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Popular summary

As the global environmental crisis intensifies, efforts to address it are being
carried out across various sectors, including the electrification of road trans-
port. As a result, the proportion of battery electric vehicles in vehicle fleets
has increased exponentially over the past decade. Although this strategy
has proven effective, as battery electric vehicles produce significantly fewer
emissions during operation compared to conventional combustion-powered
vehicles, they still have drawbacks. One major issue is the environmental
impact of battery production and the mining of the minerals required for
their manufacture. Additionally, the range of battery electric vehicles is
limited by battery size, and they also require an extensive charging infras-
tructure to compete with the range offered by conventional combustion-
powered vehicles. An electric road is a charging infrastructure that allows
electric vehicles to charge while driving, thereby increasing charging oppor-
tunities and extending their driving range. If widely implemented, electric
roads could enable the use of smaller batteries onboard vehicles, as charging
opportunities would become more frequent. From an environmental per-
spective, the reduced battery size onboard vehicles could also reduce the
negative environmental effects associated with the production of battery
electric vehicles.

In this thesis, the electrical properties of conductive electric road technol-
ogy are assessed. In this context, “conductive” refers to the transfer of
electrical energy between the vehicle and the electric road via a physical
sliding contact, similar to the one used in metro trains. During the last
decade, various electric road technologies have been studied and tested at
different levels of operational readiness. Although these technologies show
promise for large-scale deployment, several technical challenges remain un-
resolved. This thesis assesses four main aspects of conductive electric road
technology: I) the electrical characteristics of the sliding contact, II) the
power capabilities and efficiency of the electric road technology from a
system perspective, III) conducted electromagnetic interference within the
electric road’s power supply and grid connection, and IV) electrical safety
challenges related to touch events involving human contact between vehicles
drawing power from the electric road and the exterior surface of the electric
road. The assessment is conducted through measurements and simulations,
made possible by access to a conductive electric road demonstrator.

The evaluation of the electrical characteristics of the sliding contact re-
veals that it is complex and requires further research. The results indicate

vii



that the sliding contact design needs improvement, as the resulting con-
tact resistance varies significantly and exhibits peaks well above 100 mΩ,
which could lead to excessive energy losses. Additionally, arcing frequently
occurs, which may cause electromagnetic compatibility issues within the
electric road and its surrounding area. From a system perspective, the
technology shows great promise in terms of power capabilities and effi-
ciency, with system efficiency exceeding 93% in urban, rural, and highway
deployment scenarios. In terms of conductive electromagnetic interference,
the issue of voltage and current ripple within the electric road supply is
highlighted, where alternative designs for the rectifier station are analyzed
and recommended as a potential solution. Finally, the electrical safety con-
cerns related to touch events involving human contact are evaluated, with
parasitic capacitive coupling identified as an underlying cause of potential
hazardous situations when a vehicle draws power from the electric road.
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Populärvetenskaplig sammanfattning

I takt med att den globala miljökrisen förvärras vidtas åtgärder inom ett
flertal olika omr̊aden, bland annat inom elektrifiering av vägtransporter.
Detta har lett till att andelen batterielektriska fordon i fordonsflottor har
ökat kraftigt under det senaste decenniet. Trots att denna strategi har visat
sig vara effektiv, d̊a batterielektriska fordon producerar avsevärt lägre ut-
släpp under drift jämfört med traditionella förbränningsmotorfordon, finns
det fortfarande vissa nackdelar med denna strategi. Ett stort problem är
den miljöp̊averkan som batteriproduktion och utvinning av de mineraler
som behövs för tillverkningen medför. Dessutom är batterielektriska fordons
räckvidd begränsad av batteristorleken, och de kräver ocks̊a en utbyggd
laddinfrastruktur för att kunna konkurrera med den räckvidd som traditio-
nella förbränningsmotorfordon erbjuder. Elvägar är en typ av laddningsin-
frastruktur som gör det möjligt för elektriska fordon att ladda medan de
kör, vilket ökar laddningstillgängligheten och förlänger fordonens räckvidd.
Om elvägar implementeras i stor skala skulle det möjliggöra användning av
mindre batterier i fordonen, eftersom laddningsmöjligheterna blir betydligt
fler. Ur ett miljöperspektiv skulle detta även kunna minska de negativa
effekterna p̊a miljön som är kopplade till produktionen av batterierna i
elektriska fordon.

I denna avhandling utvärderas konduktiva elvägars elektriska egenskaper.
Med “konduktiv” avses att elektrisk energi överförs mellan fordonet och
elvägen via en släpkontakt, liknande den teknik som används för tunnel-
banet̊ag. Under det senaste decenniet har olika typer av elvägstekniker
utvärderats och testats i varierande operativa niv̊aer p̊a allmän väg. Även
om dessa tekniker visar stor potential för storskalig implementering återst̊ar
flera tekniska utmaningar. I denna avhandling analyseras fyra huvud-
omr̊aden inom konduktiva elvägar: I) släpkontaktens elektriska egenska-
per, II) effektöverföringskapacitet och verkningsgrad av elvägstekniken ut-
ifr̊an ett systemperspektiv, III) konduktiva elektromagnetiska störningar i
elvägens kraftförsörjning och i elvägens elnätsanslutning, samt IV) elektris-
ka säkerhetsproblem som kan uppst̊a vid mänsklig beröring av b̊ade fordon
som drar effekt fr̊an elvägen och elvägen i sig. Arbetet genomförs med
hjälp av mätningar och simuleringar, som möjliggjorts genom tillg̊ang till
en konduktiv elvägsdemonstrator.

Utvärderingen av släpkontaktens elektriska egenskaper visar att den är
komplex och kräver vidare forskning. Resultaten tyder p̊a att designen
av släpkontakten bör förbättras, eftersom den resulterande kontaktre-
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sistansen varierar avsevärt och uppvisar toppar som ligger l̊angt över
100 mΩ, vilket kan leda till stora energiförluster. Dessutom uppst̊ar of-
ta ljusb̊agar, vilket kan orsaka problem med elektromagnetisk kompati-
bilitet inom elvägsystemet och dess omgivning. Ur ett systemperspek-
tiv uppvisar tekniken stor potential, d̊a b̊ade effektöverföringskapaciteten
är god och systemverkningsgraden överstiger 93% i b̊ade stadsvägs-,
landsvägs- och motorvägsmiljöer. När det gäller konduktiva elektromag-
netiska störningar lyfts problemet med spännings- och strömvariationer in-
om elvägens kraftförsörjning, där olika designförslag för likriktarstationens
utformning presenteras och föresl̊as som en potentiell lösning. Slutligen ana-
lyseras elsäkerhetsproblem som kan uppst̊a vid mänsklig beröring av fordon
som matas fr̊an elvägen, där parasitiska kapacitiva kopplingar identifieras
som rotorsaken till potentiellt farliga beröringsströmssituationer.
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Nomenclature

η Efficiency

Cs Capacitor representing the skin capacitance of the human
body.

Ib Current through the human body.

kERS Electric road coverage factor.

kp Ratio of the total power drawn by the vehicle from the ERS
that is supplied to the propulsion and auxiliary systems in
the vehicle.

L Electric road length.

Rb Resistor representing the internal resistance of the human
body.

Rs Resistor representing the skin resistance of the human body.

Vb Voltage over the internal resistance of the human body.

Vh Voltage over the entire human body.

AC Alternating Current

ASSE Alternating Short Segmented Electric Road
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DAQ Data Acquisition Device

DC Direct Current
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EMI Electromagnetic Interference
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xii



Chapter 1

Introduction

1.1 Background

Over the past decades, the Intergovernmental Panel on Climate Change
has consistently underscored the urgent need to address the global envi-
ronmental crisis [1]. In 2024, the International Energy Agency reported
that the transport sector accounts for 23.7% of global CO2 emissions, with
road transport responsible for 73.8% of these emissions [2], as illustrated in
Fig. 1.1. In response to this pressing climate issue, the road transport sector
has begun transitioning from traditional combustion-based vehicles to Elec-
tric Vehicles (EVs) to mitigate environmental impacts. Over this period,
the global stock share of Battery Electric Vehicles (BEVs) in the passenger
car sector has increased exponentially, reaching 3.2% of the global passen-
ger car stock by 2023 [2]. While the shift from combustion-based vehicles
offers a promising solution to the environmental crisis, EVs also present
certain drawbacks.

Firstly, while EVs can be cleaner in terms of noise and emissions during
their operational phase compared to internal combustion-based vehicles, the
production of EV batteries presents significant challenges. Manufacturing
EV batteries requires specific critical minerals such as lithium, cobalt, man-
ganese, nickel, and graphite [3], which are often sourced from developing
countries. In these regions, labor conditions may be exploitative, human
rights abuses are reported, and mining practices frequently lead to signif-
icant local environmental impacts [4–6]. Additionally, the production of
EV batteries is associated with substantial CO2 emissions [7]. Improving
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Figure 1.1: Global CO2 emissions from the transport sector. Data taken from IEA website [2].

the production processes for EV batteries could mitigate these issues; how-
ever, reducing the overall demand for EV battery production would more
effectively address these environmental and ethical concerns.

Secondly, the range of EVs depends on their battery size. To improve
this range, the battery sizes in EVs have increased over the last decade [2],
thereby intensifying the environmental strain related to battery production.

Thirdly, EVs take longer to charge compared to refueling conventional inter-
nal combustion-based vehicles. In addition, the trend of increasing battery
sizes further extends the charging times and heightens the demand for fast
charging stations.

Fourthly, the exponential rise of EVs and their accompanying increase in
battery size underscores the imperative for the development of charging
infrastructure proportional to the expanding EV fleet. This infrastructure
must not only accommodate the growing number of EVs but also ensure
a level of practicality, availability, and user experience on par with that of
conventional internal combustion-based vehicles.

In summary, the transformative potential of EVs in mitigating environ-
mental impacts relies on several factors, with the development of a suitable
charging infrastructure being crucial. This infrastructure must not only of-
fer the same level of convenience as conventional internal combustion-based
vehicles but also address the limitations associated with EV batteries.
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1.2 Charging Infrastructure

There are a number of different charging technologies available to recharge
the batteries of EVs, with stationary charging stations (both slow and fast)
being the main option to refill your vehicle with energy. In parallel with the
global exponential increase in EVs, the number of public charging stations
has also increased exponentially, as illustrated in Fig. 1.2. Charging stations
can be divided into two main categories I) slow chargers, defined as having
a power rating less than or equal to 22 kW II) and fast chargers, defined as
having a power rating of more than 22 kW and up to 350 kW [2]. For EVs
to remain competitive against combustion-based vehicles for longer trips,
fast chargers are essential in reducing charge times. Public charging points
are projected to surpass 25 million by 2035, representing a sixfold increase
from 2023. China, Europe, and the United States are primary contributors
to this growth, with China leading in public charging deployment. While
home charging remains critical, public chargers are indispensable for those
without home charge access. Moreover, ensuring the access, convenience,
reliability, and interoperability of public charging stations is essential in a
charging infrastructure adopted for EV users.
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Figure 1.2: Global BEV passenger cars to the left and global publicly available slow and fast chargers to the right.
Data taken from the IEA website [2].

Norway, which in many aspects can be considered a global leader in elec-
trifying road transport, had a stock of 689,196 BEVs in 2023, supported
by 7,741 fast chargers [8]. This corresponds to a fast-charger-to-BEV ra-
tio of approximately 1:100, suggesting that at least this ratio is required
for a fast-charging-based system. However, the charging infrastructure in
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Norway primarily relies on slow, overnight charging, which is feasible given
that a significant portion of the population lives in single-family homes.
This suggests that in a more densely populated country, with fewer slow
overnight chargers, a ratio of 1:100 or even denser fast charging stations for
BEV passenger cars may be necessary. In Germany, with approximately
49 million cars [9], the 1:100 ratio would translate to around 490,000 fast
charging stations distributed along 51,000 km of highways, main, and na-
tional roads [10]. This equates to roughly 100 fast charging stations every
50 km on average along German roads. Although approximate, these calcu-
lations and assumptions highlight the significant challenge of implementing
a fast-charging-based system on a national level, emphasizing the need for
a vast number of fast charging stations.

As illustrated in Fig. 1.2, the global increase in fast chargers suggests that
the implementation of an extensive fast-charging infrastructure is already
underway. However, the formidable task of establishing such a vast num-
ber of fast charging stations necessitates exploring additional solutions to
support the ongoing electrification of the transport sector. These solutions
might include promoting alternative modes of transportation or reflecting
on our behavior related to transport and other climate-impacting activities.
Regardless of behavioral considerations, technological advancements in re-
ducing climate impact remain critical. For instance, alongside fast charging
stations, battery swapping is emerging as a viable option in charging in-
frastructure.

Battery swapping constitutes an alternative method for replenishing EV
batteries, wherein the entire battery unit is exchanged with a fully charged
one at battery swapping stations [11]. Compared to charging stations, bat-
tery swapping greatly reduces the time required to refill the EV battery,
even when compared with fast charging stations that allow for high-power
charging. At battery swapping stations, multiple batteries are maintained,
undergoing charging at a slower rate compared to conventional stations,
thereby mitigating the demand for high-power charging and reducing bat-
tery degradation resulting from rapid recharging. Nonetheless, as with
fast-charging stations, setting up a network of battery swapping stations
on a large scale requires considerable areas of land as well as significant
investments.

While acknowledging the benefits of battery swapping and its potential as
an effective charging infrastructure if widely adopted, this thesis focuses on
electric roads that facilitate vehicle charging while in motion, also known
as dynamic charging.
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1.3 Dynamic Charging

One approach to alleviate the limited range of EVs and to enhance charg-
ing opportunities is the implementation of Electric Road Systems (ERSs).
ERSs provide a charging infrastructure that enables vehicles to charge while
driving, thereby reducing the dependence on conventional static charging
stations and significantly increasing charging availability. With widespread
deployment, ERSs could enable smaller onboard battery sizes [12], thus
reducing the environmental impact associated with battery production.

From a historical perspective, ERSs are not a new concept. Trolleybuses,
which can be regarded as a type of ERS, date back to 1882, when Dr. Ernst
Werner von Siemens demonstrated the ”Elektromote” [13]. Slightly more
than a century later, a number of more modern ERS technologies emerged
such as KAIST OLEV [14], Alstom APS [15], Bombardier Primove [16],
and Ansaldo Tramwave [17]. As the road transport sector increasingly
transitions towards electrification, the demand for a robust and effective
charging infrastructure has become more urgent. Consequently, ERSs are
emerging as a viable option for widespread implementation, providing an
efficient and scalable solution to support electric vehicle charging [18].

Although ERSs can be designed to charge EV batteries at power levels
exceeding 200 kW [19, 20], one significant advantage of ERS, provided
that the EV’s Traction Voltage System (TVS) is appropriately designed,
is the direct energy transfer from ERS to the EV propulsion system. This
direct energy transfer offers two main benefits. Firstly, EVs can maintain
their State of Charge (SoC) during ERS access, resulting in a low total
power draw from the vehicle, as power is solely required for propulsion and
auxiliary systems, rather than battery charging. Moreover, in the scenario
of extensive ERS implementation, battery size and charging power would
only need to be optimized for the distances between roads with ERS access.
Secondly, the direct energy transfer from the ERS to the EV propulsion
system achieves higher efficiency compared to conventional static charging
stations, as energy is transferred directly to the propulsion system, avoiding
the inefficiencies associated with charging and discharging the battery [21].
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1.3.1 Types of Electric Road Technology

ERS technology can be categorized into two main types: wireless and
conductive. In wireless ERS technology the energy transfer is facilitated
through electromagnetic induction, utilizing coupled high-frequency mag-
netic fields. The vehicle’s underbody is equipped with a receiving coil along
with a power electronic interface onboard the BEV, while a transmitting
coil with corresponding power electronic equipment is installed in the road,
typically beneath the road surface. Several companies produce this type of
ERS technology, with notable examples being KAIST OLEV [14], ENRX
[22] and Electreon [23] which is shown in Fig. 1.3.

Figure 1.3: A bus line in Balingen, Germany where Electreon’s wireless charging technology is implemented.[24].

However, despite the sophistication and effectiveness of wireless energy
transfer design, there are limitations associated with this technology. Firstly,
the energy transfer capability is somewhat restricted by the surface area
beneath the vehicle, potentially making it unsuitable for high-power appli-
cations. Secondly, since the technology relies on high-frequency magnetic
fields, there is a risk of introducing Electromagnetic Compatibility (EMC)
related issues. Thirdly, while wireless ERS can achieve high efficiency, con-
ductive ERSs currently exhibit superior efficiency performance, particularly
at higher power levels [20, 25].

In conductive ERS technology the energy transfer is facilitated by using a
physical sliding contact between the electric road and the vehicle, similar
to the mechanisms used in third-rail systems for metro trains or catenary
systems for trolleybuses. The stationary side of the sliding contact can be
situated on the road surface, embedded within the road, along the side of
the road, or suspended above the road, as depicted in Fig. 1.4.
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Figure 1.4: Different types of conductive electric road technologies (left to right): mounted on top of the road,
embedded within the road, mounted on the side of the road, and suspended above the road.

The surface-mounted conductive electric road supply, developed by Elon-
road [26], is notable for its rapid and straightforward installation process.
In addition to the surface-mounted supply, Elonroad, as well as the com-
pany EVIAS [27] shown in Fig. 1.5, offer embedded electric road designs
that do not protrude above the road surface, thereby impacting the vehicle’s
motion dynamics less than the surface-mounted design.

Honda has developed a side-mounted rail along the road, with the vehicle
making contact via a wheel-based mechanism that extends to the side rail.
This technology has been successfully tested on a racetrack, achieving power
levels of up to 450 kW at speeds of 150 km/h [19].

Figure 1.5: EVIAS embedded electric road design deployed between Arlanda airport and a logistics center outside
of Stockholm, Sweden [28].
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Siemens eHighway provides conductive energy transfer from overhead cate-
nary lines illustrated in Fig. 1.6, similar to those used in trains and tramways
[29]. However, this catenary solution is only suitable for heavier vehicles,
as the installation height poses compatibility issues for passenger cars.

Figure 1.6: Siemens eHighway deployed on the autobahn near Frankfurt [30].

Although similar from an electrical perspective, there are significant dis-
tinctions among the presented conductive ERS technologies. Firstly, the
majority of these technologies employ a Direct Current (DC) voltage sup-
ply, requiring a rectifier between the electrical grid and the electric road,
whereas the EVIAS design uses an Alternating Current (AC) voltage sup-
ply, eliminating the need for a rectifier station due to its different electrical
topology [27].

Secondly, in the presented conductive technologies with a DC voltage sup-
ply, the negative pole of the supply is grounded to ensure electrical safety,
except for Honda’s solution, where the ERS power supply is in principle
floating with respect to ground. Grounding the negative pole serves to pre-
vent the introduction of harmful voltages or currents to humans or animals
in the event of an electrical fault. Chapter 6 offers an in-depth examination
of electrical safety concerns pertaining to conductive electric roads.

1.3.2 Challenges of Electric Road System Implementation

While ERSs offer numerous advantages over other charging infrastructures,
they also present several challenges. Firstly, all types of ERS technology re-
quire specific onboard equipment within the vehicle, including a power elec-
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tronic interface. In inductive ERS technology, coils are required, whereas
in conductive ERS technology, a current collector facilitating physical con-
tact is required for energy transfer. As the onboard equipment must be
integrated within the vehicle, major EV manufacturers need to collaborate
with ERS manufacturers. This collaboration can introduce issues related to
product ownership, standardization, and regulatory compliance concerning
infrastructure and vehicle interfaces. Furthermore, EV companies, most
of them operating on a global scale, may lack the incentive to engage with
ERS technologies until a standard solution is established at an international
level.

Secondly, the full potential of ERS is realized through widespread deploy-
ment on a large scale, such as across the European road network (TEN-T).
However, this necessitates a joint agreement on the selection of a unified
technology and is further complicated by the fact that different countries
currently promote their own preferred ERS solutions. In addition, such an
extensive deployment requires standardization, harmonization of business
models, and regulations across national borders, as well as significant cap-
ital investment. Moreover, the ownership, operation, and maintenance of
ERS infrastructure remain unresolved issues.

Thirdly, in addition to the challenges posed by non-technical issues, several
significant technical challenges persist. Maintenance and upkeep of such
an extensive infrastructure can be costly, particularly for electric roads
exposed to harsh weather conditions. Moreover, as most ERSs have only
been deployed on a limited scale, the impact of upscaling the technology
remains unknown, particularly regarding how availability and reliability
are influenced by factors such as electrical safety, power capabilities, power
grid impact, and EMC. Therefore, to gain comprehensive knowledge about
the feasibility of ERS on a wide scale, the technology must be tested and
evaluated from various perspectives.

All the aforementioned ERS companies [19, 23, 26, 27, 29] have installed
demonstrator electric roads at various deployment levels. One such demon-
strator, developed by Elonroad, was tested as part of the Evolution Road
project [31] in Lund, Sweden. The objective of this project was to gain in-
sights into the specific conductive ERS technology and evaluate its viability
for wide deployment. This thesis has been conducted as a part of the Evo-
lution Road project with the objective of assessing the electrical properties
of the conductive ERS technology produced by Elonroad (further described
in Chapter 2).
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1.4 Motivation of Research

To evaluate the feasibility of conductive ERSs as a large-scale charging
infrastructure, a deeper understanding of their electrical properties is re-
quired. The potential of conductive ERS technologies must be examined
from a technical perspective, focusing on efficiency, power transfer capa-
bilities, grid impact, EMC, and electrical safety to gain a comprehensive
understanding of ERS benefits and limitations. Additionally, it is essential
to evaluate the design and deployment parameters of conductive ERS to
identify optimal ERS designs and cost-efficient installation strategies. Al-
though several papers have assessed the viability of the ERS concept and
the associated costs at a national level [12, 32, 33], detailed evaluations of
the electrical properties of electric roads are relatively scarce.

Previous research has partially evaluated the electrical properties of con-
ductive ERS technology. In [34], the primary focus is on the thermal as-
sessment of a version of Elonroad’s conductive ERS technology. This study
also presents electrical assessments, including losses and the life expectancy
of the semiconductors in the ERS. In addition, [35] analyses and models
the design of the ERS infrastructure, particularly the placement of rectifier
stations and its correlation with voltage drop in the electric road due to
vehicle position and drawn power level. Although this model is relevant, it
has not been validated with measurements from an actual ERS.

Electrical safety issues concerning the adoption of the EV’s TVS for conduc-
tive ERS applications are extensively addressed with multiple TVS topolo-
gies in [36, 37]. However, the electrical aspects related to the ERS itself
are not considered. In [38] a simulation model is introduced which is used
to assess electrical safety concerns related to the voltage potential of the
chassis of an EV drawing power from an ERS. Although the validation of
this model utilizes measurements obtained from a real ERS demonstrator,
a trailer equipped with a resistive load is employed instead of a real EV
adapted for ERS operation.

When this thesis work started in October 2019, research on the electri-
cal properties of conductive electric roads was limited. Subsequently, as
noted, several papers have emerged assessing various aspects of conduc-
tive electric roads. However, since 2019, no presented work has included
modelling of the electrical properties of conductive ERS using simulation
models validated with measurements from a real conductive ERS, includ-
ing EVs adapted for ERS operation. Moreover, the increasing number of
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papers addressing conductive and inductive ERSs since 2019 underscores
the existing research gap and the imperative for further investigation into
the technical aspects, design, and feasibility of future ERS.

This doctoral thesis presents measurements and results, from validated
simulation models, that assess the electrical properties of conductive ERS
technology. By utilizing simulation models, which are validated with mea-
surements from an actual conductive ERS demonstrator, a comprehensive
understanding of the electrical properties of the ERS is achieved. The in-
sights drawn from the analysis of the demonstrator, in conjunction with the
simulations results, serve as the foundation for assessing the technology’s
potential for widespread deployment. This thesis focuses on evaluating four
relevant electrical aspects of conductive ERS:

• The electrical characteristics of the current collector and sliding con-
tact.

• The power flow, losses, and system efficiency of the ERS, from the
power grid to the vehicle, in relation to traffic characteristics.

• The conductive EMC within the ERS supply and its impact on the
power grid.

• Electrical safety considerations during both normal and fault condi-
tions.

1.5 Objectives and Limitations

The objective of this thesis is to evaluate the electrical properties of con-
ductive ERS technology. This evaluation is conducted through measure-
ments obtained from a conductive ERS demonstrator developed and built
by Elonroad. These measurements serve as the basis for developing and val-
idating simulation models, which are employed to analyse electrical aspects
that are impractical or infeasible to assess through direct experimentation.
Consequently, this research facilitates the examination of electrical phe-
nomena, electrical aspects of large-scale deployment, and electrical design
of conductive ERS infrastructure.
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The main objectives of this thesis are the following:

• Characterize the critical electrical design parameters for the current
collector and associated sliding contact for the considered ERS tech-
nology. Measure the voltage drop and current to calculate the contact
resistance and evaluate the contact quality of the sliding contacts in
the current collector utilized for the considered ERS technology.

• Model ERS deployment in urban, rural and highway scenarios with
their associated traffic characteristics to evaluate their impact on
power flow, losses, and system efficiency for the specified ERS tech-
nology. Assess design alterations of ERS components and subsystems
and their impact on power flow and losses within the ERS for each
deployment scenario.

• Assess the impact of conductive Electromagnetic Interference (EMI)
between vehicles within the ERS supply and the ERS grid connec-
tion. Evaluate the influence of conductive EMI on voltage and current
quality.

• Evaluate the electrical safety concerns related to touch events in-
volving human contact on the exposed parts of both the ERS and
the vehicles drawing power from it. Assess the electrical safety issues
arising from touch events in conjunction with isolation faults between
the vehicle chassis and the ERS supply.

Since ERSs have not yet been widely deployed, there are no EVs origi-
nally designed or adapted for ERS operation. Consequently, this thesis is
constrained by this reality.

Firstly, the measurements and, by extension, the validation of simulation
models, presented in this thesis are limited to the available adapted vehicles
used in the ERS demonstrator. This encompasses the TVS topology, as well
as the power electronic interface and current collector between the vehicle
and the ERS. The analysis of the EV TVS in this thesis is restricted to
three primary subsystems: the traction drive, battery (and its correspond-
ing power electronic interface), and the DC/DC power electronic interface
(linking the EV and the ERS). Any additional TVS-connected subsystems
are grouped under auxiliary systems.

Second, the amount of vehicles drawing power from the ERS, along with
the associated power demand characteristics, relies upon two key factors: I)
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assumed traffic flow and vehicle types extrapolated from general traffic data
sourced from [39], and II) assumptions and modelling concerning power
consumption per vehicle, estimated through simulations of relevant driving
conditions using a vehicle model from [40].

Third, the time resolution of the presented simulation models is constrained
by the sampling frequency of the provided measurements. Furthermore, the
analyses in this thesis focus exclusively on the ERS and EV TVS, omitting
the associated 12V, 24V, and 48V systems present in the ERS and EV.
Additionally, the analysis of power grid impact is confined to the ERS grid
connection of a single ERS rectifier station.

Finally, the aim of characterizing the electrical properties of the sliding
contact and its corresponding current collector is to understand and iden-
tify the underlying factors that influence the quality and performance of
the sliding contact. This is achieved by assessing the voltage drop, con-
tact resistance, arcing, and frictional force of the sliding contact through
measurements obtained from the demonstrator, which utilizes a resistive
load mounted on a trailer, and from a laboratory-installed Rotating Test
Rig (RTR). However, the precision of the measurements obtained from the
demonstrator is limited, as the trailer’s motion dynamics, combined with
the uncontrolled environment in which the ERS demonstrator is located,
affect the quality of the sliding contact and, ultimately, the precision and
accuracy of the results. While these variations are mitigated by utilizing
the RTR, as the laboratory environment where it is installed allows for
more controlled conditions, the results obtained with the RTR still exhibit
variations, as the RTR is not a high-precision device, partly due to the
rudimentary design of its mechanical system. To validate that the RTR
is capable of replicating the conditions present in a real ERS, the order of
magnitude of contact resistance from the ERS demonstrator is compared
with the results from the RTR. In addition, the experiments with the trailer
and the RTR are limited to speeds of up to 30 and 50 km/h, respectively.

1.6 Contribution

In addition to the author’s personal and professional development, this the-
sis has made contributions to the research field of conductive electric roads
from an electrical perspective. The contributions, outlined by chapter, are
listed below:
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• Chapter 3: The presented results on voltage drop, contact resistance,
arcing, and frictional forces should be regarded as an initial explo-
ration into the characterization of the electrical properties of the slid-
ing contact adapted for conductive ERS technology. The conclusions
from the analysis indicate that the sliding contact is a complex phe-
nomenon that requires further analysis to better understand the un-
derlying factors influencing its electrical properties, which ultimately
affect the quality and performance of the sliding contact. Although
this assessment does not provide a complete characterization of the
electrical properties of the sliding contact, the results offer an estimate
of the contact resistance’s order of magnitude in a real ERS and in-
dicate that trends and correlations are present, which require further
assessment. Moreover, the results also highlight that the presented
sliding contact design requires further improvements as it exhibits arc-
ing as well as fluctuating values of contact resistance, intermittently
exceeding 100 mΩ.

Additionally, measurements presenting the magnitude and distribu-
tion of the current in the collector, where the sliding contacts are
mounted, highlight both the benefits and drawbacks of a current col-
lector design with multiple sliding contacts. For the ERS technology
considered in this thesis, utilizing more than three sliding contacts
allows for redundancy. If poor contact occurs in one sliding contact,
the current load is redistributed to another parallel sliding contact
within the current collector.

• Chapter 4: Assessment of the performance of the considered ERS
technology in urban, rural, and highway deployment scenarios, tak-
ing into account traffic characteristics, power capabilities, losses, and
system efficiency. The assessment was conducted using a simulation
model that was developed and validated through measurements from
the ERS demonstrator. For each deployment scenario, proposed de-
sign alterations are presented, and their impact on losses and system
efficiency is simulated and analysed.
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• Chapter 5: The impact of conductive EMC within the ERS supply
and its effect on the ERS power grid connection is analysed. The
analysis focuses on how the design and topology of the rectifier station
influence voltage and current ripple within the ERS supply and its
power grid connection. Additionally, the influence of the input filters
of the vehicles’ onboard power electronic ERS interfaces on voltage
and current ripple within the ERS supply is examined. The analysis is
conducted using a simulation model that was developed and validated
through measurements conducted at the ERS demonstrator.

• Chapter 6: The electrical safety concerns related to touch events in-
volving human contact on exposed parts of both the ERS and the
vehicles drawing power from it are examined. Through modelling
and measurements conducted at the ERS demonstrator, it was dis-
covered that current could flow through a human model in contact
with the chassis of a vehicle drawing power from the ERS. This phe-
nomenon occurred due to parasitic capacitive coupling between the
vehicle chassis and the vehicle TVS, thereby bypassing the electri-
cal insulation between them. To further assess the impact of this
phenomenon, simulations were conducted to examine the effects of
parasitic capacitive coupling and the resulting current flow experi-
enced by a human model. Additionally, modelling of touch events
related to the exterior surface of the electric road during operation
was performed to determine the voltage threshold levels with respect
to ground that may lead to hazardous voltage and current exposure
for a human model. These simulations were carried out using an ex-
tended version of the simulation model from Chapter 5, which was
validated through measurements at the ERS demonstrator using a
human model.

15



1.7 List of Publications and Author Contribution

The author, as the writer of this thesis, is the principal researcher and
the primary individual responsible for the research, which is based on,
but not limited to, the papers listed below. Papers I-VI are presented
in chronological order, while Paper VII, despite being published first, is
intentionally left outside the scope of this thesis for consistency reasons.

I Measuring electric properties of a conductive electric road [41]
D. Wenander, P. Abrahamsson, F. J. Márquez-Fernández, M.
Alaküla
2021 AEIT International Conference on Electrical and Electronic
Technologies for Automotive (AEIT AUTOMOTIVE), Torino, Italy,
2021, pp. 1-6

• I took a major role in designing and building the measurement system,
as well as developing the measurement software. I conducted numer-
ous measurements, processed and analysed the data, which led to
the presentation of the ERS demonstrators’ electrical characteristics
and performance in terms of losses and efficiency. I also evaluated
the validity of the measurements based on the performance of the
measurement system.

II Modelling of power flow and losses in a conductive Electric Road
System [42]
D. Wenander, F. J. Márquez-Fernández, M. Alaküla
2022 IEEE Vehicle Power and Propulsion Conference (VPPC),
Merced, CA, USA, 2022, pp. 1-6

• I developed a simulation model capable of accurately modelling power
flow and losses within a conductive ERS. I validated the model thor-
oughly by utilizing measurements which I obtained from the ERS
demonstrator. Furthermore, I expanded the model’s capability to
accommodate simultaneous modelling of multiple vehicles.

