € TEN,,; (i € I) and teny, j € TEN,,
(€I, ifi #jand TEN, = U**TEN,y ;. then TEN,; ; N TEN,y ; = 0.

Node Type

Each traction node has unique characteristics. Essentially, traction nodes can be classified as
either active or passive. The active traction nodes indicate points in the traction network where
power exchanges occur, i.e., power is provided from the active traction nodes into the traction
network and vice versa. Traction substations, PVs, EVCSs, and BSPSs are all examples of active
nodes. Afterwards, TBs and BTBs are incorporated in the basic traction network (see
Sections 4.3.1 and 5.1), in which they are also considered as active nodes.
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Traction Substation {1,30}

Feed Connection {2,3,31,32,33,37}
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Figure 4-2: Trolleybus traction network structure.
A: Basic traction network topology.
B: Traction node types.

The passive traction nodes are points with no power exchanges; nevertheless, these nodes are
essential to model the traction network topology. Any other points with no power exchanges are
considered as passive nodes. In this simulation model the following traction node types are
considered for the traction network: traction substation, PV, EVCS, BSPS, feed connection, cross-
coupling, switch, crossing, disconnector, and spare node (see Figure 4-2 (B)). Technically, the
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type spare node does not represent a physical element in the traction network. Indeed, providing
spare nodes at some points in the traction network helps to eliminate redundant notation for
traction branches. Moreover, traffic node locations, such as bus stops, that are essential to be
included in the traction network, could also be represented as spare nodes (see Figure 4-2).

If each traction node type is represented with a unique number and nype e¢ is the number of all
traction node types, then a type description set TE Ny can be defined as follows:

TENiype = {(tenp, tent);|1 < i < Nyype et} (4.2)

Each element in TE Ny, is a pair consist of an identification number tenp and a corresponding
name for the traction node type teny. The traction node type set can be defined as TENypep =
{tenp € N;|1 < tenp < ntype,et}; Accordingly, the node type attribute set for the traction nodes
is modelled as TEN,, = {TEN,51,TEN,y 5, TEN,y 3, ... TEN,; ), where n=ng and
Vi:TEN,y; © TENypep.

Zone

Based on the disconnector state — closed or opened — the traction network could be divided into
several zones. As shown in Figure 4-2 (A), two zones (encircled by the red dash line) are given
for the shown traction network since disconnector {34} is opened. A number of traction nodes
are associated with each zone (see Section 5.2.2). The zone attribute set can be defined as
TEN,3 = {TENa31, TENs32, TENy33, .. TEN,3 )}, Where n=ng, i€{1,23,..,n,} and
Vi: (0 < TEN,3; < n,). The number of zones n, is computed based on the disconnector settings.
Zone attributes of traction nodes with opened disconnectors are defined as TEN,3; = 0, since

they are not represented in either of the zones where they are located in between.

The number of traction nodes correspond to a zone is denoted as ne ,, where z € {1, ...,n,}. If
there are any opened disconnector in the traction network, i.e., 3i: (TEN,3 ; = 0), the sum of the
zone nodes n. , is less than the total traction nodes number ng, i.e., Zi‘;l Netz < Net.

Section

As shown in Figure 4-2, a feeding section represents the traction network parts that are located
between section separators or between a section separator and a line end. Section separators exist
whenever two feed connections exist (see Figure 2-4). In Figure 4-2 (A) the section separators are
the space between the close-up feed connections, i.e., {2} and {3} as well as {31} and {32}. Four
sections (encircled by the black dash line) are given in Figure 4-2 (A). It is noteworthy that an
opened disconnector divides the section. The section attributes of the traction nodes are defined
as TEN,y = {TENa41,TENuy 2, TENyy 3, .. TENyy ), Where n = ng.. If S, is the number of
sections in the traction network, and i = {1,2,3, ..., ne¢}, then Vi: (0 S TENy,; < Sn).

Traction substations can be connected to several sections (see Figure 4-2), making them share all
the sections to which they are connected. Thus, section attributes for traction nodes of type
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traction substations will be identified with zero, i.e., when TEN,, ; ={traction substation}, then
TEN,,; = 0.

X-Coordinate

The x-coordinate is a geographic reference that defines the longitude — in decimal degrees — of a
traction node. The x-coordinate is measured in decimal degrees. The x-coordinate attribute is
defined as TEN,5 = {x|x € R}, where the set cardinality is |TEN,s5| = net.

Y-Coordinate

The y-coordinate is a geographic reference that defines the latitude — in decimal degrees — of a
traction node. The y-coordinate is measured in decimal degrees. The y-coordinate attribute is
defined as TEN,¢ = {y|y € R}, where the set cardinality is |TEN,g| = net.

4.1.3 Traction branches

Each pair of traction nodes forms an edge denoted as traction branch. The traction network model
considers the traction branches to be directional, although electric edges are known to be
bidirectional. A directional traction branch implies that swapping the Id of the terminal traction
nodes (from- and to-node) will refer to a different traction branch. As shown in Figure 4-2,
traction branch (33,31) is not the same as traction branch (31,33), i.e., tebz3 3, % tebs; 33. Each

traction branch is associated with several attributes.

TEB,; is the attributes set of traction branch i which can be defined as follows:
TEB,; = {TEB.1; TEBa2, TEBas i, .. TEBay; (4.3)

where k indicates the number of attributes consisted with the traction branch, i is the traffic nodes
index and i € I. The indexing set I is recognized as I = {i € N, |i < mq}.

Each element of TEB, ; represents an attribute associated with traction branch i, the elements of
TEB, ; are defined as follows:

From-Node

A traction branch represents a segment of the traction network, and it is denoted by two traction
nodes. The first traction node is represented by the from-node. If TEN,; is the set of traction node
ds, then TEB,y = {TEBa11, TEBa12, TEB,y 3, ... TEB,y 1, } is the traction branch from-node set
withm = mg,. If i = {1,2, ..., mg.}, then Vi: TEB,; ; € TEN,;.

To-Node

The second traction node that denotes the traction branch is the to-node. If TEN,; is the set of
traction node Ids, then the traction branch to-node set is TEB,, = {TEBaZ,l,TEBaZ,Z,TEBam,
...TEBaZ,m}, where m = mg,. If i = {1,2, ..., mg}, then Vi: TEB,, ; € TEN,;.
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Length

This attribute represents the distance between the traction branch ends (from- and to-node) which
are distributed over the path of the traffic roads. The traction branch length is calculated based on
the segment shapes, €.g., as in Figure 4-2 traction branch (01,05), (06,07), (04,02), and (41,42).
The length attribute is measured in meters (m) and defined as TEB,; =
{TEBa31,TEBa32, TEB,3 33, ... TEBa3 ), Where m =m,, and Vi:TEB,3; € Ry with i=
{1,2,...,m,.}.

Resistance

The electrical resistance per unit length R’ of the overhead contact wires and the feeder cables are
defined in this attribute. The resistance of the traction branch is identified based on the overhead
contact wire or the feeder cable conductor type. Measured in (€2/km), the set of the traction branch
resistances per unit length R’ is defined as TEBay = {TEBa41, TEBas2, TEBay3, .. TEBagm},
where m = mg, and Vi: TEByy; © Ry With i = {1,2, ..., mg}.

Ampacity

This feature represents the maximum continuous current, measured in amperes (A), that an
overhead contact wire or a feeder cable can carry under normal operating conditions without
exceeding its temperature rating. The ampacity values of the overhead contact wires and the
feeder cables are assigned to their corresponding traction branches. The attribute set of the traction
branch ampacities is defined as TEB,s = {TEB,s, TEBas,2, TEBas 3, ... TEBas m }, Where m =
Mee and Vi: TEB,s; © Ny with i = {1,2, ..., mg}.

Zone

As previously mentioned in the zones attribute of the traction nodes, the traction network is
divided into zones based on the disconnector state, i.e., closed or opened. The zone of a traction
branch is established depending on the zone of its from- and to-node. The zone attribute of the
traction branches is defined as TEB,s = {TEBag 1, TEBas 2, TEBag 3, .. TEBagm}, Where m =

Mot

If i ={1,2,..,mg}, then TEB,,; and TEB,,; are the from- and to-node of traction branch i,
respectively. Based on Equation 4.1, let TEN, ; and TEN, , represents the zones of TEB,, ; and
TEB,,;, respectively, where TEN,; ATEN,, € TEN,3, then 3i:TEB,s; = TEN,; &
TEN,, = TEN,,, otherwise, 3i: TEB,4; = 0.

If n, is the number of zones in the traction network, then the number of traction branches
correspond to a zone is denoted as me ,, Where z € {1, ..., n,}.

Section

Traction network can be divided into several sections depending on the number of traction
substations and the associated section separators as well as disconnector state. Thus, several
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groups of traction branches are identified with a specific section number. The section attribute set
of the traction branches is defined as TEB,; = {TEBay.1, TEBa7 2, TEBa7 3, ... TEB,7 1}, Where

m = Mg¢.

If i ={1,2,..,mg}, then TEB,,; and TEB,,; are the from- and to-node of traction branch i,
respectively. Based on Equation 4.1, let TENg ; and TEN , represent the sections of TEB,; ; and
TEB,,,, respectively, where TEN, ; ATEN, ; € TEN,3, then Vi: TEB,;; = {TEN;; U TEN;,}\

{0}.
4.1.4 Traction Substation

The traction substations are the primary energy sources of the traction network (see Figure 2-4
and Figure 2-5). They are divided into two essential parts: the traction transformer, which steps
down the voltage level from medium voltage to low voltage, and the traction power rectifier,
which converts the down stepped AC voltage into DC. The conventional traction substation is
known to be unidirectional. Therefore, the traction network is a passive network with just one
direction of power flow, namely from the MVAC network to the LVDC network.

Trolleybus systems might benefit from a promising concept: bidirectional traction substation with
active front-end converter [87, 88], which will allow any surplus power produced by other energy
sources (see Section 4.1.5) to be transferred into the upper stream AC network (MVAC). The
traction substation model TPS; can be defined as follows:

TPS; = {tpslli, tps, i, tpSs i, - tpss_l-}, i = {1,2,3, ...,ntps} (4.4)

where i is the index of the traction substation, ny is the total number of traction substation, and
tpsy; to tpss; are the traction node Id (tps;; € TEN,;), AC node Id (tps,; € EN,,) — will be
defined in Section 4.2, rectifier type (unidirectional = O or bidirectional = 1), count of the
connected traction transformers, and capacity (in k\VA) of traction substation i, respectively.

As illustrated in the electric network block diagram (see Figure 4-1), both the traction network
and AC network models share the existences of traction substations in their model; consequently,
two node Ids are assigned to each traction substation depending on the numbering scheme
employed by each model. It is essential to know both node Ids of the traction substation in order
to execute the DC-AC power flow (see Section 5.3). As each network — traction network an AC
network — are modelled to be calculated with a separate power flow method (see Sections 5.2.3
and 5.3.1) and in order to simplify the connection between the AC network and the traction
network, in this work, the total internal resistance of the traction substation is neglected.
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4.1.5 Other Energy Sources

Traction substations are the primary energy suppliers of the traction network. Yet, TBs and BTBs
in braking mode are considered energy sources too, since the regenerative power can be used by
the same bus to supply its auxiliary units and the surplus power could be used by nearby buses if
the voltage limit U,,,.44 is ot exceeded. Furthermore, additional components which are intended
to be included in the traction network, e.g., PVs and BSPSs, can be considered as additional
energy sources (see Sections 4.3.2 and 4.3.4). As the TBs, BTBs, and BSPSs function both as
energy sources and loads. By discharging its power, BSPS work as an energy source that intended
to support the traction network by suppressing the traction network voltage from falling below
the low voltage level.

4.1.6 Loads

The basic loads in the traction network are TBs and the BTBs — in braking mode they supposedly
act as energy sources (see Section 4.3.1). In case electric vehicle charging stations EVCSs are
included in the traction network they are considered as loads as well (see Section 4.3.3). The last
possible load could be represented by the presence of BSPSs in the traction network. Each of the
pre-mentioned loads has its unique characteristic and behaviour. For instance, TBs and BTBs
frequently change their location within the traction network while concurrently loading the
traction network precisely when switching between acceleration and bricking regimes; likewise,
charging the on-board battery of BTBs may increase the load on the traction network and result
in a significant voltage drop or overload. Thus, the anticipation of TB and BTB loadings on the
traction network is a crucial process requiring extensive temporal and spatial information;
moreover, the randomness of bus driver behaviours, passengers boarding and alighting, and traffic
jams increase the errors when forecasting buses movement and power consumption over an
extended timeframe. [85] deals with the anticipated forecast errors by projecting bus locations in
real world into the simulation and predicts their movement and power consumption in a short
timeframe. Once the simulation of the bus movements is completed, a new forecast is initiated
after capturing the actual locations of the buses from the real world and simulating their
movements again. A forecast stock is established as a result of this approach, which will prevent
any accumulative errors from developing.

EVCS has more predictable load behaviour when comperes to TB and BTB. During the time
when an EVCS is utilized, its position in the traction network as well as the power it provides for
the plugged-in electric vehicles are fixed. The charging power may shift somewhat over time,
depending on the electric vehicle type and charge duration, although not as much as in the TB
and BTB.

The last type of load in the traction network is the BSPS. As mentioned in the last section, BSPS
can be considered as energy source when discharging. Nevertheless, when the batteries of the
BSPS are being charged the BSPS is represented as a load. Unlike the other mentioned loads,
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BSPS is a light-load as it charges when there is a light-load or no-load in the section where it is
connected. Similarly, BSPS charges when the buses regenerate power or a PV system is feeding
into the BSPS traction network section.

4.2 Modelling the AC-Network

The second segment of the electric network is the AC network, which supplies the traction
network with power. The AC network is considered to operate at a medium voltage (MV) level.
Figure 4-1 shows the block diagram model of the AC network; accordingly, the AC network is
modelled based on its topology, represented by the AC nodes and AC branches, and the power
profiles of the sources and loads at the MV level. The traction substations represent the connection
points between the AC- and traction network. As shown in Figure 4-3, the traction network can
be supplied by several traction substations which are distributed over different MV feeders.

The modelling of the AC network is based on the simulation model that was developed and used
by [126, 127]. A solid data base of feeders' components, supplies, and demands are required to
model a realistic AC network. In addition to data on all AC network feeders (see Figure 4-3),
substantial data on all local AC network terminals such as linked low-voltage networks and their
customers' data, spot loads, distributed generation, and photovoltaic systems are necessary for the
initial stage of the AC network modelling. Switching and circuit breaker state are also included.
The AC network model is determined in two parts after combining and processing all AC network
information. More details on the input data and the process of the modelling of a medium voltage
network can be found in [126, 127].

The first part of the AC network model consists of the static network parameters which represents

the network topology in the form of AC nodes and AC branches. Equations 4.5 and 4.6 define the
attribute sets of the AC nodes (EN, ;) and AC branches (EB, ;), respectively.

ENg; ={EN;1 4, ENap i, ENaz i}, i ={1,2,3, ..., nen} (4.5)
where i is the index of an AC node, ne, the total number of AC nodes, and EN,; ; to EN,3; are
the node Id, node type, and zone attribute, respectively. And

EByj = {EBa1,EBay, ..EBag;},  j={1,23,..,mep} (4.6)

where j is the index of an AC branch, ny, the total number of AC branches, and EB,; ; t0 EB,q
are the from-node (EB,y,; € EN,q), to-node (EB,,; € EN,q), length, resistance, reactance,

conductance capacitance, ampacity, and zone attribute, respectively
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Figure 4-3: Medium voltage AC network structure.

The second part represents the dynamic parameters of the AC network. In this stage, it is necessary
to provide the production and consumption power to model the AC network accurately. The
attribute set of the AC network terminals EF, j is defined as follows:

EF,j ={EFa1 10 EFaz ) EFas o EFasr ), k={1,23,..,n} 4.7

where k is the index of an AC network terminal, n¢ the total number of terminals, and EF,q 4 to
EB,,.y are the AC node Id (EF,; € EN,,), terminal type (HV/MV transformer, distributed
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generation, PV system, spot load, MV/LV transformer, or traction substation), rated power, and
utilization attribute, respectively.

Based on Equation 4.7, power profiles are developed for distributed generations and photovoltaic
systems. Furthermore, consumer power profiles are developed for spot loads connected at the
MV level and distributed loads linked in the low-voltage network. Realistic power profiles are
simulated for every active AC node (terminal) in the AC network model, except the traction
substation where the power is determined from the traction network (see Sections 5.2 and 5.3).
The set of power profiles P,. of the active AC nodes are defined as:

Pac,r = (pac,r (tl)r Pac,r (fz)» Pac,r (t3)' pac,r(tn)) y = Ngg (4-8)
with
r={r,nr,r,..nLn="n, (4.9)

where the simulation is set to start at t; and end at t,, with a time step 6t. The index r is
represented by the active AC node Ids, i.e., r € EF,,. The total number of active AC nodes is
identified as n,.

4.3 Modelling the Traction Sources and Loads Power Profiles

4.3.1 Trolleybus and Battery-Trolleybus

The TB and BTB total consumption powers and locations are calculated respectively with each
time step 6t using the bus model (BM) and the bus daily travelling routes model (BDTRM)
defined in Equation 3.42 and 3.11, respectively. With each time step 6t buses move using the

information in the daily travelling route (see Equation 3.11), and the concepts described in
Section 3.4.2. The actual travelling route segment (see Equation 3.41) is denoted in BM), as By j

(see Equation 3.42). By ; describes the traffic branch in which the location of bus k in the road
network at time ¢ is identified. To calculate the movement and power consumption of bus k, the
specification model B, ; (see Equations 3.42 and 3.43) of bus k and the actual travelling route

segment By, ; are required. The static data of bus k are defined by By, ;, while the dynamic data

sp,is
of the road network and bus k are defined by By ;, €.9., road slope angle 6 = btr,,;, road speed
limit btrs ;, and passenger crowding n, = btrg ;. Moreover, the actual travelling route segment
Byrs,j contains information about the actual travelling route segment length btr; ; (traffic branch
length), stopping distance btry ;, dwelling time btr ;, traction branch (from-node and to-node)

btryo,j and btry4 j, respectively, and traction branch length btry, ;.

At the beginning of the simulation (t = tg), the actual travelling route segment By ; is

corresponded to the second column of daily travelling route matrix By, i.e., j = 2. When the
simulation time t’, where t' = t + &t, reaches the departure time of bus k, i.e., t" = btry , the

motion regime Mg (see Equation 3.51) will be changed to acceleration regime (Mg = 1). The
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motion regime value is saved in bus state set Bgat. (See Equation 3.84), where by ; = Mg. The

total mass M of bus k is calculated as follows:
M = mpy;in + ((np +1)- awp) (4.10)

where myin 1= bgpy; is the mass of bus k without passengers, (n, + 1) is the number of
passengers — plus one for the bus driver — in bus k, and aw,, is the average passenger weight. A

weight between 65 kg and 75 kg is advised to be considered as the average passenger weight

[128] or it is possible to use the bus specifications model By, ; to calculate the average passenger
weight by dividing the substation of the bus minimum mass mpy,;, := bgsp,; from the bus
maximum mass M,y = bgp3; by bus maximum passenger capacity pnmay = bgspg; (as

specified by the manufacturer) plus the driver, as follows:

aw.. — (bsp3,i - bspz,i)
P (bspoi + 1)

After calculating the new speed v(t") and the change in distance §d(t") for bus k, its electrical

(4.11)

traction power Prg(t') is calculated (see Section 3.4.2). The auxiliary powers (Pgyac(t’) and

Ppaux(t")) for bus k, i.e., HVAC, and the basic auxiliary power, are calculated as shown in
Equations 3.62-3.78. If bus k variety is battery-trolleybus (bsp,; = True), then bus k battery

power P,,:(t") and battery state of charge SOC(t") are calculated using Equations 3.80-3.83. The
three travelled distances d(t"), d'(t"), and d"'(t") (see Equation 3.54-3.56) are also updated. All
previously mentioned variables, including motion regime, are stored in bus k state set Bg;ate (S€€

Equation 3.84 and Table 3-2). Based on the bus state set Bgi,te Of the operational buses, a bus
profile matrix Bprofile is computed for each time step &¢.

With each &t, a new Bg,te fOr bus k is computed. The motion regime Mg changes as shown in

Section 3.4.3 until bus k reaches the next stopping traffic node. Several travelling route segments
By j are changed as bus k travels between two consecutive bus stops. If By ; defines the values

of column j in the daily travelling route matrix By, then the new actual travelling route segment
Byrs, j Will define the values of column (j + 1) in Brg. When the travelled distance between two

consecutive traffic nodes d equals or surpasses the length of the traffic branch represented by the
actual travelling route segment, the change of By ; is implemented. The previously specified

condition is defined as follows:

d(t") = btry; (4.12)
The value of d(t) is adjusted as follows:

d(t) = d(t — 6t) — btry (4.13)

The value of d'(t) is adjusted to zero (d'(t) =0) when bus k stops (v(t) =0) and
(d'(t — &t) = btry ;). Based on the dwelling time btr, ;, the position of bus k will remain

unchanged, and thus no change in v(t") and 8d(t") are given. During the dwelling time
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Prg(t") = 0 but Pgyac(t’), Ppaux(t)), Ppar(t’), and SOC(t") are computed as described in
Section 3.4.2. The value of btr; ; will be decreased by &t, with each new time step, until it reaches
or decreases below zero. When btr; ; < 0, the actual travelling route segment is switched with
the new segment as described above. The motion regime Mg will be changed to acceleration mode
(Mg = 1), and bus k will resume the moving operation until it reaches the next stopping traffic

node. Moving/stopping sequence will continue until the conclusion of bus k time schedule, i.e.,
the time at which bus k is scheduled to arrive at its depot (t" > btr;; and j = m,), or the

simulation time t has reach its end (t = tg,).