III Modelling Electric Transients in a Conductive Electric Road Sys-
tem [43]
D. Wenander, F. J. Márquez-Fernández, M. Alaküla
2023 AEIT International Annual Conference (AEIT), Rome, Italy,
2023, pp. 1-6
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• I established a simulation model with the capacity to accurately sim-
ulate voltages and currents in the considered conductive ERS technol-
ogy. I designed the simulation model so that it was capable of both
modelling I) conductive EMI and II) electrical safety issues related to
touch current events from the chassis of a vehicle drawing power from
a conductive ERS. The model was validated utilizing measurements
that I conducted on the ERS demonstrator.

IV Efficiency Evaluation of a Conductive Electric Road System With
Respect to Traffic Characteristics [21]
D. Wenander, F. J. Márquez-Fernández, M. Alaküla
IEEE Transactions on Vehicular Technology, vol. 73, no. 4, pp.
4694-4704, April 2024

• I expanded the capabilities of the simulation model presented in pa-
per II to encompass the modelling of ERS performance in various
deployment environments, including urban and rural settings with
corresponding traffic characteristics. The modelled ERS performance
incorporated power flow, losses, and efficiency. Additionally, I con-
ducted a comparative assessment of the efficiency performance of the
presented ERS technology against that of a DC fast charger.

V Reducing the Environmental Impact of Large Battery Systems with
Conductive Electric Road Systems — A Technical Overview [20]
D. Wenander, M. Alaküla
MDPI World Electric Vehicle Journal. 2024; 15(2):59.

• I revised and extended the original manuscript to incorporate evalua-
tions of ERS efficiency and power performance, as well as an electrical
safety analysis concerning the chassis voltage potential of charging
vehicles. These assessments incorporated measurements that I had
conducted at the ERS demonstrator.

VI Measurements of the Electric Properties of the Current Collector
in a Conductive Electric Road [44]
D. Wenander, F. J. Márquez-Fernández, M. Alaküla
2024 ELEKTRO (ELEKTRO), Zakopane, Poland, 2024, pp. 1-6
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• I identified the necessity for further measurements of the contact re-
sistance of the sliding contact from an actual conductive ERS to char-
acterize the electrical properties of the sliding contact. I designed the
measurement setup, conducted the measurements, and performed an
analysis of the results. Regarding the assessment of current distribu-
tions within the current collector, I analysed the results, designed the
measurement system, and supervised the measurement process.

In addition, for consistency reasons, the following publication has been
intentionally excluded from the scope of the thesis.

VII Automatic static charging of electric distribution vehicles using
ERS technology [45]
P. Abrahamsson, D. Wenander, M. Alaküla, F. J. Márquez-
Fernández, G. Domingues-Olavarŕıa
2020 IEEE Transportation Electrification Conference & Expo
(ITEC), Chicago, IL, USA, 2020, pp. 1191-1196

• I took part in designing and building the measurement system used
to evaluate the charging performance of a distribution vehicle using
either I) ERS technology for static charging or II) conventional AC
charging. I conducted voltage and current measurements to calcu-
late the charging power, logged the vehicle’s position using GPS, and
contributed to the analysis and discussion of the final results.

The thesis author is the original draft manuscript writer (together with
Anna Wilkens and Mats Alaküla in paper V and with Philip Abrahamsson
in paper VII) and the primary person responsible for the research conducted
in all of the above papers (in Paper VI, parts of the measurements were
conducted together with Lucas Olofsson).

All contents of the papers are reproduced with permission of their respective
publishers.
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1.8 Disposition

In this thesis, Chapter 1 presents the concept of conductive ERS, while
Chapter 2 provides a detailed overview of the specific conductive ERS tech-
nology considered in this thesis. Chapters 3-6 explore the four main topics
assessed in the thesis:

• Characterization of the electrical properties of the sliding contact
(Chapter 3): This chapter provides measurements from the current
collector and corresponding sliding contacts from the demonstrator as
well as more detailed measurements of the sliding contacts provided
by the RTR.

• Modelling power flow, losses, and efficiency (Chapter 4): This chapter
investigates the dependency of power flow, losses, and efficiency on
traffic characteristics and corresponding urban, rural, and highway
deployment scenarios. In addition, for each deployment scenario, the
impact of proposed design alterations to selected ERS subsystems
and components on the performance of the ERS in terms of losses is
analysed.

• Modelling conductive EMC (Chapter 5): This chapter examines the
impact of conductive EMC in I) the ERS supply and II) its effect on
the power grid.

• Modelling electrical safety (Chapter 6): This chapter entails an as-
sessment of electrical safety concerning touch events involving human
contact focusing on I) the chassis of a vehicle drawing power from an
ERS and II) the exterior surface of the actual electric road.

Finally, Chapter 7 presents the conclusion of the thesis and suggests direc-
tions for future research.
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Chapter 2

Description of the
Considered Conductive
Electric Road Technology

This chapter introduces the conductive ERS technology upon which this
thesis is based. The considered conductive ERS technology is manufactured
by the company Elonroad [26]. Although this ERS technology is still under
development, its basic principles can be considered for wide deployment.
The fundamental principle for all DC voltage-based conductive ERS tech-
nologies is very similar, differing mainly in the design of the physical sliding
contact. Consequently, the basic principles presented in this chapter can be
regarded as applicable to any conductive ERS technology. The fundamen-
tal principle of a widely deployed conductive ERS involves a grid-connected
rectifier station supplying rectified DC voltage to Sections of Electric Road
(SER), as illustrated in Fig. 2.1.

Fig. 2.1 does not only illustrate the fundamental deployment principle of
a conductive ERS, but, in addition, also an example of a suggested ERS
deployment on the European road E20 between Örebro and Hallsberg. This
specific section of the E20 was considered for a permanent ERS installation,
as proposed by the Swedish Transport Administration [46]. Note that the
rectifier stations and their respective connection points to the ERS are
strategically positioned at the midpoint of the SER to minimize energy
losses. This aspect will be examined in greater detail in Chapter 4.
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Figure 2.1: An example of suggested ERS deployment on the E20 road between Hallsberg and Örebro in Sweden.

When implementing ERS along a designated road segment, for instance
between points A and B in Fig. 2.1, SER are typically installed in certain
fractions of the road rather than covering the entire distance. Two primary
reasons account for this practice: I) inherent obstacles in the road infras-
tructure, such as roundabouts, curves, intersections or similar features, and
II) findings from prior studies indicate that it is more effective to selectively
deploy SER along the chosen road section [36], for instance in uphill sec-
tions of a road where the power consumption is higher. The extent of ERS
coverage for a given road is described by Eq. (2.1), where kERS represents
the coverage factor, sERS the length of the road actually covered by ERS,
and dERS the total length of the considered road section.

kERS =
sERS

dERS
(2.1)
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Depending on the design objectives, business model, and application of
ERS, its implementation along a designated road segment can pursue one
of three approaches: (i) maintaining a constant SoC for the EV battery
throughout the road segment, (ii) charging the EV battery to a desired
state of charge, or (iii) complementing the energy already existing in the
battery to slow down the reduction of SoC, similar to a range extender. The
final approach allows the vehicle to travel significantly longer distances on
a single charge, even if it will eventually run out of energy.

Regardless of the chosen charging strategy, the partial deployment of ERS
along road segments necessitates that EVs draw additional energy while
connected to the ERS. This supplementary energy compensates for the
fractions of the road lacking ERS coverage, thereby maintaining or increas-
ing the SoC of the EV battery. The required amount of extra power is
determined by the coverage factor, denoted as kERS . Lower values of kERS ,
indicating reduced ERS coverage along the road segment, compel EVs to
draw more power during ERS access periods to offset the extended dis-
tances traveled without ERS access. Thus, balancing kERS with the power
drawn per vehicle is a pivotal ERS design parameter, significantly influenc-
ing both the peak power demand from the grid and the efficiency of the
ERS. Chapter 4 delves deeper into the effects of power drawn per vehicle
and its impact on system losses.

2.1 The Intended Conductive Electric Road Sys-
tem

The ERS technology evaluated in this thesis is developed by the company
Elonroad [26]. This section outlines the envisioned large-scale deployment
of this considered ERS technology. Fig. 2.2 illustrates a potential future im-
plementation of an ERS in a rural environment in Sweden. The integrated
LEDs within the SER in the figure are designed to indicate the directional
movement of vehicles.

23



Figure 2.2: A visual example of how a conductive ERS can be deployed in a rural environment in Sweden. Picture
taken from Evolution Road project website [31].

In Fig. 2.3, an overview of the considered ERS technology is presented,
comprising a grid-connected rectifier station, SER, and a vehicle drawing
power from the ERS. Subsequent subsections elaborate on each subsystem
of the ERS explicitly, whereas this section provides an overview of the entire
system.

Figure 2.3: An overview of the considered ERS technology comprising a grid connected rectifier station, SER, and
a vehicle adapted for ERS operation.
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The rectifier station comprises two primary components: the transformer
and the rectifier. The transformer is connected to the local distribution
grid (10-20 kV). Given that the expected grid power load from each rec-
tifier station is projected to range between 400-3200 kVA, depending on
traffic flow and drawn power per vehicle as discussed further in Chapter
4, the rectifier stations should be dimensioned accordingly. In some cases,
multiple transformers in parallel may be required to meet the power de-
mand. The secondary winding of the transformer is designed to supply
an AC voltage of approximately 480 V AC to the rectifier, resulting in an
unregulated rectified DC voltage of 650 V DC to the SER.

The SER are connected to the rectifier station with underground cables.
One rectifier station ideally feeds two equally long SER branches, one at
each side. This configuration minimizes losses in the SER by reducing its
total length from the feeding point. The SER feature a segmented structure,
comprising 1 m long segments, to ensure electrical safety by activating
only the segments located directly beneath an EV. This segmented design
requires that vehicles be equipped with a current collector incorporating at
least three sliding contacts, an onboard rectifier, and a DC/DC converter.
The following subsections provide a detailed presentation of the required
onboard equipment, the rectifier station, and the SER.

2.1.1 The Rectifier Station

Although subject to assumptions and dependent upon factors such as de-
sign objectives, business model, and ERS application the expected load
from vehicles drawing power from the rectifier station ranges from 0.4 to
3.5 MW. This variation is influenced by factors such as traffic intensity, ve-
hicle type, and the demanded power drawn per vehicle. Consequently, the
transformer in the rectifier station must be designed to accommodate these
power levels. With this in mind, standard transformer sizes of 400 and 800
kVA, connected to the local distribution grid (10-20 kV), are suitable for
ERS applications [47]. For power demands exceeding 800 kVA, additional
transformers can be connected in parallel within the rectifier station. Power
demands exceeding 3.2 MVA are considered impractical and are out of the
scope of this thesis.

The rectifier can be configured as either a 6-pulse or a 12-pulse passive
rectifier. However, depending on the power load and grid operator require-
ments, active rectification, albeit costly, may also be considered. To attain
a rectified DC voltage of 600-670 V supplied to the SER, a D/Y transformer
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design is used. The transformer’s secondary winding (Y) is configured to
provide a secondary voltage of approximately 450–500 V AC. As a result,
the rectifier outputs a DC voltage in the range of 600–670 V, corresponding
to the Root Mean Square (RMS) value of the line-to-line voltage, 450–500
V AC, on the transformer’s secondary side. Assuming that the SER can
accommodate higher voltage levels, there is potential to increase the DC
voltage level further, possibly up to 1 kV. The negative pole of the recti-
fier’s output is connected to the electrical ground, thereby the voltage of
the negative pole of the SER is close to 0 V, assuming negligible voltage
drop in the negative conductors of the SER.

2.1.2 Sections of Electric Road

Since the start of this thesis work in 2019, Elonroad has developed two
primary design versions of the considered electric road: an embedded design
and an elevated design, as shown in Fig. 2.4. The lower left corner in each
picture presents a conceptual cross-sectional drawing of each design, where
red elements represent the cross-sectional area of the designs, black outlines
the road, and blue indicates the contact surface for the sliding contact.
The elevated design is supposed to be installed on top of the road surface.
This imposes strict limitations on its physical size, as it must not protrude
excessively above the road surface and affect the vehicle’s motion dynamics.
Moreover, this size restriction results in a constrained cross-sectional area
for the main conductors. In contrast, the embedded design permits larger
cross-sectional areas due to less stringent volume constraints, as it is only
limited by the depth and width of the groove in the road where the SER
are installed. Nonetheless, for both designs, the cross-sectional conductor
areas and corresponding volumes can be adjusted to a certain extent based
on specific design requirements and deployment criteria.

(a) The embedded design version. (b) The elevated design version.

Figure 2.4: The two design versions of the electric road manufactured by Elonroad, each with a cross-sectional
drawing in the lower-left corner in each picture.
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Though the elevated design has constraints regarding conductor size, it of-
fers the advantage of easy installation, with minimal impact on the road
layers, as illustrated in Fig. 2.5. Conversely, the embedded design is in-
stalled using bitumen mass filled into a milled groove in the road, which is
40 cm wide and 6 cm deep, as shown in Fig. 2.6. This thesis focuses on the
embedded design of the presented ERS technology.

Figure 2.5: Installation of the elevated design.

(a) A 10 m long subsection of electric road
being installed in a groove in the road.

(b) Moulding a 10 m long subsection
of electric road into the groove in
the road using bitumen mass.

Figure 2.6: Installation of the embedded design. Figures taken from [20].

The structure of the electric road under consideration is illustrated in
Fig. 2.7. The exterior is constructed from aluminium and serves as a neg-
ative conductor, non-coloured in the figure. This design ensures that the
electric road is safe to touch, disregarding potential minor voltage drops in
the negative conductor (examined in detail in Chapter 6), since the nega-
tive pole (0 V) is connected to the electrical ground at the rectifier station.
The positive pole (650 V), in red colour, comprises two conductors that
extend along the entire length of the electric road.
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Figure 2.7: The electric road design in detail.

Upon deployment, the electric road is divided into sections of variable
lengths along the designated route. These sections are then subdivided
into subsections, each measuring 10 meters. This length is considered
appropriate for maintenance and installation. Each subsection comprises
segments, with each segment extending 1 meter in length. Isolating seg-
ments, spanning 0.2 meters each, separate these segments. These isolating
segments serve to provide isolation between adjacent segments, ensuring
smooth traversal of the sliding contacts across them.

The considered electric road is a type of conductive ERS known as an
Alternating Short Segmented Electric Road (ASSE). In order to ensure
electrical safety, the fundamental design of the electric road is based on
short segments that are activated only when a vehicle drawing power from
the SER is located directly above the segment. A schematic overview of the
electric circuit of a SER is shown in Fig. 2.8. Every other segment features
solid-state switches that allow the segment to connect to either the positive
conductor (650 V) or the negative conductor (0 V) within the electric road.
The remaining segments in the SER are permanently connected to the
negative conductor (0 V). Segments are only activated if the EV is granted
access to draw power from the electric road, which is facilitated by wireless
communication.

To facilitate energy transfer between an electric road and an EV, the ve-
hicle must be equipped with a current collector. This mechatronic device,
mounted on the vehicle’s underbody, establishes a physical sliding connec-
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Figure 2.8: A schematic overview of the fundamental functionality of the electric road.

tion with the electric road via arms that can be raised and lowered, and
automatically follow the SER laterally. These arms are equipped with slid-
ing contacts. To ensure smooth energy transfer between the vehicle and the
electric road, the current collector must have a minimum of three sliding
contacts. As illustrated in Fig. 2.8, only the segments directly beneath the
vehicle are activated (horizontal red lines). As the vehicle traverses these
segments, the sliding contacts in the current collector continuously estab-
lish contact with new segments. Thus, in a three-arm current collector, one
of the following situations is always valid when the EV is in contact with
the electric road:

• Two arms are connected to the positive pole and one arm to the
negative pole.

• Two arms are connected to the negative pole and one arm to the
positive pole.

• One arm is connected to the positive pole, one arm to the negative
pole, and the remaining arm to an isolating segment.

Consequently, the voltage potential of the current collector arms, as per-
ceived by the vehicle, continuously alternates between 0 V DC and 650 V
DC as the vehicle drives over the segments. By connecting the arms of the
current collector to an onboard rectifier, the vehicle perceives a stable, con-
stant voltage polarity. By increasing the number of sliding contacts in the
current collector, additional segments in the SER can be activated under
the vehicle, and, consequently, the total power drawn by the vehicle can be
increased without imposing excessive strain on individual segments, as the
drawn power will be distributed among multiple segments.
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2.1.3 Interface between Electric Road and Vehicle

For an EV to be adapted for ERS operation, it must be equipped with
three primary components: a current collector, an onboard rectifier, and a
DC/DC converter. The current collector consists of a mechatronic system
housed within a frame mounted on the vehicle’s underbody. The sliding
contacts of the current collector are connected to arms that lower when the
EV has ERS access and rise when ERS access is unavailable. Additionally,
to guarantee smooth alignment and dependable contact with the electric
road, the mechanical system of the current collector can move both later-
ally and rotationally, and apply a precise contact force to the segments.
Furthermore, with the aid of motion sensors, the current collector can au-
tonomously track the SER, minimizing the need for driver intervention.
Fig. 2.9 illustrates a simplified top-view of a three arm current collector.
The outer frame, shown in black, is fixed to the vehicle’s underbody. Me-
chanical components, depicted in blue, enable the rotation and translation
of the inner translating framework, highlighted in red, which houses three
arms, shown in green, with corresponding sliding contacts in grey. The
inner mechanical components, also in blue, facilitate the rotation of the
arms of the current collector, which are mounted on axles, allowing them
to make contact with the segments and exert the resulting contact force.

Figure 2.9: Simplified top-view drawing of a current collector. Black elements illustrate the framework, blue ele-
ments represent mechanical components, red elements indicate the translating framework, green ele-
ments depict the arms of the sliding contacts, and grey elements show the sliding contacts.

As previously mentioned, the alternating voltage polarity (-650, 0, 650 V
DC) between the arms of the current collector necessitates an onboard rec-
tifier in the EV to ensure a stable and constant voltage polarity for the
EV’s TVS. Additionally, due to variations in TVS and battery voltage lev-
els within a vehicle, as well as differences among various EVs, a DC/DC
converter is required onboard to match the ERS supply voltage with the
EV’s TVS voltage. Hence, the cost and potential volume constraints of the
DC/DC converter are expected to be the primary limiting factors for its
power capacity and, consequently, the amount of power that can be trans-
ferred to the TVS. This is because the DC/DC converter is considered the
most complex component in terms of electrical energy transfer compared to
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the current collector and onboard rectifier. Unlike the current collector and
onboard rectifier, which are relatively passive, the DC/DC converter is an
active component that requires intricate control and seamless integration
into the vehicle’s TVS.

One significant advantage of ERS is the direct transfer of power to the ve-
hicle’s propulsion system without passing through the battery. In Fig. 2.10,
the TVS of an arbitrary BEV adapted for ERS application is presented.
In this context, the TVS comprises the DC/DC converter, which regulates
the drawn power from the ERS supply, a traction motor with an inverter,
a battery with a converter, and an auxiliary system. The auxiliary sys-
tem encompasses additional loads connected to the TVS, such as Heating,
Ventilation, and Air Conditioning (HVAC) systems, 12/24 V DC systems,
and other onboard auxiliary systems. As shown in Fig. 2.10, power can
be directly transferred to the traction motor and auxiliary systems with-
out passing through the battery. Compared to conventional static charg-
ing stations, direct power transfer offers higher efficiency, provided that
the DC/DC converter efficiency is high, as the losses associated with bat-
tery charging and discharging can be eliminated. However, given that the
DC/DC converter is always present in an ERS application, its efficiency
plays a crucial role in achieving a high system efficiency, as all transferred
power passes through it.

Figure 2.10: Traction voltage system of an arbitrary BEV adopted for ERS operation.
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2.1.4 Electrical Safety Issues Related to the Vehicle’s Chas-
sis

While extensive electrical systems like a conductive electric road pose nu-
merous challenges regarding electrical safety, this thesis primarily addresses
two areas: touch events and isolation faults concerning the chassis of a ve-
hicle drawing power from the ERS, and touch events related to the exposed
exterior of the electric road. This subsection provides a brief overview of the
fundamental concept concerning a human body touching a vehicle chassis
that may carry a harmful voltage.

In contrast to conventional static charging stations, a conductive ERS does
not offer a reliable enough option to connect the vehicle chassis to electrical
ground. When the BEV chassis is connected to electrical ground, the risk
of electric shock is mitigated. In the event of an isolation fault between
the charger and BEV chassis, the current would flow through the chassis to
the ground connection in the charging port, thereby triggering the Residual
Current Breaker (RCD) in the facility where the static charging station is
installed.

However, in general, road-bound conductive ERSs have the electrical ground
connected to the negative pole of the ERS supply [15, 26, 29], except for
Honda, which utilizes a floating two-pole supply [19]. If a conductive object
or debris, possibly combined with salt water from the road, comes into con-
tact with an active segment or arm in the current collector and the vehicle
chassis, there is a risk of a high voltage on the vehicle chassis, as illustrated
in 1) in Fig. 2.11. Additionally, the risk of an elevated chassis voltage could
occur due to an isolation fault onboard the vehicle TVS between the pos-
itive pole in the vehicle and the vehicle chassis, as shown in 2). In the
event of an isolation fault resulting in the BEV chassis carrying an elevated
voltage, when a human body touches the chassis, current will flow through
the human body to electrical ground, returning to the rectifier station.

To mitigate risks associated with hazardous touch events caused by an el-
evated chassis voltage, appropriate levels of isolation are required [48]. For
conductive ERS applications, implementing strategies to ensure adequate
levels of isolation between the ERS supply, from segment to current collec-
tor and TVS poles, and the vehicle chassis is paramount. Special attention
during the design phase of the current collector is necessary to minimize
the risk of objects from the road or salted water or ice coming into contact
with the vehicle chassis and high-voltage poles. To mitigate the necessity
for strict isolation measures across the entire vehicle, an isolated DC/DC
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Figure 2.11: Electrical safety issue related to the voltage of the chassis of a BEV while the BEV is drawing power
from the ERS: 1) represents an isolation fault between the chassis and ERS supply, and 2) represents
an isolation fault between the chassis and TVS. In the event of an isolation fault to the BEV chassis
current may flow through the human body to ground in the rectifier station.

converter can be introduced between the onboard rectifier and TVS. This
setup effectively separates the TVS from the ERS supply, allowing for less
stringent isolation requirements on the isolated TVS [48]. Thus, in the
event of an isolation fault within the isolated TVS, no current will pass
through the human body.

BEVs typically feature an Isolation Monitoring System (IMS) designed to
identify isolation faults between high-voltage poles and the vehicle chassis.
The IMS could be reconfigured for application in conductive ERS setups.
Its adaptation would involve monitoring impedance variations between the
high-voltage poles, extending from the arms in the current collector to the
TVS. Upon detection of an isolation fault, whereby the impedance between
the chassis and pole undergoes drastic alteration, the IMS would activate,
thereby disconnecting the vehicle from the ERS supply. Prompt detection
and disconnection are vital aspects of IMS operation, given that time is
essential in mitigating harmful electric hazards, as emphasized in [49].
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2.2 Experimental Setup - The Electric Road Demon-
strator

The main experimental setup in this thesis is the conductive electric road
demonstrator built by Elonroad, located on a public road in an urban
environment in Lund, Sweden. Measurements from the demonstrator serve
as the foundation for all analyses, including the presented measurement
results and established simulation models. Fig. 2.12 presents a satellite
map from Google Maps showing where the demonstrator was located in
Lund. The red colour represents the location of the rectifier station and
corresponding grid connection. The turquoise colour indicates where the
embedded design was installed, and the purple colour shows where the
elevated design was installed. The demonstrator was installed in May 2020
and decommissioned in May 2024.

Figure 2.12: Satellite map of where the demonstrator was located. The location of the rectifier station is shown in
red, the embedded electric road in turquoise and the elevated electric road in purple.

The demonstrator comprises a 400 kVA 400/450 V three-phase D/Y trans-
former, a six-pulse passive rectifier, and two distinct designs of SER: one
elevated and one embedded. Detailed descriptions of these design varia-
tions are provided in the preceding subsection. While several vehicles have
been adapted for ERS operation to varying extents, the primary vehicle
considered in this thesis is a modified trolleybus. Measurements involv-
ing this electric bus drawing power from the demonstrator are utilized for
establishing and validating the simulation models presented in this thesis.
To evaluate the electrical characteristics of the current collector, a trailer
equipped with a resistive load, which was towed by a car over the demon-
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strator, was employed. In Chapter 3 the design and structure of the trailer
is explained in detail.

Fig. 2.13 illustrates a simplified overview of the demonstrator’s electri-
cal circuit, highlighting the rectifier station in red, the electric road in
turquoise, and the electric bus in green. Note that the current collector
within the vehicle is equipped with six sliding contacts, mirroring the con-
figuration of the installed current collector in the electric bus. A-D denote
measurement interfaces for voltage and current. These measurements serve
to validate and calibrate the simulation models which are based on the
demonstrator.

Figure 2.13: Simplified schematic of the demonstrators electrical circuit.

The subsequent subsections feature schematics of the demonstrator’s elec-
trical circuits. These presented circuits do not constitute complete schemat-
ics of every subsystem within the demonstrator. Instead, they represent the
essential components of the demonstrator. Furthermore, these schematics
are further simplified and subsequently utilized in this thesis for the devel-
opment of simulation models.

2.2.1 The Rectifier Station

The schematic of the rectifier station is presented in Fig. 2.14. The rectifier
station comprises a 400 kVA 400/450 V three-phase D/Y dry transformer,
which is connected upstream the grid to another transformer via 210 meters
of cable. A passive six-pulse rectifier is connected to the output of the
transformer, followed by various filters and a solid-state switch that can be
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used to connect and disconnect the SER. A 41 meter underground cable
connects the rectifier station and the SER. Interface x) denotes where the
SER connects to the rectifier station. This connection is known as the
feeding point of the SER. At interfaces A, B and C voltage and current are
measured.

Figure 2.14: Schematic of the rectifier station, including its connection to the power grid.

2.2.2 Sections of Electric Road

Although the demonstrator featured two design versions of the electric road
(see Fig. 2.12), this thesis focuses on the embedded design, since this has
been the preferred alternative for the Swedish Transport Administration
due to its less protrusive impact. Nonetheless, from an electrical per-
spective, the primary difference between the two designs lies in the cross-
sectional area of the main conductors. Therefore, by altering this parameter
in the simulation models presented in Chapters 4 and 5, the conceptual dif-
ferences between the two designs are still evaluated in this thesis from an
electrical perspective.

The SER consists of 1-meter segments controlled by transistors, as illus-
trated in Fig. 2.15. Although these transistors are complemented by various
filters and corresponding snubber circuits, they are omitted to simplify the
circuit, as the modelling in this thesis does not include the switching of
these particular transistors.

Figure 2.15: Schematic of the SER. Red and blue elements represent segments and the positive and negative
poles of the SER, respectively. The schematic illustrates the circuit’s configuration with two activated
segments along a SER.

36



The schematic also includes the impedance of the main positive and nega-
tive conductors of the SER, labeled as ”SER” in the figure. At the begin-
ning (feeding point) and end of each SER segment, an RC filter is deployed.
Interface x) represents the connection between the SER and the rectifier
station. Interface y) indicates the connection between the vehicle and the
electric road, facilitated by the sliding contacts of the current collector.

2.2.3 Vehicle Integration and Testing

A Solaris Trollino 12 trolleybus, equipped with a high-voltage battery de-
signed for traction applications and additionally outfitted with a current
collector and onboard rectifier, served as the primary vehicle for testing
the ERS demonstrator [50]. Fig. 2.16 shows the bus during testing at the
demonstrator.

Figure 2.16: The primary vehicle, a Solaris Trollino 12 electric bus, during testing at the demonstrator.

The current collector installed on the bus features six arms to prevent
excessive power draw per segment in the SER. Fig. 2.17 illustrates the
current collector installed on the bus during operation. The sliding contacts
consist of braided wires made of copper and stainless steel, positioned at
the tip of each arm in the current collector, as depicted in Fig. 2.17b.
Additionally, each arm is connected to a branch of the passive rectifier to
ensure a constant polarity to the TVS of the bus.
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(a) Current collector installed on the electric bus during operation. (b) Sliding contact at the tip of the arm
in the current collector, featuring a
metallic brush.

Figure 2.17: Left: Current collector in operation on the electric bus. Right: Zoomed-in view of the sliding contact
with a metallic brush. Figures taken from [20, 44].

Figure 2.18 provides a schematic of the electric bus’ TVS circuitry. The
term ”TVS” encompasses all electrical loads connected to the high-voltage
battery in the electric vehicle. However, this thesis solely considers the high-
voltage battery with its corresponding battery converter, the traction motor
with its corresponding inverter, and the DC/DC converter between the
onboard rectifier as the TVS. Additional subsystems connected to the TVS,
such as HVAC, the 24 V system, and the compressor, are summarized as
”Auxiliary”. Interface D depicts the measurement interface where current
and voltage are measured.

Within this schematic, the voltage drop across the sliding contact is repre-
sented as a resistor. Following the rectifier in the TVS, a differential mode
filter is integrated, comprising an inductor and two capacitors. Situated be-
tween these capacitors is a common mode filter, which features a common
mode choke.

Figure 2.18: Schematic of the bus’ TVS. Turquoise colour represents the DC/DC converter, red the high-voltage
battery with corresponding converter and green traction motor with corresponding inverter. Auxiliary
summarizes all additional loads that are connected to the bus’ TVS.
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One of the primary reasons the bus was chosen as the test vehicle for the
demonstrator is its suitability for ERS applications, owing to its trolley sys-
tem configuration. The bus’s TVS topology is particularly advantageous for
ERS applications because the DC/DC converter between the ERS supply
and the bus’s TVS is designed to meet the bus’s power demands without
limitations. This offers several benefits:

• The bus can draw power directly from the ERS supply to the motor
and corresponding inverter without passing it through the battery,
thereby reducing energy losses associated with battery charging and
discharging cycles.

• The DC/DC converter’s power capability enables the bus to simul-
taneously charge its battery and draw power for the motor and all
additional auxiliary systems in the TVS, thereby maximizing the uti-
lization of the ERS supply.

As detailed in Chapter 4, which presents measurements from the testing of
the demonstrator, the battery converter in the bus was configured to draw
40 kW during static charging and 80 kW during dynamic charging to the
high-voltage battery. The power drawn during static charging is limited to
40 kW to prevent overheating of the brushes in the sliding contact shown
in Fig. 2.17. The total power drawn, encompassing both battery charging,
propulsion during acceleration, and auxiliary loads, can peak at nearly 200
kW, as demonstrated in Chapter 4. While this setup is effective for testing
the demonstrator’s power capabilities, BEVs adapted for ERS operation
may face restrictions regarding their power electronic ERS interfaces. These
restrictions arise due to two main factors:
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1. Allowing unrestricted power draw from all BEVs could overload the
ERS supply if multiple heavy vehicles accelerate simultaneously, as
the power draw during acceleration significantly exceeds that required
for cruising. To prevent oversizing of the ERS, the additional power
demands from vehicles during intense accelerations should be drawn
from the BEV battery rather than the ERS supply.

2. Volume constraints within BEVs limit the space available for onboard
ERS interface equipment. This limitation may restrict the power
capacity of the required DC/DC converter, especially if the converter
must support high power levels and be isolated due to previously
discussed electrical safety mitigation strategies related to the vehicle’s
chassis.

These considerations underscore the necessity of managing power draw and
equipment volume in BEVs adapted for ERS operation and will be further
evaluated in Chapter 4.

2.2.4 The Measurement System

The conductive ERS demonstrator played a fundamental role in conduct-
ing the work presented in this thesis. The development, calibration and
validation of the models presented are based on comprehensive experimen-
tal measurement sets obtained during the different tests conducted within
the project. Therefore, the equipment and measurement setup presented
in this subsection are essential for ensuring the validity and reliability of
this research.

This subsection presents the primary measurement system employed through-
out this thesis, with a specific focus on evaluating the demonstrator’s volt-
age and current characteristics, power flow, losses, and system efficiency.
These parameters are crucial for assessing the overall effectiveness and oper-
ational dynamics of the ERS. Moreover, in Chapters 4 and 5, this measure-
ment system plays a pivotal role in providing empirical data that enables
the development and subsequent validation of simulation models. To com-
prehensively evaluate the electrical properties of the demonstrator and, by
extension, the properties of the considered ERS technology, it is essential
to measure voltage and current across multiple interfaces of the demonstra-
tor. These measurements are then used to calculate and assess electrical
characteristics such as voltage and current quality, power flow, losses, and
efficiency.
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As illustrated in Fig. 2.13, interfaces A-D have been designated for voltage
and current measurements. Interface A, shown in Fig. 2.19a, represents the
power grid connection of the demonstrator, where voltage and current are
measured at every phase. Interface B, located at the input to the rectifier
with voltage and current measured at every phase, and Interface C, which
corresponds to the output of the rectifier, are shown in Fig. 2.19b. The
picture is blurred due to non-disclosure agreements with Elonroad. The
voltage sensor at interface D is shown in Fig. 2.20. Interface D represents
the input of the bus’ TVS, located on the bus roof, after the current collector
and onboard rectifier.

(a) Voltage sensors at interface A
(cabinet to the left) and the grid
connection of the transformer.

(b) The cabinet in the rectifier station contains the rectifier, corre-
sponding filters, circuit breakers, and control equipment. The
circles indicate the locations of current sensors at interfaces B
and C.

Figure 2.19: Location of the sensors at interfaces A, B, and C in the rectifier station.

Figure 2.20: LEM CV 3 voltage sensor installed on the roof of the electric bus at measurement interface D.
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In order to assess power, efficiency, and conductive EMI, the measurement
system was requested to provide high bandwidth, high sampling rate, and
high precision and accuracy. This required a careful selection of sensors,
measurement resistors, and data loggers, which resulted in a preference for
sensors primarily manufactured by LEM. Data logging is performed using
two MCC USB-1808X Data Acquisition Devices (DAQs) [51]. Table 2.1
outlines a comprehensive overview of the measurement system’s accuracy,
detailing both the total error at each interface and the individual contri-
butions from each component, including associated errors and bandwidth
[51–57].
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Table 2.1: Specifications of error and bandwidth concerning the components in the measurement system.

Measurement System Specifications

Parameter Measurement Interface
A B C D

DAQ

DAQ
sample

frequency [kHz]
200

DAQ
error [%]

0.036

Current
measurement

Sensor
model

LEM
LF 505-S

LEM
IT 605-S

LEM
IT 405-S

Sensor
Bandwidth [kHZ]

(@ -1 dB)
100 200 200

Sensor
error [%]

0.6 0.0016 0.0043

Resistor error [%] 0.04 0.012 0.012
Current
error [%]

0.68 0.049 0.052

Voltage
measurement

Sensor
model

DVL 250 CV 3-500 Resistor CV 3-1000

Sensor
Bandwidth [kHZ]

(@ -1 dB)
8 kHz 300 kHz - 500 kHz

Sensor
error [%]

0.5 0.6 0.16 0.6

Resistor
error [%]

0.03 - - -

Voltage
error [%]

0.57 0.64 0.19 0.64
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As the chosen LEM current sensors output a current, a measurement re-
sistor used as a shunt is connected to the sensor’s output, and the voltage
drop across this measurement resistor is used as an input to the DAQs. To
calculate the total current error, the error of the data logger, the measure-
ment resistor, and the sensors must be accounted for, as presented in the
table. The errors of the resistors are calculated by considering both the
tolerance value, as specified by the manufacturer, and the resistance tem-
perature coefficient of the resistors. All chosen resistors are high-precision
resistors, characterized by low tolerance deviation and minimal tempera-
ture drift [58, 59].

The bandwidth in the measurement system is defined at a 1 dB change at
the cut-off frequency. For the voltage measurement in interface C, a shunt
resistor design was used, in which no cut-off frequency was found [58, 59].
However, through calculations, the cut-off frequency was determined to
be above the data logger sample frequency and thus does not affect the
total bandwidth of the measurement system. In contrast to the other LEM
sensors in the measurement system, the CV 3 sensors output a voltage
rather than a current and therefore do not require additional measurement
resistors. All LEM sensor errors are defined as the deviation of current
or voltage at the specified nominal value according to the datasheet. The
total errors presented and the corresponding bandwidth of the interfaces
are deemed adequate for assessing the electrical properties of the considered
ERS technology.

However, one of the main challenges in the performance of measurement
system is that the accuracy of power and efficiency calculations is highly
influenced by the measurement accuracy of voltage and current at the indi-
vidual interfaces. To illustrate this, two arbitrary measurement interfaces
are introduced: interface 1 and interface 2, where voltage and current are
measured. Interface 1 is assumed to be located at the ERS power grid con-
nection, and interface 2 is assumed to be located in the vehicle. At these
interfaces, we introduce measurement errors for each measured voltage and
current individually, as presented in Eqs. (2.2) to (2.5). These measure-
ment errors are represented by δV1 , δI1 , δV2 , δI2 , which are the total errors
for each respective measurement and can be either positive or negative, de-
pending on whether the measurement is overestimated or underestimated.
Parameters V1, I1, V2, and I2 represent the true voltage and current values
at each interface, respectively. The measured values at these interfaces are
given by:
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V meas
1 = (1 + δV1)V1 (2.2)

Imeas
1 = (1 + δI1)I1 (2.3)

V meas
2 = (1 + δV2)V2 (2.4)

Imeas
2 = (1 + δI2)I2 (2.5)

The power at interfaces 1 and 2, calculated from the measured values in
Eqs. (2.2) to (2.5), are presented in Eqs. (2.6) and (2.7):

Pmeas
1 = (1 + δV1)(1 + δI1)P1 (2.6)

Pmeas
2 = (1 + δV2)(1 + δI2)P2 (2.7)

Finally, the efficiency ηmeas is calculated based on the ratio of the power
calculated at interfaces 1 and 2 from Eqs. (2.6) and (2.7), and are presented
in Eq. (2.8):

ηmeas =
Pmeas
2

Pmeas
1

=
(1 + δV2)(1 + δI2)

(1 + δV1)(1 + δI1)
× η (2.8)

Thus, the efficiency ηmeas, calculated from the measured values, will differ
from the theoretical efficiency η unless the measurement errors at interfaces
1 and 2 cancel out in a specific way. For instance, this results in a possible
error of −0.55% between interfaces A–D by incorporating the calculated
positive errors of voltage and current from Table 2.1. Although this might
appear insufficient, this accuracy is considered acceptable given the inherent
nature of the mathematical procedures and the constraints of time and
budget in the EVR project for improving it.

Furthermore, the performance of the measurement systems in terms of
accuracy varies among the measurement interfaces. Notably, the current
sensors in interfaces C and D exhibit significantly better performance in
terms of error compared to interfaces A and B. This is because, in the initial
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stages of this thesis work, there was a greater focus on interfaces C and D,
as interfaces A and B represent transformer and rectifier components, which
at the time were deemed to have well-known losses. Nonetheless, as shown
in Chapter 4, the impact of varying traffic intensity significantly affects the
entire ERS system, including the losses and design of the rectifier station.

2.2.5 Measurement System Validation

To further enhance the credibility of the measurement system, its per-
formance was validated. Although it was challenging to find instruments
that exceeded the accuracy of certain components in the measurement sys-
tem, such as the current sensors in interfaces C and D, a Rigol DM 3068
high-accuracy multimeter [60] was available. This multimeter was deemed
sufficient for validating the system’s performance. Prior to installation in
the rectifier station, the system was tested in a laboratory setting. This
testing revealed that installation factors such as cable lengths and power
supply choices affected the measurement results. Consequently, despite the
practical difficulties of performing the validation outdoors, including uncon-
trolled ambient temperature at the rectifier station, the decision was made
to validate the measurement system under real conditions. This approach
accounted for cable lengths and power supply choices, but also introduced
potential accuracy issues for the high-accuracy multimeter.

To validate the accuracy performance of the system’s voltage measure-
ments, an Oltronix A2,5K-10 power supply was connected to the voltage
sensors in interfaces A and B and the shunt resistor in interface C. The ter-
minals of the sensors were disconnected from their respective connections
in the rectifier station and connected in parallel with the power supply
and the high-accuracy multimeter. In Table 2.2, the results of the voltage
measurement validation are presented for interfaces A, B, and C. Four mea-
surements were conducted at each interface, aiming to cover the full voltage
range at which the sensors were expected to operate. The first column of
the table presents the measurements conducted for each interface. The
second column presents the value measured with the high-accuracy multi-
meter and the third column presents the maximum possible measurement
error according to the multimeter’s datasheet [60].
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Table 2.2: Validation of the voltage measurement accuracy of the measurement system.

Voltage Measurement Validation

Device Rigol DM3068
Demonstrator
Measurement

System
Parameter Value [V] Error [%] Maximum Error [%]
Interface A

Measurement 1 -224 0.032 0.27
Measurement 2 -112 0.023 0.26
Measurement 3 32 0.038 0.19
Measurement 4 352 0.026 0.24

Average 0.24
Interface B

Measurement 1 -266 0.029 0.18
Measurement 2 -133 0.028 0.25
Measurement 3 38 0.058 1.21
Measurement 4 350 0.026 0.22

Average 0.47
Interface C

Measurement 1 65 0.027 0.13
Measurement 2 260 0.030 0.054
Measurement 3 585 0.022 0.033
Measurement 4 715 0.021 0.031

Average 0.063

The fourth column presents the calculated maximum error for each mea-
surement value provided by the demonstrator’s measurement system. This
maximum error calculation originate from Eqs. (2.9) and (2.10). Eq. (2.9)
presents the maximum possible error that the measured values from the
high-accuracy multimeter can exhibit, according to the instrument’s datasheet
[60]. Here, XHA is the value measured with the high-accuracy multimeter
(shown in column two of Table 2.2), and δmax,HA is the maximum error
(positive or negative) of the high-accuracy multimeter (shown in column
three of Table 2.2). Xmax,HA represents the calculated value provided by
the high-accuracy multimeter, including its maximum possible error.

Xmax,HA =
XHA

(1± δmax,HA)
(2.9)
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In Eq. (2.10), Xdemo represents the measured value from the demonstrator,
and Xmax,HA represents the value provided by the high-accuracy multime-
ter, including its maximum possible error. Edemo represents the calculated
maximum relative error provided by the demonstrator’s measurement sys-
tem (shown in column four of Table 2.2).

Edemo =

∣∣∣∣Xmax,HA −Xdemo

Xmax,HA

∣∣∣∣ (2.10)

For interfaces A and B, the maximum error for each measurement presented
in the fourth column from the measurement system is the average maximum
error calculated from all three sensors across the three phases. The row
labeled ’Average’ presents the average value of the maximum errors from
measurements 1 to 4 of the measurement system.

When comparing the accuracy performance in terms of voltage of the mea-
surement system, as presented in column four in Table 2.2, with the calcu-
lated accuracy in Table 2.1, it is evident that the system outperforms the
calculations based on datasheets. The error percentage is lower in Table 2.2,
particularly in interface C, where the average maximum error percentage
is 0.063%, compared to the calculated error of 0.19% of voltage measure-
ments provided by the measurement system. The calculated accuracy of
the high-accuracy multimeter with an error as low as 0.021%, verifies its
performance and suitability as a reliable reference.

The accuracy of the current sensors was validated by connecting a Velleman
PS3010 power supply [61] in series with a resistive load, the same high-
accuracy multimeter used in the previous validation, and a thin cable wound
around the core of the current sensors. Figure 2.21a presents the circuit of
the setup used for validating the current sensors in the measurement system,
where the current source represents the power supply, Rload represents the
resistor, A represents the high-accuracy multimeter used as an ammeter,
the thin cable is shown in red, and the current sensor is shown in blue.
By applying this method, as illustrated in Fig. 2.21b, the current detected
by the current sensor was linearly proportional to the number of winding
turns around the sensor, thereby eliminating the need for a high-current
power supply.
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(a) Circuit of the setup used for validating the current
sensors in the measurement system, where a thin
cable (in red) was wound around the current sensor
(in blue).

(b) The method of winding a thin cable
(the yellow cable in the picture) around
the current sensor was applied during
the validation of the measurement sys-
tem.

Figure 2.21: Measurement setup for validating the current sensors.

The multimeter’s accuracy in measuring current is significantly lower than
its accuracy in measuring voltage [60]. However, it remained the most
suitable instrument available as a reference for assessing the measurement
system’s accuracy in measuring current. Consequently, the current sensors
in interfaces C and D were not evaluated, as their expected accuracy far
exceeded that of the high-accuracy multimeter, making it unsuitable as a
reference for these interfaces. In addition, due to practical limitations, val-
idation was conducted only on two current sensors in interface B. Although
sub-optimal, this approach was deemed acceptable since the sensors in in-
terfaces A and B are identical models, making the evaluation of a subset
of sensors justifiable.
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Using the same equations and type of data as in Table 2.2, Table 2.3
presents the results of the current measurement validation for interface B.
The first column lists the measurements 1-4, the second column presents the
values measured by the high-accuracy multimeter, the third column pro-
vides the multimeter’s error, and the fourth column presents the calculated
maximum error in current for the demonstrator’s measurement system, de-
termined using Eqs. (2.9) and (2.10). Similar to the validation results of
the voltage performance, the measured current performance of the measure-
ment system, as shown in Table 2.3, surpasses the calculated performance
presented in Table 2.1. The average maximum possible measurement error
is 0.48%, compared to the calculated error of 0.68% for interfaces A and B.

Table 2.3: Validation of the current measurement accuracy of the measurement system.

Current Measurement Validation

Device Rigol DM3068
Demonstrator
Measurement

System
Parameter Value [A] Error [%] Maximum Error [%]
Interface B

Measurement 1 -135 0.27 0.65
Measurement 2 -55 0.30 0.40
Measurement 3 79 0.29 0.36
Measurement 4 159 0.27 0.49

Average 0.48

While this experimental validation could be improved by encompassing a
larger number of measurements per interface, including all sensors in the
system, and utilizing even more accurate instruments as references, the
conducted validation indicates that the measurement system generally per-
forms at least according to the datasheet specifications. In many instances,
it even performs better than prescribed.
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Chapter 3

Experimental
Characterization of the
Sliding Contact

3.1 Introduction

The electric sliding contact is a well-known technology for transferring en-
ergy that has been studied in a wide range of applications [62–64]. Trains,
trams, metro trains, and trolleybuses are just a few examples where sliding
contacts are successfully used. However, conductive ERS presents a new
application for sliding contacts, differing from previous ones. In road-bound
conductive ERS, not only are the geometries different, but the contact sur-
faces are also more exposed to dirt, snow, rain, and other debris that may
obstruct or affect the quality of energy transfer. Moreover, similar to trol-
ley applications, the current collector must be designed to accommodate
the motion dynamics of the vehicle to maintain stable and reliable contact.

Since the sliding contact is the most crucial element for energy transfer
between the road and the vehicle in a conductive ERS, this chapter focuses
on the experimental characterization of its electrical properties. Different
designs of sliding contacts and current collectors have been developed across
various conductive ERS [15, 19, 26, 27, 29]. Among these, Honda’s design
is particularly noteworthy, as it employs an electrically conducting rotating
wheel in contrast to conventional sliding contact designs. As outlined in
Section 2.2, the ERS demonstrator presented in this thesis employs a sliding
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contact design based on a metallic brush-based contact mechanism. During
the tests conducted at the ERS demonstrator the performance of the sliding
contact exhibited significant variations in terms of stability and reliability.
Therefore, further assessment is required to determine the optimal current
collector and sliding contact configuration for conductive ERS. Published
work on sliding contacts for conductive ERS applications is sparse. To
address this research gap, this chapter presents an experimental approach
utilizing three distinct setups, located both in laboratory settings and at the
ERS demonstrator, aimed at expanding the understanding of this technical
solution.

A reliable electrical contact between the ERS and the vehicle is essential, as
it ensures a continuous and stable energy transfer to the vehicles using the
ERS. If the supplied current from the ERS to the vehicle is disrupted, the
primary purpose of the ERS is compromised. Therefore, the sliding con-
tact must be reliable. However, poor contact is inevitable at some point.
While it may not completely disrupt the energy transfer, poor contact may
increase the voltage drop across the sliding contact, leading to excessive
losses. If the contact quality deteriorates further, intermittent contact loss
can occur, posing a significant risk of arcing. Although such arcing may
be brief and intermittent, it can lead to severe issues, particularly in terms
of radiated and conducted emissions within the ERS and its surroundings.
This phenomenon is well-documented in railroad networks [65]. Thus, dur-
ing the design process of the current collector and sliding contacts, it is
essential to implement strategies to minimize arcing and to adopt methods
to maintain stable contact, thereby reducing losses and decreasing both
radiated and conducted electromagnetic emissions.

To delve deeper into the design of the sliding contact with respect to its
availability and reliability, it is necessary to understand its underlying elec-
trical properties. This involves investigating characteristics such as voltage
drop, contact resistance, friction force, and arcing, all of which are ex-
pected to have a significant impact on the contact’s quality and stability.
By attempting to measure and assess these properties, valuable insights
can be obtained into which factors, such as current levels, vehicle speed,
contact force, and weather conditions, influence the electrical properties of
the sliding contact. Additionally, the results from these measurements can
facilitate the parametrization of sliding contact behavior within simulation
models, such as those presented in Chapters 4 and 5 of this thesis, thereby
enabling the simulation of various performance characteristics of conductive
ERS technology across a wide range of applications.
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The first section of this chapter presents measurements from the ERS
demonstrator, covering both the magnitude and distribution of current
within the different arms in the current collector. This is crucial for gaining
a deeper understanding of how the design of the current collector affects
the characteristics of the current flowing through a single sliding contact,
as well as the resulting supplied current to the vehicle. Subsequently, the
findings regarding the characteristics of the current per arm in the current
collector are used to conduct a more detailed examination of the electrical
properties of an individual sliding contact.

The second section of this chapter presents experiments designed to assess
the contact resistance, friction forces, and arcing of a single sliding contact.
These experiments are conducted in a controlled laboratory environment
using an RTR. This experimental setup facilitates the manipulation of pa-
rameters such as contact force, current level, and speed, enabling a thor-
ough examination of their effects on voltage drop over the sliding contact,
contact resistance, friction forces, and arcing. Moreover, the controlled na-
ture of the laboratory environment eliminates external factors that could
potentially influence similar measurements taken at the ERS demonstrator.

Finally, the third section of this chapter presents experimental results from
the ERS demonstrator, focusing on the voltage drop and resistance of two
sliding contacts at varying speeds and current levels. These measurements
are subsequently used to calculate the mean contact resistance of a single
sliding contact from the ERS demonstrator. While the conducted mea-
surements at the demonstrator are more rudimentary in nature and less
accurate than those obtained from the RTR, they provide an order of mag-
nitude for contact resistance of a sliding contact from a real ERS. Moreover,
these results, in terms of their order of magnitude, validate the ability of
the RTR to assess the characteristics of the sliding contact from a real ERS
in terms of their order of magnitude. All experimental work related to the
demonstrator presented in this chapter is based on [44].
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3.2 Experimental Assessment of the Magnitude
and Distribution of Currents in the Current
Collector

In order to assess the quality of the sliding contact, including properties
such as voltage drop over the sliding contact, contact resistance and fric-
tional forces, comprehensive measurements are necessary. As the vehicle
traverses the electric road drawing power dynamically, the current drawn
by each sliding contact in the current collector alternates continuously and
is influenced by the vehicle’s power draw, speed, and the quality of the
sliding contacts.

A thorough understanding of contact quality, voltage drop, contact resis-
tance, arcing, and forces exerted on the contacts necessitates an initial
evaluation of the current flowing through each sliding contact. This is due
to the fact that all of these parameters are influenced by both the wave-
form shape of the current and its magnitude. To assess the distribution and
magnitude of the currents in the sliding contacts of a current collector, a
trailer is used that is specifically designed to test current collector designs,
sliding contact designs, and to demonstrate the demonstrator’s capability
of supplying power to vehicles.

3.2.1 Experimental Setup

Fig. 3.1 presents the trailer which is equipped with a current collector,
an onboard rectifier as well as a resistive load. The trailer is designed to
draw 300 kW from the SER and is equipped with 10 sliding contacts, each
mounted on an arm in the current collector, to distribute the power drawn
across multiple segments of the SER. During the testing procedure, the
trailer is towed by a vehicle along the SER.

The current collector mounted on the trailer comprises a mechatronic sys-
tem that integrates actuators, pulleys, wires, and springs. This system con-
trols the movement of the arms of the current collector, where the sliding
contacts are mounted, allowing them to be raised and lowered as charging
is initiated or terminated. In addition, the arms are designed to automat-
ically follow the electric road as the longitudinal frame on which the arms
are mounted can both rotate and traverse across the electric road, as orig-
inally presented in Fig. 2.9 in Chapter 2, thus ensuring continuous energy
transfer. The current collector is also engineered to apply a consistent con-
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(a) Overview of the trailer. (b) The underbody of the trailer, where the current collector is
mounted. Figure taken from [20].

Figure 3.1: The trailer specifically designed for testing at the ERS demonstrator.

tact force on the segments. The trailer is equipped with a communication
system that enables wireless activation of the segments in the electric road
as it traverses over them.

To assess how the currents in the sliding contacts of the current collector
depend on vehicle speed and contact quality over time, measurements were
conducted with the trailer. In theory, assuming stable contact, the current
should be evenly divided among each segment and sliding contact in the
current collector. However, in reality, the quality of contact is not contin-
uously stable, resulting in a changing distribution of currents within the
current collector over time. To validate this expected outcome, the current
is measured in each arm of the current collector to evaluate the distribu-
tion and magnitude of currents, which in turn allows for an assessment of
contact quality per sliding contact.

Fig. 3.2 presents a basic schematic of the trailer with n arms, including
the placement of current sensors. Note that the load current of the load
resistor is also measured, allowing for an assessment of how the current
and contact quality of each individual arm impact the total load current.
Tamura current sensors [66] were employed to measure the current, and the
data was logged using a DATAQ data logger [67]. Before the measurements
were conducted, the contact forces on the sliding contacts were measured
using a scale, with contact forces varying between 5 and 10 N among the
sliding contacts.
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Figure 3.2: Conceptual schematic of the trailer with n arms.

3.2.2 Results of Magnitude and Distribution of Currents in
the Current Collector

Fig. 3.3 presents the current for each arm in the current collector (A1-A3
top, A4-A6 middle, A7-A10 bottom), as well as the load current (AL).
The trailer is towed by a car at a speed of approximately 18 km/h. As
the trailer moves along the SER, the sliding contacts alternate between
contact with segments that are either a) isolated, resulting in zero current
flow, b) connected to the negative pole, resulting in negative current flow,
or c) connected to the positive pole, resulting in positive current flow. The
resulting rectified load current (AL) originates from the sum of currents of
each sliding contact with the same segment polarity. The presented 10-arm
current collector design demonstrates the advantage of using multiple arms
in applications requiring high power, as the total power draw is distributed
across multiple segments and sliding contacts.

56



0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

-200

0

200
C

u
rr

e
n
t 
[A

]
AL

A1

A2

A3

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

-200

0

200

C
u
rr

e
n
t 
[A

]

AL

A4

A5

A6

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Time [s]

-200

0

200

C
u
rr

e
n
t 
[A

]

AL

A7

A8

A9

A10

Figure 3.3: Measured current for each sliding contact in the current collector (A1–A3: top, A4–A6: middle, A7–A10:
bottom) and the resulting rectified load current (AL). The figure is taken from [44].

After 0.02 s, arm A1 makes contact with the first active segment, enabling
the full load current (positive current) to flow through the first arm of the
current collector. Simultaneously, the return path for the current is shared
between arms A2-A4 and A8-A10 (negative current), as these arms are in
contact with segments connected to the negative pole of the SER at this
time. Given that the distance between the arms in the current collector
is 0.45 m and the length of each segment is 1 m, a maximum of three
arms can maintain contact with a single segment (for example, A8-A10
at 0.02 seconds). After 0.13 seconds, the trailer has moved, allowing arm
A2 to make contact with the same active segment as A1. As a result,
the load current is now divided between A1 and A2. The return current
is now distributed among arms A3-A5, which are on the same segment
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connected to the negative pole, and arm A10, which is in contact with a
negative segment located further behind the segment that arms A3-A5 are
in contact with.

In theory, if optimal contact is maintained, the current in a single sliding
contact is expected to exhibit a repeating waveform. This is partially ob-
served in currents A2 and A3, which can be considered examples of this
repeating waveform under adequate contact conditions. The magnitude of
currents A2 and A3 alternates periodically, depending on the varying con-
tact status of other sliding contacts connected in parallel to segments with
the same voltage.

Although the load current (AL) remains unaltered, local instances of poor
contact occur. From 0.23 to 0.44 s in the bottom plot, current A7 appears
to exhibit poor contact. Fig. 3.4 presents a zoomed-in view of currents AL,
A2, A3, and A7 during this time duration. Current A7 has a discontin-
uous waveform shape, fluctuating greatly and even reaching zero at 0.405
s, despite that the corresponding arm of A7 is still located on the same
segment. An additional indication of poor contact is that the waveform
shape of current A7 does not resemble that of a rectified current, as ob-
served in currents A2 and A3, which demonstrate adequate contact. While
local variations in amplitude and waveform shape occur to varying extents
in almost all arms shown in Fig. 3.3, it is noteworthy that the rectified load
current (AL) remains unaffected
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Figure 3.4: Zoomed-in view from Fig. 3.3 of measured currents for sliding contacts A2, A3, A7 and the load current
AL between 0.23-0.44 s.

The fact that the load current (AL) remains constant and continuous high-
lights the benefits of the redundant design of a current collector with more
than three arms. Not only does a larger number of adequately spaced con-
tact points reduce the current load on each segment of the electric road, but
it also decreases the risk of introducing conductive EMI into the load cur-
rent. However, as shown in Fig. 3.3, poor contact can still occur within the
arms of the current collector, increasing the risk of excessive contact losses
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and potential arcing that may go unnoticed in the load current. Although
the load current itself remains unaffected, this localized poor contact can
lead to issues with radiated EMI, impacting the ERS and its vicinity.

In Fig. 3.3, the risk associated with having only three sliding contact points
is highlighted during the first 0.1 s, as the entire current load is dependent
on the contact quality of arm A1 at this time. Consequently, if arm A1
experiences poor contact during this period, the power supplied to the
trailer may be compromised.

To conclude, as demonstrated in Figs. 3.3 and 3.4, poor contact can easily
occur. While it may not always affect the load current, it can still lead to
severe consequences such as arcing and radiated emissions. Although the
current collector in the trailer is still considered a prototype, which accounts
for its partially imperfect performance, the measurements clearly indicate
that substantial design improvements are required to establish more stable
contact across all sliding contacts in the current collector. To improve
the overall performance of the current collector, a deeper understanding
of the characteristics of a single sliding contact is required, along with the
identification of the factors that impact its performance the most.

3.3 Experimental Assessment of the Sliding Con-
tact under Laboratory Conditions

To further evaluate the characteristics of a single sliding contact, this sec-
tion examines the voltage drop, contact resistance, and frictional force of a
sliding contact, as well as their dependence on speed, current, contact force,
and contact material in a controlled laboratory environment. Performing
the experiments in a laboratory setting allows for more practical, detailed
and time-efficient testing, enabling a greater number of measurements to
be conducted within a given time frame.

This section introduces an RTR that allows for the characterization of two
sliding contacts at the same time. While the RTR is expected to deliver
more refined measurements compared to those obtained from the ERS
demonstrator, its primary objective is not to achieve high precision and
accuracy in measuring voltage drop, arcing, or frictional force in relation
to the detailed properties of the brushes or the contact surface of the seg-
ments. Rather, the RTR is intended to emulate the sliding contact and its
behavior under conditions similar to those in the ERS demonstrator while
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eliminating uncontrollable factors inherent to the ERS demonstrator, as it
is located on a public road. In previous work, various aspects of electri-
cal contacts have been investigated, as outlined in [62]. Studies have been
conducted on both static contact resistance [62, 68] and sliding contacts
[62–64, 69], often in conjunction with contact wear. In [34], results are
presented for the calculated contact resistance and the coefficient of fric-
tion using an earlier version of the same RTR as introduced in this thesis.
These measurements were limited to speeds of up to 7.5 km/h and were car-
ried out with solid metal blocks instead of metallic brushes. Moreover, the
experiments included only one measurement per combination of material,
contact force, speed, and current level, thus failing to account for variations
of contact resistance, which, as discussed in the subsequent sections of this
chapter, are inherent to sliding contacts in conductive ERS.

During the design of the experiments with the RTR, various efforts were
made to minimize variability in the results by adjusting the experimental
setup. Even minor mechanical adjustments, such as variations in contact
force (ranging from 0.5 to 1 N) or small changes in the mounting angles
of the brushes (in the order of a few degrees), were found to have a con-
siderable impact on the observed contact resistance, arcing and friction
force. As the mechanical system in the RTR was not sophisticated enough
to handle these minor alterations, repeated measurements were conducted
to partially mitigate their effects and highlight the natural variations in
the results. Since conducting measurements with a large number of vary-
ing parameters becomes time-consuming, the experiments were limited to
five consecutive measurements for each combination of contact force, cur-
rent, and speed in order to capture the inherent variability in the results.
Moreover, it became apparent that contact resistance and friction force are
influenced by numerous factors, and the interactions between these factors
remain unclear. Therefore, a comprehensive understanding of the factors
influencing these phenomena necessitates further research, employing more
advanced experimental methods and a greater number of measurements
than those presented in this chapter. More sophisticated measurements, in
combination with additional data collection, are the subject of future work
and are beyond the scope of this thesis, as these experiments cannot be con-
ducted with the RTR in its current state. Consequently, the experiments
and results presented in this thesis should be regarded as preliminary with
respect to a full understanding of the factors influencing contact resistance
and friction forces in conductive ERS. The presented findings are intended
to serve as a foundation for future research in the field of sliding contacts
adapted for conductive ERS technology.
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While the RTR offers multiple advantages over the demonstrator, measure-
ments of voltage drop and current across the sliding contacts at the ERS
demonstrator remain vital for assessing the contact conditions in a real-life
ERS. Measurements conducted at the ERS demonstrator serve as a refer-
ence to determine whether the RTR can appropriately replicate the sliding
contact conditions present in a real-life ERS. To account for the differences
that may arise between the RTR and actual ERS conditions, the validity of
the contact resistance obtained with the RTR is verified in terms of order
of magnitude by comparing it with contact resistance derived from voltage
drop and current measurements made using the trailer at the demonstrator.
The comparison of resulting contact resistance originating from the RTR
and the ERS demonstrator is outlined in the final section of this chapter.

3.3.1 Experimental Setup

Fig. 3.5 presents the RTR, which consists of a rotating disk equipped with
a steel ring having the same cross-sectional area as the segments in the ERS
demonstrator. The RTR is fitted with two sliding contacts in the form of
steel brushes, similar to those used in the current collectors of the ERS
demonstrator. A DC current source is connected between the two sliding
contacts, enabling current to flow through one sliding contact, across the
steel ring, to the other sliding contact, and back to the current source. The
required contact force on each sliding contact is applied by placing weights
on them using a seesaw-based mechanical system.

Figure 3.5: The RTR located in a laboratory environment.
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Fig. 3.6 presents a conceptual overview of the selected parameters influenc-
ing the RTR. The red elements represent the sliding contacts. The circular
symbol with an arrow connected between the sliding contacts represents
the current source connected to them. The green arrows indicate the se-
lected mechanical parameters that are assessed and influence the sliding
contacts. The vertical arrows represent the applied downward forces on the
sliding contacts, corresponding to the counteracting contact forces exerted
to them, while the tangential arrows denote the measured pulling forces,
which directly correspond to the counteracting frictional forces exerted on
the sliding contacts. Finally, the green arc-shaped arrow represents the
rotation of the entire rotating disk.

Figure 3.6: Conceptual overview of the considered parameters in the RTR. Red elements represent the sliding
contacts and green arrows mechanical parameters.

In order to provide a stable continuous contact between vehicle and electric
road, a specific contact force is necessary. However, the exact magnitude of
the required contact force remains uncertain and is potentially influenced
by several factors, including vehicle speed, contact material, surface area,
current, and road unevenness. Additionally, the vertical motion dynamics
of the vehicle, in conjunction with the behavior of its suspension system,
must be considered when selecting the appropriate contact force. For the
10-arm current collector used in the trailer, the contact force ranged from 5
to 10 N among the sliding contacts. When using the RTR, the forces exerted
to the sliding contacts are limited compared to those experienced in the ERS
demonstrator, as dynamic forces resulting from the motion dynamics of the
vehicle and its corresponding current collector are excluded. The RTR is
specifically designed to allow the contact force to be set to predetermined
values, thereby facilitating detailed measurements of the resulting contact
resistance and friction force.
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In the RTR, the contact force is controlled by employing a mechanical
seesaw-based construction, as illustrated in Fig. 3.7, where counterweights
are suspended to exert a constant downward force on the sliding contacts.
The sliding contacts are mounted on a mechanical system with sliding bear-
ings, allowing free vertical motion, thereby maintaining a constant contact
force. The contact force is not logged continuously during a measurement
but is measured prior to each measurement using a scale. Although tran-
sients may occur in the vertical forces over time due to unevenness in the
surface or the steel ring and mechanical oscillations caused by the RTR, the
mean value of the contact force is assumed to remain constant throughout
the measurement procedure. This assumption is considered adequate, as
only the mean values of voltage drop, current, and friction force are relevant
for the assessment of contact resistance and friction force.