The third travel distance d''(t") denotes the distance travelled by bus k from the from-node
btr,,,; of the traction branch. When d"'(t") reaches or exceeds the length of the traction branch,

which is defined in the actual travelling route segment B ;, as shown below:

d"(t") = btry,; (4.14)
the value of d"'(t) is adjusted as follows:

d"(t) =d"(t —6t) — btryy (4.15)

The maximum speed of bus k is regulated by three factors, the first two factors are represented
by the bus specification maximum speed bg,g; and the street speed limit defined in the actual
travelling route segment By ;, i.€., btrs ;. The third regulation factor is based on the limitations
of the electric propulsion system. To prevent voltage drops from damaging the propulsion motor
as recommended by IEC 62313:2009-04 [56], the overcurrent protection system reduces the
propulsion motor's maximum power Py max (S€€ Equation 2.30) to match the traction voltage

level (see Section 5.2.5). The limitation of the electric propulsion system will restrict the bus
speed; thus, b, max IS bus k maximum permitted speed correspond t0 Py max-

Equation 4.16 is used to determine the maximum speed limit v,,,,(t") for bus k.

17max(t,) = min(bsp&i: btrS,j: bv,max) (4.16)

The buses that are currently operational are defined by their daily schedules. As shown in
Equation 3.42, k is the index of trolleybuses and battery-trolleybuses operating in the trolleybus
system, where k € {1,2,3, ..., ny,s}, and ny,s is the total number of the operating buses in the
trolleybus system. Based on the index k, a set of departure time (from bus depot) for each bus can
be defined as follows:

Bat = (tap,1 tab 2 tab3s -+ tabn )y = Mbus (4.17)
and a set of arrival time (at bus depot) for each bus can be defined as follows:

By = (tab,lr tab,2, tab,3s -+» tab,n)rn = Npus (4-18)

tabx and t,p  represent the departure and arrival times of bus k. Using Equations 4.17 and 4.18,

the indices of the operational buses at t" are computed as follows:
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Kog = {kltapr < t' < taps) (4.19)

where Ky is the set of the operational bus indices (k) at time t’

After determining the bus state Bg,. for each operational bus, a bus profile matrix Bpofjle i
established (which is discussed in more detail in Section 5.1). The bus profile matrix B ofile
include the indices of the operational buses and their corresponding information of the traction
branch (from- and to-node), the total power, and the bus location to the traction branch.

4.3.2 Photovoltaic System

To simulate the power produced by a PV system, specific details as location, date, elevation,
orientation, and installed capacity must be considered [129]. The PV specifications can be
represented as following:

PVsp,i = (pvspl,i:pvspz,i:pvspS,i: ---:pvspS,i): 1<i< Npy (4.20)
where pvgy,; is a number corresponding to the node-Id attribute of the traction nodes,
I.8., pUsp1,i € TEN,,, the set elements from pvy,, ; 10 pvgys; are the installed power (in kW), the

latitude (in decimal degrees), the altitude (in meters), and the azimuth (in degrees) of the PV
system, respectively, and n,, is the number of PV systems connected to the traction network.

Figure 4-4 shows an ideal PV power profile computed from the global radiation of the sun using

the PV specifications (see Equation 4.20) and the simulation corresponding real world time .,
(see Equation 2.11). The ideal power profile Ppy; for each PV system (1 < i < n,,) can be

represented as follows:

PP,’V,i = (p],)vl,in;,)vz,iJ pé)v?;,v ey pévn,i)'n =Ng (4-21)
where ng is the number of discrete samples in 7, (see Equation 2.4), and py,y, 4 t0 ppy,, are the

ideal power produced by the PV system corresponded to each step along the total simulation time
samples.

By applying a probability function to pre-measured data including cloud coverage information,
the ideal power profile of the PV system is converted to a real-world power profile. An actual PV
system was used to record the cloud indicator data, and several days over each month were taken
into consideration. The cloud indicator data set PV 44 is defined as:

PVcloud,i = (pvcl,irpvcz,i'pvcz,i' ---pvcs,i)' 1<i<nqoud (4-22)
where no,4 IS the number of the total recorded data sets (n¢jouq = 12), pvey; and pv,, ; are the
date of the day and month of the recorded cloud indicator data, respectively, and pv., ; 10 pvg;
are the cloud indicator data assigned a value with in the interval [0,1]. Where zero indicates a

cloudless sky and one a completely cloudy sky. The indicator s depends on the number of samples
per day plus two (for pv¢, ; and pv, ;), .9., for a one-minute sampling (s =1442). As shown in

Figure 4-4, a realistic power profile (associated with an ideal power profile) for a simulation
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period of one day (ng =86400 with §t =1 sec) is computed using Equation 4.21 and 4.22 and
expressed as follows:

Povi = (Ppv,i (61 Dpv,i(t2), Ppv,i(ta), - Dpwi(tn) ) m = g (4.23)

where Ppy ; is the realistic power profile of PV system i, which is produced over the course of
simulation time (from starting time t; = tss =1to ending time t,, = ts, = 86400). In Figure 4-4,
t; =00:00 and t,, =24:00.
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Figure 4-4: Generated power profiles of a photovoltaic system in the ideal case and when subjected to cloud
coverage impact over one day.

4.3.3 Electric Vehicle Charging Station

Using electric vehicle parking profiles in terms of arrival and departure times, based on its battery
state of charge —initial SOC- upon arrival, makes it possible to model the power profile of EVCSs
throughout the course of the simulation time. Since representative battery SOCs are employed in
the charging process, the time of the individual charging cycles and charging power might vary.
Accordingly, the maximum charging power of the corresponding charging station is calculated
based on the estimated initial SOC of the electric vehicle and the location of the charging station.
The EVCS specifications can be represented as following:

CSsp,; = (csspl,i,csspzli,cssp3,i,cssp4,i), 1<i<ng (4.24)

where CSsp,; is the specification set of EVCS i, n¢, is the number of EVCSs connected to the
traction network, and csgpq; 10 csgpy; are the traction node Id, csgpq; € TEN,;, maximum
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charging power (in kW), number of charging ports, location, and occupancy rate (in percent). In
this model, the charging station location is considered one of three potential types: Residential
area, shopping centre, and city centre. Consequently, the operating time of a charging station is
determined. For example, a charging station close to a shopping centre is anticipated to be highly
occupied from 09:00 to 22:00, however a charging station in a residential area is usually occupied
from 16:00 to 08:00. Furthermore, the day type (weekday, weekend, or holiday) effects the
operating time of a charging station [130-132].

The power profile of the EVCS is calculated using the data from Equation 4.24 and an estimated
initial SOC based on a probability distribution of the daily driving distance of the charged electric
vehicle [130, 133-136]. Equation 4.25 shows the expected power profile of electric vehicle
charging station i over the course of the simulation time samples set 7, (see Equation 2.4).

PCS,i = (pcs,i(tl)vpcs,i(tz)r pcs,i(t3)v ---pcs,i(tn)) yN ="y (4-25)

4.3.4 Battery Storage Power Station

BSPS can be operated as both energy source and load (see Section 4.1.5 and 4.1.6). The mode of
operation for a BSPS is defined based on several factors. In this work, the BSPS is modelled with
three possible settings. The factors that are implemented based on these settings are the SOC of
the BSPS combined with the traction network state. Moreover, a pre-defined operating mode
based on a forecasting of the traction network state or energy market can be used to identify the

BSPS settings during the simulation time samples set 7, (see Equation 2.4). The BSPS

specifications SBg, ; can be represented as following:

SBspi = (Sbspa,i» SPsp2,i» Sbspz,ir +» Shspei ), 1 < 1 < ngp (4.26)
where ngy, is the total number of the BSPS connected to the traction network, and sbgp; ; 10 sbgpe ;

are the traction node 1d, shg,q; € TEN,,, battery discharging power (in W), battery charging

power (in W), battery effective capacity (in Wh), battery initial SOC (in percent), and BSPS
operation setting (shspe,; € {1,2,3}), respectively. BSPS is modelled in a manner comparable to

the battery system of the BTB (see Section 3.4.2). Accordingly, the battery SOC of the BSPS is
calculated as in Equation 3.80. The power of the BSPS Py, ; for each t’ is calculated as follows:

Sbspz,i' lpsb,i(t,) =1

PSB,i(t,) = _(ac : Sbsp3,i)' lpsb,i(t,) =-1 (4-27)
0,  Papi(t)=0
-1, charging
Ysp,i () =1 1, discharging (4.28)
0, off

The charge rate a. represent the decreases in charging capability corresponding to the battery
SOC of the BSPS [137]. The influence of temperature on the performance of the BSPS is not
taken into consideration in this work. ¥y ;(t") represents the operating mode of BSPS, which is
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determined based on the defined setting sbs ;. The operating modes are considered for the BSPS
model. Thus, only one mode can be used (as defined in sbgpe;) in order to compute the

performance of the BSPS.

The first operating mode (sbspe,; = 1) is solely dependent on the battery SOC of the BSPS, with

the battery discharging — when the battery initial SOC (at the simulation start time t) is greater
than zero (sbgps; > 0) — until its SOC drops to zero, and then charging until its SOC rises to one.

Ysp,i (t") cycles between discharging and charging to the end of the simulation time t;.. Equation
4.28 can be computed with the first setting (sbspe; = 1) as follows:

{SOCsb,i(t) =0

N o_ l/)sb,i(t) =-1 .
Ysp,i(t) = {SOCsb,i(t) St =t (4.29)
' lpsb,i(t) =1

where t is the time of the last step, 6t is the time step, and t'is the time of the current step.

In the second operating mode (sbspe,; = 2), Ysp,i(t") is determined based on the voltage level at

the BSPS traction node (see Section 5.2.3). To manage the operating mode of the BSPS with
sbspe,i = 2, two voltage levels are defined. The batteries of BSPS begin to charge when voltage

Uk (t) at the connecting point of the BSPS exceeds the defined upper voltage level Ugy, ,.p,, and

discharge when their voltage Uy, (t) falls below the defined lower voltage level Ugy, oy, FOr
sbspe,i = 2, Equation 4.28 can be computed as follows:

—1. Ut,k (t) > Usb,up
lpsb,i(t,) = 1; Ut_k(t) < Usb,low (430)
0, otherwise

Equation 4.30 could be more refined by incorporating the battery SOC level SOC;(t").

Consequently, battery drain due to extensive discharging sessions is avoided since the charging
margin is extended by decreasing Ugy, ,,, When the battery SOC drops to a precise value SOCgy, .

In the third and last operating mode (sbspe,; = 3) Psp,i(t") value is determined from a pre-defined
operating mode. A forecast of the traction network state is used to set the operating mode ¥y, ; (t")

of the BSPSs over the simulation time or for a specific timeframe. Equation 4.28 can be replaced
with the pre-defined operating modes W, ; as follows:

Wepi = (Wspi (Dt € T5 AtV: g, € {—1,0,13), [Pspi| = 1 (4.31)

where 74 is the set of simulation time samples (see Equation 2.4) and ng is the number of discrete
samples in .

As previously stated, operating modes for a specified timeframe might be created and utilised for
BSPS (see [86]). The framed operating mode Wy, ; is defined as follows:

Wepi = (Wapi (O]t € Top; AtV:g,; € {=1,0,1}), |[Wep;| = |tspi| (4.32)
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Tsbi = Lto, (to + 6t), (to + 2 - 6t), ..., (tss + (n — 2) - 6t), te} (4.33)
_ te — to

= 4.34
n 50 (4.34)

where T4, ; s the set of the timeframe time sequence, t, is the starting of the timeframe, &t is
the time step, t, is the end of the timeframe, and n is the number of elements in g, ; and W, ;.
The operating modes Wy, ; will override the value of ¥, ;(t") in Equations 4.30 and 4.31 when

t' € Top i, 1.6, Pgpi(t) 1= i,b;b’i(t) St =t At €Ty,






5 Modelling the Trolleybus System

The mathematical model of the electric trolleybus system is essential for studying and analysing
the trolleybus system in its present condition, as for any plans to expand the system in the future.
Precisely, a conductance matrix is used to represent the traction network topology, which is
restricted to the trolleybuses (TBs) and battery-trolleybuses (BTBs) movement.
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Figure 5-1: Trolleybus system model scheme.

The trolleybus system model shown in Figure 5-1 is a formation of three essential models, namely
the traffic network model (TNM), the bus model (BS), and the electric network model (ENM).
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The fourth block represents the calculated states for both traction network and buses (the AC
network state is not included in the meant block). TNM and BS are elaborately described in
Chapter 3, while ENM is presented in Chapter 4. The ENM is linked to the TNM by the BM,
which projects all bus locations and powers from the road network to the traction network. When
a bus moves under the overhead contact wires (OHCWSs), the corresponding traction branch is
adjusted. Consequently, the traction network gains an additional traction node for each bus.
However, when many buses move within the same traction branch, several segments will be
developed from the involved traction branch (see Section 5.2.2). With each simulation time
step &t, the conductance matrix of the basic traction network is modified as a consequence of the
bus movements (see Section 5.2.2). The steady-state of the trolleybus system may be calculated
using either DC power flow or AC-DC power flow once the conductance matrix is modified (see
Sections 5.2 and 5.3).

Finally, all node voltages, branch currents, and consequent powers of all traction substations,
buses, and additional network sources and loads are determined and recorded. Furthermore, TB
and BTB states, as indicated by their consumed power, location, speed, passenger crowding,
outside temperature, and passenger compartment temperature, are all been recorded for further
analysis and evaluation.

5.1 Applying Bus Movements to the DC Traction Network

After determining the bus state Byt fOr each operational bus as presented in Section 4.3.1, a bus
profile matrix Bprofi IS established as expressed below:

[bp11 bpiz  bpaiz v bpas]
bp,21 bp,22 bp,23 bp,25
bp31  bpi1  bpzz -+ bpss
Bprofile =P P P P ,m = |Kog| (5.1)
bp,41 bp,42 bp,43 bp,45
_bp,ml bp,mz bp,m3 bp,mS_

where |Kog| is the number of the operational buses (Ko is defined in Equation 4.19), and by, ;
represents the elements of By qg1e. The first column of B denotes the operational bus
indices, i.e., column, (Bprofile) = bpi1 = Ko With i = {1,2, ..., |[Kopl}. The second and third
column of B, 51 denote the traction branch (from- and to-node) where the corresponding bus
in by, ;; are operating, respectively.

The fourth column of By,.45e denotes the total power Py of the corresponding bus in by, ;4.

The fourth column by, ;, is calculated as follows:

PT,k = bs,6 + bs,7 + bs,8 + bs,9 (5-2)
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and
The variables (bs ¢ t0 bs ) 0f Equation 5.2 are defined in Table 3-2.

The fifth column of B.fi1e represents the ratio between travelled distance b 5 — correspond to
each bus in b, ;; — and the traction branch length btry, ;. The following equations are used to

compute the element of the fifth column.

by = —35 . 100% (5.4)
p.k btrlz,j 0 )
and
bp,iS = bp,k (=1 bp,il =k (55)

with each time step 8¢, a new bus profile matrix By, qi1e IS computed. The number of rows in
By,ro1ile depends on the number of the operational buses at ¢'.

5.2 Traction Network Steady-State Calculation

Resolving the steady-states of a traction network is critical in planning or determining the future
growth of a trolleybus system as well as optimising the system's actual performance. The
developed model of the traction network, which defines the interconnection of its various
components (see Section 4.1), is utilized in order to determine the mathematical relations between
the traction network components.

The node voltage and loop current approaches are often used to analyse power systems. Whereby,
both approaches use simultaneous equations. Node equations are becoming more often used in
power system analysis. To model the node equation of the traction network as shown in Equation
5.6, Kirchoff's current law is used [138]:

Iy, = Gy, Uy, (5.6)

Here I , is the nodal injection current, Uy , is the nodal voltage, and G , is the nodal conductance
matrix of traction network zone (TNZ). Each zone (see Section 4.1.2) in the traction network is

modelled with its equivalent nodal equations, which reduce the number of nodes in the nodal
equations to the number of nodes n. , in a zone. The vector form of Equation 5.6 can be defined

as shown below:

Iz,l Gz,ll Gz,12 Gz,ln Uz,l
1 G G e G U
z2 | _ z,21 z,22 z,2n Z,2 _
| T : : . : ’ T n = Netz (5-7)
Iz,n Gz,nl Gz,nz "' Gz,nn Uz,n

The current injection into node i (see Equation 5.7) is calculated as follows:
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Iz,i = Z Gz,ij : Uz,j' n = Net,z (5-8)

Jj=1

As shown in Equation 5.9, node voltage and injected node power can be used to express the
injected current into node i.

IZ,i = —' (59)

where P, ; is the power injected into node i. The following expression is obtained from Equations
58and5.9.

Pz,i = Uz,i : 2 Gz,ij : Uz,j' n =MNetz (5-10)

j=1

The general algorithm used to obtain the instantaneous steady-state solution of the DC traction
network based on the location and total power of TBs and BTBs is described in the following
subsections. Other power sources and loads, such as photovoltaics (PVs), electric vehicle
charging stations (EVCSSs), and battery storage power stations (BSPSs), are also evaluated in the
simulation process.

5.2.1 Simulation Process

After modelling the bus specification (see Section 3.4.1), bus daily travelling path (see
Section 3.3), traction network (see Sections 4.1.2 and 4.1.3), and the traction source and load
power profiles (see Section 4.3), the process to calculate the traction network steady-state is
accomplished as shown in Figure 5-2.

To avoid processing a large number of nodes and reduce computational effort, it is necessary to
repeat the simulation process for each TNZ. In order to do this, a renumbering scheme for the
node Ids is implemented for each zone. Based on Equation 4.1, TEN,, ; is the standard node Id
and TEN,3 ; is its corresponding zone. Using TEN,; and TEN,3, new groups of node Ids based
on zone can be established. The groups of node Ids are defined as in Equations 5.11 and 5.12.
Each group is presented with two sets; the first set has the new node Ids N, ,, while the second
set has their corresponding standard node lds Ny ,.



MODELLING THE TROLLEYBUS SYSTEM

87

set initial node voltage U

v

set conductance matrix G

:

set node power P

A

traction-network model

traction-network

model (traction-nodes

power profile models

|
|
|
|
I
! & traction-branches)
|
|
|
|
|
|
|
|

:

set bus maximum power [«

calculate bus location(s) |

and power(s)

calculate BSPS power(s)

v

update conductance matrix G

v

| update node power P

o

DC power flow

DC
power flow
converge ?

yes

(PVs & EVCSs)

bus model

bus specification

traffic-network model

bus daily traveling

path model

DC power flow
(UTS)

yes

bus power control
system

update node voltage U ,

and I’ (H)

save P’i(0), U’'(D

Figure 5-2: Sequence of the traction network steady-state calculation.
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Nz = {Nz |z = (1,2, ...,n,)} (5.11)
Nzz ={Nanz Nysz}z = (1,2, ...,15) (5.12)

The number of nodes in zone z is denoted as n.,, therefore, the set of new node Ids can be
defined as N,p, , = {1,2,3, ..., Mgt }. ON the other hand, N5, € TEN,;.

At the beginning, simulation time counter t is set to tss, which corresponds to the comparable day
time as indicated in Equation 2.1. The initial nodal voltages correspond to each zone is set as
Ut - {Ut,ll Ut,Z’ Ut’3, . Ut,Z}l Whel’e

Uza

Uy, = Uf'z M= Ny, (5.13)
Uzn

Uy = Un 20 = Ny, (5.14)

The basic conductance matrices G for each TNZ is initialised using the basic traction nodes and
traction branches model, where G; = {thl, Gy, ... Gt,z}. For more information on how the

conductance matrix is determined see Section 5.2.2. Equations 4.20, 4.23, 4.24, and 4.25 are used

to determine the power values for any available PVs and EVVCSs in the traction network. Using
the new zone node Id and the simulation time counter t, the powers Ppy ;(t) and Pcs ; (t) are then

sorted into their corresponding zone node power vector.

The node power vector of the complete traction network at time t can be defined as:

P1(6)
p.=[P2®) (5.15)
Pen(t)
where p1(t) to p,(t) denote the injected power at traction nodes (1 to ne), respectively. On
the other hand, the set of zone power vector can be defined as P, = [Pt,th,z, Pt,z}- Using the
new node lds N,,, , defined in Equation 5.12, the node power vector of zone z is:

Py

P
Pt,Z == ZS,Z ,n = net’z (516)

Pin

where P, ; to P,,, denote the injected power at traction nodes (1 to n ), respectively, in zone z
and Py, c Py.