Figure 3.7: One of the two mechanical systems in the RTR where the sliding contacts are mounted. The sliding
contact is attached to a vertical sliding bearing, and a downward force is applied to it using a seesaw-
based mechanism.

The frictional forces originating from the sliding contacts are assessed by
mounting the sliding contacts on a horizontally installed sliding bearing,
as illustrated in Fig. 3.8. The sliding contacts themselves are attached
horizontally to a steel wire, which is connected to a load cell (with the
corresponding load cell amplifier [70, 71]). The mount for the brush of the
sliding contact is attached to the sliding bearing via a smooth cylinder,
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allowing the sliding contact to rotate freely as it is pulled by the steel wire
when the disk of the RTR is rotating. This setup is designed to isolate the
frictional force to the steel wire.

Figure 3.8: One of the two sliding contacts in the RTR. The sliding contact mount is attached to a horizontal
sliding bearing and connected to a load cell via a steel wire, enabling the measurement of the friction
force.

The exposed copper cable in Fig. 3.8 is the connection from the current
source to the sliding contacts, and the red thinner cable is the connection for
the voltage measurement. The voltage drop across the contact is measured
between the brush, at the mounting point of the brush as shown in Fig. 3.8,
and the steel ring. The connection for the voltage measurement point on
the steel ring is facilitated by a slip ring, as seen in the middle of the disk in
Fig. 3.5. To minimize the impact of the added resistance from the steel ring,
copper wires were installed underneath the steel ring’s circumference every
15 cm, resulting in minimal added resistance between the steel ring and
the sliding contacts. The resistance of the brushes themselves is considered
negligible compared to the resulting values of contact resistance.

Throughout the testing at the ERS demonstrator, two types of materials
were used for the metallic brushes: copper and stainless steel. These mate-
rials were tested both separately and in combination as sliding contacts in
various current collector configurations. The brushes were mounted in two
different orientations, either across the threads or along the threads, rela-
tive to the segments. For the measurements conducted with the RTR, the
brushes were aligned with their threads in the direction of the tangential
motion of the rotating steel ring. This configuration was chosen because it
resulted in the least variation in contact resistance.
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During the establishment of the experiments with the RTR, it was discov-
ered that the structural integrity of the brushes was sensitive to mechan-
ical impact. The arbitrary nature of the brushes contributed significantly
to variations in the results, as each measurement introduced distinct me-
chanical structures in every brush sample. This occurred because the bond
between the threads would disperse unpredictably, resulting in each brush
having a unique composition and shape. The alteration of the brushes
structure also occurred during the preparation of the brush specimens and
their attachment to the mounting positions on the RTR. This inherent vari-
ation led to significant differences between measurements, despite the same
contact force, rotational speed, and current being set in the RTR. To miti-
gate this issue, each brush sample was taped at the attachment point (white
tape, as seen in Fig. 3.9) to retain its structural integrity. The method of
applying tape at the tip of every brush sample and aligning them parallel
with the rotation of the steel ring was selected for the experiments con-
ducted with the RTR, as this configuration resulted in the least variation
in contact resistance between samples.

(a) Contact surface of 1 cm2. (b) Contact surface of 6 cm2.

Figure 3.9: Two different surface areas of the sliding contact assessed using the RTR.

For each brush material, two contact surface areas were selected: 1 cm2

and 6 cm2. As the copper and stainless steel brushes had different moduli
of elasticity and ductility, different downforces were applied to achieve the
same contact area. For a surface area of 1 cm2, a downforce of 7 N was
required for the copper brush, while for the stainless steel brush, a down-
force of 17 N was required. For the surface area of 6 cm2, a downforce of
14 N was required for the copper brush, and 31 N for the stainless steel
brush. In Fig. 3.9, the contact surfaces of 1 cm2 and 6 cm2 for the stain-
less steel brushes are shown. Note, that although the contact surface area
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was selected prior to the measurements, this surface area will be altered
during the measurements, as heat due to current and friction will increase
the mechanical ductility of the brushes, thus expanding their surface area.
The brushes have a cross-sectional area of 50mm2, a width of 30mm, and
a length of 55mm.

The voltage drop across the contacts, speed, current, and frictional forces
were logged using a NI CompactRIO-based system [72, 73]. The current
was measured using a LEM LF 505-S current sensor [54], and the voltage
was measured using an isolated voltage amplifier [74]. The rotational speed
of the rotating disk was measured using an inductive sensor.

Although the RTR was deemed adequate in emulating the sliding contact
conditions present at the ERS demonstrator during the establishment of
the experiments, it remains a compromise due to the following limitations:

1. Radial Contact Surface: The basic construction of the RTR is
based on a rotating disk, in contrast to the longitudinal arrangement
of segments used in the ERS demonstrator. This difference in design
accelerates the effects of contamination on the surface of the steel
ring. During the design of the experiments, it was observed that a
metallic oxide formed on the surface of the steel ring during testing,
particularly under poor contact conditions and arcing phenomena.
These oxides exhibited lower electrical conductivity than the metal-
lic brushes and surface of the steel ring, leading to an increase in
contact resistance. As the same surfaces on the steel ring and brush
becomes repeatedly contaminated with metallic oxides, a snowball
effect occurs, causing rapid accumulation of contamination, which is
different from the more gradual contamination that would occur in
the longitudinal electric road.

2. Mechanical Oscillations: The RTR is not a high-precision setup,
and its limited radius of 0.4 meters requires rotational speeds greater
than 333 rpm to simulate vehicle speeds of 50 km/h or more. At
these rotational speeds, the RTR becomes unbalanced, causing vi-
brations within its mechanical structure. These vibrations inherently
affect the forces exerted on the sliding contacts, and, consequently,
the measurements of voltage drop, current, and friction force. At
speeds exceeding 333 rpm, the impact of mechanical oscillations be-
comes so excessive that the sliding contacts become unstable, render-
ing them unrealistic compared to the sliding contact conditions in the
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ERS demonstrator. As a result, the RTR experiments are limited to
vehicle speeds corresponding to approximately 50 km/h.

3. Absence of a Suspension System: For a BEV equipped for ERS
operation, vehicle dynamics inherently influence the forces exerted
on the current collector, which in turn affect the sliding contacts.
The suspension system of the vehicle, its current collector, and the
evenness of the road where the ERS is installed all contribute to these
forces. In contrast, the only factors influencing the results in the RTR,
in terms of suspension, is the inherent elasticity of the brushes and
the weight of the sliding contact mount, which holds the brushes and
weighs approximately 350 g.

4. Limitations of the Current Source: In a real ERS, in the event of
contact loss, the voltage across the sliding contact is equal to the ERS
DC voltage (650 V DC for the demonstrator). When poor contact
occurs, the voltage across the contact will intermittently be equal
to this DC voltage, provided no other sliding contact in the current
collector is in contact with a segment of the same voltage. However, in
the RTR, a power supply is used as a current source, which means that
when contact loss occurs, the voltage across the contact is altered only
as quickly as the control circuit of the power supply allows. Moreover,
the open-circuit voltage of the power supply is limited to 30 V DC
[79]. Consequently, the RTR does not fully replicate the complete
electrical dynamics of the real ERS demonstrator during contact loss.

Despite these limitations and the fact that the RTR is not a high-precision
experimental setup, it is still expected to adequately emulate the sliding
contact conditions present in a real ERS. As such, it is expected to be used
to assess contact resistance and friction force in detail. This is in line with
the aim of the RTR, as in real-life scenarios, the sliding contacts are far
from a controlled environment, and the current collectors where the sliding
contacts are mounted are not high-precision mechanical systems.
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3.3.2 Methodology and Parameter Selection

The primary aim of the presented measurements using the RTR is to char-
acterize the contact resistance and friction force under varying speeds, cur-
rents, and contact surface areas. Although the RTR does not have the
capability to directly measure arcing, qualitative observations of arcing
events during the tests were noted and are presented as part of the results.
The assessed sliding contacts consist of metallic brushes made of copper
and stainless steel. For each material, two levels of contact force were ap-
plied, resulting in contact areas of either 1 cm2 or 6 cm2. Measurements
were carried out at speeds of 10, 30, and 50 km/h under current levels of
10, 30, 50, and 80 A.

The current flowing through a single sliding contact in a current collector is
an AC current that depends on speed, as observed in the previous section
of this chapter and shown in Fig. 3.3. However, due to limitations in time,
no power supply capable of replicating this AC current was available when
the experiments with the RTR were conducted. As a result, a constant DC
current was selected as a means of simplification and was deemed adequate
to emulate the sliding contact conditions present at the ERS demonstrator.
Moreover, during the setup of the experiments with the RTR, a constant
current was preferred, as the voltage drop across the sliding contacts oscil-
lated due to mechanical vibrations of the RTR, and thus a constant current
contributed in providing results with less variation.

Fig. 3.10 illustrates the simulated current from a three-arm current collec-
tor on a vehicle drawing 40 kW at a speed of 20 km/h, simulated using the
simulation model described in detail in Chapter 5. This simulation high-
lights the waveform shape of a current flowing through one sliding contact
during favorable contact conditions. The current flowing through one arm
of the current collector is AC and its corresponding RMS value is theoret-
ically approximately 0.78 times the mean rectified total DC current after
the onboard rectifier for a 3-arm current collector, based on the simulated
currents shown in Fig. 3.10, assuming a 6-pulse passive rectifier is used in
the rectifier station.

The DC current levels of 10, 30, 50, and 80 A were selected as they represent
the current flowing through a single sliding contact for a BEV drawing
powers of approximately 9, 25, 42, and 67 kW, respectively, using a three-
arm current collector. For example, a DC current of 10 A, representing
the RMS value of the AC current through a single sliding contact, results
in a total rectified current of 13 A after the onboard rectifier, leading to a
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Figure 3.10: Simulated currents in a three-arm current collector. Arm 1-3 are represented in blue, red (dashed
lines), and yellow (solid highlighted lines), respectively, along with the load current, labeled ’Total’
(purple dashed lines), after the onboard rectifier.

power draw of approximately 9 kW at an electric road DC voltage of 650
V. Similarly, an RMS current of 80 A through one sliding contact yields
a rectified current of 103 A, corresponding to a power draw of 67 kW. A
power level of 9 kW corresponds to the magnitude of power consumption
that a passenger car might require when cruising at urban speeds or even on
rural roads, considering only propulsion and auxiliary systems. In contrast,
a power draw of 67 kW is more representative of a passenger EV operating
on highways, with energy supplied to propulsion, auxiliary systems, and
battery charging. These assumptions are discussed in greater detail in
Section 4.4 in Chapter 4. A heavier BEV, such as a truck, is expected to
require significantly higher power levels than 67 kW from an ERS. However,
for such vehicles, the current collector can be extended by increasing the
number of arms, provided the vehicle’s underbody surface area is sufficient
to accommodate larger current collectors, as a greater number of arms
facilitates a higher power draw.

While a single sliding contact in a three-arm current collector and corre-
sponding segment in the electric road is capable of handling peak currents
exceeding 200 A, distributing the energy transfer across multiple segments
offers two main advantages. Firstly, it reduces the risk of contact loss be-
tween the BEV and the ERS, as multiple sliding contacts provide greater
redundancy in maintaining continuous contact. Secondly, using more than
three sliding contacts in a current collector reduces overall losses, since the
current per arm decreases and the losses are proportional to the square of
the current, as elaborated in the introduction in Chapter 4. Consequently,
for vehicles with sufficient space in their underbody to accommodate a cur-
rent collector with more than three sliding contacts, especially when high
power demands are involved, using additional arms can lower the current
per segment and reduce total losses. This is particularly relevant for heavier
BEVs, such as buses and trucks, which typically have larger batteries and
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higher power consumption compared to passenger cars. To sum up, the
selected DC current levels of 10, 30, 50, and 80 A are appropriate, as they
represent a reasonable range of currents for one arm in a current collector,
relevant for both passenger cars and heavier BEVs operating on an ERS.

The rotational speeds were selected to correspond to 15, 30, and 50 km/h.
The speeds of 15 and 30 km/h were chosen because they fall within the
range of speeds that could be validated using the ERS demonstrator, while
50 km/h was selected to assess how contact resistance, frictional force, and
arcing are influenced at higher speeds beyond the demonstrator’s limita-
tions. Although investigating speeds above 50 km/h is relevant, the RTR
is constrained to rotational speeds equivalent to a maximum of 50 km/h,
as higher speeds caused excessive mechanical oscillations, which inherently
affected the measurements.

For each combination of speed, current, and contact force five consecutive
measurements were conducted using the same set of brushes. During each
measurement, the current was set to the predetermined level, and the RTR
was rotated for 1 minute and 30 seconds. After stopping the rotation, the
current was switched off after a few seconds. A logging time of 1 minute and
30 seconds was sufficient in order to obtain stable values of friction force,
voltage drop, and current, which were then used to calculate mean values
for contact resistance and friction force based on the logged variations.

3.3.3 Experimental Results of the Sliding Contact

Fig. 3.11 presents the fifth measurement for the combination of a copper
brush with a 14 N contact force (corresponding to a 6 cm2 contact area),
current set to 30 A, and a rotational speed equivalent to 15 km/h. The
upper plot presents the voltage drop across contact 1 (blue) and contact
2 (red) which are related to the left y-axis, and the current in the circuit
(green) is related to the right y-axis. The middle plot presents the calcu-
lated contact resistance for contact 1 (blue) and contact 2 (red), derived
from the voltage drop divided by the current. In the lower plot, the friction
forces from sliding contact 1 (blue) and contact 2 (red) are shown along
with the emulated speed of the RTR (green). The friction forces are re-
lated to the left y-axis and the emulated speed of the RTR is related to
the right y-axis. The voltage drop, current, calculated contact resistance,
and friction forces are presented with a 100 ms moving average filter. As
voltage and current were continuously logged throughout the measurement,
the static contact resistance is calculated both before and after the rotation
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of the RTR. For each measurement, the mean value of the static contact
resistance was computed by including a few seconds of logged voltage and
current taken before and after the rotation was conducted. This approach is
considered an adequate method for emulating the static contact conditions
from a real ERS, as it partially accounts for wear on the brushes.
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Figure 3.11: The upper plot shows the voltage drop across the two sliding contacts (blue line for Contact 1 and
red line for Contact 2, corresponding to the left y-axis) and the current (green line, corresponding to
the right y-axis) as measured by the RTR. The middle plot presents the calculated contact resistance
for Contacts 1 (blue) and 2 (red), derived from the data in the upper plot. The bottom plot displays
the measured friction forces for Contacts 1 and 2 (blue and red lines, corresponding to the left y-axis)
and the calculated emulated speed (green line, corresponding to the right y-axis).

In this thesis, contact resistance is defined as the voltage drop across the
sliding contact divided by the current. Previous research, including [69],
has demonstrated that the voltage drop over the sliding contact in carbon
brushes for slip rings is not linearly proportional to the current. Although
this phenomenon is particularly relevant for sliding contacts in a conduc-
tive ERS, it remains an area for future research as the RTR is focused on
producing more order-of-magnitude-oriented results. Given the generalized
nature of the results provided by the RTR, contact resistance in this thesis
is simplified as the voltage drop over the contact divided by the current.
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As mentioned at the end of Section 3.3.1, a suspected metal-oxide layer
accumulates on both the surface of the steel ring and the contact surfaces
of the stainless steel and copper brushes. The occurrence of this contami-
nation was more prominent under poor contact conditions, intense arcing,
and prolonged operation. Additionally, for the copper brushes, smearing of
copper onto the ring surface was observed. Fig. 3.12 presents the copper
brushes used after five consecutive measurements from Fig. 3.11, which were
conducted with a contact force of 14 N, a current of 30 A, and a rotational
speed of 30 km/h. The darker regions on the brush surfaces correspond to
areas where the suspected metal-oxide deposits were most prominent.

(a) Brush 1 (b) Brush 2

Figure 3.12: One set of sliding contacts in the form of copper brushes after five consecutive measurements.

To analyze the materials formed and deposited on the brushes, a prelimi-
nary Scanning Electron Microscopy analysis was conducted using a Tescan
Mira-based setup [75]. The analysis revealed that material from the steel
ring had adhered to the contact surfaces of both the copper and stain-
less steel brushes. The adhered material consisted primarily of ferric oxide
(Fe2O3), along with residual sliding contact materials that remained on the
surface of the steel ring from previous experiments.

As ferric oxide exhibits a significantly higher resistivity (in the range of
10−3Ωm) [76] compared to copper and stainless steel (1.68 × 10−8 Ωm
and 6.9 × 10−7 Ωm, respectively) [77], this confirms the hypothesis that
the contamination of the contact surfaces increases the contact resistance.
This observation provides a credible hypothesis for the increase in contact
resistance over time during the measurements, which was more rapid under
poor contact conditions and even more pronounced in the presence of arc-
ing. The heat generated under these conditions is believed to accelerate the
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formation of ferric oxide. This adhesive process between the brushes and
the steel ring, driven by heat from poor contact, arcing, and prolonged use,
is believed to play a critical role in the degradation of contact performance.

To mitigate this contamination during the experiments, the surface of the
steel ring was cleaned with a 100 grit sandpaper between each measure-
ment combination, while the brushes remained unaltered throughout the
five consecutive measurements. This method was deployed to minimize ex-
aggerated contamination effects caused by the radial design of the RTR,
as discussed in the previous subsection. The brushes were kept unchanged
to replicate the conditions present in the ERS demonstrator, where the
brushes would have experienced wear over time. Moreover, this approach
was selected to capture any variations in contact resistance over time, in-
cluding observations of potential phenomena such as wear-in trends and
drifts in the results. It was concluded, by means of testing, that five con-
secutive measurements with the same brush would be sufficient to deter-
mine whether such trends were present. Although performing additional
measurements for each combination of current, speed, contact force, and
material could potentially yield more conclusive evidence of these trends, it
was deemed impractical due to the significant extra time it would require.

The wear on the brushes and the surface of the steel ring resulting from the
experiments is considered insignificant compared to the expected wear that
the brushes and the contact surfaces of the segments in a real ERS would
be subjected to. The total duration of a single measurement corresponds to
an estimated travel distance of approximately 0.4 to 1.4 km, depending on
speed. This suggests that the observed wear, as well as the contaminating
effects of oxidation, on the brushes in the RTR is expected to be signifi-
cantly more pronounced during ERS operation in real-world applications.
Similarly, regarding the contact surface of the steel ring, a rotational speed
of 100 rpm (15 km/h) during the measurement period is equivalent to ap-
proximately 180 vehicle passages, while 333 rpm (50 km/h) corresponds
to about 600 vehicle passages, based on the assumption that one rotation
represents a single vehicle traversing a segment. Therefore, the cumulative
surface wear measured during the experiments remains minimal compared
to the expected wear that a segment would be subjected to in a real ERS.

In the remaining figures of this subsection (Figs. 3.13 to 3.20), two figures
are presented for each combination of material and contact force. The first
figure shows the resulting contact resistance, while the second illustrates
the frictional forces of the two sliding contacts in the RTR, denoted as con-
tact 1 (blue) and contact 2 (red). In the figures, ”1” represents the first
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measurement, and ”5” denotes the final measurement. This numbering
convention was chosen because an increase in contact resistance over time
was commonly observed during the measurements. However, both contact
resistance and arcing exhibited highly variable behavior. In some instances,
an increase occurred during one of the five consecutive measurements and
persisted throughout the remaining series. Conversely, there were also in-
stances where a decrease in contact resistance and/or arcing intermittently
appeared in one of the five measurements, and then in the remaining mea-
surements, the results of contact resistance and/or arcing reverted to the
original value in the subsequent measurements.

In the process of establishing the experimental setup and conducting initial
tests, arcing was frequently observed. Arcing was subjectively graded on a
scale from 1 to 3 based on visual observations, as no direct method for mea-
suring arcing intensity was available. The grading of arcing is illustrated in
the figures using varying line lengths: 1 represents minimal arcing (shortest
line), 2 signifies moderate arcing, and 3 denotes severe arcing (longest line),
with noticeable detachment of brush threads.

In the top plot of each figure presenting contact resistance, the static con-
tact resistance is shown. Since the static contact resistance was calculated
from measurements taken before and after each dynamic contact resistance
measurement, the figure also includes information about the arcing inten-
sity that occurred during each dynamic contact resistance measurement,
which impacts the corresponding static contact resistance. The arcing in-
tensity after each calculated static contact resistance is illustrated using
the previously described grading system, with longer lines indicating that
more intense arcing occurred during the corresponding dynamic contact re-
sistance measurement. This representation aims to highlight any potential
correlation between the degree of arcing to which a brush is subjected (and,
by extension, the resulting wear and oxide formation caused by the arcing)
and its resulting static contact resistance.

Copper Brushes

In Fig. 3.13, the results of the calculated contact resistance for copper
brushes with a contact force of 7 N (corresponding to a contact surface
area of 1 cm2) and current levels of 10, 30, 50, and 80 A are presented. The
first plot displays the static contact resistance, while the second, third, and
fourth plots correspond to rotational speeds of 15 km/h, 30 km/h, and 50
km/h, respectively.
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Figure 3.13: Calculated contact resistance for copper brushes (contact 1 in blue and contact 2 in red) with a contact
force of 7 N corresponding to a 1 cm2 contact area. The horizontal length of the lines represents the
observed arcing intensity.

In the second and fourth plots, which present contact resistance at speeds
of 15 and 50 km/h, at currents of 10 A both contact resistance and arcing
increase gradually with each measurement. As the calculated static contact
resistance is influenced by arcing and wear occurring during the dynamic
experiments this trend can also be observed in the static contact resistance
indicating that the wear and contamination of the brushes increases both
static and dynamic contact resistance. In contrast, the third plot, which
represents a current of 10 A at a speed of 30 km/h, does not display the
same behavior, as contact resistance remains fairly constant and no arcing
occurs, resulting in lower contact resistance of 14-25 mΩ. Consequently,
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the results for the static measurements in this case also showed low contact
resistance of 11-20 mΩ, as minimal wear and oxide formation were generally
associated with good contact and reduced arcing. A general trend is noted
when the current exceeds 30 A: regardless of speed, more intense arcing is
observed, occurring either continuously throughout the measurements or
intermittently.

Overall, higher currents result in lower contact resistance. Higher speeds
tend to result in both higher contact resistance and greater variability for
currents of 10, 30, and 50 A, with the exception of 10 A at 30 km/h, as
previously mentioned. However, for currents of 80 A less variation and ap-
proximately constant contact resistance is observed with increasing speed,
with static contact resistance values ranging from 5-13 mΩ. For speeds
ranging from 15 to 50 km/h, contact resistance remains relatively stable,
varying between 12 and 27 mΩ. Although arcing persists, improved contact
resistance is observed. This is believed to be due to the fact that higher
currents and speeds contribute to increased heat, which leads to greater
mechanical ductility of the brushes, resulting in larger contact surfaces and
consequently reduced contact resistance. In terms of arcing, all combina-
tions except for a speed of 30 km/h and a current of 10 A exhibit arcing.
The reason behind the anomaly observed in contact resistance and arcing
for the combination of 10 A current at a speed of 30 km/h remains un-
known. One possibility is that this behavior stems from the arbitrariness
of the brushes. Another theory is that the mechanical oscillations of the
RTR associated with this particular combination of speed and current were
favorable for the quality of contact in this case.

Fig. 3.14 presents the corresponding measurements of friction force for the
dynamic contact resistance shown in Fig. 3.13. In general no clear trends
are observed in relation to current, arcing, or speed with respect to friction
force. Additionally, no significant variations in friction force are observed
which can be attributed to wear or contamination of ferric oxide on the
contacts. It is possible that trends may emerge if additional measurements
per brush pair are conducted. With a contact force of 7 N, the friction
force between the brush and the contact surface ranges from 1.5–3.5 N.
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Figure 3.14: Measured frictional force for copper brushes (contact 1 in blue and contact 2 in red) with a contact
force of 7 N corresponding to a 1 cm2 contact area. The horizontal length of the lines represents the
observed arcing intensity.

Fig. 3.15 presents the calculated contact resistance for copper brushes under
a contact force of 14 N (corresponding to a contact surface area of 6 cm2)
at speeds of 0, 15, 30, and 50 km/h and currents of 10, 30, 50, and 80 A. In
general, the increased contact force reduces variations in contact resistance,
particularly evident for currents of 30 and 50 A at speeds of 15, 30, and
50 km/h. In addition, arcing is overall also slightly reduced under these
combinations of currents and speeds. However, for currents of 10 A and
speeds of 15 and 50 km/h the calculated contact resistance still exhibits
significant variations.

At a speed of 15 km/h and a current of 10 A, the first measurement shows
significantly more arcing than the subsequent ones, with the contact re-
sistance gradually increasing for each measurement. This highlights that
during the wear-in phase of the sliding contact, arcing can initially occur
and then decrease as resistance gradually increases. In contrast, at a speed
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Figure 3.15: Calculated contact resistance for copper brushes (contact 1 in blue and contact 2 in red) with a contact
force of 14 N corresponding to a 6 cm2 contact area. The horizontal length of the lines represents
the observed arcing intensity.

of 50 km/h, the opposite is observed: no arcing is present during the ini-
tial measurements, but it occurs in later ones, coinciding with a significant
increase in contact resistance from 30 mΩ to 300 mΩ. This rapid increase
in contact resistance highlights a so-called ’snowball effect,’ where poor
contact quality over time leads to a greater buildup of contamination (in
the form of ferric oxide), which accelerates arcing, increases contact resis-
tance and heating, and causes further contamination and degradation of
the contact.
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The wear-in phase of the sliding contact at currents of 10 A is believed to
result from the fact that the brushes are not sufficiently heated to mold
their contact surface against the contact surface as effectively as they do
at higher currents which produce more heat. This results in poorer contact
and greater variations in contact resistance at currents of 10 A. However,
the combination of 10 A and a speed of 30 km/h, as previously discussed
and observed in Fig. 3.13, demonstrates an anomalous stable contact with
no arcing.

In general, the values of contact resistance for currents of 50 A and 80 A do
not differ significantly under varying applied contact forces, as seen when
comparing Fig. 3.15 and Fig. 3.13. For currents of 80 A with a contact
force of 14 N, the static contact resistance is as low as 5–8 mΩ, while at
a speed of 15 km/h, the resistance ranges between 14–20 mΩ. At speeds
of 30–50 km/h, the contact resistance stabilizes at approximately 16–30
mΩ. Whereas in Fig. 3.13 with a contact force of 7 N for currents of 80 A
the static contact resistance is 5-13 mΩ, while at a speed of 15 km/h, the
resistance ranges between 12–22 mΩ. At higher speeds of 30–50 km/h, the
contact resistance ranges between 16–27 mΩ.

However, the increased contact force appears to contribute to a reduction
in the intensity of arcing. As shown in Fig. 3.15, only moderate arcing is
observed at currents of 50 A and speeds of 15 and 50 km/h, compared to
Fig. 3.13 with a contact force of 7 N, where most measurements with 50
A present severe arcing. This might be attributed to the impact that the
increased contact force has on mitigating the mechanical oscillations that
occur at higher speeds, thereby dampening arcing effects and minimizing
variations in contact resistance at these speeds.

The corresponding friction forces for a contact force of 14 N, under the
combinations of currents and speeds illustrated in Fig. 3.15, are shown in
Fig. 3.16. As previously noted, no apparent trends in friction force can be
observed in relation to speed and current. With an increased contact force
of 14 N, the friction forces are within the range of 3–7 N.
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Figure 3.16: Measured frictional forces for copper brushes (contact 1 in blue and contact 2 in red) with a contact
force of 14 N corresponding to a 6 cm2 contact area. The horizontal length of the lines represents
the observed arcing intensity.

Stainless Steel Brushes

Fig. 3.17 presents the calculated contact resistance for stainless steel brushes
with a contact force of 17 N (corresponding to a contact surface area of 1
cm2), currents of 10, 30, and 50 A and speeds of 0, 15, 30, and 50 km/h.
Compared to copper brushes, stainless steel brushes generally performed
better in terms of arcing, with no arcing observed at 10 A and with lower
variations in contact resistance. However, arcing intensified rapidly at 30 A
and speeds of 15–50 km/h. At currents of 50 A and speed of 30 km/h, the
experiments had to be terminated due to excessive arcing, which posed a
fire hazard. Measurements at 50 A and 50 km/h, as well as at 80 A, could
not be conducted for the same reasons.

In general the contact resistance is higher compared to Figs. 3.13 and 3.15.
Despite the occurrence of arcing, the contact resistance values remained
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Figure 3.17: Calculated contact resistance for stainless steel brushes (contact 1 in blue and contact 2 in red) with
a contact force of 17 N corresponding to a 1 cm2 contact area. The horizontal length of the lines
represents the observed arcing intensity.

within a similar order of magnitude to those observed for copper brushes
in some cases, such as 60–90 mΩ for 50 A at a speed of 15 km/h. This
suggests that while arcing does not necessarily lead to excessively high con-
tact resistance, it still poses significant risks, including excessive heating,
potential fire hazards, and the generation of radiated electromagnetic emis-
sions. Although the heat generated by arcing is expected to promote oxide
formation and thereby increase contact resistance, the observed increase in
contact resistance is not significant in this case. The underlying reasons for
this discrepancy remain unclear.
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Fig. 3.18 presents the corresponding friction forces for the steel brushes
with a contact force of 17 N. Once again, no clear trends in friction force
related to speed and current can be observed. The resulting frictional forces
range from 4 to 7.5 N.
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Figure 3.18: Measured frictional forces for stainless steel brushes (contact 1 in blue and contact 2 in red) with
a contact force of 17 N corresponding to a 1 cm2 contact area. The horizontal length of the lines
represents the observed arcing intensity.

Fig. 3.19 presents the calculated contact resistance for stainless steel brushes
with an applied contact force of 31 N (corresponding to a contact surface
area of 6 cm2), evaluated at currents of 10, 30, 50, and 80 A, with speeds
of 0, 15, 30, and 50 km/h. Stainless steel brushes with a contact force of 31
N demonstrate superior performance in mitigating arcing compared to the
other combinations of brush material and contact force. At a current of 10
A, no arcing is observed, and the contact resistance decreases on average
from approximately 125 to 90 mΩ with increasing speeds of 15 to 50 km/h.
Similarly, for 30 A, no arcing is detected. The average contact resistance
at this current level is lower than at 10 A, ranging from 25 to 75 mΩ.
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Figure 3.19: Calculated contact resistance for stainless steel brushes (contact 1 in blue and contact 2 in red) with
a contact force of 31 N corresponding to a 6 cm2 contact area. The horizontal length of the lines
represents the observed arcing intensity.

At 50 A, arcing occurs only at a speed of 15 km/h, and the range of contact
resistance is very similar to that observed at 30 A. At 80 A, however, arcing
occurs, accompanied by a slight increase in contact resistance at speeds of
30 and 50 km/h. This suggests that higher current levels require more
stable contact conditions than lower current levels to prevent arcing. The
phenomenon of increased contact resistance at these high current levels is
believed to be attributed to the excessive heating caused by the increased
current, which accelerates the oxidation of the contacts.
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Although stainless steel brushes may not achieve the lowest contact resis-
tance, their performance in the speed range of 15–50 km/h and currents of
50 and 80 A with a contact force of 31 N yields contact resistance values
between 25–50 mΩ. This low contact resistance is comparable to that of
copper brushes with a contact force of 14 N, which exhibit slightly lower
contact resistance values ranging from 13 to 30 mΩ under the same condi-
tions, although with more frequent arcing.

The corresponding friction forces associated with the stainless steel brushes
with a contact force of 31 N are presented in Fig. 3.20. As expected, given
that the contact force of 31 N is significant compared to the other materials
and contact force values presented, the corresponding friction forces are also
considerable, ranging from approximately 8 to 15.5 N.
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Figure 3.20: Measured frictional forces for stainless steel brushes (contact 1 in blue and contact 2 in red) with
a contact force of 31 N corresponding to a 6 cm2 contact area. The horizontal length of the lines
represents the observed arcing intensity.
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In general, the results highlight three key observations:

1. The combination of higher speeds (50 km/h), low currents (10 A, and
notably 30 A for stainless steel brushes at 17 N), and lower contact
forces (7 and 17 N) corresponding to 1 cm2, tends to create more
unstable contact for each brush material. This instability leads to in-
creased arcing, greater variation in contact resistance, and generally
higher contact resistance. At higher current levels, as more heat is
generated in the brushes, they are believed to become more ductile.
This increased ductility allows the brushes to adapt their shape, im-
proving the contact surface area and consequently reducing contact
resistance.