If Ppy, 10, (t) represents the output powers of PV systems Ipvz, where Ipvz indicate the traction
node Ids of the PV systems in zone z, i.e., Ipvz = {TEN,;; & TEN,,; :={PV}ATEN,3; =
z|1 < i < ng,} (see Section 4.1.2), and Ipvzn represent the new node Ids corresponding to PV
systems Ipvz (see Equation 5.12), then P, , is updated with the PV powers as follows:
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Py 1pvzn = PPV,Ipvz(t) (5.17)

Same for EVCSs, the node Ids of EVCSs in zone z are defined as in the following equation
Icsz = {TEN,;; & TEN,,; :={EVCS} ATEN,3; = z|1 < i <n,} (see Section 4.1.2) and
their corresponding new node Ids are defend as Icszn (see Equation 5.1). The EVCS node powers
are computed into Py , as follows:

Pyicszn = PCS,Icsz(t) (5.18)

According to IEC 62313:2009-04 [56] and as illustrated in Figure 2-6, the TBs and BTBs motor
powers must be regulated as defined in Equation 2.2. Using the bus specifications' model (see
Equation 3.43) and the bus voltage values U, j;,,, the maximum permitted motor power for each
bus is calculated (as shown in Figure 5-2 using bus power control system block — to which Section
5.2.5 provides further detail). Ibzn represent buses corresponding new node Ids in zone z and is
described further below. The nominal voltage U, is utilised as the starting voltage of the traction
nodes at the start of the simulation (t = tss). After calculating the traction network steady-state
for each new time step &t, the nodal voltage of each zone Uy is adjusted, and the maximum
permitted motor power of the buses are recalculated.

Using the bus daily travelling routes model (BDTRM) (see Equation 3.11) and bus model (BM)

(see Equation 3.42), the powers and locations of the operational buses at time t are calculated as
described in Section 4.3.1. With each time step &t, a new bus profile matrix B, is computed

(see Equation 5.1). The number of rows in B, depends on the number of the operational
buses at time t. After computing the bus movements, the calculation of BSPS powers takes place.
Based on the operating setting of the BSPSs, the power and SOC of the BSPSs are calculated as
described in Section 4.3.4.

By using the data computed in B i1, the conductance matrix G , is updated (see Section 5.2.2).
Suppose one or several buses operate in a TNZ, as stated in Bp,ofjje- IN that case, the operational
buses will be defined with new traction nodes which divide the traction branches, they are
positioned on, into two traction branches or more, depending on the number of buses on a traction

branch. After computing the power of the operational buses and BSPSs, the node power vector
P, of each zone in the traction network is updated with these powers after referencing the

operational buses and BSPSs to their corresponding zone. If Ibz define the indices of the
operational buses in zone z, then Ibzn represent their corresponding new node Ids in zone z, and
can be computed as follows:

Ibzn = {(1, ..., Ibz|) + ne .} (5.19)
where

Ibz c {column, (Bproﬁle)} (5.20)
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The traction node Ids of BSPSs in zone z are defined as Isbz = {TEN,;; & TEN,,;
:= {BSPS} ATEN,3; = z|1 < i < n,,} (see Section 4.1.2), and Isbzn represent the new node Ids
corresponding to BSPSs Isbz (see Equation 5.12). If Pg ;,,(t) and Psg ;.,(t) are the powers of

the operational buses and BSPSs in zone z, respectively, then the elements of the node power
vector Py , are updated as follows:

Pz ibzn = _PB,Ibz(t) (5.21)
Py icszn = PSB,Icsz(t) (5.22)

Calculating the steady-state of each TNZ using the DC power flow (see Section 5.2.3) will start
once the nodal voltage vector, the node power vector, and the conductance matrix are formed for
all TNZs. If the DC power flow converges, the resulted bus voltages (Ug jp, := Uy 1p,,) Will be
evaluated for voltage violations. With any unsuccessful DC power flow or voltage violation, a
bus power control system (see Section 5.2.5) will be initiated. If no voltage violation occurs, the
calculated powers of the traction substations P, ;. are evaluated for any feedback powers. Only
zones with unidirectional traction substations Z,,; will be subjected to the evaluation. TNZs
supplied by unidirectional traction substations will be resolved using an adapted DC power flow
algorithm that can cope with feedback power (see Section 5.2.4). Once all anticipated violations
have been resolved, the nodal voltages of zone z (see Equation 5.13) will be adjusted as follows:

Ut,z = [Uz,,zn]:zn = Nzn,z (5-23)

where Uy, ,,, is the DC power flow solution of the nodal voltage for zone z, and zn is the set of
new traction node Ids N, , for zone z (see Equation 5.12).

The DC power flow calculation process will be repeated for the following TNZ until the steady-
states of all TNZs are established. After correctly identifying the steady-state of the traction
network at time t, the zone index z is reset to its original configuration. The computed steady-

state of the traction network at time ¢, characterised by the traction node powers Py, the traction
node voltages U, and the traction branch currents I, is saved as follows:

[ pia(t) ]
Pin(t)

p=| =~ (5.24)
Pin+1(t)

[ Dt pem ()]
[ ugp(6) ]

Ui (t)
U; - == (5.25)
ué,n+1(t)

-ué,n+m (1
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iil iin ii(n+1) ii(n+m)
i ) i ST #
Lypy=|." S ) | ntm) (5.26)
lntr " l+on |\t 7 Ymtm)(m+m)
.iEn+m)1 iEn+m)n iEn+m)(n+1) iEn+m)(n+m).
and
(w0 — ug () o
if; = R, : ij = (5.27)

The arrays in Equations 5.24 and 5.25 are divided into two parts. The upper part represents the
traction nodes, indexed from 1 to (n :=ng) as defined in Equation 4.1, while the lower part
represents the TBs and BTBs, indexed by adding the bus indices (1 to (m := ny,)) to the total
number of traction nodes n.;. The indices of the matrix in Equation 5.26 have the same definition
as of Equations 5.24 and 5.25, where the bus indices are represented on the right end and down
end of the matrix after the traction node indices. The matrix in Equation 5.26 is divided into four
parts: The first part (upper left) represents the current flows between the basic traction nodes
(1ton where n:=ng), the second and third parts (upper right and lower left, respectively)
represent the current flows between the basic traction nodes (1 to n where n := n,) and the bus
nodes (n+ 1ton+m where n:=ny and m:=ny,s), and the fourth part (lower right)
represents the current flows between bus nodes (n + 1 to n + m where n :=ng and m := ny ).
The elements of Equation 5.26 are computed as shown in Equation 5.27, where i and j denote the
from- and to-node of the traction branches, respectively, and A;; denotes the elements of the
traction network adjacency matrix A at time t. Elements of A indicate whether or not adjacent
pairs of traction nodes (i,j) form a traction branch. If A;; = 1, traction branches exist between i
and j, and thus there are no traction branches when 4;; = 0.

After determining the steady-state of the traction network at time t, the simulation process will
proceed with the following time step &t until the simulation time t reaches its conclusion at ts.
At that point, the simulation process will terminate.

5.2.2 Determination of Conductance Matrix

The trolleybus system has a significant number of sparse nodes, i.e., the traffic nodes and the
traction nodes. The number of nodes required to construct an accurate nodal conductance matrix
could be minimised using sparsity techniques to improve the computational effort. The node
equation, which can be found in Equation 5.6, is used in the evaluation of the traction network
steady-state. A nodal conductance matrix is a mathematical abstraction of a DC electric network
topology and parameters; hence it may be interpreted as the mathematical representation of a
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traction network, more specific, TNZ. If there are n traction nodes in a TNZ, the nodal
conductance matrix G , of the traction zone z can be defined as:

9z11 Y9z12 ° YGzin
9z21 Y9z22 ° Yzon

Gt,z = : : : ) n = Netz (528)
Izn1 Y9zn2z 0 YGznn

The conductance matrix can be simply created once the traction network topology (see
Section 4.1) is determined. If i and j represent two traction nodes in zone z (iAj €
{1,2,3, ...,net’z}), then the diagonal element g, ;; represents the nodal self-conductance that can

be computed as follows:
9zii = —z 9z,ij - N = MNetz (5.29)

while the off-diagonal element g, ;; represents the mutual conductance between nodes i and j
(traction branch (i,j)). Traction branches are represented only by their ohmic resistance. In DC
networks the shunt capacitance and reactance of the overhead lines are absent. In general, DC
system is a two wires system and logically has no transformer. Based on Equation 4.3, the traction
branches are organised into groups and given new traction node Ids. These new Id numbers
depend on the traction zones that are indicated in TEB,¢ (see Section 4.1.3).

BT‘t = {BTtll, BT‘t'Z,BTt_3, ...BT‘t'Z} (530)

The elements of Equation 5.30 represent the traction branches for each zone in the traction
network. After renumbering the traction nodes — corresponding to each traction zone, Br , can
be recognized as an (n X m) matrix. The first and second columns of Br , represent the standard
traction node Ids of the traction branch (from- and to-node), yet the third and fourth columns of
Br , are the new traction node Ids correspond to the traction zone (see Equations 5.11 and 5.12).
The fifth and sixth columns are the length in (m) and electrical resistance per unit length

R’ in (©/m) of the traction branch, respectively.

Nof,z,l Not,z,l an,z,l Nnt,z,l lb,z,l rb,z,l

Br.. — Notz2 Notzz Nnfzz Nntze lb,z,Z Tb,z,2
tz — : : : : : : ’ (5 31)

Nof,z,n Not,z,n an,z,n Nnt,z,n lb,z,n rbz,n
N = Ntn,z
Using the matrix of Equation 5.31, the off-diagonal element of Equation 5.28 can be calculated
as follows:

Rz,ij = lb,z,k X To,z,k
i = Npgzx k={123,...,n4,} (5.32)
J = Nntzk
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-1
9zij = E (5.33)
The conductance matrix G , is constructed without considering TBs and BTBs locations in the
traction network; owing to the changes in the traction network topology over time as these buses
move. Hence, the dynamic behaviour of the buses results in a significant variance when it comes
to the calculations for the steady-state of the traction network. Alternating network topology are
comparable to contrasting new conductance matrix, which must be considered with each power

flow calculation.

At any sample in 74 (see Equation 2.4), each TB and BTB is related to a specific location on the

bus route. Bus locations under the OHCWs are listed as stated in Equation 5.1 After rearranging
the buses to their corresponding zone by comparing the second and third columns of Bp,ofjje (€€

Equation 5.1) to the first and second columns of Br; , (see Equation 5.31), Bporile IS redefined as

follows:
B[,)rofile = {Bpro,lJ Bpro,z: Bpro,3: Bpro,z} (5.34)
and
bpz11  bpziz bpz1z  bpzas
Bpro,z = bp,:z,21 bp,:z,zz bp':z'23 bp,z:,25 yM = Ngp 7 (5.35)
bp,z,ml bp,z,mz bp,z,m3 bp,z,mS

where n,, , is number of operational buses in zone z.
A new Id will be assigned to each bus and elements of Equation 5.1 are updated as follows:
NZ’,Z = {Nz,n,z' Nz,s,z} (5-36)

The set of new node Ids is defined as N;p, , = {1,2,3, ..., néy .}, Where ngy, = net, + Nop 2. Yet,
Ny , represent zone z standard traction node Ids and operational bus indices (see Equation 5.1).
Bus new node Ids and bus indices are listed at the end of N;, , and Ny ,, respectively.

A new matrix Bry, is computed from Equation 5.31 and Equation 5.35, where the element of
Br, are updated based on the new nodes that are founded in-between the existing traction
branches. These new nodes represent bus locations in the traction zone z. Due to the fact that the
presence of buses in between traction branch (i,j) will only impact the self and mutual
conductance of traction nodes i and j, the new conductance matrix can be determined for the new
state by adjusting the original conductance matrix G, ,. Since Bry, is constricted based on Bry,
and By, 5, the rows of Br{, will present the new network topology taking into account buses
existence. Initially, all traction branches that do not include buses in Br; , will be included in Bry ,.
The first and second columns of Bry , will be compared to the second and third columns of By, ,
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in order to select all traction branches that do not include buses in Bry , and a new matrix Br{, is

thus formed. Furthermore, new traction branches will be added into Bry, as follows:

One bus in-between a traction branch (two traction branches are constructed)

1.

Identify the terminals (traction nodes) of the new traction branches. The first constructed
traction branch has the same from-node Id as the original traction branch by, , ;, and its
to-node Id will be indicated by the bus index by, ,;;. The second constructed traction
branch will have the bus index by, , ;; as its from-node Id and the original traction branch
to-node Id by, , ;3 will be its to-node.

Using Equation 5.36, the new traction node Ids, which correspond to traction zone z, will
be included in Bry, to represent zone traction node Ids for the new constructed traction
branches.

The lengths of the constructed traction branches will be calculated using by, , ;5 and the
length of the original traction branch. If o is the row index of the original traction branch,
when by, ; 91 = bp zi2 A bp 202 = bp 23, then L, , , is the length of the original traction
branch. Yet, let c be the row index of the new constructed branch, then the length of the
first constructed traction branch is equal to (L, , c = Iy, 5,0 * bp z,i5), While the length of the
second constructed traction branch is equal to (I ;.c = Iy 70 - (1 = by 215))-

The electrical resistance per length unit R’ of the newly constructed traction branches is
identical to that of the original traction branch. It is possible to utilise the same approach
that was conducted in step three to find out the electrical resistance of the initial traction
branch, i.e., when by, ; o1 = by 5i2 A bp 702 = bp 53 thenr, , , is the electrical resistance

of the original traction branch.

Several buses in-between a traction branch (three or more traction branches are

constructed)

1.

Buses sharing the same traction branch will be sorted based on the values of by, , ;5, where
[ € I, and I, represents the row of indices (based on matrix By, ,) of buses that share
the same traction branch. The first bus in the sequence is that with the smallest by, , ;5
value; afterwards, it will be followed by the bus that has the next higher b, , ;5 value, and
the sequence will continue until the bus with the highest by, , ;5 value comes at last. Iy,
will be reordered as I} = (ibs,1: Ibs,2s -» ibs,n), where iy ; denotes the index of the bus
that has the lowest by, , ;5 value and iy, denotes the index of the bus that has the highest
by, ,,is Vvalue. The number of the new constructed traction branches is determined as
(Ilps] + 1).

Terminals (traction nodes) of the new traction branches will be defined based on the bus
sequence or rather Ij,¢. The original traction branch from- and to-node Ids will denote the

from-node Id of the first constructed traction branch and the to-node Id of the last new
constructed traction branch, respectively. The bus index by, ,;; of the first bus in the
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sequence (i := ipg 1) Will be used as the to-node Id of the first constructed traction branch
as well as the from-node Id of the next adjacent traction branch, which is in this case the
second constructed traction branch. In the same way, the index of next bus in the sequence
will be used as the to-node Id of the constructed traction branch that has the same
sequence order as the bus and the from-node Id next adjacent traction branch. The
procedure will be proceeded until all bus indices are implemented as terminals of the new
traction branches. The last bus index by, , ;1, Where i := iy, will be utilised as the from-
node of the last constructed traction branch.

3. Using Equation 5.36, the new traction node Ids, which correspond to traction zone z, will
be used to identify the terminals of the newly constructed traction branches.

4. The length of the original traction branch is utilised using the same approach that was
conducted in step three (One bus in-between a traction branch). With [, , , defining the
length of the original traction branch, the length of the first constructed traction branch is
calculated as (ly ;,c = lp 2,0 * bp zis) and i := ipg 1, While the length of the last constructed
traction branch is calculated as (I ;.c = Iy 0 - (1 = bp 2i5)) @nd i := ig,. The lengths
of the other constructed traction branch are calculated as (lp ;¢ = lpz0 (bp_Z_is -
bz j5)) With i = (ibs 2, s ibs ) AN j = (ibs 1, - ibs,(n—1))- FOr example, the length of
the second constructed traction branch is calculated with i = iyg, and j = iyg 4, for the
third i = ips3 and j = iy, and so forth.

5. Asinstep four (One bus in-between a traction branch), The electrical resistance per length
unit R" of the newly constructed traction branches is identical to that of the original
traction branch. Thus, when by, , 51 = bp 712 A by 702 = bp i3 then ry, 5, is the electrical

resistance of the original traction branch.

After eliminating all traction branches that include buses and adding the new traction branches,
Br, can be recognised as follows:

— ! ! A ! ! ! 3
Nof,z,l otz,1 an,z,l nt,z,1 lb,z,l rb,z,l
li ! ! ! ! !
Nof,z,z ot,z,2 an,z,z nt,z,2 lb,z,z rb,z,z
ro_ : : : : : :
Brt,z - Nl ! Nl ! ll ! (537)
ofzm ot,zm nf,z,m nt,z,m b,zm rbz,m
! ! ! ! ! !
L N of,z,l ot,z,l N nf,z,1 nt,z,l lb,z,l rbz,l .

where m is the number of traction branches in zone z after eliminating all traction branches that
include buses, and [ is the number of traction branches in zone z, which do not have active buses,
plus the new constructed traction branches.
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5.2.3 DC Power Flow

The steady-state solution of an electrical power network is commonly computed using a power
flow calculation. Because of the non-linear formulation of the power flow equations, an iterative
solution is required [139-149]. The popular DC power flow, that is utilised in standard AC power
system calculations, is a linearisation of the non-linear AC power flow equations [150] and is
unlike the DC power flow utilised in DC system calculations. Although it is possible to implement
AC power flow methods to DC power systems, there are significant distinctions to consider.
Analytical approaches like Gauss-Seidel (GS), Newton-Raphson (NR), or Backward-Forward
(BF) sweeps are often used to solve DC power flow problems [151-160]. The DC power flow
equations are non-linear, non-affine, and non-convex. Furthermore, the state variables are volts
rather than angles, which are missing in DC networks.

This section explains how the DC power flow equations are developed and utilized to determine
the steady-state operating conditions of the traction network. Generally, the primary purpose of a
power flow approach is to identify the node voltages and the flow of power through system
branches with given injected and consumed powers of every single node.

The mathematical formulation of a DC traction network may be simplified due to the absence of
reactive power and voltage angle. As shown in Equation 5.10, two variables, i.e., injected
power (P) and node voltage (U), are required to identify the traction network steady-state.
Equivalently, one of Equation 5.1 variables should be specified for each traction node to solve
the power flow equation and determine the other variable. There are three types of traction nodes
that are grouped according to the variable (P or U) they provide, namely: constant voltage,
constant power, and passive nodes. Constant voltage nodes denote the traction-substations, which
serve as the primary power supply for the traction network. However, the traction-substations are
expected to maintain traction network nominal voltage U, and provide enough power to ensure
the system stability; thus, the voltage (U) values are specified for constant voltage nodes.
Conversely, the power (P) values are specified for constant power nodes, and therefore,
trolleybuses and battery-trolleybuses, as well as PVs, EVCSs, and BSPSs, are examples of
constant power nodes. In this context, any node that does not provide or absorb power is
considered a passive node.

Each TNZ is modelled as a set of nodes Ny, = Npp, = {1,2,3, ..., ner .} (See Equation 5.12),
which is separated into three subsets, i.e., Ny, = {PC, PA,VC}, based on the type of the traction
node, i.e., constant voltage (I7C), constant power (PC), and passive node (PA). In order to compute
a reliable DC power flow calculation, it is essential to have at least one constant voltage node
(lvc] = 1) and one constant power node (|PC| = 1) [151].

To solve Equation 5.10, a simplified version of the standard Newton-Raphson (NR) power flow
calculation is adapted to be utilised for DC networks. Instead of commonly applied power
mismatches, the utilised method uses non-linear current mismatch equations to reduce overall
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equation complexity. With identical convergence properties, the Simplified Newton-Raphson
(SNR) approach takes less time to execute then the standard NR method, which saves computation
time[161].

The non-linear mismatch current equation for traction node k, based on Equations 5.9 and 5.10
as well as the Tellegent's theorem [162], can be expressed as follows:

Py
AIz,k = UL - z Gz,ki : Uz,i = O: n = MNegz (538)
z,k o
=1
or in vector form
Al, = Pt,z @) Ut,z - Gt,z : Ut,z (5-39)

where P, , is the vector power, Uy, is the vector voltage, G , is the conductance matrix, and AI,

is the calculated mismatch current, all of which represent traction network zone z.

When all of the unknown node voltages U , are successfully gained, the mismatches will be equal
to zero, Al = 0. Equation 5.38 must be expanded using Taylor series in order to determine a

set of voltage solutions using the NR method [161].
n
0AL
AIz,k = z Y72 AUz,i ’ n = Net,z (540)

As the constant voltage nodes VC control the traction network voltage and the constant power
nodes PC control the injected power, a compact matrix form used to update the mismatches
current can be expressed as in Equation 5.41.

To simplify notation, the TNZ slack nodes (constant voltage nodes V() are excluded, while the
constant power and passive nodes, i.e., PP = PC U PA, are the defined mismatches currents.
Thus, the vector form of Equation 5.40 can be defined as shown below:

[AIZ,PP] =[] [AUZ,PP] (5.41)

The Jacobian matrix [/] from Equation 5.41 (same from Equation 5.40) may thus be constructed
in away identical to that of the normal NR approach, and their elements can be defined as follows:

G, i , k#i
08l [T, l 1o
aU,; - Gaii +Lk2’ k=i (5.42)
Uz,k
or in vector form
Ul = Gz,pp (5.43)

diag([/]) = diag(6.,pp) + ([Prer] @ ([Uzer] © [Uzee])) (5.44)
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where G, ,,, is zone z conductance matrix after removing the TNZ slack nodes (VC) from G, ,,

i.e., G,pp © Gy, And the same for the other vectors that include only TNZ nodes PP, i.e.,
[PZ,PP] c Pt,z’ [AIZ,PP] c Alz’ and [UZ,PP] c Ut,z-

-m

UO:[Uzpp] s P=[Pypp) s G= Gypp
U= Ut,z; P’=Pt,z; G'= Gt,z
v
| /=6 |

\ AL=PQU— G U’ \

v

| diag(/) = diag(&)+(Po(U'0U") |

ez I R

\ U= yr+AU \

v

‘ update U’ with J¢+D l

1A < £?

yes
] U= U \

v

Ptz— Utz@ Gtz Utz

Figure 5-3: Sequence of DC power flow with (Simplified Newton-Raphson).