2. Despite the varying contact materials and contact force, certain trends
remain consistent across all conditions. Specifically, increasing cur-
rents appear to decrease contact resistance. This trend has also been
observed in static contact cases [68]. This is generally valid, as long
as the contact is somewhat stable and consistent, which appears to
be accurate for cases involving higher contact force and lower speeds.

3. The results exhibit variations, which are believed to be attributed to
both the inherent mechanical nature and dynamics of the RTR, as
well as the brushes themselves. The brushes, by their nature, easily
change their structure and shape when subjected to mechanical forces.
As such, simply mounting the brushes in the RTR could inherently
affect their shape and, consequently, their performance. Moreover,
these results indicate that the quality of the sliding contact is highly
dependent on mechanical dynamics and forces.
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Although copper has over 40 times lower resistivity than stainless steel [77],
stainless steel brushes, in some of the presented cases, exhibit a contact
resistance of a similar order of magnitude. This is believed to be due to
mechanical factors, particularly the elasticity and ductility of the brushes,
which impact the resulting contact resistance significantly more than the
resistivity of the brush materials themselves. These properties allow the
brushes to conform to the surface of the steel ring, improving contact. Their
significant impact on contact resistance in the experiments is believed to
partly stem from the absence of springs or dampers in the RTR. As the
copper and stainless steel brushes exhibited a similar order of magnitude in
contact resistance in some cases, it is believed that both materials were able
to conform to the contact surface of the steel ring in a similarly effective
manner.

To sum up, material choice in terms of resistivity may be secondary to the
mechanical properties of the contact interface, as contact resistance appears
to be more closely related to the mechanical dynamics of the sliding contact
than to the resistivity of the materials. Therefore, future sliding contact de-
signs should prioritize the integration of dampers and spring mechanisms,
as these features could significantly improve both contact quality and re-
sistance. Additionally, material selection for the sliding contact should also
consider durability, the coefficient of friction, and resistivity.

In general, no clear trends or patterns can be observed from Figs. 3.14,
3.16, 3.18 and 3.20 in terms of force as a function of current or speed. This
topic is further discussed in [63, 64], which examines the impact of the
coefficient of friction, current, and speed on contact wear. In this thesis,
however, this subject is not the primary focus, as the RTR currently lacks
the precision required to yield reliable results in this context. While it may
be possible to identify trends by using multiple brush samples per measure-
ment combination, allowing for the application of statistical methods, such
an approach was not within the scope of this thesis. The primary focus of
the friction force measurements in this thesis is rather on the magnitude
range of the respective friction forces, as these forces have a direct impact
on the overall efficiency of the ERS.

The greatest friction force was observed with the stainless steel brushes with
a contact force of 31 N, resulting in friction forces ranging from 8 to 15.5 N.
In contrast, the smallest friction forces were found with the copper brushes
with a contact force of 7 N, yielding friction forces between 1.5 and 3.7
N. For a current collector with three arms, this would result in aggregated
total friction forces of 24 to 46.5 N for the stainless steel brushes, and 4.5
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to 11 N for copper brushes. The rolling resistance force of a passenger car’s
tires is typically in the range of 130 to 160 N, assuming a mass of 1500 kg
and a rolling resistance coefficient of 0.009 to 0.011 on paved roads [78].
Consequently, this comparison highlights that the friction force generated
by the sliding contacts in the current collector may have a non-negligible
impact on the overall efficiency of the BEV and ERS. A six-arm current
collector with steel brushes, for instance, can result in aggregated friction
forces approaching half of the rolling resistance force of a passenger car.
Therefore, if these friction forces are not accounted for during the design of
the sliding contact system, the expected efficiency of a conductive ERS (as
presented in Chapter 4) may be reduced due to the design of the sliding
contacts and current collector.

In terms of keeping the losses low from the sliding contacts a low contact
resistance is preferred which could be impacted by contamination of the
brushes and the contact surface of the electric road. The copper brushes,
compared to the stainless steel brushes, appear to have experienced less
contamination (ferric oxides accumulating on both the contact surface of
the segment and the sliding contacts) over time. This was observed dur-
ing both the individual 1.5-minute measurements and the five consecutive
measurement tests. When comparing Figs. 3.13 and 3.15 with Figs. 3.17
and 3.19, the contact resistance is generally higher after each consecutive
measurement for the stainless steel brushes. This is believed to be due to
the stainless steel brushes, in combination with the steel ring, creating more
favorable oxidation conditions for the formation of ferric oxide compared
to the copper brushes. This results in more rapid degradation of contact
quality and increase in contact resistance.

The occurrence of arcing appears to have been somewhat arbitrary and
intermittent, and further design improvements of the sliding contact are
necessary to mitigate it. Arcing inherently poses a risk of introducing is-
sues related to radiated electromagnetic interference within the ERS and its
vicinity. The stainless steel brushes with a contact force of 31 N performed
the best in this regard, although their performance was far from perfect.
This performance is believed to be due to the mechanical elasticity of the
stainless steel brushes, which, in combination with the specific applied con-
tact force, resulted in particularly favorable mechanical dynamics of the
sliding contact. Finally, it is evident that arcing does not necessarily cor-
relate with poor contact resistance. Arcing can occur without significant
performance degradation in terms of contact resistance, and conversely,
poor contact resistance does not inherently imply that arcing will occur.
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To conclude, the RTR should not be regarded as a high-precision experi-
mental setup, but rather as a setup designed to replicate the contact re-
sistance and friction forces present in a real ERS. In real-world scenarios,
the sliding contacts operate in environments that are far from controlled,
and the current collector, where the sliding contacts are mounted, is not
designed as a high-precision mechanical system. However, to fully capture
trends and understand how factors such as contact force, material prop-
erties, currents, and speed interact, additional measurements per pair of
brushes are required with the RTR. By further reducing the inherent vari-
ations introduced by the RTR, such as minimizing mechanical oscillations
through the installation of dampers or springs for the brush mounting,
and utilizing statistical methods (such as ANOVA or t-tests), more evident
trends and correlations can be identified.

3.4 Experimental Assessment of Contact Resis-
tance on the ERS Demonstrator

In an effort to determine the contact resistance in a real-life ERS, the
voltage drop and current across two sliding contacts are measured using
the trailer, originally presented in Section 3.2.1, at the ERS demonstra-
tor. While the RTR enables detailed assessments of the sliding contact and
eliminates external factors present at the ERS demonstrator, it remains
unclear to what extent this more detailed approach translates to the con-
ditions present in a real-life ERS, as discussed previously in Section 3.1 in
the introduction of this chapter.

Nevertheless, the incorporation of real-life conditions and external factors
into the assessment can be considered an advantage, as these conditions
may provide valuable context for comparison with the results obtained from
the RTR. Such a comparison can serve as the basis for initiating a discus-
sion regarding potential limitations of the RTR and aspects it may fail
to capture. Despite these expected uncertainties and differences in results
between the ERS demonstrator and the RTR, the measurements from the
demonstrator will provide a reliable approximation of the order of magni-
tude of contact resistance in a real-life ERS.
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3.4.1 Experimental Setup

The trailer presented in Section 3.2.1 is modified to include a current source,
using a power supply [79], allowing current levels of 10, 30, 50, and 80
A to be assessed through the two front sliding contacts, as illustrated in
Fig. 3.21. The selected current levels of 10, 30, 50, and 80 A are the
same as those chosen for the experiments with the RTR and are based on
assumed power draw levels of 9, 24, 42, and 67 kW for BEVs with a three-
arm current collector drawing power from an ERS. While conducting the
experiments, the ERS demonstrator is deactivated, which also deactivates
the high voltage of the electric road, making the experiment safer and
practically easier to perform, while the trailer is pulled by a car over the
electric road. Both static (0 km/h) and dynamic contact resistance at
speeds of 10, 20, and 30 km/h are evaluated for each current level, resulting
in a total of 12 measurements. When the experiments were conducted,
the maximum speed was limited to 30 km/h due to a malfunction in the
automatic control system of the current collector that aligns the sliding
contacts with the electric road. This speed restriction was necessary to
maintain stable contact between the sliding contacts and the segments while
the trailer traversed the electric road. While these speeds do not match
those selected in the RTR, they still provide a variation in speed, allowing
for the examination of how speed influences the resulting contact resistance.

Figure 3.21: Overview of the setup for measuring the voltage drop, VC , over two sliding contacts on the trailer.
The setup consists of two arms in the current collector connected to a current source, with a shunt
resistor, RS , in series.

The measurement setup allows for the measurement of the voltage drop
across the sliding contacts as long as the brushes of the two front arms
are in contact with the same segment in the electric road. At this time,
current flows from the current source through the first arm’s sliding contact,
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through the segment, and back through the second arm’s sliding contact.
The duration of this period depends on the trailer’s speed. Once the first
brush makes contact with an isolating segment, the circuit is disrupted,
and current can no longer flow, preventing any further measurements until
both brushes comes into contact with the next segment. The current in the
circuit is measured using a shunt resistor [80], denoted as RS in Fig. 3.21,
and the voltage drop across the two sliding contacts, VC, and the shunt is
measured and logged with a PicoScope [81].

In the trailer, the sliding contacts consist of a combination of two types
of brushes: one made of copper and the other of stainless steel. These
two types of brushes, which consist of braided metallic wire threads, are
stacked alternately and pressed together to form a thicker brush, as shown
in Fig. 3.22. Unlike the brushes assessed in the RTR, the wires of the
brushes in the trailer are oriented perpendicular to the segments of the
electric road rather than being aligned with the segment. Although this is
expected to affect the contact surface and the sliding contact dynamics, ul-
timately influencing the contact resistance during the operation of the elec-
tric road, various orientations and sliding contact designs have been tested.
Throughout the testing with the ERS demonstrator, different brush designs
and orientations were evaluated in multiple configurations. However, this
setup was selected as it was deemed the most representative for the ERS
demonstrator. Before conducting the experiments, the contact force of the
two front sliding contacts was measured using a scale, resulting in values of
6.7 N for both contacts. While this is on the lower end of the contact force
range, it is comparable to the contact forces of 7, 14, 17, and 31 N applied
in the RTR. During the experiments with the trailer no observations of
arcing were conducted, and as a result, the impact of the low contact force
on arcing were not be assessed.

Figure 3.22: The sliding contact in the trailer. Figure taken from [44].
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3.4.2 Experimental Results of Contact Resistance

The contact resistance is calculated based on the measured voltage drop
across two sliding contacts divided by the current flowing through them
while the trailer is towed over the electric road demonstrator. To illus-
trate how contact quality varies over time, the measurement conducted at
a current of 80 A and a speed of 30 km/h is selected, as it provides evi-
dence of intermittent poor contact. The upper plot in Fig. 3.23 presents the
measurements of voltage drop over the two sliding contacts, including the
segment and cables in the measurement setup (blue line, associated with
the left y-axis) and the current (red line, associated with the right y-axis)
in the circuit. The lower plot presents the corresponding contact resistance
which is calculated by dividing the voltage drop VC by the measured cur-
rent obtained from the shunt in Fig. 3.21, representing the total resistance
across the entire setup rather than a single sliding contact. The calculated
resistance is filtered using a moving average filter with a window of 0.2 ms.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
2

4

6

8

V
o

lt
a

g
e

 [
V

]

0

100

200

C
u

rr
e

n
t 

[A
]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time [s]

0

20

40

60

80

R
e

s
is

ta
n

c
e

 [
m

]

Figure 3.23: Upper plot: Measured voltage drop across the two front sliding contacts in the trailer (blue line,
associated with the left y-axis) and the current (red line, associated with the right y-axis) flowing
through these contacts while the trailer is being towed at a speed of 30 km/h with the current set to
80 A.
Lower plot: Corresponding calculated contact resistance derived from the measurements in the upper
plot.

In the measurements, the voltage drop and calculated contact resistance
vary over time. When adequate contact is established, the voltage drop is
as low as 3 V, and the current remains relatively constant at the predefined
value of 80 A, as observed during the periods between 0.11 and 0.18 s. This
suggests stable contact, facilitating smooth energy transfer. During these

91



intervals, the corresponding calculated resistance is approximately 40 mΩ
across both sliding contacts, as depicted in the lower plot. In contrast,
when the voltage drop fluctuates, such as between 0.62 and 0.7 s, the con-
tact quality is imperfect. During this period, an intermittent peak in the
voltage drop reaches over 7 V, resulting in a corresponding peak in contact
resistance of 70 mΩ. This indicates that the contact is partly unstable as
the voltage drop is fluctuating over time. Moreover, the measurement high-
lights that the voltage drop may fluctuate over time, serving as an example
of the variable nature of contact resistance in a sliding contact within an
ERS.

At times when the current is zero, such as between 0.18-0.2 s, the contact
cannot be assessed, as one of the sliding contacts is assumed to be in contact
with an isolating segment. However, at 0.8 s, the current exceeds 80 A,
reaching nearly 200 A. This increase is due to the power supply’s control
system’s inability to adjust the current to the selected level. This is believed
to be caused by the resistance of the system changing too rapidly for the
power supply’s control system to provide a stable current. During this
brief moment, the contact resistance cannot be assessed, as the predefined
current is not attained. Moreover, since the sliding contacts were not be
visually observed during the experiments, it is unclear what conditions were
present at this time.

The selected experimental setup can only assess the total resistance across
two sliding contacts, including the resistance of the segment and cables in
the experimental setup. To estimate the resistance of a single sliding con-
tact, the mean contact resistance of the two sliding contacts was calculated
by first subtracting the resistance of the segment and cables and then di-
viding the remaining resistance by two. Figure 3.24 shows an equivalent
circuit of the measurement setup from Fig. 3.21, which is used to deter-
mine the mean contact resistance of the two sliding contacts. In Eq. (3.1),
the calculation of the voltage drop across two sliding contacts is presented.
The circuit includes RCables, representing the resistance of the cables in the
setup; RSegment, representing the segment resistance of the electric road;
and RContact 1 and RContact 2, representing the resistances of the two slid-
ing contacts. VC denotes the voltage drop across the two arms of the current
collector, and I represents the current in the circuit. The resistance of the
cables in the system was measured using the same power supply [79], shunt
resistor [80] and Picoscope [81] as those employed during the experiments.
The resistances of the cables (RCables) and segment (RSegment) were 10 mΩ
(measured by short-circuiting the cables with the power supply) and 0.4 mΩ
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(measured by short-circuiting a segment of the electric road with the power
supply), respectively. The resistance of each sliding contact is assumed to
be equivalent, as both exhibited a contact force of 6.7 N.

Figure 3.24: Equivalent circuit of the measurement setup, taken from [44]. The circuit includes resistances for the
cables, Rcables, the segment, RSegment, and the two sliding contacts, RContact 1 and RContact 2.

VC

I
−RCables −RSegment = RContact1 +RContact2 (3.1)

Fig. 3.25 presents the contact resistance of one sliding contact, based on
Eq. (3.1) and Fig. 3.24, at currents of 10, 30, 50, and 80 A. The upper
plot shows the dynamic contact resistance at speeds of 10, 20, and 30
km/h, while the lower plot presents three individual measurement samples
of static contact resistance for each current level. In the dynamic case the
contact resistance varies between 8-20 mΩ, while for the static, it varies
between 3-17 mΩ.
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Figure 3.25: Upper plot: Contact resistance from one sliding contact during dynamic operation at speeds of 10,
20, and 30 km/h.
Lower plot: Contact resistance from one sliding contact during static operation with three distinct
results per current level.
Figure taken from [44].
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The results of both static and dynamic contact resistance indicate that
the sample size is too small to assess any definitive trends or draw conclu-
sions about how the calculated contact resistance varies with current and
speed. This is not unexpected, as the inherent nature of the trailer and
demonstrator leads to significant variations in contact resistance for each
measurement. The variation in contact resistance observed in the results
are believed to originate from external factors, such as the trailer’s motion
dynamics and the uncontrolled environment where the ERS demonstrator
is located. For example, the asphalt road where the electric road demon-
strator is installed presents an uneven surface, which directly impact the
trailer’s motion dynamics and, consequently, the forces exerted on the slid-
ing contacts, thus affecting the resulting contact resistance. Although the
sample size is too limited to draw definitive conclusions, the measurements
show fewer variations at higher current levels, aligning with the observations
from the RTR at higher currents. As in the RTR, this can be explained
by the fact that higher current levels generate more heat, which causes
the brushes to heat up, allowing them to conform better to the contact
surface. This improved contact surface leads to fewer fluctuations in the
measurements and, consequently, more stable contact resistance results.

In general, the results obtained from the experiments with the trailer
present lower values of contact resistance compared to those from the RTR.
Due to the controlled laboratory environment where the RTR is located,
its results might initially be expected to yield lower values of contact resis-
tance compared to the trailer, which, in contrast, was subjected to various
uncontrolled factors encountered on the public road where the demonstra-
tor is located. The differences between the results from the trailer and the
RTR are suspected to be caused by the following:

1. The suspension provided by the current collector and trailer is sus-
pected to have contributed to the lower contact resistance values in
the trailer compared to the RTR. The sliding contacts in the trailer
are mounted within the current collector, which consists of a mechan-
ical system of springs and pulleys. As a result, the sliding contacts
in the trailer are subjected to entirely different mechanical motion
dynamics compared to those in the RTR. In contrast, the sliding con-
tacts in the RTR are mounted completely unsprung, with the only
source of suspension being the elasticity of the brushes themselves.
This difference is expected to have had a significant impact on the
results obtained from the trailer and the RTR.
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This hypothesis is supported by one of the main conclusions from the
RTR experiments, which suggests that the mechanical properties of
the brushes, particularly their elasticity (acting as a spring-like ele-
ment) and ductility, can be far more central in achieving low contact
resistance than the difference in resistivity between stainless steel and
copper brushes.

2. The lower contact resistance values obtained with the trailer, com-
pared to the RTR, could be partially attributed to the accuracy of
the measurement setup. In the trailer, the measurement setup was
more rudimentary compared to that of the RTR. The voltage drop
across two sliding contacts, cables, and the segment of electric road
was measured, and the resulting mean contact resistance for one slid-
ing contact was then calculated based on these results. The calcu-
lated resistance in the cables and the segment of electric road had
a significant influence on the resulting mean contact resistance for
one sliding contact in the trailer. Consequently, the resulting mean
contact resistance obtained with the trailer was based on multiple
measurements and is therefore considered less accurate compared to
the measurements conducted with the RTR. Since the voltage drop
across each sliding contact was measured individually using more ac-
curate equipment in the RTR, these measurements achieved greater
accuracy.

3. The difference in the design of the sliding contacts, in terms of orien-
tation and stacking of brushes, might have contributed to the lower
contact resistance obtained with the trailer compared to that ob-
tained with the RTR. In the trailer, the design of the sliding contacts
involved orienting the brushes across the segments, rather than align-
ing with the segments as in the RTR. Additionally, the copper and
stainless steel braided brushes were stacked alternately in the trailer,
whereas in the RTR, only one braided brush was assessed at a time.

In terms of reliable results, the RTR is suspected to yield the most con-
sistent and accurate results due to the controlled lab environment and its
more sophisticated measurement system. Although the results deviate be-
tween the trailer and the RTR for the aforementioned suspected reasons,
the results remain within the same order of magnitude. Thus, the RTR is
deemed appropriate for evaluating the contact resistance present in a real-
life ERS. Additionally, the RTR provides the capability to observe arcing
phenomena and offers estimates of frictional forces related to the sliding
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contact. Nevertheless, the differences in the methodologies employed for
assessing the properties of the sliding contact with the RTR and trailer
need to be further assessed to continue the evaluation of the characteristics
of sliding contacts adopted for conductive ERS technology.

As demonstrated and discussed, based on the results from the RTR and
the trailer, there are inherent differences between conducting measurements
with the RTR in a controlled lab environment and on a public road with the
trailer on the ERS demonstrator. Future work is required to further assess
which aspects and factors cause the differences and deviations in results
between the RTR and the trailer. This can be achieved by:

1. Improving the measurement setup in the trailer to obtain more accu-
rate and reliable results.

2. Replicating measurements for combinations of speed, current, and
contact force with the trailer, and employing statistical methods to
assess how contact resistance and contact quality are impacted by
these parameters.

3. Deploying some means to quantify arcing phenomena in the trailer,
possibly by using a camera, to assess the impact of arcing in the
sliding contacts on a real-life ERS.

4. Exploring the possibility of emulating the same type of sliding contact
design as well as suspension in both the RTR and the trailer.

Until these factors are isolated and fully explained, the results highlight that
when assessing the characteristics of the sliding contact, both measurements
conducted in a lab, possibly with an RTR, and real-life measurements from
an ERS are required to fully assess all aspects of the sliding contact. This
is motivated by the fact that assessing the underlying factors affecting the
sliding contact in detail is practically challenging under the uncontrolled
conditions of a real ERS. Meanwhile, emulating the sliding contact behavior
in a laboratory setting poses the risk of unintentionally overlooking crucial
factors that could impact the results, such as the specific forces exerted on
the sliding contact during ERS operation.

96



In summary, the findings of this chapter should be regarded as providing an
initial exploration into the evaluation of the characteristics of the sliding
contact used in conductive ERS technology. Although the exact factors
affecting contact resistance are not yet fully understood and will require
further research, the order of magnitude of the contact resistance has been
examined. The results from the trailer and the RTR provide valuable data
that will facilitate the setting of parameters and the calibration of simu-
lation models in subsequent chapters, particularly regarding the contact
resistance parameters discussed in Chapter 4.
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Chapter 4

Modelling Power Flow and
Losses

4.1 Introduction

As previously discussed in Section 1.4 in Chapter 1, the performance of the
considered ERS technology must be analyzed in terms of power flow capa-
bilities, loss distribution, and system efficiency to determine its potential for
widespread deployment. In this chapter, these factors are assessed for ERS
deployment in three environments: urban, rural, and highway. This as-
sessment is conducted using a simulation model validated by experimental
results from the demonstrator introduced in Section 2.2. The assessment is
focused on the impact of a range of parameters including the length of the
electric road, type and number of vehicles drawing power from the system,
and design choices related to specific ERS subsystems and components.
The results presented in this chapter show that the distribution of losses
within the ERS is highly dependent on both the traffic characteristics of
the considered deployment environments as well as design choices related
to specific ERS components. The work presented in this chapter extends
the work presented in [21].

In this thesis, the electrical losses within the ERS and its corresponding
components are divided into two main categories: 1) resistive losses, which
occur when electric current flows through a non-ideal conductor and are
therefore valid for essentially all current-carrying components except for
semiconductor devices. These losses are proportional to the actual resis-
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tance of all components in the circuit (cables, connection points, etc.) and
to the square of the current flowing through these components [82]. 2)
Semiconductor losses, which are specific to semiconductor devices in the
circuit (such as diodes and switches). These losses comprise both resistive
losses within the semiconductor material and additional losses associated
with the voltage required to forward bias the semiconductor junctions for
conduction [82].

To highlight the key phenomena that impact electrical losses in the pre-
sented ERS technology, a vastly simplified circuit model of the ERS, shown
in Fig. 4.1, is introduced. The model represents a vehicle charging on an
electric road. In this circuit, UDC denotes the DC voltage supplied by the
rectifier station, RER represents the resistance in the main conductors of
the electric road, and RV indicates the variable electrical load of the ve-
hicle drawing power from the ERS. The electrical losses within the ERS
are described in Eq. (4.1), where PV , defined by Eq. (4.3), is the power
consumed by the vehicle, and P is the total power in the circuit, defined in
Eq. (4.2). The current in the circuit is determined according to Eq. (4.4).
The equivalent resistance of the electric road, represented as a variable re-
sistor denoted RER, depends on the distance between the rectifier station
(the feeding point) and the vehicle drawing power from the electric road.
The drawn power of a vehicle in an ERS is a design choice, as it may be
limited by the vehicle’s onboard ERS interface. In this thesis, as well as
in this particular case, the drawn power of a vehicle is assumed to be a
predetermined constant value. Consequently, the current and the variable
resistor RV must be continuously adjusted to maintain the predetermined
constant power draw according to Eqs. (4.3) and (4.4) as a vehicle traverses
the electric road, since the parameter RER depends on the vehicle’s position
on the electric road relative to the feeding point.

Figure 4.1: Equivalent circuit of a simplified ERS circuit pertaining a voltage source UDC , the resistance of an
electric road - RER, and a vehicle load RV .
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Ploss = P − PV (4.1)

P = I2(RV +RER) (4.2)

PV = I2RV = IUV (4.3)

I =
UDC

RV +RER
(4.4)

Ultimately, the losses in the ERS increase with increasing current and re-
sistance, as detailed in Eqs. (4.1) to (4.3). Fig. 4.2 illustrates the impact of
these two parameters on losses (upper plot) and efficiency (lower plot) of
the simplified ERS circuit, where PV (y-axis) and RER (x-axis) are varied,
with UDC fixed at 650 V. The x-axis is presented in meters, reflecting that
RER is given as resistance per unit length, specifically 0.042mΩ/m, which
is similar to the resistance of the SER conductors in the demonstrator. It is
noteworthy that losses increase proportionally to the square of the current
and linearly with the electric road length. To maintain low losses and high
ERS system efficiency, it is crucial to limit both the total drawn power by
the vehicle and the length of the electric road. To thoroughly evaluate the
losses in the complete electrical system of the considered ERS technology, a
comprehensive simulation model is employed, which incorporates the ERS
components and subsystems in detail. Yet, the results of the simplified
circuit model in Fig. 4.2 still demonstrate the basic principles and trends
concerning losses in an ERS, as shown throughout this chapter.
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Figure 4.2: Calculated losses (upper plot) and efficiency (lower plot) of the simplified ERS circuit from Fig. 4.1.

4.2 Modelling

The models and simulations presented in this chapter focus on a single
rectifier station positioned at the midpoint of one electric road. The vehicles
connected to the electric road can vary in type, number, speed, drawn
power and position. The simulation model is designed to produce accurate
results within a time resolution of seconds; therefore, transient occurrences
in the millisecond range are not considered. The simulations are typically
executed over several seconds. After the simulation is finalized, power flow,
losses, and efficiency are calculated in a post-processing phase.

A block diagram of the simulation model is presented in Fig. 4.3. The
blocks represent components and subsystems of the ERS and include circuit
models for the power grid, cables between the transformer and the power
grid connection, the transformer, the rectifier, the cables connecting the
rectifier to the SER, the SER, and the vehicles. The dashed colored lines
indicate the three primary circuit models: the grid and rectifier station
model, the section of the electric road model (SER), and the vehicle model
(BEV). These three circuit models are derived from the original circuits of
the demonstrator, as presented in Section 2.2 and illustrated in Figs. 2.14,
2.15 and 2.18. For each simulated vehicle, a SER circuit model, along with
the corresponding BEV circuit model, is incorporated. Dashed black lines
denote the locations where additional BEV and SER circuit models can be
integrated into the simulation model.
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Figure 4.3: Block diagram of the simulation model displayed for an arbitrary simulation case with four vehicles.

To accurately model the losses in the ERS, the simulation model was de-
signed to maintain a maximum error margin of 15%. Although this limit
might initially appear relatively tolerant, it is essential to consider that
the accuracy of the loss measurements is constrained by the measurement
system’s accuracy in voltage and current. As the same voltage and cur-
rent measurement setup is used both to calculate losses between measure-
ment interfaces and determine power at a measurement interface, accu-
rately obtaining these losses is challenging. This difficulty arises from the
requirement for voltage and current measurements to maintain high accu-
racy across their entire measurement range.

Specifically, interface B exhibits the highest average error: 0.47% for volt-
age and 0.48% for current, as detailed in Tables 2.2 and 2.3 in Chapter
2. This results in a maximum error of approximately 0.95% in the calcu-
lated measured power, according to Eqs. (2.6) and (2.7) in Chapter 2. For
instance, in the case of a drawn power of 100 kW, this corresponds to a
possible maximum error in power of 950 W. As the losses are calculated by
the difference in power between interfaces, assuming an efficiency of 98%,
the true calculated output power is 98 kW, resulting in 2 kW of losses.
However, when accounting for the maximum error of 950 W in the input
power, the resulting calculated losses increase to 2.95 kW. In contrast, a
15% maximum error margin in the simulation model, for the same drawn
power of 100 kW and an assumed efficiency of 98%, leads to a maximum de-
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viation of ±300 W in the calculated losses. Since the measurement system
itself introduces a greater maximum deviation in the calculated measured
losses (950 W in this example), a 15% error margin between modelled and
measured losses (300 W in this example) is reasonable and constitutes an
acceptable constraint for the simulation model.

4.2.1 Model Development

Due to the extensive and complex nature of the ERS demonstrator, it
was necessary to introduce simplifications during the development of the
simulation model to balance accuracy and simulation time. These simplifi-
cations are detailed for each circuit model in the subsequent subsections of
this chapter. The simulations are executed using MathWorks® Simulink™

software, along with the Simscape Electrical™ library.

The power flow and losses in an ERS are fundamentally determined by the
vehicles that draw power from it. Consequently, the power draw is depen-
dent on the motion dynamics of these vehicles, which vary on a timescale
of seconds. Therefore, the timescale selected for the simulation model is
in the magnitude of seconds. However, during the heuristic development
of the simulation model, it was discovered that accurately replicating the
overall waveform shapes of currents and voltages in both amplitude and
time was essential to reach the predetermined error margin of 15% in losses
and power flow. This requirement increased the complexity of the model,
resulting in challenges for the simulation software to execute the model
within a reasonable timeframe. Thus, a balance was sought by simplify-
ing the model sufficiently to allow for execution while retaining the overall
waveform shapes of voltage and current as provided by the measurements,
thereby achieving the predetermined accuracy.

As a result, the level of detail for each and every circuit of ERS components,
originally presented in Figs. 2.14, 2.15 and 2.18, was achieved through mul-
tiple iterative refinements. The parameters for all electrical elements from
the original circuits were obtained either from electrical schematics provided
through collaboration with Elonroad and other partners in the Evolution
Road project or measured using a Hioki IM3570 impedance analyzer [83].
The subsequent subsections provide a detailed description of the three main
circuit models, including a thorough discussion of the selection and origin
of parameters. All parameter values outlined in these subsections were
utilized for the validation of the simulation model. For the succeeding sim-
ulation cases representing ERS deployment in urban, rural, and highway
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environments, the model parameters and circuits are adjusted to accurately
represent each scenario.

4.2.2 The Rectifier Station

The circuit model for the grid and rectifier station includes a 400 V three-
phase voltage source, 210 meters of grid cable, a D/Y 400 kVA 400/450
V transformer, a 6-pulse passive rectifier, a solid-state switch (modelled
as a diode) situated straight after the rectifier station, 41 meters of cable
connecting the rectifier station to the SER, and an RC filter positioned
immediately prior to the SER, as illustrated in Fig. 4.4. Interfaces A, B, C
represents where voltage and currents are measured in the model which is
then used to calculate power, losses and efficiency.

Figure 4.4: Circuit model of the power grid, rectifier station and corresponding connections.

Compared to the original circuit introduced in Section 2.2 in Fig. 2.14,
all the filters on the output of the rectifier have been omitted as they
do not have a considerable impact on the waveform-shape of voltage and
current. The parameters of the circuit model are detailed in Table 4.1.
The resistance and capacitance values of the RC-filter are in a range due
to non-disclosure agreements with Elonroad.

In the model, all cables, including those for the grid and the connection be-
tween the rectifier station and the SER, are represented as resistors in series
with inductors, with their resistance and inductance defined per unit length
of cable. Throughout the demonstrator, the resistance of the negative main
conductors after the rectifier station is significantly lower than that of the
positive main conductors. Given that the negative main conductors are
exposed externally, it is crucial to maintain low resistance throughout the
system to prevent voltage drops that could lead to hazardous touch events,
as more fully examined in Chapter 6.
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Table 4.1: Simulation parameters for the rectifier station circuit model.

Rectifier station circuit model parameters

Parameter Unit Value
Grid Cable

Grid cable resistance mΩ/km 41.7
Grid cable inductance mH/km 0.23

Transformer
Nominal power kVA 400
Nominal line-line voltages (prim, sec) VRMS 404, 455
Winding resistance p.u. 0.01, 0.008
Positive-sequence no-load
excitation current

% of Inominal 1.217

Positive-sequence no-load losses W 1362
Positive-sequence short-circuit reactance p.u. 0.04

Rectifier
Rectifier diodes on-state resistance mΩ 2
Rectifier diodes forward voltage drop V 0.8
Solid state switch on-state resistance mΩ 0.1
Solid state switch forward voltage drop V 0.9

SER Cable
Rectifier-SER cable mΩ/km 125
resistance positive conductor
Rectifier-SER cable mΩ/km 62.5
resistance negative conductor
Rectifier-SER cable inductance mH/km 0.23
Filter resistance Ω 0.1-10
Filter capacitance mF 0.001-0.1

The D/Y 400 kVA 400/450 V transformer is modelled using the three-
phase transformer inductance matrix type (two windings) Simulink block
[84]. The diodes within the six-pulse passive rectifier are represented with
forward voltage drops and constant resistive on-loss components during
conduction. Similarly, the solid-state switch following the six-pulse passive
rectifier is also modelled as a diode with corresponding values of forward
voltage drop and constant resistive on-loss components.