Equation 5.41 is repeatedly solved for AU, pp, as shown in Equation 5.45. The voltage solution is
successfully fulfilled if the norm of computed current mismatches Al pp is less than the specified
mismatch tolerance ¢, i.e., || AL pp|| < &. If this is not the case, the voltage solution at the current

iteration » must be adjusted for the following iteration  + 1, as seen in Figure 5-3

(AU, pp| = U17*ALpp ] (5.49)

[UZ,PP]r+1 = [UZ,PP]r + [AUZ,PP]r (5.46)
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The TNZ node power vector Py, is calculated at the end after updating zone z voltage vector U, ,
with the computed voltages [UZ_PP]rH. The TNZ slack nodes (V' C) have constant voltage and are
not subject to the update.

5.2.4 DC Power Flow with Unidirectional Traction Substations®

An adapted power flow method is proposed to compute traction network steady-state as well as
buses behaviour during surplus power present in the TNZ. Traction substations are unidirectional,
therefore, they prevent the surplus power produced by PV systems and decelerating buses from
being transmitted to the AC network (see Section 4.1.4), the power flow is thus only in one
direction that is from the medium voltage AC network to the low voltage (traction) DC network.
Suppose the surplus power is not utilised by other moving buses, EVCSs, or BSPSs that are either
too far away from the surplus power source (PV systems and decelerating buses) or have low
power demands. In that case, the TNZ voltage rises at the source location. Following
IEC 60850:2014-11 standard [13], the buses are protected by a squeeze control system ensuring
that the traction network voltage remains within the permissible range (see Table 2-1) during bus
decelerating by forcing the remaining power to dissipate in brake-resistor. Similarly, an active
power controller in PV system is responsible for determining the amount of injected power [164].
When a PV voltage exceeds Upax1, the injected power of the PV system is dropped by a
percentage level (active power curtailment) until the voltage value is reduced below the highest
permanent voltage U, .51 (See Table 2-1).

Throughout this section, the proposed algorithm steps are thoroughly explained. When the
traction network has any unidirectional traction substation, standard power flow approaches fail
to represent the actual steady-state of the TNZ. Given the presence of an active PV system or
decelerating buses, and the fact that there is low power demand in the traction network, the
traction substations will thus be calculated with negative power inputs (power flows from the
traction DC network to the medium voltage AC network). To deal with this problem, a three-
block process is developed to determine the actual traction network steady-state when there is
surplus power in a TNZ.

In block one as shown in Figure 5-4, a power flow (see Section 5.2.3) is initiated after defining
all inputs (constant voltage nodes V', constant power and passive nodes PP’, node powers P;,,
and node voltages U;,) of the traction network zone that is being calculated. The node voltages
U;, are set to the system nominal voltage U,,. All traction substation nodes are denoted as constant
voltage nodes VC' = VC (slack nodes), while the other nodes are denoted as PP’, which indicates
the constant power and the passive nodes (PP’ = PC U PA). The node power array P;, denotes
injected and absorbed power for PP'. Power flow calculations are evaluated to ensure that all
traction substation nodes VC' have positive power values. If a negative power is identified, the

¢ The work of this section is published in [163] by the author of this thesis
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corresponding traction substation with negative power (Vi € VC': P, ; < 0) will be modified as

passive node and its power is set to zero, as shown below:

pp'@ewW) = pp' y {i|Vi € VC': Py < 0} (5.47)
ve'mew) = ye\{i|Vi € VC': Pey; < 0} (5.48)

where PP'("eW) and VC'(™eW) represent the new constant power and passive nodes, and constant
voltage nodes, respectively. The values of PP’ and VC' are subsequently replaced by the new
node sets PP'(™eW) and 7C'(™eW) values.

When all traction substations are eliminated VC' = @, the simulation will proceed into block two.
Otherwise, new VC' and PP’are defined, i.e., PP’ = PP'(W) and V¢’ = VC'™eW) and a new
power flow is sequentially executed. When there is no more traction substation with negative
calculated powers (Vi € VC': P, ; < 0), the cycle of block one is ended. The calculated voltages
at PP’ are evaluated for any violations (Vi € PP": U.,); = Unax1)- If all voltages are under the
highest permanent voltage Uy,.x1 (See Table 2-1), the approach concludes, and the TNZ steady-
state is determined; otherwise, block three will begin its cycle.

Given the possibility of eliminating all constant voltage nodes VC' = @ throughout block one
cycle, the power flow calculation (see Section 5.2.3) cannot converge properly since no slack
node is identified. It is essential to solve the problem with the approach shown in block two. Since
all traction substations are being converted to constant power nodes PP’, new constant voltage
nodes (slack nodes) must be established, as previously stated.

It is possible to utilise decelerating bus and PV system nodes as the new constant voltage nodes
VC'. Their initial voltage value will be set to Up,.x; (See Table 2-1). As shown in Figure 5-4,
redefining the system nodes and determining their initial values are executed at the beginning of
block two and is computed as follows:

ve' ={i|Vi € PP": Py > 0}k = |VC'| (5.49)

pp'(ew) — pp\yc’ (5.50)
and

[Uin,i] = Unax1 (5.51)

P, = Py (5.52)

[Phil =0, i=vC (5.53)

The value of PP’ is subsequently replaced by the new node set PP'(™eW) value, i.e., PP’ =
PP'(™eW) ‘and k is the count of the new constant voltage nodes VC'.
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Figure 5-4: Sequence of DC power flow with unidirectional traction substations.
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This approach makes it possible to calculate voltage rises when there are surplus power and
unidirectional traction substations in a TNZ. With the new defined VC' (see Equation 5.49), a new
power flow is executed. The calculated power (P.,; < i € VC') is evaluated; whenever,
a negative or zero power is computed the corresponding constant voltage node (i € VC') will be
modified as passive node and its power is set to zero, as defined in Equations 5.47 and 5.48. V'
is subjected to a second check to ensure that no calculated powers (P, ; < i € VC') are more
than their actual injected powers (P, ; < Pin; < @ € VC'). In cases of high demand, V€' with

greater demand is reset back as PP’ and retains the initial injected power, as shown below:

[Plhi]l = Pinis Vi€VC':Peay; = Py (5.54)
and

pp'@eW) = pp’ y {i|Vi € VC': Pear; = Ping} (5.55)

ve'@ew) = ye'\{i|Vi € VC': Pea; = Pini} (5.56)

The values of PP’ and VC’ are subsequently replaced by the new node sets PP'("eW) and 17 ¢'(mew)
values, i.e., PP' = PP'®™eW) and V¢’ = VC'(™eW), |n the event of a forced change in node types
(VC'"to PP")and [VC'| # k, block two cycle will be repeated with k been updated with the count
of the new constant voltage nodes (k = |V C'|); otherwise, the final power results P,; is compared
with the original power array P;,, and as shown in Equation 5.57 the difference between them
P),ss denotes the wasted powers.

Pioss = Pin — Pca (5-57)

After the outcome of block one cycle, the calculated voltages at PP’ are evaluated for any
violations. When a voltage violation is discovered, block three will be started. VVoltage rise at
decelerating bus or PV system nodes may occur after eliminating traction substations with
negative calculated powers (Vi € VC': P, ; < 0). At the beginning of block three, constant
power nodes with calculated voltages exceeding U,.x1 (See Table 2-1) will be converted into
constant voltage nodes and added to the residual VC' set.

ve" ={i|Vi € PP":Uca1; > Umax1} (5.58)

ve'®ew) = ycty Ve k = [VC'| (5.59)

pp'@ew) — pp\y " (5.60)
and

Pi, = Py, (5.61)

[Uini] = Umax1,  i=VC" (5.62)

[Pl =0, i=vcC” (5.63)
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The value of PP’ is subsequently replaced by the new node set PP'(™eW) value, i.e., PP’ =
pp'@eW) je. PP’ = PP'(MW) and VC' = VC'™eW), and k is the count of the new constant
voltage nodes VC'.

The adjustment procedure for the node types' sets is defined by Equations 5.58-5.60. As stated in
Equations 5.62 and 5.63, the voltage of the added VC"' is set to Uyy,.x; and their power is set to
zero. As shown in Figure 5-4, after defining the new VC' and PP’ as well as the input voltage and
power arrays, new power flow is initiated. The calculated power (P, ; < i € V') is evaluated;
anytime a negative or zero power is computed, the associated constant voltage node (i € VC')
will be modified as a passive node as described in Equations 5.47 and 5.48. As shown in
Equation 5.63, the powers of the modified nodes have already been set to zero. The cycle of block
three is repeated until no change in node types (V'C' to PP') is detected. Finally, wasted powers
P, are calculated as defined in Equation 5.57.

Using the proposed algorithm, it is now possible to calculate the amount of burnt energy that is
dissipated into the brake-resistor, as well as the amount of curtailed energy that is reduced by
active power controllers in PV systems. Moreover, it is now possible to determine the voltage of
the traction network up to the maximum voltage level U,.x; When no regeneration power is
returned to the AC network.

5.2.5 Bus Power Control System’

To model the bus power control system, three different approaches have been implemented. With
regard to the integrated overcurrent protection mechanism introduced in [83], the management of
voltage drop is handled by reducing the consumed power when bus is in traction mode (see
Section 2.3). Based on the functionality of this mechanism, all buses are modelled to maintain the
consumption current in accordance with the voltage limits specified in IEC 62313:2009-04 [56].
The first approach is handled by using U , (computed node voltages at time t) and Equation 2.2.
The power control system will regulate the trolleybuses and battery-trolleybuses maximum
permeated motor powers (see Figure 5-5). Based on the bus voltage, a reduction factor a, (see
Equation 2.3) is used to regulate the bus motor power consumption. The set Ib represents the
operating buses indices, and the set ii represent the indices of buses with voltage U, < a - Uy,
where U, is the traction network nominal voltage, and « is the knee point factor (see Section 2.3).

However, power flow convergence issues are caused by the substantial fluctuations in bus power
consumption and location shifting. The solution of the traction network steady-state may not be
achievable in certain circumstances, particularly those in which the power demands of some buses
are very large.

" The work of this section is published in [165] by the author of this research
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Figure 5-5:  Bus power control system flow chart.

The second approach take place following a non-convergent DC power flow (see Figure 5-5)
where the bus with the greatest power divergence as compared to its power value from previous
time step (t — 1) is selected and a set jj based on the selected bus is formed. For reducing the
power consumption of the selected buses, a reduction factor . = 0.01 - P, ;;(t) is implemented.
With each power reduction applied on the selected buses, a new DC power flow calculation is
executed. If the reduced power of a selected bus drops under the lower operating limit no more
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power reduction will be applied on that bus and its index is removed from the set of operating
buses (Ib™€W) = [b\i). Otherwise, the reduction process will be repeated until the DC power
flow converge. When the reduced powers of all selected buses drop under the lower operating
limit, the next bus with highest power divergence is selected and added to the set of selected
buses ii. This process is also repeated until a convergent state is reached.

As previously mentioned, power consumptions or locations of certain buses may shift
significantly in between simulation time steps. In this scenario, the simulation model may
compute some buses with a voltage lower than Ui, Which is not permitted by system regulation
and is effectively avoided in real life by the overcurrent protection mechanism incorporated in
bus. The third approach is developed to cope with any uncounted voltage violations. After a
successful DC power flow, as well as after a power reduction approach, bus voltages will be
compared for any voltage violations (see Figure 5-5). Buses that have violated the voltage will be
identified and their power progressively reduced until the bus voltage is increased above the
Unpinz2 threshold.

Finally, indices and new power values of buses that had a power reduction, granting a DC power
flow converge or rather voltage adjustment, are saved and will be utilised to recalculate bus
locations and the traction network steady-state, respectively (see Figure 5-2).

5.3 AC Network State Calculation

The voltage value of a traction substation (on the AC side of the substation) is affected by both
the amount of the injected power into the traction network and the AC network steady-state, which
implies that a various voltage — not fixed to the traction network nominal voltage U,, — could
appear on the DC side of the traction substation. Thus, each traction substation on the traction
network could have a different voltage value. This voltage difference between the traction
substation will modify the load distribution on the traction network as well as the voltages at load
and supply nodes, i.e., trolleybuses, battery-trolleybuses, PV systems, EVCSs, and BSPSs.

All of these considerations lead to the conclusion that when the medium voltage AC network is
considered in the electric model, the determining of the traction network steady-state will be more
realistic.

5.3.1 AC Power Flow

The AC power flow method models the nonlinear relation between power injections, power
demands, as well as node voltages and angles, with regard to the network topology. The
mathematical description of the AC network can be formulated using several methods; however,
nodal voltage method, which is based on Kirchhoff's current law, is generally utilised for power
system analyses. The topology can be described by the N x N nodal admittance matrix ¥, that
is computed, as in Equation 5.64, from the incidence matrix K and the diagonal matrix constituted
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by the primitive admittance matrix Y. g. The diagonal elements of the matrix ¥, g represents the
self-admittances and off-diagonal elements of the matrix ¥, g represents the mutual admittances of
the AC branches [126].

Yoe=K Y, K" (5.64)

It is possible to identify an electric network's topology just by using an incidence matrix. Incident
matrix K is independent of the particular values of the branch parameters and has only three
possible values, i.e., if kij is an element in K then kij c {—1,0,1}. The numbers of rows in the
incidence matrix correspond to network node numbers, while the numbers of columns correspond

to its branch numbers. Branch current directed away and toward a node are represented by
k;j =1 and k;; = —1, respectively. Otherwise, k;; = 0 indicates no contact between the node

and branch The row numbers of the non-zero elements (k;; = 1 and k;; = —1) in each column

(only two in each column) represent the ending node numbers of the relevant branch [138].

The nodal voltage vector U, and the nodal current vector I,. form a set of nodal equations that
can represent an electric AC network (see Figure 4-3) steady-state as follows:

Ioe =Yac - Uye (5.65)

It is possible to determine the power flow in an AC- network, which is represented by a non-linear
set of equations, by using an iterative solution. The Newton-Raphson and Gauss-Seidel methods,
for example, are practical approaches for the power flow calculation. In this simulation model,
the Newton-Raphson method is used to calculate power flow in AC network due to its excellent
convergence capabilities as well as the low number of iteration cycles [126]. In steady-state
operation, node voltages are dependent on the balance between the combined powers being
injected into an AC node (active P, n;j and reactive @, inj power) and calculated powers at the

same node (active P, ca1c and reactive Q,¢ caic POWE).

Pac,inj - Pac,calc =AP,.=0 (5.66)
Qac,inj — Qaccalc =AQc =0 (5.67)

Following a Taylor development, the Newton-Raphson method is used to solve Equations 5.66
and 5.67 iteratively for a given voltage reference at the slack node and other node powers P, in;

and Q,c,inj- The nodal voltage U, is divided into the voltage magnitude |U,.| and the voltage
angles & for this purpose. With each iteration step k, the power equations are linearised and
approximated to the solution until the convergence limit is reached. As shown in Equation 5.68,
The solution is calculated with each iteration step k by linearising the power equations until the
convergence limit is reached.

[APaC(k)] =y . AIUacl(k+1) (5.68)

AQac(k) ASK+D)
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A new Jacobi matrix J, is computed with each iteration step k. In order to calculate the power
flow during that operational point, an approximation approach is utilised with the help of a
sensitivity matrix, which is defined as the inverse of the Jacobi matrix J~1. However, the inversion
of large matrices is time consuming. Particularly in medium-voltage grids, where the number of
nodes might exceed several hundred, this results in a significant amount of computing work,
which grows exponentially with the size of the electric network [126].

The AC network model thus receives the voltage at the slack node (MV busbar voltage at the
HV/MV transformer U, ,.) and the active and reactive powers (P,csch and Q,csch) as input

variables v. The output variables r of the AC network are the node voltages and branch currents
(U, and I, g), where the voltage values at the traction substation nodes are the focus of the AC

power flow task (see Figure 5-6).

) o o

MYV Network

Figure 5-6: AC medium-voltage network schematic representation (linearisation approximated by a
proportional element). (Adapted from [126])

5.3.2 AC-DC Power Flow

For traction system modelling, a unified AC-DC power flow has been the primary goal of many
studies [166-171]. However, the inclusion of a heavily mashed traction network model, as well
as the incorporation of unidirectional traction substations in the traction network, present a
difficulty with the previously mentioned unified AC-DC power flow approaches.

Here, an approach for sequential AC-DC power flow is explained, in which the complete electric
network is simulated at the same time and the features of the traction network are maintained. As
shown in Figure 4-3, the traction substations are the primary parts that are shared by both AC
network and DC traction networks. Traction substations play a critical part in the development of
a sequential AC-DC power flow. A traction substation, as previously stated in Section 4.1.4,
consists of traction transformer as well as rectifier. Traction substation is subjected to internal
voltage drop that is caused by three core elements: rectifier resistance, traction transformer
resistance, and traction transformer reactance [172]. In this work, the DC traction network is
modelled and simulated separately from the AC network, and to simplify the calculation and the
connection between the two networks, the total internal resistance of the traction substation is
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excluded. The basic relationship between the AC input voltage and the DC output voltage of the
traction substation can be defined as:

U.. = Uac,r
P ths,r

(5.70)

Ny . . . . .
where Ni,s = N—p is the traction transformer turns ratio with number of turns N,, on the primary

side and number of turns Ny on the secondary side, r = {tps,} (see Equation 4.4) is the set of
traction substation node Ids (AC side), and p = {tps;} (see Equation 4.4) is the set of traction
substation node Ids (DC traction side).

start

DC power flow

€S
AP < £ D>—

set traction substation power Py,
with DC power flow results
Por= P(,p

v

AC power flow

v

set traction substation voltage U,
with AC power flow results
(Equation 5.53)

end

Figure 5-7:  Sequence of sequential AC-DC power flow.

It is necessary to maintain a constant balance between input and output powers of the traction
substations in order to establish a relationship between the AC and DC traction networks at any
given time. When losses are not taken into account, the traction substation active AC power equals
the DC power as follows:
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Py =Py (5.71)

Following the calculation of the powers of TBs, BTBs, PV systems, EVCSs, and BSPSs, the
steady-state of the traction network is computed as described in Section 5.2. Active powers at AC
side of the traction substations are computed using Equation 5.71 depending on the outcomes of
the DC power flow calculation (see Figure 5-7). After that, the calculation of the AC power flow
can be performed (see Section 5.3.1). As a consequence of the AC power flow results, the new
voltage values for each traction substation, which is calculated using Equation 5.70 are utilised
with the new DC power flow.

AC and DC power flows are iterated (see Figure 5-7) until the norm of computed power
mismatches ||AP, |, i.e.. APy, = (Py,)“ — (Pep)*" " is less than the specified mismatch

tolerance.s. As soon as an optimal solution for the traction network is determined, the simulation
process continues although it reaches its conclusion.






6 Evaluation and Validation of the Simulation Model

Solingen's trolleybus system serves as the guide to this work. To this day, Solingen is known for
owning Germany's largest trolleybus system. As of 2016, 50 electrically propelled trolleybuses
equipped with auxiliary combustion engines have been operating six bus routes. Since 2018,
anew, 7" bus route, which is operated by four BOBs, is introduced. The city traction network
includes 22 unidirectional traction substations that are responsible for powering around 102 km
of overhead contact wires; additionally, a separate traction substation is added at the new bus
route terminal to charge BOB's on-board batteries during the dwelling times, although the BOB's
on-board batteries are also charged during the bus motion under existing overhead contact wires
(OHCWs). Solingen trolleybus system runs on a DC with U, =660V provided by the
22 unidirectional traction substations that link the DC network to the upstream AC network
(U, = 10kV) [14, 63]

6.1 Adapting the Input Parameters

For the objective of this simulation model, the spatial data, technical specifications, and the means
necessary for the modelling and analysing of a trolleybus system are outlined in the following
sections.

6.1.1 GIS Data

Use of geographical information system (GIS) for modelling mobility and transportation projects
has received considerable interest in recent years [173-175]. Modelling the trolleybus system
requires the integration of spatial and non-spatial data, which may be accomplished using GIS
software such as QGIS (open-source software [176, 177]). By integrating OpenStreetMap [178]
and Google Maps [179], georeferencing important points in the trolleybus system is thus made
possible; furthermore, the elevation data of the terrain are determined from the Digital Terrain
Map Model (DTMM) of the target city (see Figure 11-1). Implementing trolleybus system in
QGIS is accomplished by creating shapefiles of type point to represent the traffic nodes and the
traction nodes and of type line to represent the traffic branches and traction branches. Actually,
the point features in the road network are picked all over the trolleybus and BOB routes realising
all locations (node types) defined in Section 3.1.1, just as the point features in the traction network
are picked to denote the traction network topology and realise the node types defined in Section
4.1.2. Here it is worth mentioning that line features in both traffic- and traction network are
created between consecutive point features in the traffic- and traction network, respectively.

The attribute fields of the road network point features are defined based on elements of the traffic
node set (see Equation 3.2); likewise, attribute fields of the traction network point features are
defined based on elements of the traction node set (see Equation 4.1). In fact, QGIS build-in tools
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help with filling the spatial data of the point features. For instance, the altitude field, for road
network point features, is determined using the DTM of Solingen and the location of the point
feature (traffic node). However, the x- and y-coordination fields for both traffic- and traction
network point features are determined based on the coordination system and the location of the
point feature.

Equations 3.4 and 4.3 are used to define the attribute fields of the line features (traffic- and traction
branches) in the road network and traction network, respectively. As utilized for the point features,
QGIS build-in tools are used to determine the lengths of the line features in both traffic- and

traction network.

After being modelled in QGIS, the Solingen trolleybus system can be seen in Figure 6-1 (A) and
(B), where both traffic- and traction network are shown, respectively. It is remarkable that the
total number of point and line features in the road network are 3908 and 4022 with total length
119.65 km, respectively; however, the total number of point and line features in the traction
network are 377 and 626 thereof 103.27 km of overhead contact wires, respectively.

A) B)

Traffic Node e Traction Node Traction Substation
Traffic Branch e—e Traction Branch e—e Traction Branch

\ . (OHCWs) (Feeder cable)

7 Travel Routes without OHCWs Double Line Double Line

Figure 6-1: Overview of Solingen trolleybus road and traction network topology.
A: Road network.
B: Traction network.

As shown in Figure 6-1 (A), the traffic roads enclosed by the dashed turquoise line represent the
travel routes without OHCWs. Accordingly, these parts from the road network are not represented
in the traction network shown in Figure 6-1 (B).
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The attribute fields of the road network point and line features (traffic nodes and traffic branches)
as well as the traction network point and line features (traction nodes and traction branches) are
exported into four individual CVS (comma-separated values) files which can be read by the
simulation model and subsequently defined as Equations 3.2, 3.4, 4.1, and 4.3, respectively.

6.1.2 Bus Daily Timetable

Two Excel spreadsheets [180] are used to describe the timetable of Solingen bus lines (681 to 686
and 695), in which, the daily schedules, with up to 50 trolleybuses and 4 BOBs, and the bus travel
routes are defined. An illustrative example of the daily schedule as the bus travel route
information is presented in Annex 11.3. The data, in the first Excel spreadsheet, include the daily
schedules of all buses that serve the bus lines (681 to 686 and 695). Moreover, three individual
daily schedules (worksheets) for workdays, Saturday, and Sunday/Holiday are included in the
excel spreadsheet. However, the data of the daily schedules' file are structured in accordance with
Equations 3.5, 3.6, and 3.10. The second Excel spreadsheet includes the information of the bus
travel routes which is structured in accordance with Equations 3.7 and 3.8.

6.1.3 Trolleybuses and Battery-Trolleybuses

The Solingen trolleybus system includes three models of trolleybuses and one model of BOB.
The trolleybus fleet consists of 15 “Berkhof: Premier AT 18”, 15 “Carrosserie Hess: Swisstrolley
3/ BGT-N 2 C”, and 20 “Van Hool: AG 300 T articulated buses. All 4 BOBs are “Solaris:
Trollino 18.75” articulated buses [97]. The technical specifications of Solingen electric bus fleet
(see Table 11-3 in Annex 11.4) are defined in an Excel spreadsheet. The specifications data realise
the elements of Equation 3.43.

6.1.4 Traction Substations

The number of traction substations that serve the Solingen traction system is 23 (including the
new added traction substation at the terminal of bus line 695), which is divided between three
traction zones. As shown in Figure 6-14, the 23 traction substations are divided as follows: 10
traction substations for the upper part of the network, 12 traction substations for the lower part of
the network, and one traction substation at the terminal of bus line 695. The specifications of the
traction substations (see Table 11-4 in Annex 11.5) are defined in an Excel spreadsheet, in which,
the elements of Equation 4.4 are fulfilled.

6.1.5 Photovoltaic Systems

PV systems are not present in the existing trolleybus system of Solingen. The integration of PV
systems in the DC traction network is under study. 16 pre-exist PV systems, already connected to
the AC MV network of Solingen, have the potential to be switched into the DC traction network.
To implement the potential PV systems into the simulation model, elements of Equation 4.20
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must be defined with the required data (see Table 11-5 in Annex 11.6). To define the required
specifications for the PV systems, an Excel spreadsheet is used as input tool.

6.1.6 Electric Vehicle Charging Stations

The specifications of the EVCSs, which are planned to be implanted in the Solingen trolleybus
system, are defined in Excel spreadsheet (see Table 11-6 in Annex 11.7) and structured in
accordance with Equation 4.24.

6.1.7 Battery Storage Power Stations

An Excel spreadsheet (see Table 11-7 in Annex 11.8) is therefore needed to define the BSPSs'
specifications which are planned to be used in the Solingen trolleybus system. These
specifications are organised according to Equation 4.26.

6.1.8 General Input Data

To add more flexibility to the simulation model, an Excel spreadsheet with multiple worksheets
is utilised. The date and starting time SM4, and duration SM;,., as well as the simulation time
step 6t, are all essential data of the simulation model. These data are included in one of the Excel
worksheets and will be implemented by the simulation model to form Equations 2.4 to 2.11.

Other data that could be forced to override the default values or setting of the trolleybus system
components are contained as general input data. For example, outside temperature T,, bus interior
temperature Tj, passenger crowding, and bus variety can be forced into the simulation model.
Moreover, PV, EVCS, BSPS, and the DC traction network settings are configurable as well.

6.2 Simulation Model with Various Scenarios

This section aims to analyse the Solingen trolleybus system using the proposed simulation model;
furthermore, the simulation result will be illustrated and evaluated. The proposed real-world
trolleybus simulation model is coded and simulated using MATLAB [181]. The existing
trolleybus system as well as the understudy new components, i.e., additional BTBs, PVs, EVCSs,
and BSPSs specifications, are accessible via Excel spreadsheets (see Section 6.1). All input values
for the Solingen trolleybus system are shown in Annex 11.

6.2.1 Bus Performance Against Travel Obstacles

To assess the effect of the traffic situation on the bus model (BM), three simulations with free,
congested, and normal traffic are considered. The different traffic situations are realised within
the BDTRM (see Section 3.3). The free traffic situation is modelled by omitting all rush hour
intervals, which allows buses to operate at the maximum road speed limits as well as minimum
stopping and dwelling times at traffic lights and bus stops. Conversely, the congested traffic
situation is modelled by extending the rush hour intervals, which reduces the maximum road
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speed limits, making the buses drive even slower during their trip. Furthermore, the stopping and
dwelling times are increased. The third traffic situation (normal traffic) is modelled with the
standard rush hour intervals at standard probability of dwelling at a traffic lights and bus stops in
and outside the standard rush hour intervals. Likewise, the dwell time is also computed for the
normal traffic situation as introduced in Section 3.3.

As shown in Figure 6-2 (A), which depicts the free traffic situation, buses from all eight bus lines
(one bus operates on both lines 681 and 682 and the same applies for lines 685 and 686) arrive
mostly on time or up to two minutes ahead of schedule. Nonetheless, there are cases where the
bus arrives up to 17 minutes early. Considering this, a long dwell period is established between
the inbound and outbound trips on the bus schedule. However, due to the congested traffic
situation, buses swapping between lines 681 and 682 often has delays surpassed 40 minutes (see
Figure 6-2 (B)). In a normal traffic situation (see Figure 6-2 (C)), there are still some delays, but
they are no longer than 12 minutes, that is shown for buses swapping between lines 681 and 682.
In contrast to congested traffic situation, being ahead of schedule occurs several times during the
normal traffic situation, which on some bus lines exceeded 10 minutes.
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Figure 6-2: Buses punctuality with respect to traffic situation. The simulation parameters are: Three traffic
situations (free, congested, and normal), no HVAC, and only bus variety 3 (Annex 11.4).
A: Free traffic.
B: Congested traffic.
C: Normal traffic.

The topography of the travel routes effects the performance of the bus. Also, as shown in
Figure 6-3, the traction power Prg increases exponentially as bus speed and road slope increase
(no deceleration power is considered). In consideration of the simulation results, the bus is
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restricted to a specific speed on certain road slopes. As soon as the motor's maximum power Py
is reached, the bus's acceleration is capped at that moment, and it cannot go any faster. According
to the simulation results, a bus requires around to Prg = 250 kW of electric power to travel v = 65
km/h on a level road. It's also worth noting that the bus motor operates at its peak power at v = 20
km/h on a 11% slope and v = 65 km/h on a 2% slope.
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Figure 6-3: Simulated bus power at different speeds and slopes. The simulation parameters are: free traffic
situation, no HVAC, and empty buses from all bus variety (Annex 11.4).

The surface plot of Figure 6-3 is based on several simulation outputs, in which, an empty bus and
no power for HVAC is considered. Moreover, all simulations are conducted in a free traffic
situation to avoid any speed limit restrictions.

6.2.2 Simulating with Innovative Features

The Solingen trolleybus system will be put under higher stress if innovative features like PV
systems and EVCSs are integrated into the existing trolleybus system. As mentioned in Section
6.1.5, 16 pre-exist PV systems (connected to the MVAC network) are being looked at to connect
directly to Solingen's traction network (see Annex 11.6). Furthermore, 18 EVCS locations are
implemented in the simulation test (see Annex 11.7). The outside temperature is assumed to be
between T, = 15 °C and T, = 22 °C. Thus, no HVAC power is included. Normal traffic volume
on a workday is defined for this simulation as well as all four bus variety (see Annex 11.4) are
included in this simulation test. The duration of the simulation test is 24 hours.
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Figure 6-4: : Solingen trolleybus system energy profiles with innovative features implemented in the system.
The simulation parameters are: 16 PV systems (Annex 11.6), 18 EVCSs (Annex 11.7), no HVAC
power, normal traffic for workday, and all 4 bus variety (Annex 11.4).
A: Energy shares between system innovative features and the traction substations.
B: Energy consumption of the implemented EVCSs.
C: Energy produced by the implemented PV systems.

The simulation results can be seen in Figure 6-4. The consumed power of the 13 EVCSs is shown
in Figure 6-4 (B) and the produced power from the 16 PV systems is shown in Figure 6-4 (C).
Figure 6-4 (A) shows the total simulated power usage, where the light green area represents the
energy contributed by the 16 PV systems. Thus, the PV systems have shifted the supply power of
the traction substations and reduced their infeed power. In other terms, without the PV systems,
more power is produced by the traction substations, so the blue area would be increased with the
light green area. Over the course of 24 hours, the 18 EVCSs drew in the total energy shown in the
purple area. Without solar PV systems and EVCSs, the infeed energy from the substations is
shown as the blue area. The total infeed and consumed energy, as well as the energy lost by PV
systems due to overvoltage protection, are all shown in Table 6-1.

Table 6-1: Simulation results of the energy shares of the implemented features and the existing traction
substation as well as energy lose from PV systems. The simulation parameters are: 16 PV systems
(Annex 11.6), 18 EVCSs (Annex 11.7), no HVAC power, normal traffic for workday, and with all 4
bus variety (Annex 11.4).

Energy kWh
Substations Infeed 234.15
PV systems Infeed 47.26
EVCSs consumption 82.89
PV system lost 0.29
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6.2.3 Several Day Simulation

The total power consumption in a trolleybus system depends on the number of operating buses
and the power demands. The number of operating buses corresponds to the bus schedules. The
TBSSM can simulate even for multiple days based on the input values in the simulation interval
set (see Equations 2.4-2.11).
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Figure 6-5: Total traction substation infeed power of the Solingen trolleybus system generated from a
simulation of three different day types and compared to real measured logs. The simulation
parameters are: normal traffic for three day types (workday, weekend, and public holiday),
normal HVAC operation, and only the 3 TB variety (Annex 11.4).

As shown in Figure 6-5, three distinct bus schedules are simulated over the course of a three-day
period. A real-world date, collected and provided by Solingen municipal utilities SWS?, are used
to compare the simulation results. The simulated and measured data represent the infeed power
of the 22 traction substations that power the Solingen trolley system (new added traction
substation at the terminal of bus line 695 is not considered in this simulation test). Simulation
results were averaged every 15 minutes to match the measured data since the simulation time step
is 1 second and measurements were recorded every 15 minutes. The difference between the
measurement date and the simulation results can be attributed to a possible difference between
the bus timetable at the time of measurement and the bus timetable used in this simulation test,
since the measurement data does not provide a precise bus timetable at the time of measurement.
However, the simulation results for three different day types succeed in capturing the different

power consumption during the different days.

6.2.4 Simulating Future Scenarios

It is necessary to do further research and analysis before expanding an existing trolleybus system.
The TBSSM offers the necessary tools to evaluate the expansion of a trolleybus system with future

8 In German, famous as: Stadtwerke Solingen
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scenarios. Solingen's trolleybus system is evaluated in 2020, 2030 and 2050 with three different
scenarios. The future trolleybus system (in 2030 and 2050) is expected to be expanding with more
BTBs, bidirectional traction substations, PV systems, and EVCSs. Table 6-2 provides a summary
of the present state of the trolleybus system and the future adjustments that are planned to be
implemented in Solingen trolleybus system.

Table 6-2: Number of the innovative features that are considered in the simulated scenarios.

Scenario 2020 2030 2050

Unidirectional 22 20 20
Traction Substation

Bidirectional 0 2 2

Trolleybuses 50 32 0
Buses

Battery-Trolleybuses | 0 36 100

EVCSs 0 10 10
Innovateve Features

PV systems 0 1 1

Figure 6 shows the simulation results for the two potential future scenarios with the simulation of
the existing system in 2020 and with measured data from 2016. The three simulation results as
well as the measured data from 2016 represent the overall power consumption of the traction
network. The total power is supplied by 22 traction substation and a single PV system (in 2030
and 2050 two unidirectional traction substations are replaced by bidirectional traction substations
and the single PV system is integrated into the system). At this point it is worth mentioning that
the simulation results as well as the measurement data are for the wintertime.

2016 Measured Data
2020 Simulation
2030 Simulation
3 2050 Simulation il
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Figure 6-6: Total traction substation infeed power of the Solingen trolleybus system from several simulation
scenarios and real measured data. The simulation parameters are: normal traffic situation,
normal HVAC operation for wintertime, all buses variety (Annex 11.4) considering Table 6-2,
traction substation (Annex 11.5) considering Table 6-2, and PV systems from (Annex 11.6) and
EVCSs from (Annex 11.7) considering Table 6-2.
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6.3 Quality and Accuracy of the Bus Movement

Additional assessment for the BM can be accomplished by comparing the power profile and state-
of-charge progression of a BTB that is running on line 695 with those obtained from an actual
driving test conducted on the same line [34]. Both simulated and test drive SOC progression are
shown side by side in Figure 6-7 (A). Also, the SOC can be simulated with high accuracy using
the trolleybus system simulation model and its base model (BM), and hence may be utilised
reliably. Despite the delay in SOC progression shown by the test drive, which is due to a variety
of reasons, such as congested traffic, roadworks, and the numerous pauses required to inspect the
air conditioning system during the test drive. Figure 6-7 (B) shows the simulated SOC progression
after compensating the waiting interval (increase the dwelling time at that stopping point) into the
BDTRM.
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Figure 6-7: Comparison of simulated and test drive SOC progression on line 695. The simulation parameters
are: no HVAC power, normal traffic for workday, and only one full BTB (Annex 11.4).
A: No delay adjustment (Original test drive).
B: With delay adjustment.

The power profiles of the simulation and the test drive are contrasted in Figure 6-8 (A). Between
the two curves, there is a time and value shift. This is because a second-based measurement
(6t = 1 sec) can't be precisely matched. The simulated power profile is highly dependent on the
topographical conditions, outside temperatures, passenger crowding, and traffic situations. Both
power profiles have been smoothed using a moving average filter as shown in Figure 6-8 (B). The
consistency of the simulated and test power profiles indicates that the trolleybus system
simulation model can be used to determine TB and BTB power consumption as well as their
instant states and implement them within other special-purpose analyses and applications (see
Chapter 7).
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Figure 6-8: Comparison of simulated and test drive power consumption on line 695. The simulation
parameters are: no HVAC power, normal traffic for workday, and only one full BTB
(Annex 11.4).
A: No filter applied.
B: Smoothed by moving average filter.

6.4 Quality and Accuracy of the Traffic Network State Calculation

Energy consumption is measured by energy utilised per unit of output, e.g., travel distance.
Energy consumption measured in (kWh/km) can be used to compare vehicles with comparable
capacities and performance of the same type but operated differently (route topography, outside
temperature, and traffic conditions). Wide energy consumption (kWh/km) ranges are reported by
several research (see Section 1.2). Nevertheless, the estimation of the energy consumption ranges
should reflect the high variability of the real-world situations. Therefore, it is essential to produce
stochastic data for the purpose of studying whether the bus model and its consumption of energy
are affected by uncertainties in different circumstances, for example, weather and traffic
conditions.

Verifying the longitudinal dynamic model and the HVAC system in the bus model (see
Section 3.4) requires multiple simulations under various weather and traffic scenarios. Buses are
restricted in their stop-to-stop movements by the BDTRMs, in which the bus schedule and the
traffic conditions are pre-defined (see Section 3.3). The histograms in Figure 6-9 depict three
different simulation scenarios for buses with different operating situation. Normal workday traffic
is considered for all simulation scenarios (pre-generated in BDTRM). Figure 6-9 (A), (B), and
(C) shows the traction motor energy consumption in (kWh/km) for empty buses, full buses, and
buses with a random number of passengers on-board, respectively. Traction motor energy
consumption ranges between Ecg =1kWh/km to Eq;g =1.8 kWh/km for empty buses,
Ecg = 1.51 kWh/km to Ecg =2.5kWh/km for full buses, and Ecg =1.11 kWh/km to
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Ecg = 2 kWh/km for buses with a random passenger number. The lower energy consumption is
seen in both empty and random number of passengers on-board situations. While the highest
energy consumption is listed with a full bus situation.
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Figure 6-9: Traction motor energy consumption based on three different scenarios. The simulation
parameters are: normal traffic for workday, normal HVAC operation for several days from
different seasons, and only bus variety 2 (Annex 11.4) with three different scenarios:.

A: Empty buses (no passengers on-board).
B: Full buses (maximum passengers on-board).
C: Buses with random number of passengers on-board.

100 I 1 I I I I I T I I I
— Actual Value
§ 80 - _Average Value | _
on
R=
T 60
e
@)

5 40
en
o
2
% 20 B v e
Q-‘ v U \‘\ N A |
| VN N
0
04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 24:00

Time

Figure 6-10: Number of passenger on-board a bus as computed in the BDTRSM. The simulation parameters
are: normal traffic for workday, normal HVAC operation, and only bus variety 2 (Annex 11.4)
with random number of passengers on-board and operation on line 683.

Figure 6-10 shows a histogram of the number of passengers on a bus throughout its daily schedule.
In addition, the actual number of passengers is also presented by the curve. In this model, there
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are three peak-time periods that are considered. Passengers are more likely to be on the bus during
peak hours. Otherwise, there are fewer than 20% on board, and that number drops to less than
10% at dawn.
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Figure 6-11: Auxiliary energy consumption at different temperatures with three different scenarios. The
simulation parameters are: normal traffic for workday, normal HVAC operation for several
days from different seasons, and only bus variety 2 (Annex 11.4) with three different scenarios:
A: Empty buses (no passengers on-board).

B: Full buses (maximum passengers on-board).
C: Buses with random number of passengers on-board.

This passenger model, which is pre-determined in BDTRSM, is unique and corresponds only to
one specific bus. In other words, each bus has its unique traffic situation which is different from
the traffic situation of other buses using the same travel road, i.e., operating on the same line.

Figure 6-11 and Figure 6-12 depict the distribution of the auxiliary energy consumption (HVAC
system and basic auxiliary) and the total energy consumption by buses at various outdoor
temperatures, respectively. The central purple mark represents the median of the energy
consumption, while the box top and bottom edges represent the 75th and 25th percentiles of the
resulting energy consumption from the several simulations, respectively. The (A), (B), and (C)
markers in Figure 6-11 and Figure 6-12 depict empty, full, and random bus occupancy,
respectively.

As shown in Figure 6-11(A), more auxiliary energy is required in cold temperatures when
compared to (B) and (C) of the same figure. The reason behind that is the absence of the on-board
passengers, where no heat energy from passengers is thus contributed to the heating system. On
the other hand, with high temperatures, less energy is required to cool down the passenger
compartment when the bus is empty and more energy when it is full (see Figure 6-11 (A) and

(B))-
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Figure 6-12: Total energy consumption at different temperatures with three different scenarios. The
simulation parameters are: normal traffic for workday, normal HVAC operation for several
days from different seasons, and only bus variety 2 (Annex 11.4) with three different scenarios:
A: Empty buses (no passengers on-board).

B: Full buses (maximum passengers on-board).
C: Buses with random number of passengers on-board.
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Figure 6-13: Simulated passenger compartment temperatures compare to the outside temperature. The
simulation parameters are: normal traffic for workday, only bus variety 4 (Annex 11.4) with
random number of passengers on-board, and normal HVAC operation for different days from:
A: Winter season.

B: Summer season.
C: Spring/Autumn season.

Figure 6-13 depicts the operation of the HVAC system in one of the simulated buses with three
different outside temperature values. The bus passenger compartment temperature is regulated
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with respect to the outside temperatures and as defined in the VDV recommendation 236 [111]
(see Figure 3-8).

6.5 Quality and Accuracy of the Traction Network State Calculation

In this section, the results of the steady-state calculation of the traction network are presented. As
introduced in Chapter 4, the DC traction network is a passive network in which the traction
substations are unidirectional with only one direction of power flow, i.e., from the medium
voltage AC network to the DC traction network. Any surplus energy in the DC traction network
is therefore associated with an increase in voltage. The voltage increase is damped by a squeeze
control system implemented in the buses, where the surplus energy is converted into heat using a
brake-resistor, preventing the system voltage from exceeding the maximum permanent voltage
Unmax1 as defined in IEC 60850:2014-11 [13]. In order to calculate the steady-state of the traction
network as well as the buses behaving during the occurrence of surplus energy in the traction
network, an adapted power flow method is implemented (see Section 5.2.4).