An RC filter is connected to the SER cable immediately before the con-
nection point (interface r) ) with the electric road. This connection point,
known as the feeding point, is where the total current flow in the ERS,
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regardless of the number of vehicles or the power drawn by each vehicle. It
is defined as the physical distance between a vehicle connected to the ERS
and the electric road connection to the rectifier station that feeds it.

4.2.3 Sections of Electric Road

The circuit model for the SER comprises the main positive and negative
conductors, as well as the semiconductors that facilitate the activation of
the segments as illustrated in Fig. 4.5, with corresponding parameter values
presented in Table 4.2.

Figure 4.5: Circuit model of a section of electric road.

Table 4.2: Simulation parameters for the section of electric road model.

Section of electric road circuit model parameters

Parameter Unit Value
SER

SER resistance positive conductor mΩ/km 42
SER resistance negative conductor mΩ/km 4.1
SER inductance mH/km 0.02
Transistor forward voltage drop V 1.4
Transistor on-state resistance mΩ 0.1

The main positive and negative conductors of the SER are modelled with
variable resistance and inductance, with their resistance and inductance
values defined per unit length. Similar to the cables between the rectifier
station and the SER, the resistance of the negative main conductors after
the rectifier station is significantly lower than that of the positive main con-
ductors. As previously mentioned, this measure is implemented to mitigate
voltage drops in the exposed negative conductors, thereby reducing the risk
of potentially hazardous touch events. In the demonstrator, Elonroad did
not utilize the full potential of the positive conductor of the SER, as only
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one of the two positive conductors was deployed. The resistance of one pos-
itive conductor is 42 mΩ/km. However, by deploying both conductors, the
design allows for a value as low as 21 mΩ/km, which is beneficial in a highly
utilized system. The resistance and inductance values per unit length of
the SER conductors were obtained through measurements using the Hioki
IM3570 impedance analyzer [83], and the semiconductor parameters were
sourced from datasheets.

During the simulation, the impedance of each SER conductor is contin-
uously recalculated based on the vehicle’s position on the electric road.
As the vehicle moves along the road, its distance from the feeding point
(interface r, as shown in Fig. 4.4) changes, which in turn causes the ef-
fective length of the SER conductors perceived by the ERS to to change
continuously.

In comparison to the original circuit detailed in Section 2.2 and illustrated
in Fig. 2.15, the model circuit has been simplified by representing the semi-
conductors that activate the segments with a single diode. As a vehicle
traverses the electric road, it sequentially activates new segments, each fa-
cilitating a current flow through the associated semiconductors and the
positive main conductor of the SER. Although new segments are activated,
the corresponding conduction losses of the semiconductors that momentar-
ily conduct current as the vehicle traverses the segments are assumed to
remain constant. Consequently, the assumption of constant semiconductor
losses in the segments and the onboard rectifier is justified, and the switches
can be modelled by using a single diode that incorporates a forward voltage
drop and a resistive on-loss component during conduction.

Interface a1) in Fig. 4.5 connects to the feeding point of the rectifier station
model from Fig. 4.4 at interface r), where two SER circuit models are con-
nected in parallel, thereby establishing the midpoint of the electric road.
The SER circuit model is connected to a vehicle circuit model at interface
a3). For simulating multiple vehicles drawing power from the ERS, addi-
tional SER circuit models with corresponding vehicle circuit models can be
connected in series at interface a2) to the right.

4.2.4 The Vehicle

The vehicle model includes the contact resistance of the sliding contacts,
represented as two resistors—one in each pole—along with an onboard rec-
tifier, an LC filter, and a resistive load representing the vehicles power con-
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sumption, as shown in Fig. 4.6, with corresponding parameters presented
in Table 4.3. The DC/DC converter originally shown in the bus schematic
(see Fig. 2.18) is omitted from the model because it does not perform volt-
age conversion via switching to the bus TVS. Instead, it functions merely
as a switch, allowing connection and disconnection of the bus’ TVS from
the ERS supply. The sections of electric road circuit model is connected to
the vehicle model at interface v). Interface D represents where voltage and
current are measured in the model which is then used to calculate power,
losses and efficiency.

Figure 4.6: Circuit model for a vehicle.

Table 4.3: Simulation parameters for the vehicle model

Vehivle circuit model parameters

Parameter Unit Value
Vehicle

Contact resistance mΩ 16
Diodes on-state resistance mΩ 0.4
Diodes forward voltage drop V 0.8
Filter inductance mH 1.15
Filter capacitance mF 5

Compared to the original circuit defined in Section 2.2 and illustrated in
Fig. 2.18, the contact resistance in the vehicle circuit model is simplified to
include only two resistances, despite the presence of six sliding contacts in
the original circuit. As previously discussed in Section 2.1 in Chapter 2, a
current collector is required to have a minimum of three arms. However,
for the sake of simplicity, this thesis mainly focuses on current collectors
with a number of arms that are multiples of three. The theoretical basis for
this simplification is that for each additional set of three sliding contacts,
the current is equally divided among the sliding contacts due to parallel
coupling.
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For a current collector with three arms, for the majority of the time, as
illustrated in Fig. 3.10 in Chapter 3 and discussed in Chapter 2, two arms
are connected to the same segment, while the remaining arm is connected to
another segment. Only during a small fraction of the time, approximately
8%, is one of the arms in contact with an isolating segment, resulting in
the current collector having only two arms connected to the ERS supply.
By omitting this brief period, it is assumed that, at all times, two sliding
contacts are connected to the same segment in parallel. Thus, the total
contact resistance perceived by the vehicle, denoted Rceq, can be described
by Eq. (4.5), where y and z denote the two arms in contact with the same
segment and x the remaining arm.

Rceq = Rx +
RyRz

Ry +Rz
(4.5)

The average contact resistance for one pole is defined by the parameter
Rcontact, as presented in Fig. 4.6, and is obtained by dividing Rceq by two
for a current collector configuration with three arms. If a vehicle has ad-
ditional multiples of three arms in the current collector, Rceq is further
divided by the number of arms divided by three, reflecting that with each
additional set of three arms, the current is equally divided due to par-
allel coupling. Although Eq. (4.5) can be used to assess the total contact
resistance perceived by the vehicle, it is still dependent on the contact resis-
tance of the individual sliding contacts, Rx, Ry, Rz, of the current collector,
which exhibit significant variation over time, as presented and discussed in
Chapter 3.

Due to the arbitrary nature of these variations in contact resistance and
the complexity involved in modelling a full current collector with varying
contact quality, the parameter Rcontact is assumed to be constant over time
for simplicity. As there was no means of measuring the contact resistance
of the sliding contacts in the current collector on the bus during the tests
at the demonstrator, the value of Rcontact was determined by adjusting this
parameter to fit the measurements during model validation. This process
resulted in a value of 16 mΩ for Rcontact, which corresponds to a contact
resistance of 42 mΩ per sliding contact point, according to Eq. (4.5), as-
suming that all six arms of the current collector exhibit the same contact
resistance.

To verify that this method of determining the parameter Rcontact yielded
credible results, the order of magnitude of 42 mΩ for one sliding contact
was compared with the results from the RTR and the trailer in Chapter
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3. The results obtained from the RTR are, on average, 30–100 mΩ, and
the results from the trailer are 8–20 mΩ. Although 42 mΩ is higher than
the experimental results from the trailer (8–20 mΩ), the current collector
and corresponding sliding contacts in the bus differ slightly in design from
those in the trailer, which could explain the discrepancy. Therefore, the
result of 42 mΩ is still considered credible.

The onboard rectifier is modelled using four diodes to represent the total
semiconductor losses, although the original circuit comprises 12 diodes,
as illustrated in Fig. 2.18. In the complete onboard rectifier, the diodes
alternate to conduct the current based on the vehicle’s position over the
segments. Moreover, the current amplitude varies depending on the number
of arms connected in parallel at any given moment, as shown in Fig. 3.3 in
Chapter 3. The model is simplified so that only two diodes are constantly
conducting all the current to model the losses.

A variable resistor, denoted as RLoad, is utilized to simulate the power
consumption of the vehicle. This power consumption fluctuates based on
factors such as vehicle dynamics, auxiliary power requirements, and bat-
tery charging. For the model validation, the measured load current from
the bus, filtered using a 500 ms moving average filter, is used as an input to
the model. This input allows for the continuous calculation of RLoad and,
consequently, the reproduction of the power consumption associated with
the vehicle’s dynamic motion. RLoad is computed by dividing the voltage
across RLoad with the load current. In the simulation cases presented in
subsequent subsections in this chapter, the variable resistor RLoad is con-
tinuously updated based on the predetermined constant total drawn power
by the vehicle.

4.3 Model Validation

The simulation model is validated using two sets of measurements con-
ducted on 2022-09-07 and 2022-09-13, during which the bus draws power
from the ERS demonstrator, illustrated in the upper plots of Figs. 4.7
and 4.8. The lower plots presents the relative error between simulated and
measured losses. In both sets of measurements 100 meters of electric road
were available. The model is initially calibrated using the data from the
first set of measurements from 2022-09-07. Subsequently, without mod-
ifying any parameters, the model is validated against the second set of
measurements from 2022-09-13. Voltages and currents from interfaces A-D
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from model and measurements were used to calculate power and losses.

The model composition adapted for the validation comprises a grid and
rectifier station circuit model and a section of electric road circuit model
connected to a vehicle circuit model. As described in the introduction of the
vehicle circuit model, the measured load current of the bus from interface
D is utilized as an input to continuously calculate the load resistor RLoad.
This approach is applied to ensure accurate replication of the bus’ power
consumption related to its motion dynamics from the specific measurement
event.

0 5 10 15 20 25
0

2000

4000

6000

L
o

s
s
e
s
 [

W
]

0

50

100

150

200

P
o
w

e
r 

[k
W

]

Static Charging Dynamic Charging

m-loss AB

s-loss AB

m-loss BC

s-loss BC

m-loss CD

s-loss CD

m-power D

0 5 10 15 20 25

Time [s]

0

10

20

30

40

E
rr

o
r 

[%
]

Static Charging Dynamic Charging

Error s-AB

Error s-BC

Error s-CD

Figure 4.7: Upper plot: Simulated (s) and measured (m) losses for the charging event from 2022-09-07. Losses
between interfaces A-B, B-C and C-D in W are associated with the left y-axis. Vehicle power from
interface D, m-power D, in kW is presented as a dotted black line related to the right y-axis.
Lower plot: Relative error between simulated and measured losses for interfaces A–B, B–C, and C–D.

In the upper plots of Figs. 4.7 and 4.8 the total drawn power of the bus is
represented by the dotted black line associated with the right y-axis in the
figures. In both sets of measurements the bus starts at standstill, draw-
ing power from the demonstrator, statically charging. This static charging
phase is followed by a dynamic charging phase, during which the bus in-
creases its charging power from 40 kW to 80 kW. As dynamic charging
begins and the bus accelerates, the power consumption of the bus’s propul-
sion system is added, increasing the total power to approximately 160 kW
in both cases. This power level is maintained until the bus reaches a fi-
nal speed of 30 km/h, after which it decelerates and disconnects from the
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Figure 4.8: Upper plot: Simulated (s) and measured (m) losses for the charging event from 2022-09-13. Losses
between interfaces A-B, B-C and C-D in W are associated with the left y-axis. Vehicle power from
interface D, m-power D, in kW is presented as a dotted black line related to the right y-axis.
Lower plot: Relative error between simulated and measured losses for interfaces A–B, B–C, and C–D.

electric road. The measured (denoted as m) and simulated (denoted as
s) losses, with a 500 ms moving average filter, are presented for interfaces
A-B, B-C, and C-D and are associated with the left y-axis. Although the
bus’ speed was not logged during the measurements, direct observation of
the speedometer showed that the bus reached a speed of approximately 30
km/h shortly after the peak power is achieved during dynamic charging.

In the measurement from 2022-09-07, as depicted in the upper plot of
Fig. 4.7, the bus starts to draw 40 kW statically from the electric road
after 1 s. After 18 s, the bus starts to accelerate and dynamic charging
is initiated. At this point, the power increases to 100 kW after 19 s and
reaches a peak value of 180 kW at 22 s. From 22 to 28 s, the bus maintains
a speed of 30 km/h. Subsequently, after 28 s, the bus begins to decelerate,
resulting in a decrease in power.
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In the upper plot of Fig. 4.8, the measurement from 2022-09-13 is depicted.
At 0 s, the bus is already statically charging with a power of 40 kW. After
12 s, the bus begins to accelerate and transitions to dynamic charging,
reaching a peak of 195 kW after 19.4 s. Following this peak, the bus attains
a final speed of 30 km/h. At 25 s, the bus initiates braking, resulting in a
subsequent decrease in power.

During static charging, the losses in the transformer (interface A-B) are the
most substantial. This is due to the relatively large no-load losses of the
transformer, which, being rated at 400 kVA, reach approximately 1.5 kW
in comparison to the modest drawn power of 40 kW. In contrast, during
dynamic charging, the losses between the rectifier station (interface C) and
the vehicle (interface D) surpass the losses at interfaces A-C, with peak
values exceeding 5 kW. This phenomenon arises due to the significantly
higher aggregated resistance present between interfaces C-D relative to the
other interfaces. As a result, these components incur greater losses as the
power increases, since these losses are proportional to the square of the
current, as previously shown in Eqs. (4.1) to (4.3).

As explained in Section 4.2.1, an error margin of 15% is deemed sufficient
for the purpose of this study. In the lower plots of Figs. 4.7 and 4.8 the
relative error between simulated and measured losses of interfaces A-B, B-
C and C-D is presented. Overall, the prescribed maximum error margin of
15% is achieved with the exception of interface B-C during static charging.
The intermittent peaks in relative error, which occur for instance at 5.2 s in
Fig. 4.7 and 4 s in Fig. 4.8, are caused by the simulation model’s inability to
fully replicate the fluctuations in power consumption of the bus, as observed
in the measurements. Therefore, these peaks should not be considered
representative of the simulation model’s overall accuracy.

For interfaces A-B and C-D the average relative error is below 5% compared
to the measurements, as presented in the lower plot of Fig. 4.7, for which
the model was calibrated. When validating the model against the second
measurement set (without altering any parameters), shown in the lower
plot of Fig. 4.8, the error for interface A-B does not exceed 5%. However,
for interface C-D, during static charging, the error averages just below
15%, and during dynamic charging, the error remains under 10%, except
for a peak of 15% at 24.9 s. For interface B-C, the relative error margin
greatly exceeds the prescribed maximum error margin of 15%, reaching
approximately 30% during static charging in both figures. In contrast,
during dynamic charging when the total power draw greatly exceed 40 kW,
the error remains below 10% for interface B-C in both figures.
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As the model is intended to assess ERS deployment scenarios with multi-
ple vehicles operating on the ERS, the total drawn power greatly exceeds
40 kW, reaching levels of several hundred kW. The drawn power in the
calibration and validation measurements ranges from 40 kW to nearly 200
kW. With the presented model structure, it is difficult to tune the model
parameters to achieve the same level of accuracy across the entire power
range for all interfaces. Consequently, accuracy at higher power levels has
been prioritized, given the model’s original purpose. As observed in the
lower plots of Figs. 4.7 and 4.8, during dynamic charging, when power
levels exceed 100 kW, the relative error of the simulated losses meets the
prescribed maximum error margin of 15%. The fact that the model error
increases to nearly 30% for the losses at interface B-C while static charging
at 40 kW indicates that there is room for improvement in the model be-
tween these interfaces. However, at the target power levels above 100 kW,
the error remains below 10% at all times, even in the B-C interface. Based
in this, the overall error margin for all interfaces is deemed sufficient for
assessing power flow, losses, and efficiency across different ERS deployment
scenarios.

4.4 Predictions of Vehicle Power Consumption via
Modelling

Although the experimental results from the demonstrator provide data from
a real ERS in operation, the number and type of available vehicles draw-
ing power from it are limited. To assess the performance and capability
of the considered ERS technology in different deployment environments, it
is necessary to estimate the power drawn by different vehicles when using
the electric road. Given that ERS are not deployed to the extent where
deployment scenarios with adhering traffic characteristics are available, pre-
dictions and estimations are required. In this thesis, the power consumption
of vehicles drawing power from the ERS is estimated using a modified ver-
sion of the vehicle simulation models presented in [36, 40]. This model
is employed to assess and predict the vehicles’ power consumption during
ERS operation.

As observed during simulations with the vehicle model, the power consump-
tion of a BEV, whether a car or a truck, varies significantly depending on
numerous factors and conditions such as mass, drag coefficient, rolling re-
sistance, inclination and acceleration. However, to simplify the various
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conditions that can occur for a vehicle in motion drawing power from an
ERS, the following simplifications are made:

1. The road where the ERS is deployed is assumed to have no inclination.

2. During the simulation, the total power drawn from each vehicle is
considered constant. This assumption is based on the vehicle main-
taining a constant speed, resulting in constant power required for
propulsion. Additionally, the charging power to the battery and the
power required for auxiliary systems are also assumed to be constant.

While the ERS has the potential to supply power to BEVs for propul-
sion during acceleration, as demonstrated in the validation of the model in
Figs. 4.7 and 4.8, the power drawn during acceleration significantly exceeds
the power required for cruising. Rather than having the ERS provide the
vehicles with the transient power peaks associated with acceleration, these
power peaks are managed by the BEVs’ batteries rather than the ERS sup-
ply. As a result, the ERS is not required to be engineered to handle these
power peaks and can be used to provide steady energy to multiple vehicles
under constant speed conditions. In this thesis, the ERS main operational
functionality is considered to be provide a constant power to BEVs with
ERS access.

Two types of vehicles are considered for the vehicle model: a passenger
car with parameters derived from a Nissan Leaf [85], and a truck with
parameters obtained from a Tesla Semi-Truck [86]. The simulation param-
eters for the vehicle model and each vehicle type are detailed in Table 4.4,
where some parameters are estimated due to the lack of publicly available
information. Note that the electric traction power represents the available
traction power and does not correspond to the continuously drawn power
for consumption. In [85], the power consumption of the Nissan Leaf is re-
ported as 163 Wh/km, and in [87], the power consumption of the Tesla
Semi Truck is reported as 1.1 kWh/km. These values align well with the
simulated power consumption for each vehicle type in the presented ERS
deployment cases.

The battery size for each vehicle has been intentionally omitted, as this
parameter is closely related to the concept of ERS. By implementing ERSs,
the battery size of vehicles can be reduced. Consequently, the battery size
is dependent on the ERS coverage factor kERS, which is introduced at the
beginning in Chapter 2. The concept of kERS and the direct power transfer
to the vehicle’s propulsion system are further elaborated in subsequent
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Table 4.4: Simulation parameters for the vehicle model.

Vehicle model parameters

Parameter Unit Value
Truck Car

Wheel radius m 0.506* 0.3
Drag coefficient - 0.7* 0.32*
Roll resistance coefficient - 0.0032* 0.01*
Front area m2 9.7* 2.28
Mass kg 37000 1600
Electric traction power kW 384* 80
Maximum auxiliary power kW 20 * 10*

* Estimated values

subsections of this chapter. Although the sizing of the battery in relation
to kERS is beyond the scope of this thesis, the charging power to the battery
is considered.

In this thesis, it is assumed that the power transfer capabilities of the vehi-
cles are constrained by volume limitations onboard. Although not specified
in Table 4.4, it is anticipated that passenger cars will have a maximum
total transfer capability of 50-60 kW. In contrast, trucks may have a to-
tal power draw that exceeds their transfer capability limit, depending on
design choices as extensively discussed in [36].

The total drawn power per vehicle is determined by the vehicle model,
considering the following factors:

1. The power consumption for propulsion and its dependency on vehi-
cle parameters, such as weight, rolling resistance, frontal area, and
average speed.

2. The estimated power consumption of the vehicle’s auxiliary systems.

3. The estimated charging power to the vehicle battery.

The total power consumption per vehicle, for both the car and the truck
as modelled by the vehicle model, is used as an input parameter when
assessing the performance of the considered ERS technologies in terms of
power flow, losses, and efficiency across various deployment environments.
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4.5 Model Composition

To accurately replicate the proposed deployment environments for the con-
sidered ERS technology, it is necessary to consider not only the power con-
sumption of vehicles utilizing the ERS but also the number and distribution
of vehicle types. Given the complexity of this task, which encompasses a
broad field of research in itself, assumptions are made regarding traffic in-
tensity and vehicle distribution. The assumed number of vehicles and the
distribution of vehicle types are sourced from data provided by the Swedish
Transport Administration [39]. Since the power, losses, and efficiency of
the ERS, as well as the distribution of losses across its components and
subsystems, are highly dependent on these assumptions, the focus of these
simulations is not on the accuracy of the assumed traffic characteristics
nor on the exact values of their corresponding simulated results for power,
losses, and efficiency. Rather, the emphasis is on the trends in power, losses,
and efficiency influenced by these assumptions.

To assess how the performance of the considered ERS technology relates
to and depends on different deployment environments and associated traf-
fic conditions, three deployment scenarios are introduced in this chapter:
urban, rural, and highway. To represent traffic for each deployment sce-
nario, including the types and number of vehicles, assumptions are made
based on data from [39], examining urban, rural, and highway roads. The
composition of vehicles in each deployment case is based on hourly traffic
data, with a conservative approach of selecting hours with intense traffic
conditions at roads with overall high traffic intensity. Generally, trucks
are less common on urban roads compared to highways, where they are
more prevalent, with rural roads falling somewhere in between. However,
to make more conservative choices regarding power draw from vehicles to
the ERS, the rural scenario includes 8 cars and 1 truck, while the highway
scenario comprises 2 trucks and 7 cars. The urban scenario features 16
cars to represent the more traffic-intensive environments of cities, which
are dominated by passenger cars.

The model is configured such that each simulation case is represented by
a single rectifier station and grid-connected circuit model, as illustrated in
Fig. 4.4, along with two branches of series-connected SER circuit models,
as depicted in Fig. 4.5 and shown in Fig. 4.3. Each SER circuit model is
connected to a vehicle circuit model, where the SER circuit model accounts
for the losses and total impedance between the vehicle and the preceding
vehicle in the cluster. The point of connection between the rectifier and
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the series-connected SER circuit models is referred to as the feeding point.
The SER circuit model closest to the feeding point is utilized to evaluate
the impedance and losses of the SER relative to the vehicle nearest to this
feeding point.

On both sides of the feeding point, clusters of vehicles are powered by
the electric road, as illustrated in Fig. 4.9 and Fig. 4.10. The first cluster
is positioned at the far end of the electric road, to the left of the rectifier
station, defined by d1, and is moving towards the feeding point. The second
cluster is located at the feeding point, defined by d2, and is moving away
from it. The distance between vehicles within each cluster is uniform and
predetermined to be equivalent to 3 seconds, meaning the distance between
vehicles varies with their speed.

From a loss perspective, placing a cluster of vehicles at the very end of the
electric road is a conservative approach. As discussed in the introduction of
this chapter, this configuration results in the highest losses for the vehicle
cluster because the maximum length of the electric road from the feeding
point introduces maximum resistance. To balance this, the first cluster
draws power from the farthest point from the feeding point (d1), while the
second cluster starts at the feeding point (d2). As one cluster approaches
the feeding point and the other moves away, with both clusters traveling
at the same constant speed, the total resistance in the system remains
relatively constant. However, to account for potential variations in losses
due to this setup, all simulation results are based on mean values derived
from at least 3 seconds of simulation, corresponding to a traveled distance
of 30-90 meters, depending on vehicle speed.
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4.5.1 Deployment Parameters

For each deployment case, the original parameters from the validation, as
presented in Tables 4.1 to 4.3, are used with the following exceptions:

• The original 400 kVA transformer specified in Table 4.1 is replaced
by a similar transformer rated at 800 kVA, as detailed in Table 4.5,
with parameters obtained from [47]. This adjustment is necessary
because the power drawn in all deployment cases exceeds 400 kW,
requiring a transformer with a higher power rating to prevent issues
such as voltage collapse or excessive transformer losses. In simulation
scenarios where the power drawn surpasses 800 kW, an additional 800
kVA transformer is connected in parallel to manage the total power
demand effectively.

• The resistance values per unit length for the SER cable parameters are
adjusted according to the total drawn power to avoid excessive losses
in this component. This adjustment is made to shift the simulation’s
focus towards the electric road components and to maintain realistic
design considerations. The reduced resistance values per unit length
are determined using integer division, which indicates the installation
of an additional parallel cable.

As previously mentioned, the resistance of the negative conductor in
the SER cable is maintained at half the value of the positive conduc-
tor. This design choice is intended to mitigate potential voltage drops
in the negative conductor, as the negative pole of the electric road is
exposed externally.

• Regardless of the vehicle type, the same vehicle circuit model, as il-
lustrated in Fig. 4.6, with parameters specified in Table 4.3, is utilized
consistently across all vehicle types.

• The resistance per unit length of the positive conductors in the SER
is halved (from 42 to 21 mΩ/km) to represent that both of the two
positive conductors are deployed. The original demonstrator design
did not fully exploit this capacity, as only one of the two positive
conductors was installed.
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Table 4.5: Parameters for the transformer used for the deployment cases.

Transformer parameters

Parameter Unit Value
Nominal power kVA 800
Nominal line-line voltages kVRMS 11, 0.45
Winding resistance p.u. 0.004, 0.0024
Positive-sequence no-load
excitation current

% of Inominal 0.09

Positive-sequence no-load losses W 595
Positive-sequence short-circuit reactance p.u. 0.044

4.5.2 Power Allocation Between Vehicle Subsystems

Given practical and economic constraints, it is not feasible to cover the
entire length of a road with electric road when deploying an ERS [33, 37].
Consequently, the parameter kERS, introduced in Chapter 2, quantifies the
ratio of the length of the electric road to the total road length. For instance,
a kERS value of 0.5 means that 50% of the road is equipped with electric
road infrastructure. Typical theoretical values for kERS are around 0.5, as
this ratio is generally the most cost-efficient [33].

The parameter kp, as discussed in Section 2.1.3 in Chapter 2, represents the
ratio of the total power drawn from the ERS that is allocated directly to the
vehicle’s propulsion system and auxiliary systems. The remaining power
is used to charge the battery. To sustain the SoC of a BEV throughout a
trip, the battery must be sufficiently charged to cover the distance traveled
when ERS access is unavailable. Thus, kERS should equal kp. However,
if an ERS with kERS = 0.5 is utilized primarily to fill the BEV’s battery
rather than maintaining its SoC, then kp must be less than 0.5 to achieve
a higher SoC by the end of the trip. This scenario could involve a shorter
journey that prepares the BEV for a subsequent trip with limited or no
charging opportunities. To achieve a specific SoC level, the parameter kp
may need to be adjusted dynamically during the trip, depending on ERS
availability, to ensure the desired SoC level is reached by the end of the
trip.

In this thesis, the selected values for kERS = kp are consistently set below
0.5 across all simulation scenarios for the following conservative reasons:
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1. Values of kERS = kp = 0.5 necessitate extensive deployment of ERS
infrastructure, which entails substantial capital costs and significant
logistical efforts. Therefore, opting for lower values of kERS reflects a
more cautious approach.

2. As detailed in Section 2.1.3 of Chapter 2, a key benefit of ERS is
its capability to deliver power directly to the BEV’s propulsion and
auxiliary systems, thereby facilitating high efficiency, as will be shown
in the results presented in this chapter. By selecting lower values for
kp, this chapter adopts a more conservative approach in optimizing
the efficiency benefits of ERS.

An additional factor influencing the choice of kERS is the availability of grid
connections, as this indirectly affects the length of the electric road and the
total power drawn per vehicle as well as the cumulative power drawn by
all vehicles. This, in turn, impacts kERS and kp. For each ERS deployment
scenario—urban, rural, and highway—the motivation behind the choice of
kERS and kERS = kp is loosely based on a publicly available infrastructure
map of Sweden from [88] and a publicly available map indicating the current
locations of conventional static chargers from [89].

4.5.3 Urban Deployment of Electric Roads - Parameters

In Fig. 4.9, an overview of the urban simulation case is presented with an
arbitrary number of cars, denoted n. The modelled urban deployment case
includes 16 cars (n = 16) each drawing 40 kW at a speed of 40 km/h on
1020 m of electric road (L), as detailed in Table 4.6. These parameter
choices represent a typical urban ERS deployment with a congested traffic
load comprising solely passenger cars.

The initial position of the left cluster of vehicles is 300 m from the feeding
point (d1), while the right cluster is positioned at the feeding point (d2 = 0
m). The distance between the vehicles within each cluster is maintained
at 30 meters. To ensure that the system can accommodate a total power
draw of 640 kW, an 800 kVA transformer, with the parameters specified
in Table 4.5, is used. The positive conductor of the cable between the
rectifier station and the electric road is characterized by a resistance of
31.25 mΩ/km, while the negative conductor exhibits a resistance of 15.63
mΩ/km. These cable parameters are chosen to facilitate the total power
draw of the vehicles while avoiding excessive losses in the cable.
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Figure 4.9: Overview of the urban simulation case with a total of n vehicles. One rectifier station supplies two
connected electric road sections. Each electric road section has a cluster of cars in movement, either
approaching or leaving the rectifier station. The distances between the rectifier station and the clusters
are denoted d1 and d2. The total electric road length for the simulation case is L. Figure taken from
[21].

Table 4.6: Simulation parameters for urban deployment.

Simulation parameters Urban

Parameter Unit Value
Infrastructure

Transformer kVA 800
Cable positive conductor mΩ/km 31.25
Electric road length, L m 1020
Left distance feeding point, d1 m 300
Right distance feeding point, d2 m 0

Vehicles
Car

Number of vehicles 16
Distance between vehicles m 30
Speed km/h 40
Total Power kW 40
Auxiliary & Propulsion Power kW 6
Battery Power kW 34
Ratio of power to Auxiliary & Propulsion, kp 0.15

The total power drawn per vehicle is 40 kW, of which 6 kW is allocated for
auxiliary systems and propulsion, and the remaining 34 kW is dedicated to
charging the battery. This corresponds to a mean value of kp = 0.15. This
low value of kp and ERS length (L) of 1020 m is motivated by the following
assumptions:

1. In cities, the ERS length is constrained by space limitations related
to road planning and other obstructions in the urban infrastructure.
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2. The presence of multiple potential grid connections for rectifier sta-
tions allows for a denser distribution of rectifier stations along the
ERS.

3. Due to the low power consumption at the low speeds typical of urban
environments, there is an opportunity to utilize the available power
for battery charging. Which means that BEVs can charge their bat-
teries in preparation for a subsequent journey where the excess energy
is required.

4.5.4 Rural Deployment of Electric Roads - Parameters

The rural simulation case represents an ERS deployed in a rural environ-
ment, accommodating 8 cars and 1 truck driving at 70 km/h on 3360 meters
of electric road (L), as detailed in Table 4.7. The rural deployment case is
characterized by a long electric road with limited power draw for vehicles
with higher power consumption, such as trucks, due to the assumption of
scarce and weak grid connections in rural areas.

Table 4.7: Simulation parameters for rural deployment.

Simulation parameters Rural

Parameter Unit Value
Infrastructure

Transformer kVA 800
Cable positive conductor mΩ/km 31.25
Electric road length, L m 3360
Left distance feeding point, d1 m 1500
Right distance feeding point, d2 m 0

Vehicles
Car Truck

Number of vehicles 8 1
Distance between vehicles m 60 60
Speed km/h 70 70
Total Power kW 50 150
Auxiliary & Propulsion Power kW 10 68
Battery Power kW 40 82
Ratio of power to Auxiliary & Propulsion, kp 0.23
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Fig. 4.10 provides an overview of the rural simulation case. In this scenario,
the left cluster of vehicles starts 1500 m (d1) from the feeding point, while
the right cluster starts at the feeding point (d1 = 0 m). The distance
between vehicles within each cluster is maintained at 60 m. The rural
simulation case employs the same parameters for transformer power rating
and cable dimensions between the electric road and rectifier station as the
urban case. The truck draws a total power of 150 kW, with 82 kW allocated
to battery charging. Each car draws 50 kW, with 40 kW allocated to
battery charging. This yields a mean value of the direct power transfer to
propulsion and auxiliary systems of kp = 0.23.

Figure 4.10: Overview of simulated rural deployment. One rectifier station supplies two connected electric road
sections. Each electric road section has a cluster of vehicles in movement, either approaching or leaving
the rectifier station. The distances between the rectifier station and the clusters are denoted d1 and
d2. The total electric road length for the simulation case is L. Figure taken from [21].