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

. ——  Traction Network (Zone 1)
—— Traction Network (Zone 2)
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‘ Traction Substation '
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Figure 6-14: The Solingen traction network zones and the travelled path of two trolleybus.

In order to show the results of the simulation process (defined in Section 5.2), a path as shown in
Figure 6-14 is selected and only two buses are simulated. Although TBSSM has the option to
simulate several bus movements simultaneously, only two buses are simulated travelling on this
path to keep clear the behaviour of the traction substation to bus movements as well as the voltage
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state in case of surplus power in the traction network. As shown in Figure 6-14, the Solingen
traction network is divided into two zones.
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Figure 6-15: Traction network steady-state at selected traction substation and the two trolleybuses driving the
path of Figure 6-14.
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The buses start in zone 1 and end in zone 2. The power supply for the bus movements is mainly
provided by the traction substations close to the bus route, i.e., traction substations 8, 11, 20
and 13. Traction substations 10, 14 and 16 are expected to make a very small contribution to the
power supply. However, traction substations 10, 14 and 16 are excluded from the results
discussion. As shown in Figure 6-15, the power and voltage at traction substations 8, 11, 20
and 13 are given the purple and light green curves, respectively. In addition, the total power (as
considered by the traction network), the motor power (as calculated by the bus) and the speed of
trolleybuses 1 and 2 are given the purple, dotted purple and turquoise curves, respectively. The
vertical red lines are added to Figure 6-15 to represent the start and end of some critical changes
for the bus and traction substation states.

At 04:11 o'clock trolleybus 1 starts to move. As the starting location of trolleybus 1 (as
trolleybus 2) is in zone 1, no supplied powers are indicated in zone 2 (traction substation 20 and
13). Traction substation 8 and 11, per contra, supply the buses demand in zone 1. As traction
substation 8 is the nearest to the bus positions, the highest supplied power is supplied by it. Before
04:12 o'clock trolleybus 1 deaccelerate (need to dwell at a traffic light) and because it is the only
bus in zone 1 the regenerated deaccelerating power must be eliminated to keep the system voltage
under the maximum permeated value (for Solingen's traction network Up,,x; = 740 V).

As shown in Figure 6-15 the traction network considers the trolleybus with no power P = 0 W,
as the auxiliary power of the bus is fulfilled from the regenerated deaccelerating power and all
the surplus energy is burned using the brake-resistor. The dotted purple curve shows how the
traction motor power is not considered in the traction network state. The purple curve shows how
the traction network considers trolleybus 1 power (after using the adapted power flow
calculation). The first voltage surge in zone 1 is given during this time.

When trolleybus 2 starts moving the regenerated power by trolleybus 1 is distributed to
trolleybus 2 as long as trolleybus 2 is consuming power and in fare distance. In the time between
red lines 1 and 2 as shown in Figure 6-15, trolleybus 1 start to generate power at red line 1 and
trolleybus 2 consume the generated power until it stops accelerating. The power generated by
trolleybus 1 is not due to deceleration to stop the bus, but to speed damping to keep the bus speed
at v = 50 km/h while the bus is travelling down slop. At red line 2, trolleybus 2 stops accelerating
as it starts to drive down slope and thus regenerating power to maintain its speed at v = 50 km/h
(both buses are driving down slop). The regenerated power by trolleybus 2 is immediately burned
(as given by the dotted purple and purple curve). Simultaneously, the regenerated power from
trolleybus 1 is burned to remove the voltage surge from zone 1. Between red lines 2 and 3, the
voltage surge in zone 1 is given at traction substation 8 and 11 by the light green curve. At red
line 3, trolleybus 1 changes zones and enters zone 2. Thus, the voltage surge is given in zone 2
since trolleybus 1 is still driving down slope and regenerating power (as shown by the light green
curve from traction substation 20 and 13 in Figure 6-15). However, the voltage surge continues
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at zone 1 as long as trolleybus 2 is regenerating power and connected to zone 1 (as shown by the
light green curve from traction substation 8 and 11 in between red lines 3 and 4 in Figure 6-15).
At red line 4 both buses are in zone 2 and thus no more supplied powers or voltage segues are
given by traction substation 8 and 11.

At red line 5, trolleybus 1 starts to accelerate and observe some of the regenerated power by
trolleybus 2. As shown in Figure 6-15, the regenerated power by trolleybus 2 is feed into the
traction network and delivered to trolleybus 1 (dotted purple curve is covered by purple curve).
With trolleybus 1 continues accelerating, the regenerated power by trolleybus 2 becomes not
enough to supply trolleybus 1 demands. Thus, traction substation starts to supply power into the
traction network as soon as the voltage level drops to U = 660 V (see Figure 6-15).

Between red lines 7 and 8 a voltage surge occurs in zone 2 as trolleybus 1 is deaccelerating and
trolleybus 2 is dwelling. The regenerated power by trolleybus 1 is burned and excluded from the
traction network steady-state calculation, as given by the dotted purple and purple curve of
trolleybus 1 in Figure 6-15. As soon as trolleybus 2 starts to accelerate (shortly before red line 8)
the voltage surge in zone 2 gradually diminishes. Thus, in the time between red lines 8 and 9 no
dotted purple cure can be seen for trolleybus 1 since all regenerated energy is consumed by
trolleybus 2.

In this context, it is worth pointing out that although trolleybuses 1 and 2 follow the same route
(as shown in Figure 6-14), their speed curves (profiles) are not the same (as shown by the
turquoise curves of trolleybuses 1 and 2 in Figure 6-15). Therefore, each trolleybus faces a
different traffic situation. For example, trolleybus 1 stopped for some time at a traffic light
immediately after leaving the depot, whereas trolleybus 2 did not have to stop at the same traffic
light. The two speed profiles in Figure 6-15 show how each trolleybus is presented with a unique
traffic situation. Of course, the traffic situation depends on the type of day, the time of day and
the location of the bus stop.

6.6 Assessment of the Simulation Model

A comprehensive trolleybus system simulation model (TBSSM), in which trolleybuses and
battery-trolleybuses collect energy from overhead wires to operate according to their daily
schedules, requires extensive modelling of the buses, the traffic system and the traction system
infrastructure. Battery-trolleybuses also charge their on-board battery while driving under the
overhead contact wires or at bus stops where quick-charging stations are available, which
challenges the reliability of the electric traction network. Besides, the implementation of
innovative features, i.e., photovoltaic (PV) systems, electric vehicle charging stations (EVCSs)
and battery storage power stations (BSPSs) in the traction network, increases the load on the
trolleybus system. To this end, the TBSSM developed in this thesis mimics the regular activities
of a real-world trolleybus system to assist in the evaluation of the steady-state behaviour of the
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electric traction network and the operating TBs and BTBs over a period of time. Consequently, a
comprehensive, environmentally friendly, and competitive trolleybus system can be planned and
operated in an adaptive manner.

By focusing on the extensive correlations between its components, the TBSSM is suitable for
analysing the short- and long-term performance of a trolleybus system. As outlined in Chapters 3,
4, and 5, the TBSSM consists of four model blocks, namely the traffic network model, the bus
model, the electrical network model, and the trolleybus system state model. In this way, TBSSM
made it possible to implement a public transport system simulator together with a reliable power
system simulator in a single simulation model. Both simulators are important for simulating the
steady-state behaviour of a trolleybus network. The TBSSM offers the possibility to do the
following:

1. The implementation of the road network, which defines the travel routes for the TB and
BTB fleet.

2. Characterising the individual elements of the traffic and electrical network with numerous
features making it convenient to associate them.

3. Establishing the Bus Daily Travelling Routes Model (BDTRM) from the road topology,
traffic regulations, and bus timetables. The BDTRM defines the guidelines for each bus's
routing and includes the following information:

e The sequence of points (traffic nodes) that the bus passes through during a day.

e The distance between the successive points (traffic branches).

e The stopping points (bus stops, traffic lights, and junctions) where the bus will
dwell.

e Stop-to-stop distance.

e Dwelling time.

e Number of passengers between successive bus stops.

e Speed limits over the travel roads.

¢ Road topography.

e Time progress correspond to the successive points (traffic nodes).

e Traction network information (length, from-node, and to-node) correspond to
travel roads (traffic branches).

4. Calculating the amount of traction power necessary to propel a bus over four different
motion regimes (acceleration, constant-speed, rolling, and braking) during a standard
stop-to-stop driving cycle. In addition, the required power for basic auxiliary and heating
or cooling are calculated. Battery power is also calculated for BTB.

5. Determine the topology of the traction network and modifying it with each bus
movement.

6. Considering the passive behaviour of the traction network when calculating the steady-
state of the traction network, as well as the TB and BTB states.
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7. regulating the system voltages and the buses' current consumption as recommended by
IEC 60850:2014-11 [13] and IEC 62313:2009-04 [56], respectively.

According to Section 6.2.1, the TBSSM can compute the bus performance in under a variety of
traffic conditions, which allows different traffic situations to be simulated. The traffic situation is
unpredictable and impacted by a variety of factors. For example, the type of traffic and the time
of day affect the traffic situation. Thus, to determine the traffic situation over the course of a day,
the TBSSM utilises a random function that depends on a predetermined probability variable, as
well as the type and time of the day, to define the stop-to-stop motion and the allowable maximum
speed on the roads. According to [85], using TBSSM to forecast the trolleybus steady-state could
diverge with a longer forecast, and for that reason, the forecasting procedure should be repeated
as soon as the real steady-state of the trolleybus system is satisfied. In fact, it could be possible to
use real-time traffic information, depending on availability, from internet sources such as Google
Maps or TomTom to improve the accuracy of the forecast window. Furthermore, traffic accidents
that disrupt the traffic flow can be considered in the TBSSM. However, for planning purposes, a
wide range of power consumption is required to cover all situations that influence the system
state. As shown in Section 6.2.1 and Figure 6-3, different motor powers are obtained for different
speeds and road gradients. In addition, different auxiliary powers (HVAC system and basic
auxiliary) that vary with the outside temperature (see Figure 6-11) are determined and included
in the total power consumption of the buses (see Figure 6-12).

The calculation of the motion regimes between a stop-to-stop movement (see Section 3.4.3)
depends mainly on the distance between successive stops and the speed regulation, which is
determined by the road speed limit, the traffic situation, and the traction network regulation.
However, different behavioural profiles of the bus driver, which include different tempos for
acceleration, rolling and braking regimes, can be implemented to add more diversity to the
calculation of motion regimes. Incorporating these profiles into the motion regime calculation can
increase the diversity of motor power consumption. However, driver behaviour is random and
associated with the traffic situation as well as the driver mode, which makes it impractical to
determine such profiles and include them in the motion regime calculations. The approach
developed in TBSSM for determining the motion regimes and their associated motor power
consumption is adequate to account for the anticipated power consumption diversity.

The dynamic nature of the traction network, caused by the continuous movement of buses,
presents a challenge to the calculation and implementation of the traction network conductance
matrix. Moreover, the existence of unidirectional traction substations makes conventional power
flow methods inadequate. As can be seen in sections 5.1 and 5.2.2, the TBSSM determines the
conductance matrix of the traction network, taking into account the change in network topology
due to bus movements. When determining the steady-state of the traction network, the TBSSM
implements a modified power flow approach (see section 5.2.4), which allows it to compensate
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for the unidirectional nature of the traction substations. As shown in Section 6.5, the steady-state
of the traction network is very well represented, where all voltage surges due to surplus power in
the traction network are captured and the squeeze control system used by the buses to dump any
unacceptable voltage rise is conveniently represented by the TBSSM.

The TBSSM is basically developed to study a trolleybus system. However, it is always an option
to adapt the TBSSM to simulate a tram system due to the similarity between the two systems. As
the TBSSM is flexible, different input parameters can be changed. The tram system is even easier
to calculate in terms of stop-to-stop motion. However, the calculation of the conductance matrix
needs to be adapted because the trolleybus traction network is operated with a two-wire system,
whereas the tram traction network is operated with a single wire system, and the tram tracks are
used for the traction current return.

By considering the complexity, the advantages of TBSSM and the challenges of evaluating its
performance remain unmatched. Furthermore, the simulation duration and expansion adaptability
are also to be considered for the benefit of adopting the TBSSM in planning and operation works
[85, 86]. The developed TBSSM represents the state of the art in simulation tools. It is a
development derived from previous experience in the field of traction systems (see Section 1.2).
The TBSSM represents a unique combination of the traffic network and the electric network of a
trolleybus system, which opens several new research horizons to be explored. This simulation
model allows the investigation of cases that cannot be directly considered with standard
simulation tools [26], it allows the verification of the traffic network parameters, the bus
specifications, and the detailed behaviour of the corresponding electrical traction network. It also
provides a basis for planning and analysis of existing and newly developed trolleybus/battery-
trolleybus systems.






7 Use Cases and Applications of the Simulation Model

The trolleybus system simulation model (TBSSM) is developed in such a form that it can adapt
to environmental changes and be easily adjusted to mimic several scenarios within the trolleybus
system. The TBSSM is constructed upon three fundamental models: the traffic network model
(TNM), bus model (BM), and electric network model (ENM). It is necessary, however, to fully
comprehend both the operating buses and the steady-state of the traction network in order to
properly study and analyse a trolleybus system. A trolleybus system's potential should be
evaluated before it can be expanded to include more innovative features. Thus, new innovative
features, such as photovoltaic (PV) systems, electric vehicle charging stations (EVCSs), and
battery storage power stations (BSPSs), are modelled within the ENM and are therefore
implemented within the simulation of the trolleybus system. To accomplish these objectives, the
TBSSM provides a complete solution that simultaneously simulates the movement of the whole
trolleybus (TB) fleet, including even the battery-trolleybuses (BTBs), and simultaneously updates
the bus positions within the traction network; the TBSSM can also manage the passive behaviour
of the traction system. All voltage increases in the traction network are monitored, and any surplus
power is eliminated. Some examples of potential use cases for the TBSSM will be explained in
the following sections.

7.1 Operating and Planning a Trolleybus Systems

The author of [85] proposes innovative approaches to operate and plan a trolleybus system. In
the first part of his work, he concentrates on the operating level of an existing trolleybus system.
Accordingly, predicting how the TBs and BTBs will progress is necessary for forecasting the state
of the trolleybus network, which is based on the TBSSM proposed in this thesis. The adopted
TBSSM is set with one-second time step. However, the TBSSM only needs a fraction of a second
to execute a simulation cycle in order to determine the trolleybus system's steady-state. Therefore,
after determining the steady-state of the traction network, the TBSSM is paused until a real-life
second has passed. Modifying the TBSSM in this way allows it to simulate a real-time trolleybus
system. In TBSSM, the steady-state calculation covers the locations and powers of the operating
TBs and BTBs in accordance with their schedules, as well as the power and voltage of all the
components included in the traction network. A proposed guiding system utilises the modified
TBSSM to generate pseudo-measurements, which are later used to generate a 10-minute forecast
for the trolleybus system. A new TBSSM (unmodified with pause simulation cycle) is started in
order to simulate the 10-minute forecast. The guiding system then mirrors the bus locations —
which are given by the pseudo-measurements — into the corresponding locations in the new
TBSSM. Simultaneously, operating buses' speed and power consumption are computed. The
trolleybus system specifications, which are implemented in the new TBSSM, are used to figure
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out where the buses are, how fast they are going, and how much power they consume. Once the
10-minute forecast, which takes less than 10 minutes to be simulated, is complete, a fresh 10-
minute forecast is newly started based on the actual pseudo-measurements and the same pre-
process will be repeated. The pseudo-measurements and 10-minute forecast data will be utilised
by the intelligent control system, which is responsible for the reliable operation of the trolleybus
system (see Section 7.4).

In the second part of the work, [85] handles two planning situations with very different baseline
circumstances. Planning to expand an existing trolleybus system therefore necessitates the
specifications of the existing infrastructure (brown-field scenario). Contrarily, no such
information is needed when planning a new battery-trolleybus system (green-field scenario).
Thus, a novel approach to plan a battery-trolleybus system is presented. An important
consideration in planning a battery-trolleybus route is determining which segments of the route
should be electrified, such that there are as few overhead contact wires as possible for the battery-
trolleybus system to be reliably operated. Planning can be carried out with the help of the TBSSM,
which utilises the existing information of the road network, bus daily schedules, construction
restrictions, and trolleybus system infrastructure. The TBSSM is responsible for simulating the
energy requirements of the operating buses during their daily schedules. Additionally, the SOC
for the battery-trolleybuses is considered. The optimization algorithm will use all power demands
to estimate the minimal overhead contact wires and traction substation needed to operate a reliable
battery-trolleybus system. The optimised solution is then verified via an evaluation task by
utilising the TBSSM. The new trolleybus system must satisfy all technical requirements. The
battery-trolleybus SOC is also considered.

Two case study are implemented in [85], so that the optimisation algorithm is tested for both
green-field and brown-field scenario.

7.2 Integration of Photovoltaic Systems

To develop a truly sustainable public transportation system, the actual implementation of
renewable energy technologies into trolleybus networks is crucial. For this reason, this section
presents an approach to determine the best locations and sizes of photovoltaic systems that are
intended to operate on a passive DC traction network [182]. According to research, direct
integration of PV systems into such DC traction network allows an increase in PV system voltage
efficiency from n = 90% to around n = 96% while also improving power quality, increasing
system reliability, and lowering system costs [87]. However, the traction network's passive
behaviour may result in active power curtailment of the PV systems. For this purpose, the TBSSM
is used to determine the traction network steady-state.

The proposed approach for choosing the best location for the PV systems is divided into several
steps. In the beginning, existing traction substations are eliminated from the traction network
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(traction network zone), i.e., PA=PAUVC and VC = @ (see Section 5.2.3). In the next step,
traction nodes with feed-in accessibility are defined as the new power source of the traction
network. If Npyp represent the set of traction nodes with feed-in accessibility, then
PA = PA\Npyp and VC = Npyp. After that, the TBSSM is started with the new defined constant
voltage (VC) and passive node (PA) set. The feed-in energy of the selected traction nodes set
Npyp Will be computed over the simulation interval 7. Then, each traction node in Npyp is
grouped with the electrically linked traction nodes. The groups of traction nodes can be
determined by using the traction network model, which is included in TBSSM, and a defined
distance. For example, all electrically linked traction nodes that are located within the defined
distance range will be included in these groups. In the last step, the computed feed-in energy of
Npyp is summed up for each pre-defined group. This is followed by a check to identify the group
that has the highest feed-in potential. The traction node that represents the selected group will be
considered for the optimal PV system location.

Once the optimal locations for the PV systems are identified, maximum efficiency can be reached
by finding its optimum capacity for the corresponding PV systems. The selected group total feed-
in energy is compared to several power profiles generated for PV systems with varied capacity.
Then, a utilisation factor for each comparison is calculated. The ideal capacity for the PV systems
is determined by the best calculated utilisation factor.

The proposed approach in [183] was verified with a test trolleybus system.

7.3 Integration of Storage Systems®

This section introduces a method for determining the optimal placement for a battery storage
power station (BSPS) in a passive DC traction network incorporating photovoltaic systems. A
passive system is known for no possibility of power transfer into the adjacent systems. To balance
the power flow within the trolleybus system, a BSPS is proposed to be included into the traction
network. The TBSM is used to determine the optimal BSPS location that can compensate the
operating bus demands and PV systems power productions.

The BSPSs are implemented to utilise the regenerative power produced during bus decelerations
and thus enhance the traction network stability. Additionally, they are used to minimise the active
power curtailment of the PV systems and, as a result, enhance the utilisation rate of the PV
systems. To meet these expectations, BSPSs must be located optimally. Since optimum position
assessment needs to include not only a single time step but also all conceivable situations and
circumstances during the trolleybus system's operating time, TBSSM is adopted and considered
the leading platform. First, the traction network steady-state is obtained and summarised for all
traction nodes. Accordingly, all nodal voltages and powers are determined, as well as the branch

® The work of this section is published in [183] by the author of this thesis
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currents. It is important to find out what the current values are because buses and PV systems
have voltage-controlled actuators that prevent the voltage from rising too high. Therefore,
attention should be paid to branch currents and their limits. The residual currents are found by
comparing the actual branch current to the maximum current permitted by the respective overhead
contact wires. Based on the calculated residual currents, a sensitivity analysis is then used to
determine how much power can be injected into the traction nodes. Finally, the injected power
sets of the traction nodes are compared and ranked using a simple weighting function to determine
the node potential coefficient.

The proposed approach in [183] was verified with a test trolleybus system.

7.4 Monitoring and Control System

To transfer a trolleybus system to become a fully sustainable public transportation system, the
existing trolleybus systems will need to be updated with several new features, such as BTBs, PV
systems, EVCSs, and BSOSs. The integration of these features is expected to challenge the
existing trolleybus system's reliability. Excessive loads like BTB come with a significant impact
on the existing traction network, which was not designed to handle such loads in the first place.
Because of this, more voltage drops, and current overloads are likely to occur on the traction
network. To resolve the problems associated with the expanded trolleybus system, the new
features must be intelligently controlled by a smart network automation system. This can be done
by using cutting-edge monitoring and control system methods. The author of [86] develops
innovative algorithms for an intelligent network control system of a trolleybus system. In addition
to the optimised planning of new battery-trolleybus system according to [85] (see Section 7.1),
the approach followed in [86] makes it possible to promote the transformation with a reliable
operation for expanded trolleybus systems. Based on the characteristics of the traction network
and the corresponding challenges, the overall development process of a core intelligent network
control system, which is to be used as a supplemental element controlling an developed trolleybus
system, is explained in detail in [86].