In the context of the rural deployment case discussed in this chapter, it is
anticipated that grid connections in rural areas will be scarce and charac-
terized by weak grid connections. This leads to low values of kERS = kp
and necessitates the use of long electric roads, such as 3.4 km. Although
the truck could potentially benefit from drawing a higher power to accel-
erate battery charging, the grid connection for the ERS in this scenario is
assumed to be insufficient for such an increase.

4.5.5 Highway Deployment of Electric Roads - Parameters

In the highway deployment case, the model features seven passenger cars,
each drawing 50 kW at a speed of 110 km/h, and two trucks, each drawing
300 kW at a speed of 90 km/h, accessing an electric road with a length
of 2642 meters (L), as detailed in Fig. 4.11 and Table 4.8. Due to the
significantly higher speeds compared to the urban scenario, the spacing
between vehicles, the length of the electric road (L), and the distance of
the left vehicle cluster (d1=1000 m) from the feeding point are all increased,
while the distance of the right vehicle cluster from the feeding point (d2)
remains at 0 meters. To accommodate the total power draw of 950 kW,
two 800 kVA transformers, as specified in Table 4.5, are required. To
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minimize cable losses between the rectifier station and the electric road,
the resistance of the positive conductor is reduced to 20.8 mΩ/km, with
the negative conductor having half of this resistance value.

Figure 4.11: Overview of simulated highway deployment. One rectifier station supplies two connected electric road
sections. Each electric road section has a cluster of vehicles in movement, either approaching or leaving
the rectifier station. The distances between the rectifier station and the clusters are denoted d1 and
d2. The total electric road length for the simulation case is L.

Table 4.8: Simulation parameters for highway deployment.

Simulation parameters Highway

Parameter Unit Value
Infrastructure

Transformer kVA 2 · 800
Cable positive conductor mΩ/km 20.8
Electric road length, L m 2642
Left distance feeding point, d1 m 1000
Right distance feeding point, d2 m 0

Vehicles
Car Truck

Number of vehicles 7 2
Distance between vehicles m 107 107
Speed km/h 110 90
Total Power kW 50 300
Auxiliary & Propulsion Power kW 21 108
Battery Power kW 29 192
Ratio of power to Auxiliary & Propulsion, kp 0.41

For highway deployment, the average value of power directly transferred
to vehicle propulsion and auxiliary systems, is 0.41 where kers = kp is as-
sumed. This is based on that highway ERS deployments are expected to
require more robust and numerous grid connections compared to the pre-
sented rural case, leading to higher power draw per vehicle and shorter
electric road lengths per rectifier station. However, an examination of
publicly available infrastructure maps of Sweden [88] and the locations
of conventional static charging stations [89] does not distinctly indicate a
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significantly greater number of grid connections along highway roads com-
pared to rural roads. Nevertheless, due to higher traffic intensity of highway
environments, the initiative to expand grid connections along highways is
expected to be greater compared to rural roads.

4.6 Simulation Results

The simulations for each modelled deployment case yield voltage and cur-
rent data at interfaces A to D (see Fig. 2.13). These data are used to
calculate power, losses, and efficiency at these interfaces. For interfaces
C-D, additional measurements are included in the simulation to provide
data to assess the distribution of losses in each ERS component between
these interfaces. This allows for a detailed evaluation of losses in the cable
between the rectifier and the electric road, the SER conductors, the SER
semiconductors, the contact resistance, and the onboard rectifier losses.

4.6.1 Urban Deployment of Electric Roads - Results

In Table 4.9 power and efficiency between interfaces A-D are detailed for
the urban deployment case. Fig. 4.12 illustrates the distribution of losses
in each ERS component at interfaces A-D. Overall, the considered ERS
technology demonstrates excellent performance in this deployment scenario,
with total losses amounting to 24 kW across interfaces A-D and achieving
an efficiency of 96.7%. This performance is attributed, in part, to the
relatively short length of the electric road and modest total power draw of
640 kW.

Table 4.9: Simulation results for urban deployment.

Simulation results Urban

Simulation case Unit Value
Power

A B C D
Urban Nominal kW 664 659 651 640

Efficiency
A-B B-C C-D A-D

Urban Nominal % 99.4% 98.9% 98.3% 96.7%
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Figure 4.12: Simulated losses per component in the ERS for urban deployment. Blue color represents components
at interface A-B. Red color represents components at interface B-C. Green color represents components
at interface C-D.

The primary factors contributing to the low losses are the length of the
electric road and the relatively low power draw per vehicle. This suggests
that the ERS technology is well-suited for urban applications given the pro-
posed electric road length and traffic intensity. Notably, the semiconduc-
tors (diodes and solid-state switches) in the rectifier station, as illustrated
in Fig. 4.4, represent the largest portion of the losses. This is because, with
a high number of vehicles drawing relatively low power and a short electric
road length, the predominant losses occur at the rectifier station, where the
total current flows through the rectifier and solid-state switch components.
Since losses are proportional to I2, the total current passing through the
rectifier station is significantly higher than the current distributed among
individual vehicle circuits.

Given the generally low losses and high efficiency of the ERS in the urban
deployment case, it is challenging to justify the need for improvements to
specific components or to identify any component as a significant source of
excessive losses. All ERS components exhibit very low losses relative to the
total power draw. However, the resistive losses in the SER conductors is less
than half of the losses in the station rectifier. Therefore, it may be more
cost-effective to reduce the overall losses by reducing the semiconductor
losses associated with the semiconductors in the rectifier station than reduce
the cross-sectional area of the conductors in the electric road.

It should be noted that the semiconductor components collectively (in-
cluding the station rectifier, SER semiconductors, and onboard rectifier)
account for almost half of the total losses when compared to the purely
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resistive components (the transformer, cable between rectifier station and
SER, SER resistance, and contact resistance). This is a consequence of the
extensive use of semiconductors in the considered ERS technology, both
for activating individual segments and for rectifying the current supplied
to the vehicle. As a result, the losses in these semiconductors may im-
pact the overall system efficiency, especially when the number of vehicles
is high and the power per vehicle is relatively low. From the perspective of
improving system efficiency, this approach might seem counterintuitive, as
semiconductor losses may not be the first aspect to consider. This will be
further examined in Section 4.7.3.

4.6.2 Rural Deployment of Electric Roads - Results

The rural deployment case is characterized by scarce and weak grid con-
nections, resulting in a long electric road and fewer vehicles than the urban
case. Consequently, this leads to poorer efficiency and loss performance
compared to the urban scenario, as detailed in Table 4.10. Despite the
increased length of the electric road and fewer vehicles, the total losses in
the rural case (28 kW) are similar to those in the urban case (24 kW).
However, considering the lower total power draw in the rural scenario, the
efficiency is lower, at 95.3%.

Table 4.10: Simulation results for rural deployment.

Simulation results Rural

Simulation case Unit Value
Power

A B C D
Rural Nominal kW 578 574 568 550

Efficiency
A-B B-C C-D A-D

Rural Nominal % 99.5 99 96.8 95.3

Fig. 4.13 presents the distribution of losses among the ERS components
in the rural deployment case. The primary contributor to losses is the
resistive losses in the main conductors of the SER, attributed to the ex-
tensive length of the electric road. For deployment environments involving
long electric road lengths, design improvements in the material and/or the
cross-sectional area of the SER conductors could be considered to enhance
overall system efficiency.
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Figure 4.13: Simulated losses per component in the ERS for rural deployment. Blue color represents components at
interface A-B. Red color represents components at interface B-C. Green color represents components
at interface C-D.

Although the efficiency in the rural simulation case is lower than in the
urban simulation case, the simulated rural case efficiency might still be
adequate for rural ERS deployment. Nonetheless, it is evident that to
achieve greater efficiency, improvements are needed in the resistance per
unit length of the SER conductors and possibly in the rectifier station, as
illustrated in Fig. 4.13.

4.6.3 Highway Deployment of Electric Roads - Results

In Table 4.11, the simulated power and efficiency for the highway deploy-
ment case are presented, along with the distribution of losses between ERS
components, as shown in Fig. 4.14. This scenario is characterized by a
relatively long electric road length of 2642 meters and a high total power
draw of 950 kW, primarily due to the relative high number of trucks draw-
ing 300 kW each. Consequently, this simulation case corresponds to the
greatest total losses of all three simulation cases resulting in 70 kW. The
system efficiency is as low as 93.7%, with the largest portion of the losses
attributed to the contact resistance, the station rectifier, and the resistance
of conductors in the SER, as shown in Table 4.11, where losses at interface
C-D reach 43 kW. A system efficiency of 93.7% might seem low compared
to other simulation cases; nevertheless, it could still be adequate for de-
ployment. However, it is important to consider the overall efficiency of
the charging system, including the battery efficiency, rather than focusing
solely on the ERS efficiency, as discussed in the subsequent section.
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Table 4.11: Simulation results for highway deployment.

Simulation results Highway

Simulation case Unit Value
Power

A B C D
Highway Nominal kW 1020 1010 993 950

Efficiency
A-B B-C C-D A-D

Highway Nominal % 99.5 98.5 95.6 93.7
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Figure 4.14: Simulated losses per component in the ERS for highway deployment. Blue color represents components
at interface A-B. Red color represents components at interface B-C. Green color represents components
at interface C-D.

The contact resistance is identified as the most prominent source of losses
among the ERS components in the highway deployment case, as detailed in
Fig. 4.14. Given the lack of available measurements for contact resistance
or losses associated with the sliding contact of the considered ERS tech-
nology at speeds above 50 km/h, as presented and discussed in Chapter 3,
the results concerning the losses of the sliding contact in the model should
be interpreted with caution for deployment cases with vehicle speeds sur-
passing 50 km/h. Since the sliding contact is still in the development phase
for the considered ERS technology, it is possible that the presented results
may either overestimate or underestimate the actual losses. Nonetheless,
the findings indicate that further development and research are necessary to
enhance the performance of the sliding contact in terms of reducing losses
and, consequently, improving the overall system efficiency.
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In the highway deployment scenario, significant losses are observed due to
the resistance of the SER conductors, similar to the rural case. Specifically,
the highway case demonstrates losses of 15 kW in the SER resistance, com-
pared to 10 kW observed in the rural deployment case. This highlights the
necessity for increased cross-sectional area of the SER conductors, partic-
ularly in high-power scenarios and extended electric road lengths.

Additionally, the station rectifier in the highway case also contributes no-
table losses of 15 kW. This indicates a potential need for re-evaluating the
topology and semiconductor components used in the rectifier station to
enhance overall system efficiency. The subsequent section will conduct an
analysis to explore these significant loss components and assess potential
improvements through parameter sweeps.

4.6.4 Implications of Power Allocation Between Vehicle Sub-
systems

When evaluating the system efficiency of the ERS technology under con-
sideration, it is essential to account for the deployment strategy of the
technology. While the results presented in the preceding subsections reflect
ERS efficiency values associated with a fixed kp, these values pertain only
to scenarios where vehicles have access to the ERS. As detailed in the in-
troduction in Chapter 2 and in Section 4.5.2 of this chapter, the ERS is
designed to be sectioned, as defined by the coverage factor parameter kERS .

In this context, the overall system efficiency is influenced not only by the
efficiency of the ERS itself but also by the efficiency of the system when
vehicles lack ERS access. This includes considerations for the efficiency
of the BEV battery. In this section, the system efficiency for a charging
infrastructure—whether ERS or conventional static charging stations—is
defined as the ratio between the energy effectively used to propel the vehicle
and the total energy drawn from the power grid during a trip. While no
specific strategies for sectioning the ERS are proposed, a detailed discussion
on this topic is available in [36]. Instead, this work focuses on evaluating the
impact of the parameter kp, which specifies the amount of power allocated
directly to vehicle propulsion and auxiliary systems.

To evaluate the system efficiency and its correlation with kp, the efficiency
results presented in the previous subsections are compared with those of a
conventional static charger. The system efficiency for conventional static
charging stations, denoted as ηSC , is calculated according to Eq. (4.6). The
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parameter ηB = 0.97 represents the battery efficiency, assumed to be the
same for both charging and discharging, as cited in [90]. The parameter
ηCh = 0.95 indicates the efficiency of a DC fast charger, obtained from [91].

ηSC = ηCh · η2B (4.6)

The ERS system efficiency, denoted as ηERSS , is calculated for all consid-
ered deployment cases—urban, rural, and highway—according to Eq. (4.7).
In this calculation, the ERS efficiency ηERS is derived from Tables 4.9
to 4.11. The battery efficiency ηB = 0.97 remains consistent with previous
assumptions, obtained from [90]. Additionally, the efficiency of the onboard
DC/DC converter, which acts as the power electronic interface between the
ERS supply and the vehicle’s TVS, is assumed to be ηDC/DC = 0.97, as
cited from [92]. The parameter kp denotes the fraction of the total power
drawn from the ERS that is directly allocated to the vehicle’s propulsion
and auxiliary systems. For simplicity, it is assumed that this parameter
remains uniform across all vehicles and does not affect the ERS efficiency
ηERS for each deployment case.

ηERSS = ηDC/DC · ηERS · (kp + (1− kp) · η2B) (4.7)

In Fig. 4.15 the ERS system efficincy for the urban, rural and highway
deployment cases is compared to the system efficiency of a conventional
static fast charger at different values of kp by applying Eqs. (4.6) and (4.7).
The pink area represents values for kp > 0.7 that would require kERS > 0.7
to maintain the SoC level in a BEV for a trip. kERS > 0.7 is not considered
realistic in this thesis, as there are practical limitations regarding where
ERS can be installed in reality (e.g., crossroads, curves, etc.). The vertical
lines show the corresponding mean values of kp from the urban, rural and
highway deployment cases from Tables 4.6 to 4.8. The yellow horizontal
line illustrates the system efficiency for conventional static charging from
Eq. (4.6).

This comparison reveals that the efficiency of the charging infrastructure
varies significantly with different values of kp, depending on how the sup-
plied ERS power is distributed between battery charging and remaining
subsystems of the TVS. Although a higher kp can enhance efficiency, it
is constrained by the efficiency of the ERS during its operational period.
This limitation is particularly evident in the highway deployment scenario,
where the efficiency of the highway ERS only exceeds that of the static
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Figure 4.15: Efficiency for calculated urban (blue lines), rural (red lines) and highway deployment (green lines)
with varying ratio of power transferred directly to the vehicles propulsion systems, kp. The pink area
represents values of kp which are assumed to be unrealistic. The yellow line shows the efficiency of
the DC fast charger in conjunction with the battery efficiency.

charger when kp exceeds 0.7 (with kERS = 0.7), which is at the upper
boundary of what is considered feasible for the considered ERS technology
in this thesis. Note that in none of the urban, rural, or highway deployment
cases, with the selected values of kp, does their respective system efficiency
surpass that of the conventional static charger.

Although this may be perceived as an indication of sub-optimal system
efficiency when compared to conventional static chargers, it highlights the
necessity for thorough consideration in the design of ERS. Specifically, the
ERS efficiency, in conjunction with the direct power transfer factor (kp) and
the coverage factor (kERS), must be rigorously evaluated for future ERS
deployments. In the urban and rural cases the overall system efficiency
can surpass the system efficiency of the static charger by adjusting the
parameter kp. Regardless of the overall system efficiency of ERS, from a
practical perspective, ERS can still offer advantages over conventional static
chargers. ERS offers dynamic charging, thereby mitigating risks concerning
congestion and queues at static charging stations.

134



4.7 Influence of Selected Parameters

As previously stated in Section 4.5, the presented deployment cases are in-
tended to be indicative and not regarded as absolute truths in the context
of traffic intensity and conditions. To further evaluate the factors affecting
power flow, losses, and efficiency, a parameter analysis is performed on the
deployment cases. The analysis in the urban case focuses on varying the
total power drawn per vehicle and the number of vehicles. In contrast, the
highway case examines improvements or alterations to ERS components,
namely the sliding contact, the semiconductors in the rectifier station, and
the conductors of the SER, as well as the impact of reducing the power
drawn per vehicle. These ERS component parameters are selected due to
that they are associated with the greatest losses as illustrated in Fig. 4.14.
Additionally, the practical feasibility of implementing the suggested param-
eter variations is discussed. The simulation cases presented in this section
are executed with the same parameters as those in the original deployment
cases, with only the considered parameters being altered.

4.7.1 Urban Deployment of Electric Roads - Considered Pa-
rameters

The original urban simulation case demonstrated excellent performance in
terms of losses and efficiency, but also highlighted the distribution of semi-
conductor losses and pure resistive losses. By simulating this case again,
with different numbers of vehicles and varying values of the power drawn
per vehicle, the performance of the ERS deployment in the urban case is
assessed in terms of both losses and efficiency, and the loss distribution
between semiconductor and resistive losses is characterized.

16 different simulations are presented, involving a sweep where the number
of vehicles (n) is assessed at 4, 8, 12, and 16 at power levels of 10, 20,
40, and 60 kW, as detailed in Table 4.12. Each simulation case has the
same configuration as previously presented in Section 4.5.3 and Fig. 4.9
and Table 4.6 with 1020 m of electric road and the left vehicle cluster
starting at 300 m left of the feeding point (d1). The number of vehicles,
(n), is equally split between the left and right clusters.
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Table 4.12: Simulation parameters for urban deployment with adjusted vehicle load parameters.

Simulation parameters Urban adjusted vehicle load

Parameter Unit Value
Vehicle load 1-4

Number of vehicles - 4
Power per vehicle kW 10, 20, 40, 60

Vehicle load 5-8
Number of vehicles - 8
Power per vehicle kW 10, 20, 40, 60

Vehicle load 9-12
Number of vehicles - 12
Power per vehicle kW 10, 20, 40, 60

Vehicle load 13-16
Number of vehicles - 16
Power per vehicle kW 10, 20, 40, 60

4.7.2 Highway Deployment of Electric Roads - Considered
Parameters

Three distinct analyses are conducted on the highway deployment case to
evaluate potential improvements in the design and performance of the ERS
for this scenario. In the first analysis, the contact resistance is considered.
The second analysis examines the combined impact of contact resistance,
the semiconductors in the rectifier station, and the SER resistance. Finally,
the third analysis assesses the impact of reducing the power drawn per
vehicle.

In the highway simulation, the initial parameter assessed is the contact
resistance, which is related to the performance of losses associated with the
sliding contact. The simplified contact resistance parameter used in the
vehicle circuit model, as presented in Section 4.2.4, which considers only two
sliding contacts, might not accurately model current collector designs with
6 or more sliding contacts. Moreover, as presented and discussed in Chapter
3, the contact resistance for one sliding contact varies greatly over time and
can intermittently increase by a factor of 10 in some cases. Nonetheless,
the model validation shows that this simplification can reasonably describe
sliding contact losses up to speeds of 30 km/h. To address uncertainties
related to the contact resistance parameter, an analysis is conducted to
assess its impact.
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The contact resistance is adjusted to 5, 10, 30, and 50 mΩ, as detailed
in Table 4.13. As previously noted, there is limited knowledge regarding
contact resistance in current collectors adapted for conductive ERS. The
values of 5 and 10 mΩ reflect anticipated improvements in future sliding
contact development, with 5 mΩ being considered more extreme and less
realistic, while 10 mΩ is regarded as more achievable based on experimen-
tal results from the validation of the simulation model, where the contact
resistance was set to 16 mΩ, albeit at speeds of only 30 km/h. The contact
resistance parameters of 30 and 50 mΩ represent scenarios in which resis-
tance increases with speed. This increase is based on the assumption that
the design of the current collector and corresponding sliding contacts may
not maintain a stable connection at higher speeds due to the anticipated
elevated forces exerted on the sliding contacts.

Table 4.13: Simulation parameters for highway deployment with adjusted contact resistance parameters.

Simulation parameters Highway adjusted design

Parameter Unit Value
Contact resistance design 1

Contact resistance mΩ 5
Contact resistance design 2

Contact resistance mΩ 10
Contact resistance design 3

Contact resistance mΩ 30
Contact resistance design 4

Contact resistance mΩ 50

For the second analysis the combination of improved semiconductors in
the rectifier station, thicker positive SER conductors, and reduced contact
resistance are evaluated. Two simulations are conducted to demonstrate
potential design modifications that could reduce the losses in these specific
ERS components with parameter values detailed in Table 4.14.

• Firstly, the resistive on-losses in the diodes of the passive 6-pulse
rectifier are adjusted to 0.5 and 1 mΩ to reduce losses in the rectifier
station. This improvement can be achieved by selecting diodes with
lower resistive conducting on-losses [93].
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• Secondly, the contact resistance is adjusted to 5 and 10 mΩ. These
values reflect anticipated improvements in future sliding contact de-
velopment, with 5 mΩ considered more extreme and less realistic,
while 10 mΩ is deemed more achievable.

• Thirdly, to improve the resistance of the SER conductors, two strate-
gies can be applied: I) altering the material used in the SER conduc-
tors to one with higher conductivity, such as replacing aluminum with
copper, and II) increasing the cross-sectional area of the conductors.

However, increasing the cross-sectional area of the positive conductor, which
already has significantly higher resistance compared to the negative con-
ductor, will have a greater impact on the road surface and underlying road
layers. The resistance value of the positive SER conductor is 21 mΩ/km,
corresponding to a cross-sectional area of 1266 mm2 for the positive con-
ductors and a combined cross-sectional area of 8888 mm2 for both poles.

Although it is feasible to increase the ratio of the positive cross-sectional
conductor area relative to the negative cross-sectional area without compro-
mising the dielectric properties between the two poles or inducing excessive
voltage drops in the negative conductor due to its external exposure, such
design modifications are limited. Ultimately, the total combined cross-
sectional area must be improved.

Without further evaluation of these design requirements, which are beyond
the scope of this thesis, an improved resistance value per unit length for the
SER positive conductor is assumed to be 5 and 10 mΩ/km. Implementing
SER resistance values of 5 and 10 mΩ/km for the positive conductor is
expected to require considerable modifications to the road layers where the
SER is installed. This would also lead to increased costs due to the need
for superior materials or larger conductor cross-sectional areas.
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Table 4.14: Simulation parameters for highway deployment with adjusted design parameters.

Simulation parameters Highway adjusted design

Parameter Unit Value
Design alternatives 1

Diode on-state resistance mΩ 0.5
SER positive conductor resistance mΩ/km 5
Contact resistance mΩ 5

Design alternatives 2
Diode on-state resistance mΩ 1
SER positive conductor resistance mΩ/km 10
Contact resistance mΩ 10

In the third and final sensitivity analysis, the proposed power draw levels
are selected to represent lower degrees of power supplied to the trucks’
batteries, as detailed in Table 4.15, compared to the original total drawn
power of 300 kW for one truck. This reduction in power provided to the
trucks’ batteries impacts the parameters kp and kERS . Specifically, the
lowest total power draw for the trucks, 150 kW, corresponds to kp = 0.72,
while a slightly higher total power draw of 225 kW corresponds to kp = 0.48
for the trucks.

Table 4.15: Simulation parameters for highway deployment with adjusted power per vehicle.

Simulation parameters Highway adjusted vehicle power

Parameter Unit Value
Adjusted power per vehicle 1

Power per vehicle kW 150
Adjusted power per vehicle 2

Power per vehicle kW 225
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These design alterations suggest that if the total power drawn by the vehicle
is limited, the ERS will be less strained, and consequently, no costly design
alterations need to be considered for specific ERS components and subsys-
tems. This strategy can be regarded in terms of quantity over quality—by
limiting the power drawn per vehicle, the ERS development, installation,
and possibly also the production costs are lowered. Consequently, ERS in-
vestments can be focused on wider deployments rather than implementing
potentially costly development measures. These assumptions can be re-
garded as an attempt to shift the focus of investments and measures from
the batteries installed in vehicles to wide deployment of the ERS infras-
tructure by increasing kp and kERS .

4.7.3 Urban Deployment of Electric Roads - Influence of
Traffic Intensity and Power Flow

As the original efficiency of the urban case performed exceptionally well,
with a total efficiency surpassing 97%, and given that the specific losses
for each ERS component are significantly low, no design improvements
of any specific ERS components are suggested for this analysis. Instead,
the focus is on how the efficiency and distribution of semiconductor and
resistive losses are altered depending on the number of vehicles and the
power drawn by the vehicles using the ERS.

In the urban case, 16 different simulations are presented in Fig. 4.16, involv-
ing an analysis where the number of vehicles (n) is assessed at 4, 8, 12, and
16, at power levels of 10, 20, 40, and 60 kW, as detailed in Table 4.12. The
results are presented as follows: the total system losses between interfaces
A-D (upper plot), the system efficiency between interfaces A-D (middle
plot), and the share of semiconductor losses (comprising the semiconduc-
tors in the rectifier station, SER semiconductors, and onboard rectifier) in
relation to the total losses (bottom plot). These results are shown as a
function of the number of vehicles and the power drawn per vehicle.

The analysis indicates that losses are generally low, regardless of the power
drawn and the number of vehicles. However, an exception occur in scenarios
with a high number of vehicles (12-16) and relatively high drawn power per
vehicle (40-60 kW), where losses peak at 40-45 kW. Notably, these losses
correspond to a total drawn power of 960 kW, resulting in an efficiency of
over 95%.
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Figure 4.16: Simulated values between interfaces A-D: Losses [kW] (upper plot), efficiency (middle plot) and
semiconductor losses divided by total losses (lower plot).

In the specific case of 960 kW total power draw, the use of a transformer
rated for 800 kVA, chosen to maintain consistency across simulations, leads
to slightly higher losses compared to other combinations in the analysis. De-
spite this, the additional losses attributable to the transformer are minimal
and do not significantly impact the overall system performance.

The highest efficiency levels (97.5%) in the middle plot are obtained under
two conditions: either with low power per vehicle (10-20 kW) and a high
number of vehicles (12-16), or with slightly higher power per vehicle (15-35
kW) and 7-12 vehicles. Conversely, if the ERS is used by a low number of
vehicles (4-6), each drawing relatively low power (10-20 kW), the efficiency
decreases to approximately 95%.
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This reduction in efficiency is attributed to increased open-circuit losses
in the transformer (interfaces A-B) relative to the remaining losses in the
ERS (interfaces B-D). In summary, the efficiency performance of the urban
deployment, as indicated by the analysis, is generally high, reaching values
over 96.5% for the majority of the presented simulation cases.

In the bottom plot, the share of semiconductor losses (comprising the semi-
conductors in the rectifier station, SER semiconductors, and onboard rec-
tifier) divided by the total losses of the ERS is presented. It is observed
that over 50% of the losses are attributed to the semiconductors for all
combinations, except when the power per vehicle exceeds 40 kW and the
number of vehicles exceeds 10, represented by the upper right corner of the
plot. The increase in resistive losses for these combinations is due to the
losses being proportional to the square of the current, which increase with
higher drawn power. Additionally, with an increased number of vehicles,
the total electric road length is extended, adding more aggregated resis-
tance to the system. This result underscores the importance of accounting
for semiconductor losses when optimizing the efficiency of the ERS design,
as numerous semiconductors are a part of the system. This consideration
becomes particularly significant in scenarios such as traffic congestion or
queues, which are characterized by low power drawn per vehicle and a high
number of vehicles.

Given that the efficiency exceeds 96.5% in most cases, it may be more ad-
vantageous to focus on improving the cost-effectiveness of the design rather
than solely on enhancing efficiency. By prioritizing the reduction of semi-
conductor losses (from components such as the rectifier station, onboard
rectifier, and SER semiconductors) and accepting a potential increase in
resistive losses within the SER by using conductors with smaller cross-
sectional area, a more cost-effective design could be achieved. This ap-
proach assumes that the cost of the SER conductors is higher compared
to the cost of semiconductor components. Given these assumptions, it is
possible to maintain high efficiency while lowering the overall costs of the
ERS deployed in an urban setting.
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4.7.4 Highway Deployment of Electric Roads - Influence of
Design Parameters

As illustrated in Fig. 4.17 and Table 4.16, the impact of contact resistance
significantly affects the efficiency performance of the ERS. In the original
highway deployment case, with a contact resistance of 16 mΩ, the efficiency
between interfaces A-D is 93.7% with contact resistance losses amounting
to 20 kW, as shown in Fig. 4.14 and Table 4.11. For contact resistance
design 1 and 2, these losses are notably reduced to values of 5 kW and
8 kW, respectively. Consequently, the efficiency between interfaces A-D
improves to 95.1% and 94.5%, respectively. These results indicate that, for
high-speed applications where contact resistance is expected to exceed the
original value of 16 mΩ (see Table 4.3), reducing contact resistance losses
is crucial for future conductive ERS deployments. For contact resistance
design 3 and 4, which represent worst-case scenarios at higher speeds, the
losses are significant, reaching 40 kW and 75 kW, resulting in efficiencies
between interfaces A-D of 91.7% and 88.7%, respectively. These results
highlight the necessity for further research and development of sliding con-
tacts for the considered ERS technology presented in this thesis.
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Figure 4.17: Simulated losses per component in the ERS for highway deployment with adjusted contact resistance.
The darkest color represents Contact resistance design 1 (far left bars) and gradual lighter colors
represents Contact resistance design 2-4. Blue color represents components at interface A-B. Red
color represents components at interface B-C. Green color represents components at interface C-D.
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Table 4.16: Simulation results for highway deployment with adjusted contact resistance design parameters.

Simulation results Highway adjusted contact resistance

Simulation case Unit Value
Power

A B C D
Contact resistance design 1 kW 1000 994 979 950
Contact resistance design 2 kW 1007 1000 985 950
Contact resistance design 3 kW 1036 1030 1014 950
Contact resistance design 4 kW 1072 1065 1048 950

Efficiency
A-B B-C C-D A-D

Contact resistance design 1 % 99.5 98.5 97.1 95.1
Contact resistance design 2 % 99.5 98.5 96.4 94.5
Contact resistance design 3 % 99.5 98.5 93.7 91.7
Contact resistance design 4 % 99.4 98.4 90.6 88.7

As demonstrated in the original highway case, there are additional loss fac-
tors beyond those attributed to contact resistance, suggesting that further
design adjustments for additional ERS components could be implemented.
Two simulation cases are conducted presenting design alternatives 1 and 2
in which the SER resistance, the resistive on-losses of the diodes in the rec-
tifier station, and the contact resistance of the current collector are varied
as detailed in Table 4.14. The resulting power, losses, and efficiency from
these simulations are presented in Fig. 4.18 and Table 4.17.

Table 4.17: Simulation results for highway deployment with adjusted design parameters.

Simulation results Highway adjusted design parameters

Simulation case Unit Value
Power

A B C D
Design alternatives 1 kW 982 976 969 950
Design alternatives 2 kW 994 988 978 950

Efficiency
A-B B-C C-D A-D

Design alternatives 1 % 99.5 99.3 98.0 96.9
Design alternatives 2 % 99.5 99.1 97.1 95.7
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Figure 4.18: Simulated losses per component in the ERS for highway deployment with adjusted parameters. The
darkest color represents design alternative 1 (left bar in each pair), and the lighter color represents
design alternative 2. Blue represents components at interface A-B, red represents components at
interface B-C, and green represents components at interface C-D.

In comparison to the original design presented in Fig. 4.14, these design
alternatives result in a significant reduction of losses. For instance, losses
due to SER resistance decreased from 15 kW to 5 kW in design alterna-
tives 1 and to 8 kW in design alternatives 2. As previously discussed, the
most significant design change in reducing losses is lowering the contact
resistance. This adjustment reduces the losses from 20 kW in the original
design to 6 kW for design alternative 1 and 12 kW for design alternative
2. The total losses in these simulations were reduced to 32 kW for design
alternatives 1 and 44 kW for design alternatives 2, compared to the initial
total losses of 70 kW. Furthermore, the system efficiency, initially below
93.7% in the original design, improved to 96.9% in design alternatives 1
and 95.7% in design alternatives 2.

The analysis demonstrates that the proposed design alterations can enhance
efficiency and reduce losses. However, some of these design alterations are
anticipated to incur additional costs related to development. It is important
to note that, depending on specific deployment cases and corresponding re-
quirements, some design alterations are presumed to be more cost-effective
than others. For example, reducing the losses in the rectifier station by
selecting another topology for the rectifier [94, 95] could potentially be a
more cost-effective strategy than increasing the cross-sectional area of the
SER conductors, as the latter would impact the road structure more and
potentially increase installation costs. In order to avoid the high costs and
development efforts associated with improving the ERS components, an-
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other solution to mitigate excessive losses is to limit the power drawn per
vehicle.