A simulation model of existing trolleybus system will advantage the investigation of the impact
of new battery-trolleybuses as well as the influence of other innovative features. The TBSSM is
used to simulate the steady-state of the expanding trolleybus system. Furthermore, it will be used
for the analysis of the traction network and as a development tool for the intelligent network
control system.

In this context, the availability of predicted information regarding the traction network steady-
state is essential. The intelligent network control system contains three essential stages, of which
the network state identification and the network state forecast are part of [85] (see Section 7.1).

After establishing the TBSSM with the expanding trolleybus system's input characteristics, a wide
range of scenarios with different configurations can be simulated. The TBSSM can continually
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identify the steady-state of the traction network with a one-second time step even if the topology
of the network is constantly changing because of excessive bus movements. In terms of providing
results, the simulated output, especially the nodal voltages, nodal powers, and branch currents,
and all incorporated sub-models information are of the highest importance. As a result, the real-
world trolleybus system can be mimicked by the TBSSM after being defined with the appropriate
specifications, providing a foundation for several scenarios to be analysed.

A case study for the trolleybus system of Solingen is implemented in [86], so that the developed
intelligent network control system of a trolleybus system is tested and evaluated.






8 Summary

The work in this thesis presented a novel trolleybus system simulation model (TBSSM) that can
mimic a real-would trolleybus system in its existing configuration and even with other additional
innovative features, such as battery-trolleybuses (BTB), photovoltaic (PV) systems, electric
vehicle charging stations (EVCSs), and battery storage power stations (BSPSs), and thus it is a
solid framework to pave the way to a more sustainable and climate-friendly future across the
transport sector. Electrification of public transport system, particularly bus transportation,
necessitates a greater focus on analysis and evaluations. Transport operators are thus confronted
with the extraordinary challenge of making their current bus fleet sustainable and, as a result,
decreasing greenhouse gas (GHG) emissions (see Chapter 1).

Chapter 2 introduced the trolleybus system with a brief overview. From a historical point of view,
trolleybuses are an outmoded kind of transportation. Despite rising oil costs, greater
environmental awareness, and concerns about air pollution on city streets, the number of
trolleybus networks had decreased globally, even in Germany. Optimistically, a battery-trolleybus
might usher in a new era of trolleybuses that combine the benefits of a trolleybus and a battery-
electric bus (see Section 2.1). In the next section (see Section 2.2), the technological
underpinnings of the trolleybus system were discussed. These were broken down into the various
trolleybus vehicle concepts, as well as the traction substation and traction network of trolleybus
systems. In addition, the voltage system that is used to power a traction network as well as the
operating regulations for a trolleybus system were described (see Section 2.3)The anticipated
change of trolleybus systems and, as a result, the introduction of innovative features will also
need additional evaluation from both the operational and technical points of view. To this end, a
trolleybus system simulation model (TBSSM) was planned to be developed in order to mimic the
regular activities of TBs and BTBs, as well as to evaluate the steady-state behaviour of a
trolleybus system over a period of time. Consequently, a competitive trolleybus system can be
adaptably planned and operated (see Section 2.4). In the following section, the basic concepts of
the TBSSM were presented. The three fundamental layers, i.e., the traffic network model, bus
model, and electric network model, were introduced (see Section 2.5). The last section in Chapter
2 addressed the challenges that stand against in the development of a traction simulation model
(see Section 2.6).

Chapter 3 handled the process of developing both the traffic network model (TNM) and the bus
model (BM). The road network was divided into two essential elements; the traffic nodes and
traffic branches (see Section 3.1). The attributes' sets for both traffic nodes and traffic branches
were described in Sections 3.1.1 and 3.1.2, respectively. Important spatial and geometrical
information was considered for both road network elements. Later, the implemented attributes
had significant benefits for the development of the bus daily travelling routes. In Section 3.2, the
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construction of the bus timetables (schedules) was defined. After utilising the road network as a
weighted directional graph, the process of developing the bus daily travelling routes model
(BDTRM) was discussed in Section 3.3. In BDTRM, the basic elements that constructed a bus's
long travel route for its daily operation were both the bus schedule and road network information.
Bus dwellings at bus stops or traffic lights as well as the dwelling time were included in the
BDTRM. Furthermore, the number of passengers on-board the bus was also defined in the model.
Road topography, traffic restrictions, and even the availability of the taction network were
implemented in the BDTRM.

The second part of Chapter 3 was aimed at the modelling steps of the BM. In Section 3.4, the
mathematical representation and the block diagram of the BM were introduced. After defining
the mechanical and electrical specifications of the bus (see Section 3.4.1), the mathematical steps
to compute the bus speed and power profile were presented in Section 3.4.2. Using a bus
longitudinal dynamic model was the key to calculating the propulsion motor power that is
required to move the bus. Bus speed and travel distance were also calculated. However, four
regimes of motion were used to determine bus progress between two consecutive stops. Bus
power consumption is not limited only to the traction motor. Auxiliary power from both the
heating, ventilation, and air conditioning (HVAC) system and basic auxiliary were also
considered in the BM. The on-board battery model for a BTB was specified and included of the
BM too. More details on the possible sequence of the motion regimes during a stop-to-stop
movement were discussed in Section 3.4.3. The challenge of modelling a realistic bus speed
profile was also brought up and handled.

The electric network model (ENM) was defined in Chapter 4. The traction network model was
divided based on the traction network topology into traction nodes and traction branches (see
Sections 4.1.1and 4.1.2). The traction nodes and traction branches were used to define the traction
network conductance matrix. The AC network model was defined in Section 4.2. Modelling the
power profiles of the innovative features as well as TBs'/BTBs' power consumption and locations
with respect to the traction network was elaborately described in Section 4.3. Calculating buses'
power consumptions and locations is a repetitive process which is done with each simulation
cycle. Section 4.3.1 described the process steps for calculating buses' power consumptions and
locations. The calculation results were used to update the traction network conductance matrix.
Sections 4.3.2 and 4.3.3 presented both the PV system and EVCS models. Whereby, the
calculation of the power profile for both models was defined. Furthermore, the BSPS model was
also introduced (see Section 4.3.4).

Chapter 5 outlined the complete simulation model. The step-by-step process to determine the
traction network steady-state was elaborately described. In section 5.2 the mathematical equities
of the traction network, or rather the traction network zone, were defined. The simulation process
in general was clarified in Section 5.2.1. Due to the moving behaviour of the buses, the traction
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network topology changes with each simulation cycle. In Section 5.2.2 the challenging task of
determining the actual conductance matrix of the traction network zone was simplified. However,
not only determining the conductance matrix was challenging but also calculating the traction
power flow in a passive network. The simplified Newton-Raphson (SNR) approach was found to
be the most practical way to solve a DC power flow problem (see Section 5.2.3). In Section 5.2.4,
a novel approach of using the SNR power flow method to solve the power flow problem for
passive traction networks with other power sources, such as regenerative braking power and PV
systems, was shown. Keeping the bus motor current within the limits that are specified in traction
network norms required a bus power control system to be implemented into the simulation process
of the traction network. Section 5.2.5 described the aforementioned problem and the proposed
control process that could handle it. Lastly, the chapter was finished with a proposed sequential
AC-DC power flow used to simultaneously perform a sequential power flow for both the AC
network and the traction network (see Section 5.3).

In Chapter 6, the trolleybus system of Solingen was presented to evaluate the developed TBSSM.
The road network and the traction network were implemented using QGIS. The other input
parameters for Solingen's trolleybus system were also defined and included in the TBSSM (see
Section 6.1). Finally, the developed TBSSM was used to simulate several scenarios (see Sections
6.2, 6.3, and 6.4). The results were discussed and compared to real measurements from the studied
trolleybus system.

Chapter 7 defined some of the developed TBSSM's use cases. In Section 7.1, the TBSSM was
used as a forecasting tool that could, after adapting the input location of the operating buses,
simulate the system state for the next 10 minutes. Furthermore, the simulated energy consumption
as well as the SOC of the BTBs were utilised for further optimisation of planning processes. In
Sections 7.2 and 7.3, the TBSSM was used to find the optimal locations to install PV systems and
BSPSs in an existing trolleybus system, respectively. Finally, the TBSSM was implemented as a
tool to support the operation of a monitoring and control system (see Section 7.4).

The presented simulation model of a trolleybus system basically presents an all-in-one simulation
tool and thus offers a noteworthy potential for operating and planning of a trolleybus system or
similar public transport systems. The TBSSM is developed to mimic a real-word trolleybus
system, whereby the movements of all bus fleet are represented discretely with respect to a time
step and based on each bus specific schedule. The model considers the traffic situation and road
restrictions. Bus consumption was determined based on the bus longitudinal dynamics model and
other auxiliary requirements, i.e., HVAC system and the basic auxiliary. Therefore, all the
modelling challenges, which were discussed in Section 2.6, have been managed, and cleared from
the simulation model.
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10 List of Symbols and Abbreviations

10.1 Mathematical Formulas and Symbols

i,j,k,n,mr,s,e

Ny

Z

€
¢
[
N
v
0)

or{}

g w <

indices

natural number set

real numbers set

integral numbers set

set

matrix

inverse matrix

variable or set element
change in x

norm of x

set brackets (set theory)

set of ... such that ... (set theory)
open interval

left-open interval

right-open interval

closed interval

remainder calculation
diagonal of matrix X
hadamard product of matrices
hadamard division of matrices
size of set X (set theory)

and so forth

throw out (set theory)

is an element of (set theory)
is not an element of (set theory)
is a subset of (set theory)
intersect (set theory)

union (set theory)

empty set (set theory)

for all

there is

if and only if
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and

< >

or

1= is equal by definition to
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10.2 List of Symbols

BShame
BSis

B rofile
BTR
BSais
BSend
BSsp
BSstart
BSirip
BSirips
dy

Cp

CSsp
Cr

Ca

total surface area
chassis area of the bus
window glass area

frontal area of the bus

elements of the traction network adjacency matrix A

bus acceleration rate

bus deceleration rate

bus rolling deceleration rate
average passenger weight

set of arrival time (at bus depot)

set of departure time (from bus depot)
bus line number

specification set of given bus maker
bus state set

bus k departure trip

bus k trips set

bus k arrival trip

bus daily trips set

travel segment

bus model for bus k

bus stop names set

bus stop names set

bus profile matrix

bus daily travelling route matrix
trip distance

name of the last bus stop

paired of traffic nodes set

name of the first bus stop

bus stop names along bus trip set
miscellaneous bus stop names along bus trip set
rolling distance

air specific heat capacity

EVCS specification set

rolling resistance coefficient

aerodynamic drag coefficient
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Dpaths
DSBuses

d(t)

d'(t)

d”(t)

distance between two consecutive stops
corresponding distance of Ry, s

daily schedule of all buses

braking distance

travelled distance between two consecutive traffic
nodes at time (t)

travelled distance between two consecutive stops at
time (¢)

the travelled distance between two consecutive
traction nodes at time (t)

edge

energy consumption rate

bus energy consumption

battery effective capacity

traffic branches

AC branch attributes set

AC network terminals attribute set
AC node attributes set

aerodynamic drag force

inertia force

rolling resistance force

rolling resistance force over bus tire
grade (gravitational) force

tractive (traction) force

graph

nodal conductance matrices set
weighted road network graph

road network graph

nodal conductance matrix in zone z
gravitational acceleration

nodal self-conductance in zone z
mutual conductance between nodes i and j in zone z
inside convection coefficients
outside convection coefficients
indexing set

indices of the operational buses in zone z

Ibz corresponding new node Ids in zone z
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Icsz
Ipvz

Iaux

traction node Ids of EVCSs in zone z
traction node Ids of the PV systems in zone z
bus auxiliary load current

row indices (based on matrix By, ;) of buses sharing
the same traction branch

bus motor current

current injection into node i in zone z

AC branch currents

nodal current vector

calculated steady state traction branch currents
nodal injection current in zone z

Jacobi matrix

incidence matrix

Set of operational buses

traffic nodes geographic coordinates set

length

length of the original traction branch in zone z
traffic node i geographic coordinate

bus total mass

regimes of motion

control variable of heating system

number of traction branches

bus maximum mas

bus minimum mass

number of traffic nodes in bus daily travelling route
number of traffic branches

traction transformer turns ratio

traffic node type numbers set

set of new traction node Ids in zone z

total number of the miscellaneous bus stop trips
number of bus daily trips

number of buses

number of the total recorded cloud data sets
number of EVCSs

total number of AC branches

total number of terminals
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Nen total number of AC nodes

Net 2 summation of the zone nodes

Netz number of traction nodes in zone z plus n,, ,
Net number of traction nodes

Nop,z number of operational buses in zone z
np number of passengers in the bus cabin
np passenger crowding

ng number of discrete samples

Ngp number of the BSPSs

Ngs number of simulation steps

ng number of traffic nodes

Nips total number of traction substation
Niype,et number of all traction node types

n, number of zones

Ng number of active AC nodes

Neype number of traffic node types

0 row index of the original traction branch
P power

PVioud cloud indicator data set

PA passive nodes set

PC nodes with constant power set

PP constant power and passive nodes set
Pacr traction substation active AC power

Pyc power profiles of active AC nodes

Pg 1z powers of the operational buses in zone z
Py regenerative braking power

Pg bus consumed/produced power

Ppat battery power

Ppaux basic auxiliary power

Pc passenger crowding intervals set

Pca calculated power

Pcg expected power profile of EVCS

Pawell dwell probabilities set

Pyc heating/cooling power consumption
Pyvac HVCA system total power consumption

Py bus motor power
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IS PV,Ipvz
Ppy
Ppy

P, SB,Icsz

!
P TB
Py
P z,Ibzn
P. z,Icszn

!
z,Itsn

Qp(t)
Quvac(t)
QL)

Qp(t)
Qv(t)
Qac,inj
dp

R

RH
Rpaths

Rth,tot

Smax

PV systems power in zone z

PV system realistic power profile

PV system ideal power profile

powers of the BSPSs in zone z

BSPS power

battery charging/discharging power

total power of bus k

traction substation DC power

node power vectors set

electric traction power

mechanical traction power

ventilator power

updated power of the node power vector Py ,
EVCS node powers

powers of the traction substations in zone z
power injected into node i in zone z

injected active powers

wasted powers

node power vector in zone z

calculated steady state traction node powers
set of traction substation node Ids (DC traction side)
energy loss due to opening bus doors at time (t)
HVAC thermal energy at time (t)

conductive and convective thermal losses energy at
time (t)

passengers heat energy at time (t)
energy loss from ventilation at time (t)
injected reactive powers

heat gained per passenger

resistance per unit length

rush hours set

possible paths between two bus stops set
total thermal resistance

set of traction substation node Ids (AC side)
maximum permitted speeds set

number of sections in the traction network
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SBsp BSPS specifications set

SMint simulation interval set

SMg4 simulation start (date and time) set
SOCqp BSPS battery SOC level
Soc(th) new SOC

So0C(t) last time step SOC

SP stopping traffic node Ids set
SPys traffic node set of type bus stops
SPy traffic node set of type road junction
SPy traffic node set of type traffic light
Tend arriving time at the last bus stop
T; bus internal temperature

T, outside temperature

Tstart staring time at the first bus stop
Teu upper comfort temperature

T¢ target comfort temperature

TB, traffic branches attributes set
TEN, traction nodes attributes set
TENgype traction node types set

TB,;.... TByg traffic branches attribute subsets
TEB, traction branch attributes set
TEB,;. .... TEBy; traction branch attribute subsets
TEN,;. .... TEN,q traction nodes attribute subsets
TN, traffic node attributes set

TN,q. ... TNy traffic node attribute subsets
TPS; traction substation model

t time

tabk arrival times of bus k

tdbk departure times of bus k

ts1 stop-to-stop start time

tso stop-to-stop end time

tee simulation end time

tes simulation start time

U voltage

Ug bus voltage

Ucal calculated voltage
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Umaxl
UmaxZ
Uminl
Uminz
Un,MV
Un
Usb,low

Usb,up

highest permanent voltage

highest non-permanent voltage

lowest permanent voltage

lowest non-permanent voltage

nominal voltage of medium voltage network
nominal traction network voltage

BSPS lower voltage level

BSPS upper voltage level

initial nodal voltages set

DC power flow solution of the nodal voltage in zone
V4

nodal voltage vector

initial nodal voltages in zone z

calculated steady state traction node voltages
vertex

nodes with constant voltage set

air mass inside bus

traffic nodes

air infiltration flow rate

velocity

bus speed at time (t")

bus speed at time (t)

bus speed

bus speed after utilising Mg = 3

maximum permitted speed

bus speed before switching from rolling regime
dwelling times at bus stops set

dwelling time at road junction set

dwelling times at traffic lights set

traffic branch lengths

diagonal matrix

nodal admittance matrix

zones with unidirectional traction substations

set of new traction node Ids in zone z
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a knee point factor

a, reduction factor

Al mismatch current for traction node k in zone z
éd(t") change in distance at time (t")
1)) voltage angles

ot time step

n efficiency

Ne coulomb efficiency

Nhe thermal to electrical energy ratio
Mm electrical motor efficiency

Mp regenerative braking efficiency
np overall braking efficiency

] gradient of the road

Pair air density

Tp braking interval

T¢ constant-speed interval

Tint simulation interval in second

Tr rolling interval

Trb time interval for both rolling and braking regimes
Trw real world time samples set

T simulation time samples set

Tss stop-to-stop travel interval

Tsh timeframe time sequence set

Tq acceleration interval

Ysp BSPS operating modes

L 2 BSPS framed operating mode
Ypat battery operating mode

Ydoor condition of the bus doors

Uy ventilation system functional condition



LIST OF SYMBOLS AND ABBREVIATIONS 177

10.3 Abbreviations

AC
BDTRM
BEB
BF

BM
BPTB
BSPS
BTB
CO;
Csv
DC
DIN
DTM
DTMM
EBTB
e.g.

EN
ENM
EVCS
GHG
GIS
GPS
GS
HVAC
IEC
IEEE
i.e.
IMC
LiFePO4
LTO
LVvDC
MV
MVAC
NC
NMC
NO

alternate current

bus daily travelling routes model
battery-electric bus
Backward-Forward

bus model

battery-powered trolleybus

battery storage power station
battery-trolleybus

carbon dioxide

comma-separated values

direct current

ger.: Deutsches Institut fiir Normung
daily timetable model

digital terrain map model

electric battery-trolleybus

for example

European norms

electric network model

electric vehicle charging station
greenhouse-gas

geographical information system
global positioning system
Gauss-Seidel

heating, ventilation, and air conditioning
international electrotechnical commission
institute of electrical and electronics engineers
that is

in-motion charging

lithium iron phosphate

lithium titanate

low voltage direct current

medium voltage

medium voltage alternating current
normally close
nickel-manganese-cobalt

normally open
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NR Newton-Raphson

OHCW overhead contact wire

PV photovoltaic

RNM road network model

SNR simplified Newton-Raphson
SOC state-of-charge

STS smart trolleybus system

TB trolleybus

TBSSM trolleybus system simulation model
TNM traffic network model

TNZ traction network zone

TSM traffic state model

VDV ger: Verband Deutscher Verkehrsunternehmen



11 Annex

11.1 Solingen Digital Terrain Map
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Figure 11-1: Overview of the entire terrain map of Solingen, including the road network and the trolleybus
travel routes (with and without overhead contact wires (OHCWSs)).
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ANNEX
11.2 Real-World Outside Temperature Data
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Figure 11-2: Various measured real-world temperatures collected from different years. Each curve in the four
figures represents the temperature of a random day selected from the measured data within the

indicated month.

A) Temperature during three different days from the winter season.
B) Temperature during three different days from the spring season.
C) Temperature during three different days from the summer season.
D) Temperature during three different days from the autumn season.
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11.3 Bus Daily Timetable (Schedule)

Table 11-1: A sample from Solingen bus daily timetable referenced to Equations 3.5, 3.6, and 3.10 input

parameters.
DSguses (Equation 3.10)
Bus Line Trip First Bus Trip End Last Bus Trip
No. '?:?r:; Stop Time Stop Distance
Biripsk Bk, Bine Tstare BSstar Higam BSena BSais
i= Departure | 9:01 ELBA 9:05 KLIH 0.960km
i=2 684/05 9:05 KLIH 9:24 HASS 4.955km
= 684/05 9:27 HASS 9:55 WIDD 7.840km
i=4 684/05 10:10 WIDD 10:39 HASS 8.060km
684/05 10:42 HASS 11:10 WIDD 7.840km
684/05 11:25 WIDD 11:54 HASS 8.060km
684/05 11:57 HASS 12:25 WIDD 7.840km
684/05 12:40 WIDD 13:09 HASS 8.060km
684/05 13:12 HASS 13:40 WIDD 7.840km
=1 684/05 13:55 WIDD 14:24 HASS 8.060km
684/05 14:27 HASS 14:55 WIDD 7.840km
684/05 15:10 WIDD 15:39 HASS 8.060km
684/05 15:42 HASS 16:10 WIDD 7.840km
684/05 16:25 WIDD 16:54 HASS 8.060km
684/05 16:57 HASS 17:25 WIDD 7.840km
684/05 17:40 WIDD 18:09 HASS 8.060km
684/05 18:12 HASS 18:31 MANG 5.207km
I =Ny, | Arrive 18:31 MANG 18:36 ELBA 0.494km
i=1 Departure | 5:43 BHOF 5:46 MANG 0.575km
i=2 685/02 5:46 MANG 6:10 AUFD 9.485km
i=3 686/02 6:30 AUFD 6:50 GWPL 7.992km
=t i=4 685/02 6:52 GWPL 7:10 AUFD 7.567km
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Table 11-2: A sample the miscellaneous bus stop trips referenced to Equations 3.7, 3.8, and 3.9 input
parameters.
BSips (Equation 3.9)
Bus First Last Trip _
Line Bus Bus Distance Trip Bus Stops
No. Stop Stop
BStripi | Biine | BSstart | BSend BSais BSis
i = 684 | MANG | WIDD | 6.361km | Mangenberg A Schule Widdert
i = 684 | WIDD | HASS | 8.060km | Schule Widdert Hasselstrale
i= 684 | WIDD | MANG | 6.585km | Schule Widdert Mangenberg B
685 | AUFD | GWPL | 7.972km | Aufderhthe B Graf-Wilhelm-Platz D
685 | AUFD | MANG | 9.702km | Aufderhthe B Mangenberg B
685 | GWPL | AUFD | 7.567km | Graf-Wilhelm-Platz E Aufderhéhe B
685 | KLIH | AUFD | 6.056km | Klingenhalle Aufderhéhe B
685 | MANG | AUFD | 9.485km | Mangenberg A Aufderhéhe B
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11.4 Buses Specifications

Table 11-3: Bus specifications data for 4 different buses variety referenced to Equation 3.43 and Table 3-1.

Set Element Variety 1 Variety 2 Variety 3 Variety 4
(Table 3-1) (i=1) (i=2) (i=2) (i=4)
by Biype Be_rkhof: Van Hool: Carro_sserie Hess: Sc_)laris:
Premier AT 18 AG300T Swisstrolley 3 Trollino 18.75

bsp2,1 Mpmin 16,650 16,700 18,000 18,000
bsps,i Mmax 26,600 26,900 28,000 27,000
bopai A 1.05 1.05 1.05 1.05
beps,i Ly, 17.96 17.98 17.976 18.75
bepe W 2.5 2.49 2.55 2.55
bsp7. Hp, 35 3.5 35 3.49
bsps,i Vs 70 65 65 70
bspo,i PNmax 160 135 131 150
bsp10,i a 0.5 0.5 0.5 0.6
bsp11,i a' -0.5 -0.5 -0.5 -0.6
bspi1z,i Cq 0.65 0.65 0.65 0.6
b1z ¢ 0.015 0.015 0.015 0.008
bepiai N 0.85 0.85 0.85 0.85
bepis,i My 0.6 0.6 0.6 0.6
bspie,i Py 172,000 210,000 320,000 320,000
bsp17,i Pgy 50440 50440 50440 35000
bspig,i Prac 30240 30240 30240 55000
bsp1o,i Py 750 750 750 750
bspz0,i Nhe 2.3 2.3 2.3 2.3
bsp21i | Poaux 150 150 150 150
bp2z,i Dair 1.2041 1.2041 1.2041 1.2041
bepasi C, 1005 1005 1005 1005
bepaai e 0.008 0.008 0.008 0.008
bepzsi L. 0.009 0.009 0.009 0.009
bsp26,i kg 0.0566 0.0566 0.0566 0.0566
bspz7,i k. 0.0738 0.0738 0.0738 0.0738
bspasi | Poais 300,000
bspaoi | Pocna 180,000
bspso,i Esc 45,000
bsps1,i | SOCin; 1
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11.5 Traction Substations Specifications

Table 11-4: Traction substations specifications referenced to Equation 4.4 input parameters.

TPS (Equation 4.4)

Index | Traction Node Id | AC Node Id | Rectifier Type | Number of Transformer | Capacity (kVA)
i tps; tps, tpss tps, tpss
1 1 301 1 1 1000
2 5 870 1 1 1000
3 19 368 1 1 1000
4 21 679 1 1 500
5 23 775 1 1 1000
6 30 757 1 1 1000
7 11 356 1 1 1000
8 177 259 1 1 1000
9 32 729 1 1 1000

10 80 983 1 1 1000
11 37 160 1 2 2000
12 39 179 1 1 1000
13 106 71 1 1 1000
14 135 243 1 1 1000
15 138 118 1 1 1000
16 124 953 1 2 1600
17 144 908 1 1 1000
18 146 - 1 1 1000
19 143 914 1 1 1000
20 71 214 1 1 1000
21 88 569 1 1 1000
22 91 433 1 1 1000
23 350 294 1 1 360
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11.6 Photovoltaic Systems Specifications

Table 11-5: PV systems specifications referenced to Equation 4.20 input parameters.

PV, (Equation 4.20)
Index Traction Node Installed Power Latitude Altitude Azimuth
Id (kW) (degrees) (m) (degrees)
i PVsp1 PVsp2 PVsp3 PVspa PVsps
1 274 87 51 30 0
2 276 30 51 30 0
3 278 59 51 30 0
4 280 21 51 30 0
5 282 24 51 30 0
6 283 30 51 30 0
7 285 96 51 30 0
8 287 30 51 30 0
9 288 72 51 30 0
10 289 22 51 30 0
11 290 52 51 30 0
12 292 22 51 30 0
13 293 63 51 30 0
14 294 29 51 30 0
15 295 92 51 30 0
16 297 50.56 51 30 0
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11.7 Electric Vehicle Charging Stations Specifications

Table 11-6: EVCSs specifications referenced to Equation 4.24 input parameters.

CSsp (Equaion 4.24)
ndex | ogerd | power (o) | poms | Louation | O e
[ CSsp1 CSsp2 CSsp3 CSspa CSsps
1 323 22 1 1 90
2 324 22 1 2 90
3 325 22 1 3 90
4 326 22 1 1 90
5 327 22 1 1 80
6 328 22 1 1 60
7 329 22 1 1 90
8 330 22 1 1 90
9 331 22 1 1 70
10 332 22 1 1 100
11 333 22 1 1 60
12 334 22 1 1 70
13 335 22 1 1 90
14 336 22 1 1 90
15 337 22 1 2 90
16 338 22 1 1 90
17 339 22 1 2 90
18 340 22 1 1 90
11.8 Battery Storage Power Stations Specifications
Table 11-7: BSPSs specifications referenced to Equation 4.26 input parameters.
SBp, (Equation 4.26)
| Tt | Ofang | s | e | WSO | O
Energy (W/h)
i Shspa Shsp, Shsps Sbspa Shsps Shgpe
1 301 140000 140000 90000 100 1
2 302 140000 140000 90000 100 1




NEUE ENERGIE AUS WUPPERTAL

Publication series of the Chair of Power Systems Engineering,
University of Wuppertal

Publisher: Univ.-Prof. Dr.-Ing. Markus Zdrallek

Band 1

Neusel-Lange, Nils:

Dezentrale Zustandslberwachung fur intelligente Niederspannungsnetze
1. Auflage 2013

ISBN 978-3-8442-7401-1

Band 2

Stotzel, Marcus:

Strategische Ressourcendimensionierung von Netzleitstellen in Verteilungsnetzen
1. Auflage 2014

ISBN 978-3-8442-7826-2

Band 3

Zdrallek, Markus (Hrsg.):

Tagungsband zum 2. Wuppertaler Energie-Forum
1. Auflage 2014

Band 4

Oerter, Christian:

Autarke, koordinierte Spannungs- und Leistungsregelung in Niederspannungsnetzen
1. Auflage 2014

ISBN 978-3-7375-1758-4

Band 5

Athamna, Issam:

Zuverlassigkeitsberechnung von Offshore-Windparks
1. Auflage 2015

ISBN 978-3-7375-5678-1

Band 6

Thies, Hans Henning:

Ein Ubergreifendes Modell zur Optimierung von Netz und Netzbetrieb
1. Auflage 2015

ISBN 978-3-7375-7465-5



Band 7

Zdrallek, Markus (Hrsg.):

Tagungsband zum 3. Wuppertaler Energie-Forum
1. Auflage 2016

Band 8

Harnisch, S.; Steffens, P.; Thies, H.; Monscheidt, J.; Munch, L.; Bose, C.; Gemsjager, B.:
Planungs- und Betriebsgrundsatze fur landliche Verteilungsnetze - Leitfaden zur
Ausrichtung der Netze an ihren zukiinftigen Anforderungen

1. Auflage 2016

Band 9

Pawlowski, Erik:

Realitdtsgerechte Zustandsbewertung gasisolierter Hochspannungsschaltanlagen
1. Auflage 2016

ISBN 978-3-7418-1983-4

Band 10

Zdrallek, Markus (Hrsg.):

BUW Seminar ,,Smart Grids*“ - Aufbau und Betrieb von intelligenten Verteilnetzen
1. Auflage 2016

Band 11

Beerboom, Dominik:

Objektive Zustandsbewertung von Mittelspannungsnetzen als Grundlage der Asset-
Optimierung

1. Auflage 2017

ISBN: 978-3-7418-9539-5

Band 12

Tabke, Thorsten:

Entwicklung und Anwendung eines typunabhangigen, minimalinvasiven
Zustandshewertungsverfahrens fiir SF6-Hochspannungsschaltanlagen

1. Auflage 2017

ISBN: 978-3-7450-0240-9

Band 13

Uhlig, Roman:

Nutzung der Ladeflexibilitat zur optimalen Systemintegration der Elektromobilitét
1. Auflage 2017

ISBN: 978-3-7450-5959-5



Band 14

Zdrallek, Markus (Hrsg.):

Tagungsband zum 4. Wuppertaler Energie-Forum
1. Auflage 2018

Band 15

Zdrallek, Markus (Hrsg.):

Lehrstuhl fir Elektrische Energieversorgungstechnik — Portrait
1. Auflage 2018

Band 16

Steffens, Philipp:

Innovative Planungsgrundsétze fiir landliche Mittelspannungsnetze
1. Auflage, 2018

ISBN: 978-3-7450-9538-8

Band 17

Johae, Christopher:

Realitatsgerechte Zustandsbewertung von Mittelspannungsanlagen durch Einsatz geeigneter
Messverfahren

1. Auflage 2018

ISBN: 978-3-7467-4381-3

Band 18

Meese, Jan:

Dynamische Stromtarife zur ErschlieBung von Flexibilitat in Industrieunternehmen
1. Auflage 2018

ISBN: 978-3-7467-7558-6

Band 19

Dorsemagen, Felix:

Zustandsidentifikation von Mittelspannungsnetzen fiir eine tbergreifende Automatisierung
der Mittel- und Niederspannungsebene

1. Auflage 2018

ISBN: 978-3-7467-7488-6

Band 20

Harnisch, Johannes Sebastian:

Planung von landlichen Niederspannungsnetzen mit innovativen Losungsoptionen
1. Auflage 2019

ISBN: 978-3-7485-2122-8



Band 21

Nebel, Arjuna:

Auswirkung einer Ubergeordneten Steuerung dezentraler elektrischer Anlagen auf die Héhe
des konventionellen positiven Redispatcheinsatzes in Deutschland

1. Auflage 2019

ISBN: 978-3-7485-1948-5

Band 22

Kornrumpf, Tobias:

Bewertung von Flexibilitatsoptionen in Mittelspannungsnetzen
1. Auflage 2019

ISBN: 978-3-7485-1394-0

Band 23

Zdrallek, Markus (Hrsg.):

BUW Seminar ,,Smart Grids 2019“ - Aufbau und Betrieb von intelligenten Verteilnetzen
1. Auflage 2019

Band 24

Wolter, Daniel:

Neue Topologiekonzepte fiir moderne Mittelspannungsnetze
1. Auflage 2019

ISBN: 978-3-7485-8662-3

Band 25

Hopfer, Nikolai:

Nutzen der Breitband-Powerline-Kommunikation zur Erfassung kritischer Kabelzustande in
Mittel- und Niederspannungsnetzen

1. Auflage 2020

ISBN: 978-3-7502-7734-2

Band 26

Zdrallek, Markus (Hrsg.):

Tagungsband zum 5. Wuppertaler Energie-Forum
1. Auflage 2020

Band 27

Schafer, Karl Friedrich:

Netzberechnung - Ubungsaufgaben mit Losungen
1. Auflage 2020

ISBN 978-3-7502-7910-0



Band 28
Dahlmann, Benedikt:

Aktivierung und Vermarktung industrieller Flexibilitatsoptionen mittels eines dynamischen
Stromtarifs

1. Auflage 2020
ISBN 978-3-7529-6673-2

Band 29

Ludwig, Marcel:

Automatisierung von Niederspannungsnetzen auf Basis von Multiagentensystemen
1. Auflage 2020

ISBN 978-3-7529-8649-5

Band 30
Zdrallek, Markus (Hrsg.):

Tagungsband BUW Seminar "Elektromobilitat in der Netzplanung™ - Strategien fur Ladeinfra-
struktur, Anwendungsfalle und Praxisbeispiele

1. Auflage 2020

Band 31
Korotkiewicz, Kamil:

Koordinierte, teilautarke Regelung von Mittelspannungsnetzen unter Einsatz dezentraler Auto-
matisierungslésungen

1. Auflage 2020
ISBN 978-3-7541-5783-1

Band 32

Steinbusch, Philippe:

Adaptive, aufwandsminimale und fehlerrobuste Automatisierung von Niederspannungsnetzen
1. Auflage 2020

ISBN 978-3-7541-1625-8

Band 33
Mohrke, Fabian:

Auswirkungen der Energiewende auf die Zuverlassigkeit von Nieder- und Mittelspannungsnet-
zen

1. Auflage 2021
ISBN 978-3-7541-6565-2



Band 34

Wruk, Julian:

An Optimisation Approach to Automated Strategic Network Planning at Low-Voltage Level
1. Auflage 2021

ISBN 978-3-7541-5679-7

Band 35
Wintzek, P.; Ali, S. A.; Monscheidt, J.; Gemsjager, B.; Slupinski, A.; Zdrallek, M.:

Planungs- und Betriebsgrundsatze fur stadtische Verteilnetze - Leitfaden zur Ausrichtung der
Netze an ihren zukiinftigen Anforderungen

1. Auflage 2021

Band 36
Kamps, Kristof:

Auswirkungen von Smart-Grid-Technologien auf die Zuverlassigkeit von Mittel- und Nieder-
spannungsnetzen

1. Auflage 2021
ISBN 978-3-7549-3464-7

Band 37
Cibis, Kevin:

Automatisierte Zielnetzplanung zur Entwicklung von innovativen Planungsgrundsatzen fir
landliche Niederspannungsnetze in Europa

1. Auflage 2022
ISBN 978-3-7549-3846-1

Band 38

Stephan, Jessica:

Modulare Netzzustandsprognosen fir Mittel- und Niederspannungsnetze
1. Auflage 2021

ISBN 978-3-7549-3272-8

Band 39

Schmidt, Robert:

Gewinnoptimale Vermarktung lastseitiger Flexibilitatsoptionen in Virtuellen Kraftwerken
1. Auflage 2021

ISBN 978-3-7549-3274-2

Band 40

Paulat, Frederik:

Lokale Flexibilitatsmarkte fiir das praventive Engpassmanagement von Mittelspannungsnetzen
1. Auflage 2022

ISBN 978-3-7549-4406-6



Band 41

Zdrallek, Markus (Hrsg.):

Tagungsband zum 6. Wuppertaler Energie-Forum
1. Auflage 2022

Band 42
Kotthaus, Kevin:

Marktbasierter Flexibilitatseinsatz zur praventiven Netzengpassbewirtschaftung in Mittel- und
Niederspannungsnetzen

1. Auflage 2022
ISBN 978-3-7549-5610-6

Band 43
Dalamaras, Petros:

Realitatsgerechte Alterungsmodelle von Mittelspannungs-Netzstationen als Basis optimierter
Instandhaltungs- und Erneuerungsstrategien

1. Auflage 2022
ISBN 978-3-756516-04-9

Band 44

Garzon Real, James Leonardo:

Ein Netzautomatisierungskonzept flir gekoppelte Strom- und Gasverteilnetze
1. Auflage 2022

ISBN 978-3-7565-0908-9

Band 45
Uhlemeyer, Bjorn:

Optimale Eigenversorgung in zellularen Energiesystemen auf Mittel- und
Niederspannungsebene

1. Auflage 2022
ISBN 978-3-7565-1956-9

Band 46
Hobert, Alexander:

Analyse der Flexibilitdtsoptionen zur Optimierung des elektrischen Energiesystems von urbanen
Quiartieren

1. Auflage 2022
ISBN 978-3-7575-1805-9

Band 47

Zdrallek, Markus (Hrsg.):

Tagungsband: NRW Kompetenzzentrum Zustandsbewertung
1. Auflage 2022



Band 48
Azad, Schaugar:

Optimierte Netzzustandsschatzung von Niederspannungsnetzen durch Integration von Smart
Meter Daten in Automatisierungssysteme

1. Auflage 2023
ISBN 978-3-7575-1542-3

Band 47

Zdrallek, Markus (Hrsg.):

Tagungsband BUW Workshop Sektoreniibergreifende Planungs- und Betriebsgrundsétze fur
Energienetze

1. Auflage 2023

Band 50

Baumeister, Dirk:

Betrieb und Planung von Oberleitungsbussystemen
1. Auflage 2023

ISBN 978-3-7575-3977-1

Band 51

Wazifehdust, Mahjar:

Pradiktive Regelung und Optimierung eines Oberleitungsbussystems
1. Auflage 2023

ISBN 978-3-7575-3974-0

Band 52
Modemann, Marcel:

Adaptive Netzzustandsidentifikation zur Automatisierung von Mittel- und
Niederspannungsnetzen

1. Auflage 2023
ISBN 978-3-



	Table of Contents
	1 Introduction
	1.1 Motivation
	1.2 Related Work
	1.3 Aim and Structure of the work

	2 Conversion of a Trolleybus System into a Simulation Model
	2.1 Historical and Technical Overview
	2.2 Sources and Loads
	2.3 System Regulations
	2.4 Development of a Simulation Model
	2.5 Structure of the Simulation Model
	2.6 Implementation Challenges

	3 Modelling the Traffic Network along with Buses
	3.1 Features of the Road Network
	3.1.1 Traffic Nodes
	3.1.2 Traffic Branches

	3.2 Daily Timetable
	3.3 Daily Travelling Route
	3.4 Modelling of the Bus
	3.4.1 Bus Specifications
	3.4.2 Bus Speed/Power Profile
	3.4.3 Stop-to-Stop Movement


	4 Modelling the AC/DC-Network
	4.1 Modelling the Traction network
	4.1.1 Traction network Topology
	4.1.2 Traction nodes
	4.1.3 Traction branches
	4.1.4 Traction Substation
	4.1.5 Other Energy Sources
	4.1.6 Loads

	4.2 Modelling the AC-Network
	4.3 Modelling the Traction Sources and Loads Power Profiles
	4.3.1 Trolleybus and Battery-Trolleybus
	4.3.2 Photovoltaic System
	4.3.3 Electric Vehicle Charging Station
	4.3.4 Battery Storage Power Station


	5 Modelling the Trolleybus System
	5.1 Applying Bus Movements to the DC Traction Network
	5.2 Traction Network Steady-State Calculation
	5.2.1 Simulation Process
	5.2.2 Determination of Conductance Matrix
	5.2.3 DC Power Flow
	5.2.4 DC Power Flow with Unidirectional Traction Substations5F
	5.2.5 Bus Power Control System6F

	5.3 AC Network State Calculation
	5.3.1 AC Power Flow
	5.3.2 AC-DC Power Flow


	6 Evaluation and Validation of the Simulation Model
	6.1 Adapting the Input Parameters
	6.1.1 GIS Data
	6.1.2 Bus Daily Timetable
	6.1.3 Trolleybuses and Battery-Trolleybuses
	6.1.4 Traction Substations
	6.1.5 Photovoltaic Systems
	6.1.6 Electric Vehicle Charging Stations
	6.1.7 Battery Storage Power Stations
	6.1.8 General Input Data

	6.2 Simulation Model with Various Scenarios
	6.2.1 Bus Performance Against Travel Obstacles
	6.2.2 Simulating with Innovative Features
	6.2.3 Several Day Simulation
	6.2.4 Simulating Future Scenarios

	6.3 Quality and Accuracy of the Bus Movement
	6.4 Quality and Accuracy of the Traffic Network State Calculation
	6.5 Quality and Accuracy of the Traction Network State Calculation
	6.6 Assessment of the Simulation Model

	7 Use Cases and Applications of the Simulation Model
	7.1 Operating and Planning a Trolleybus Systems
	7.2 Integration of Photovoltaic Systems
	7.3 Integration of Storage Systems8F
	7.4 Monitoring and Control System

	8 Summary
	9 References
	9.1 Bibliography
	9.2  Publications of the author

	10 List of Symbols and Abbreviations
	10.1 Mathematical Formulas and Symbols
	10.2 List of Symbols
	10.3 Abbreviations

	11 Annex
	11.1 Solingen Digital Terrain Map
	11.2 Real-World Outside Temperature Data
	11.3 Bus Daily Timetable (Schedule)
	11.4  Buses Specifications
	11.5 Traction Substations Specifications
	11.6 Photovoltaic Systems Specifications
	11.7 Electric Vehicle Charging Stations Specifications
	11.8 Battery Storage Power Stations Specifications