Fig. 4.19 and Table 4.18 presents the power, losses, and efficiency for the
analysis of the simulation cases where the power drawn by the trucks in the
original highway case is reduced from 300 kW to 150 kW in case 1, and 225
kW in case 2. As a consequence, the losses are reduced, despite all other
ERS design parameters remaining unaltered. In adjusted power per vehicle
1, with a total power of 650 kW, the efficiency between interface A-D is
at 95.9%, and in adjusted power per vehicle 2, with a total power of 800
kW, the efficiency between interface A-D is 94.7%. Both these results are
improvements compared to the original highway deployment case efficiency
of 93.7%.
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Figure 4.19: Simulated losses per component in the ERS for highway deployment with adjusted drawn power
per truck. The darkest color represents design alternative 1 (left bar in each pair), and the lighter
color represents design alternative 2. Blue represents components at interface A-B, red represents
components at interface B-C, and green represents components at interface C-D.
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Table 4.18: Simulation results for highway deployment with adjusted power per vehicle parameters.

Simulation results Highway adjusted vehicle power parameters

Simulation case Unit Value
Power

A B C D
Adjusted power per vehicle 1 kW 678 675 667 650
Adjusted power per vehicle 2 kW 844 839 828 800

Efficiency
A-B B-C C-D A-D

Adjusted power per vehicle 1 % 99.5 98.9 97.5 95.9
Adjusted power per vehicle 2 % 99.5 98.7 96.6 94.7

The proposed design alterations to the rectifier station, SER conductors,
and contact resistance can result in an ERS with reduced losses and im-
proved efficiency. However, since ERS losses are proportional to the square
of the current, substantial reductions in losses can also be achieved by
decreasing the power drawn per vehicle. Both strategies improve the tech-
nology’s performance similarly, and the choice and combination between
them should be dependent on deployment requirements.

For some deployment cases where a high value of kers = kp is suitable, the
power drawn by trucks can be limited, thereby achieving high efficiency.
If the power drawn per vehicle is reduced, the available power to charge
the vehicle battery decreases, necessitating an increase in the availability
of ERS infrastructure to maintain the SoC of the battery and the vehicle’s
range. In other cases, where strict constraints related to the extent of
ERS deployment result in low values of kp = kers, necessitating a higher
power draw per vehicle, design alterations to the ERS components might
be actually necessary to maintain high system efficiency. Alternatively, a
combination of both strategies may prove to be the most effective measure
for improving system efficiency in an additional scenario.
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To conclude this chapter, it is crucial to assess the deployment environment
and the corresponding traffic characteristics for the specific ERS deploy-
ment case, and to design the ERS specifically for this case. The design
of the ERS must account for parameters such as kERS and kp, and iden-
tify which ERS components require special design considerations to achieve
high system efficiency. Additionally, regardless of the ERS deployment en-
vironment, it is essential to reduce the contact resistance of the current
collector for high-speed applications. Inadequate measures to improve the
performance of future current collector designs may have a significant neg-
ative impact on ERS performance.

Among design alterations, adopting the most cost-effective approach is cru-
cial. In some cases, expanding the ERS network may be more economical
than investing in improvements to components and subsystems, such as the
SER conductors. Consequently, to achieve cost savings and improve the ef-
ficiency of conductive ERS, a combined strategy of optimizing design and
reducing power consumption per vehicle may offer the best solution. More-
over, enabling the ERS operator to actively control the power draw per
vehicle is likely to be an even more cost-effective approach to minimizing
losses.

4.7.5 Suggested Strategies for the ERS Operator

As presented in Fig. 4.2 and confirmed by Figs. 4.13 and 4.14, two major
contributors to ERS losses are the resistance in the SER conductors and
the power drawn per vehicle. In the analyses presented in this chapter, a
constant power draw is assumed for each vehicle throughout the simula-
tions. An alternative, though beyond the scope of this thesis, would be
to implement a system allowing the ERS operator to actively manage the
total power drawn by each vehicle operating on the ERS. This approach
could be facilitated through wireless communication and software imple-
mentation, enabling real-time adjustments to the power draw per vehicle
to maintain optimal ERS efficiency while continuously monitoring vehicle
position and SoC. Such a system could be integrated into the ERS business
model, providing premium ERS users with priority access or the option
to pay a fee for higher charging power, thereby enhancing overall system
efficiency and management.
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Chapter 5

Modelling Conductive
Electromagnetic Interference

5.1 Introduction

Vehicles drawing power from the ERS must operate without interfering
with each other electrically and without disrupting nearby electrical de-
vices. Additionally, the ERS power grid connection must not introduce
any conductive EMI that could cause functional disturbances in the power
grid, and it must adhere to established standards for power grid quality.

This chapter evaluates the conductive EMI within the ERS supply at inter-
faces C-D and the effects of conductive EMI caused by the ERS at its grid
connection at interface A. The analysis is conducted using a simulation
model, validated using experimental results from the ERS demonstrator
presented in Section 2.2. Given the absence of multiple vehicles in the ERS
demonstrator, the conductive EMI arising from the interaction of multiple
vehicles is examined through modelling. Specifically, the analysis focuses
on the issues of conductive EMI within the ERS DC voltage supply, which
is influenced by the input filters of the vehicle’s onboard ERS interface.
An expected outcome of this evaluation is the conclusion that there is a
need for standardization concerning the ERS supply, as the EMI interac-
tion between each BEV’s ERS interface and the ERS supply is expected to
influence the voltage and current within the system. The evaluation also
considers the impact of conductive EMI related to the rectifier topology
in the rectifier station, specifically evaluating the implementation of a 12-
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pulse passive rectifier and its influence on both the ERS supply and the
power grid. The validation of the simulation model in this chapter was
first presented in [43].

5.2 Modelling

To assess the effects of conductive EMI within an ERS and its grid connec-
tion, a simulation model was developed. This simulation model is designed
to replicate the waveform shapes and amplitudes of voltage and current
observed in measurements from the demonstrator at interfaces A-D.

A relative error margin of 10% in amplitude between the measurements and
the model is selected. This choice is motivated by the fact that the model’s
accuracy is limited by the information available in datasheets, which often
specify tolerance deviations of 5–10% in passive components such as resis-
tors, inductors, and capacitors. As a result, an error margin of 10% for the
simulation model is considered acceptable.

In contrast to the simulation model developed for power flow and loss anal-
ysis presented in Chapter 4, this simulation model is specifically designed
to accurately simulate the waveform shapes and magnitudes of voltages and
currents at interfaces A-D. This model is also required to simulate voltage
and current on a significantly finer timescale, specifically in the order of 0.1
ms. The choice of a 0.1 ms timescale is motivated by two main reasons:

• The sampling frequency of the measurement system, which provided
experimental results for model validation, is limited to 200 kHz. The-
oretically, according to the Nyquist theorem, this would result in reli-
able measurements up to 100 kHz. However, to ensure data reliability,
a target time resolution of 0.1 ms was selected, corresponding to a
frequency of 10 kHz. This choice is based on the assumption that
the sampling frequency should be at least 20 times higher than the
measured frequency. Although the model is capable of simulating
phenomena occurring at shorter timescales, which can be useful and
adequate in terms of reliability, simulated results at this resolution
should be interpreted with caution.
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• The switching frequencies of the subsystems within the vehicle TVS
range from 1 to 10 kHz. Since these represent the highest frequencies
that the model is designed to account for, a 0.1 ms timescale is suitable
for accurately modelling these loads.

The simulations in this chapter are conducted using the PLECS© soft-
ware, which was selected for its capabilities in handling complex electrical
simulations.

5.2.1 Model Development

The development of this simulation model employed an iterative heuristic
approach, where simulation results were repeatedly compared with experi-
mental results from the ERS demonstrator. The aim of this iterative pro-
cess was to achieve a balance between simulation accuracy and execution
time. During the process, the impact of each component and its correspond-
ing parameters on the resulting waveform shape and magnitude of voltages
and currents at interfaces A-D was evaluated for each sub-circuit. Similar
to the power flow and loss simulation model presented in Chapter 4, the
parameters for all electrical elements in the original circuits were sourced
either from electrical schematics and datasheets provided by Elonroad and
other project partners in the Evolution Road project, or measured using an
impedance analyzer [83]. Where not otherwise specified, parameter values
were obtained from project partners or datasheets. The switching frequen-
cies of the battery converter and the traction inverter were determined
through measurements conducted with a Picoscope [81]. The following
subsections provide a detailed discussion of the circuit models, including
the selection and impact of parameters. All parameter values presented
were used for the validation of the simulation model.
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5.2.2 The Rectifier Station

In Fig. 5.1, the circuit model of the grid and rectifier station is presented,
comprising the ERS grid connection, transformer, and passive 6-pulse rec-
tifier, along with the associated filters and solid-state switches. The pa-
rameter values for the circuit model of the grid and rectifier station are
detailed in Table 5.1.

Figure 5.1: Circuit model of the power grid, rectifier station and corresponding connections.
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Table 5.1: Simulation parameters for the grid and rectifier station circuit model.

Rectifier station circuit model parameters

Parameter Unit Value
Three-phase voltage source

Phase voltages VRMS 238, 234, 233
Cable grid

Grid cable R mΩ/km 41.7
Grid cable L mH/km 0.23

Transformer
Nominal power kVA 400
Nominal line-line voltages VRMS 400, 482
Leakage inductance 1, 2 µH 30, 30
Winding resistance 1, 2 mΩ 50, 50
Vector group - Dyn11
Magnetizing current values A 0.1
Magnetizing flux values Vs 1.4
Core loss resistance Rfe Ω 650

Rectifier
Rectifier diodes on-state resistance mΩ 5
Rectifier diodes forward voltage drop V 0.8
C1 nF 88
C2 mF 6.8
C3 µF 0.66
C4 nF 22
R1 Ω 3.3
R2 Ω 0.09
R3 kΩ 6
Filter diode on-state resistance mΩ 0.2
Filter diode forward voltage drop V 0.8
Solid state switch on-state resistance mΩ 10
Solid state switch forward voltage drop V 1.3

SER Cable
Rectifier-SER cable mΩ/km 125
resistance positive conductor
Rectifier-SER cable mΩ/km 62.5
resistance negative conductor
Rectifier-SER cable inductance mH/km 0.23
RC filter resistance Ω 0.1-10
RC filter capacitance mF 0.001-0.1
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The ERS connection, upstream the power grid is represented by a 400 V
three-phase voltage source, simulating the transformer upstream the power
grid. To accurately replicate the measured voltages at interface A, each
phase of the grid voltage is individually defined, as detailed in Table 5.1.
The 210 m cable between this grid connection and the ERS transformer
is modelled as resistors and inductors, with values specified per kilome-
ter. The transformer is modelled using the PLECS© ”Transformer (3ph, 2
Windings)” block (for further details, refer to [96]). The passive 6-pulse rec-
tifier is represented by diodes, with on-state resistance and forward voltage
drop values.

All filters from Fig. 2.14 are included in the model after the rectifier. The
solid-state switch, which remains continuously conducting during the sim-
ulations, is modelled as a diode with corresponding on-state resistance and
forward voltage drop values. Note that the on-state resistance for the diodes
in the rectifier and the solid-state switch are higher compared to the cor-
responding values presented in Table 4.1. This is because these resistance
values were deliberately set to elevated levels to account for additional
resistive elements in the circuits, such as connection joints and other com-
ponents that introduce resistance but are not specified in the datasheet.
The 41 m cable between the rectifier station and the SER is modelled as
resistors in series with inductors, with values specified per kilometer. The
resistance and capacitance values of the RC-filter are in a range due to
non-disclosure agreements with Elonroad.

Interfaces A, B, and C represent measurement points where voltages and
currents are measured in the model. The model of the grid and rectifier
station in Fig. 5.1 and the model of the SER in Fig. 5.2 are connected at
interface r). This interface is known as the feeding point of the ERS.

5.2.3 Sections of Electric Road

Fig. 5.2 presents the model of the SER, which includes positive and negative
conductors, solid-state switches that activate the segments (modelled as a
diode), an RC-filter, and a switching array used to emulate the duration
of vehicle contact with segments in the electric road. The corresponding
parameter values for the SER circuit model are presented in Table 5.2.

The positive and negative conductors in the SER are modelled as variable
resistors and inductors, as the effective impedance of the conductors rela-
tive to the feeding point changes depending on the vehicle’s position. How-
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Figure 5.2: Circuit model for the SER.

Table 5.2: Simulation parameters for the sections of electric road circuit model.

Sections of electric road circuit model parameters

Parameter Unit Value
SER

SER resistance positive conductor mΩ/km 42
SER resistance negative conductor mΩ/km 4.1
SER inductance mH/km 0.02

Switch Array
Transistor forward voltage drop V 1.4
Transistor on-state resistance mΩ 0.1
Frequency vehicle speed emulation Hz 7.5

ever, since the timescale of the model is in ms, the impedance alterations
due to vehicle movement within this timeframe are negligible. Therefore,
the impedance remains constant during the simulation as these minimal
alterations have no impact on the simulated voltages and currents. The
inductance and resistance of the SER conductors were determined through
measurements using an impedance analyzer [83]. As mentioned in Chapter
4, during the deployment of the ERS demonstrator, only one of the two
possible positive conductors was installed. As a result, the full potential of
the positive conductors in the SER was not fully utilized, leading to a resis-
tance of 42 mΩ/km. For the validation of the model, this parameter value
is used. However, in the subsequent simulations in this chapter, both pos-
itive conductors are deployed, and therefore, the corresponding resistance
parameter is adjusted to 21 mΩ/km.
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To mimic the alternating voltage polarity experienced by each sliding con-
tact due to the vehicle’s movement along the SER, an array of ideal switches
is used. In contrast to the impedance of the SER conductors, the segments
which are in contact with the vehicle during the simulation change depend-
ing on the vehicle’s speed. Each sliding contact point is represented by
two switches, connecting it to either a positive (650 V DC) or negative
conductor (0 V DC). By altering the switching frequency of these switches,
the effect of a vehicle traversing the electric road is emulated. A switching
frequency of 7.5 Hz corresponds to vehicle speed of approximately 30 km/h.

The transistors responsible for activating the segments in the SER, mod-
elled as a diode, is located on the positive pole of the switching array and
incorporate an on-state resistance and a forward voltage drop. This mod-
elling approach is appropriate because, from the vehicle’s viewpoint, these
transistors are always in a conducting state.

Since the model focuses on conductive EMI rather than the design and
behavior of the current collector, the current collector and switching array
are simplified to consist of three sliding contact points, rather than the six
used on the bus in the demonstrator. Although the switching dynamics
of the segments and the current collector are relevant, the fundamental
phenomena affecting conductive EMI and electrical safety are adequately
modelled by using a current collector with three sliding contacts instead of
six. The model assumes a stable, continuous contact, resulting in constant
contact resistance.

The circuit model of the SER is connected to the vehicle model at interface
a3). The SER circuit model is connected to the grid and rectifier station
at interface a1), at the connection r) in the grid and rectifier station circuit
model in Fig. 5.1. To simulate multiple vehicles drawing power from the
ERS, additional SER circuit models can be connected in series, coupling
interface a1) of the new segment to a2) of the existing one and with corre-
sponding vehicle circuit models connected at interface a3). The RC-filter
connected to the far right in the model indicates that the last SER circuit
model in a series of connected models will have an RC-filter connected to
it with the same parameters as presented in Table 5.1.
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5.2.4 The Vehicle

The vehicle’s TVS model comprises three integrated yet separate circuit
models: the vehicle’s ERS interface, the high-voltage battery system, and
the drivetrain. Fig. 5.3 illustrates the circuit model for the vehicle’s ERS in-
terface which consists of an onboard rectifier and corresponding filters from
the bus used for the demonstrator, with parameters specified in Table 5.3.

Figure 5.3: Circuit model for the vehicle’s ERS interface.

Table 5.3: Simulation parameters for the vehicle’s ERS interface.

Vehicle’s ERS interface simulation parameters

Parameter Unit Value
Current collector

Contact resistance mΩ 20
Onboard rectifier

Diode R mΩ 0.8
Diode Vf V 0.8

Filters
Common mode L mH 1
Filter C5 µF 1
Filter L mH 1.15
Filter C6 mF 5

Interface v1) of the vehicle ERS interface is connected to interface a3) of
the switching array in the SER circuit model. The sliding contacts between
the segments of the SER and the vehicle’s current collector are modelled
as resistors. The values for contact resistance are estimated based on the
results presented in Chapter 3. The diodes within the onboard rectifier
are also modelled with their corresponding values of forward voltage drop
and on-state resistance. Similar to Chapter 4, the DC/DC converter origi-
nally shown in the bus schematic (see Fig. 2.18) is omitted from the model
because it functions merely as a switch, allowing connection and discon-
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nection of the bus’ TVS from the ERS supply. After interface D, where
voltage and current are measured in the model, there is an inductor (L)
followed by two capacitors with identical values (C5), one positioned before
a common-mode filter and one after, as shown in the original bus circuit
in Fig. 2.18. Following the second capacitor, there is an additional larger
capacitor (C6).

The circuit model of the high-voltage battery system is presented in Fig. 5.4,
with parameters outlined in Table 5.4. The model for the drivetrain is
shown in Fig. 5.5, with parameters detailed in Table 5.5. Both the high-
voltage battery circuit model at interface b) and the drivetrain circuit model
at interface t) are connected in parallel to interface v2 of the vehicle ERS
interface circuit model.

Figure 5.4: Circuit model for the high-voltage battery system.

Table 5.4: Simulation parameters for the high-voltage battery system.

Battery system simulation parameters

Parameter Unit Value
Switching frequency kHz 3.8

Load
R mΩ 40
L mH 1.3
Battery voltage V 500

Figure 5.5: Circuit model for the drivetrain.
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Table 5.5: Simulation parameters for the drivetrain.

Drivetrain simulation parameters

Parameter Unit Value
Switching frequency kHz 3.4

Load
Rated Power kW 160
R mΩ 50
L mH 0.6
E VRMS 250
Load frequency Hz 60

The high-voltage battery system is represented as a buck converter since
the model only considers unidirectional power flow for charging the battery.
An inductor is located on the load side of the converter, along with a sim-
ple battery model comprising a resistor representing the battery’s internal
resistance and a DC voltage source. The drivetrain is modeled as a three-
phase inverter with an electric motor on the load side, represented as a
three-phase resistor-inductor-electromotive force load. The resistance and
inductance values of the motor were estimated due to the lack of available
data for these parameters.

5.3 Model Validation

The model validation is based on experimental results from the ERS demon-
strator which were obtained using the measurement system outlined in Sec-
tion 2.2.4 in Chapter 2. These measurements were conducted while the bus
traversed a 100-meter section of the electric road, either charging while sta-
tionary or while moving at an approximate speed of 30 km/h. To replicate
these conditions and validate the results, the simulation model comprises a
grid and rectifier circuit model connected to an SER circuit model, along
with a vehicle model that includes the vehicle’s ERS interface, battery sys-
tem, and drivetrain circuit models. Validation was performed at two dis-
tinct power levels: 40 kW for stationary charging and 100 kW for dynamic
charging, both from the ERS demonstrator.
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Figs. 5.6 to 5.9 present the measured (denoted as ”m”, solid lines) and
simulated (denoted as ”s”, dashed lines) voltages and currents at interfaces
A–D. The measurement interfaces are specified in Fig. 2.13 in Chapter 2.
The upper plots correspond to the 40 kW load level, while the lower plots
correspond to the 100 kW load level. The blue and red lines represent
voltages, corresponding to the left y-axis, while the green and yellow lines
represent currents, corresponding to the right y-axis.

Fig. 5.6 presents the simulated and measured voltages and currents for one
phase at interface A. The simulated values agree well with the measure-
ments, both in terms of amplitude and waveform shape. The shape of the
current waveform is a consequence of the 6-pulse passive rectifier connected
downstream of the ERS transformer. Fig. 5.7 presents the same results for
interface B, which also shows a high degree of similarity between simula-
tions and measurements. Note that the phase voltages between interfaces
A and B are shifted by 30 degrees due to the D-Y transformer between
these interfaces.
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Figure 5.6: Measured (m, solid lines) and simulated (s, dashed lines) phase voltage (blue and red, left y-axis) and
phase current (green and yellow, right y-axis) at interface A. The upper plot represents a 40 kW load,
while the lower plot represents a 100 kW load. Figure taken from [43].
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Figure 5.7: Measured (m, solid lines) and simulated (s, dashed lines) phase voltage (blue and red, left y-axis) and
phase current (green and yellow, right y-axis) at interface B. The upper plot represents a 40 kW load,
while the lower plot represents a 100 kW load. Figure taken from [43].

Figs. 5.8 and 5.9 illustrate the measured and simulated rectified voltages
at interfaces C and D. Both the measured and simulated voltages and cur-
rents show a high degree of similarity in waveform shape and amplitude.
The observed variations in the amplitude of voltage and current at in-
terfaces C and D can be attributed to the unbalanced three-phase grid
voltage. The model accounts for this unbalance, as detailed in Table 5.1,
and, consequently, these variations affect the rectified voltage and current.
Despite adjusting the modelled three-phase voltage source, the measured
voltages still show additional variations due to inherent fluctuations in the
grid. These variations make it difficult to fully calibrate the model to the
measurements.

161



0 0.005 0.01 0.015 0.02
500

550

600

650

700

V
o
lt
a

g
e
 [

V
]

40

60

80

100

120

C
u
rr

e
n
t 

[A
]

m - voltage C

s - voltage C

m - current C

s - current C

0 0.005 0.01 0.015 0.02

Time [s]

500

550

600

650

700

V
o
lt
a
g
e
 [

V
]

100

150

200

C
u
rr

e
n
t 
[A

]

m - voltage C

s - voltage C

m - current C

s - current C

Figure 5.8: Measured (m, solid lines) and simulated (s, dashed lines) voltage (blue and red, left y-axis) and current
(green and yellow, right y-axis) at interface C. The upper plot corresponds to a 40 kW load, while the
lower plot corresponds to a 100 kW load. Figure taken from [43].

At interface D, shown in Fig. 5.9, the current waveforms exhibit less os-
cillation at the start of a rectified current period compared to interface C,
presented in Fig. 5.8. This reduction in oscillation is likely due to the ad-
ditional impedance present between interfaces C and D. Additionally, the
simulated voltages at interfaces C and D display slight variations in wave-
form shape when comparing lower power levels (40 kW) to higher power
levels (100 kW). Specifically, at 40 kW, the first half-period of the rectified
voltage appears to oscillate more compared to 100 kW, which may suggest
that the model does not account for additional impedance that exists in
reality at these interfaces.
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Figure 5.9: Measured (m, solid lines) and simulated (s, dashed lines) voltage (blue and red, left y-axis) and current
(green and yellow, right y-axis) at interface D. The upper plot corresponds to a 40 kW load, while the
lower plot corresponds to a 100 kW load. Figure taken from [43].

The voltage transients on the timescale of 10 µs, observed at interfaces
A-C (Figs. 5.6 to 5.8), are suspected to be caused by the reverse recovery
phenomenon of the diodes in the rectifier station. These transients ap-
pear within the time interval of 3.33 ms, which corresponds to the period
when a diode in the rectifier becomes reverse-biased. However, the sam-
pling frequency of the measurements is insufficient to definitively confirm
this hypothesis. Despite this, since the model is intended to simulate elec-
trical transients at a time resolution of 0.1 ms, these short transients are
considered negligible for the modelling of conductive EMI in this thesis.

Table 5.6 presents the relative error of the simulation model between mea-
surements and simulations for interfaces A–D, calculated from Figs. 5.6
to 5.9. Overall, the simulation model’s accuracy at interfaces B, C, and D
fulfills the predetermined maximum error margin of 10% at both simulated
power levels of 40 and 100 kW, with interfaces C and D showing significantly
lower errors, where the relative errors of simulated voltage and current are
as low as 1.3-5.2%.

However, at interface A, the error for the simulated current at a power
of 40 kW is 14.9%, and the error for the simulated voltage at 100 kW is
11.2%. Although these values exceed the target maximum error of 10%,
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this deviation likely results from the model’s limitations in representing
grid voltage and current. As previously discussed for interfaces C and D,
similar issues are suspected to also apply to interface A. These variations
likely stem from additional power grid loads and impedance fluctuations
occurring further upstream. Since the model is not specifically designed
to account for these factors, lower accuracy at interface A is considered
acceptable.

Table 5.6: Relative errors for each interface in the simulation model at two different power levels.

Simulation Model Error

Parameter Relative Error [%]
Interface

A B C D

40 kW Simulated power
Simulated voltage 8.5 6.0 1.4 1.3
Simulated current 14.9 8.3 4.9 5.1

100 kW Simulated power
Simulated voltage 11.2 9.2 1.5 1.6
Simulated current 8.7 3.4 5.2 4.9
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5.4 Model Composition

The conducted simulations involve two vehicles drawing power from the
ERS: one at 100 kW (vehicle 1, representing a heavier vehicle) and the
other at 50 kW (vehicle 2, representing a larger passenger car). In Fig. 5.10
a conceptual overview of the simulation setup is presented. The primary
objective of using two vehicles with different power draws is to emulate
and investigate the impact of a high-power vehicle on the ERS supply and,
consequently, how its conductive emissions affect a vehicle with a lower
power draw. This approach aims to explore how multiple vehicles drawing
power from the ERS are influenced by conductive EMI in the ERS supply
and how such EMI occurs.

Figure 5.10: Conceptual overview of the simulation setup for assessing the impact of conductive EMI within the
ERS supply, the vehicles’ onboard ERS interfaces, and the ERS grid connection. P1 and P2 denote
the power drawn by vehicle 1 and vehicle 2, respectively, and d1 denotes the distance between vehicle
1 and the feeding point of the ERS, while d2 denotes the distance between vehicle 1 and vehicle 2.

By varying the input filter parameter L in the onboard ERS interface of
vehicle 1, as detailed in Table 5.3 and Fig. 5.3, the impact of this adjustment
on voltage and current ripple within the ERS supply at interface C and
the onboard ERS interfaces at interface D for both vehicles is evaluated.
In real-world scenarios, the power electronic interfaces of BEVs drawing
power from the ERS are expected to differ more significantly than merely
varying the value of the inductor L. However, this approach is selected
to highlight the concept of how each BEV’s ERS interface can affect both
other vehicles and the ERS supply.

In addition to evaluating the design of the input filters in the vehicles’
onboard ERS interfaces, the impact of the electric road length between
vehicles 1 and 2, d2, on the voltage and current ripple at interfaces C and
D in both vehicles is also assessed. The same simulation setup is used to
assess the impact of conductive EMI on the ERS power grid connection.
However, for this assessment, no alterations are made to the filter parameter
L or the electric road length between vehicles 1 and 2, d2, as conducted
simulations show that these parameter adjustments mainly impact the ERS
supply and have an insignificant effect on the ERS grid connection.
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Fig. 5.11 illustrates the block diagram of the simulation model structure
used to assess conductive EMI within the ERS supply and its impact on the
power grid connection. Each block in the diagram represents a component
or subsystem of the ERS. The full circuit models for the grid and rectifier
station (depicted in red), the SER (in turquoise), and the vehicle (in green)
are highlighted with dashed lines, as previously presented in Section 5.2.
For the simulation of conductive EMI, the model structure comprises a
single grid and rectifier circuit model connected to the first SER circuit
model and its corresponding first vehicle circuit model. At interface a2)
of the first SER circuit model, a second SER circuit model is connected
in series with its corresponding second vehicle circuit model. This model
structure enables the simulation of two vehicles with different power draws
and varying distances between them.

Figure 5.11: Block diagram of the simulation model structure for the subsequent simulation scenarios, consisting
of two vehicles drawing power from an ERS, with an SER between the rectifier station and another
SER between the vehicles.

Table 5.7 details the simulation parameters used for investigating conduc-
tive EMI. Apart from the parameters listed in the table and the reduced
resistance of the positive SER conductor, as described previously in relation
to Table 5.2, no other values are modified from those originally presented
in Section 5.2. In the simulation, the input filter parameter L in the ERS
interface of vehicle 1 is varied among three different values: 0.92 mH, the
original value of 1.15 mH, and 2.07 mH. Rather than representing different
vehicle models, these adjustments are made to assess how small variations
in L can influence the ERS supply voltage and current and, consequently,
affect other vehicles drawing power from the ERS. To signify that voltage
and current within the ERS supply are affected by the length of the electric
road, the distance between vehicle 1 and the feeding point, d1, is set rela-
tively long at 2 km. The distance between vehicles 1 and 2, d2, is varied
in the simulation cases between 0.1 km and 2 km. This adjustment is in-
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tended to assess how increased impedance between the vehicles influences
conductive EMI in the supply and the EMI perceived between the vehicles.

Table 5.7: Simulation parameters for simulations evaluating conductive EMI within the ERS supply.

Simulation parameters

Parameter Unit Value
Vehicle 1

Power draw kW 100
Distance between vehicle 1
and the feeding point, d1 km 2
Input inductor, L mH 0.92, 1.15, 2.07

Vehicle 2
Power draw kW 50
Distance between vehicle 1 and 2, d2 km 0.1, 2

5.4.1 Incorporation of a 12-Pulse Passive Rectifier

An alternative rectifier topology is adopted in the rectifier station to asses
its impact on conductive EMI. By replacing the original 6-pulse passive rec-
tifier with a 12-pulse passive rectifier, the harmonics, as well as the ripple,
in both voltage and current are expected to be reduced. This modification
aims to minimize the impact of EMI on both the ERS supply and the power
grid at the ERS grid connection.

Figure 5.12 illustrates the topology of the 12-pulse passive rectifier station
circuit model. In order to achieve 12-pulse rectification, the original circuit
is modified by incorporating the same three-phase transformer from Fig. 5.1
but extended with two secondary windings—one configured in delta and the
other in wye. The specific parameters of this transformer are provided in
Table 5.8. All other parameters of the original grid and rectifier circuit
model remain unchanged.
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Figure 5.12: Circuit model of the grid and rectifier station with a 12-pulse passive rectifier implemented.

Table 5.8: Simulation parameters for transformer for the 12-pulse passive rectifier station model.

Transformer simulation parameters

Parameter Unit Value
Nominal power kVA 400
Nominal line-line voltages VRMS 400, 245, 245
Leakage inductance 1, 2, 3 µH 30, 30, 30
Winding resistance 1, 2, 3 mΩ 50, 50, 50
Magnetizing current values A 0.1
Magnetizing flux values Vs 1.4
Core loss resistance Rfe Ω 650

5.5 Simulation Results

This section presents the simulation results analyzing the effects of vehi-
cle’s ERS interfaces on the ERS supply, as well as on other vehicles drawing
power from the ERS, with respect to voltage and current ripple. Addition-
ally, the length of the electric road between the vehicles is varied to evaluate
its influence on these phenomena.

The first subsection, 5.5.1, ”Influence of Vehicle Interface Design on Voltage
and Current Ripple with 6-Pulse Passive Rectification”, provides simula-
tions based on a model incorporating a 6-pulse passive rectifier. The sec-
ond subsection, 5.5.2, ”Influence of Vehicle Interface Design on Voltage and
Current Ripple with 12-Pulse Passive Rectification” expands this analysis
with simulations involving a 12-pulse passive rectifier. The third subsec-
tion, 5.5.3, ”Assessment of ERS-Induced Harmonics on the Power Grid”,
investigates the impact of ERS on the power grid in terms of harmonics and
rectification type, evaluating both 6-pulse and 12-pulse passive rectifiers.
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5.5.1 Influence of Vehicle Interface Design on Voltage and
Current Ripple with 6-Pulse Passive Rectification

Figure 5.13 presents the simulated voltages and currents at interfaces C and
D, with two vehicles drawing power from an ERS, as described in Table 5.7
and Fig. 5.10. The upper plot shows the voltage, while the lower plot
displays the current. Interface C is located after the rectifier but before the
cables to the SER (see Fig. 5.1), whereas D1 and D2 are the measurement
interfaces within the vehicles, after the onboard rectifiers (see Fig. 5.3). In
this simulation, the distance between the feeding point and vehicle 1, d1, is
2 km and the distance between the two vehicles, denoted as d2, is 0.1 km.
The inductance L in vehicle 1 (100 kW) and 2 (50 kW) is set to 1.15 mH.

In the upper plot, the simulated voltages indicate that the voltage in ve-
hicles 1 and 2 (DV1 and DV2) drops compared to the voltage in interface
C, CV. This voltage drop is a result of the resistance between interfaces
C and D1-D2, influenced by the length of the electric road between the
feeding point and the first vehicle, denoted as d1. Given that the distance
between the vehicles (d2) is only 0.1 km, the voltage drop between the
vehicles (D1-D2) is minimal.

Figure 5.13: Simulated voltage (upper plot) and currents (lower plot) at interfaces C (blue), D1 (red), and D2
(yellow), where vehicle 1 (interface D1) draws 100 kW and vehicle 2 (interface D2) draws 50 kW.
The parameter for the input filter is L = 1.15mH in vehicle 1, L = 1.15mH in vehicle 2, and the
distance between the vehicles is d2 = 0.1 km.
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Given the overall electrical design of the considered ERS technology, the
voltage ripple, caused by the 6-pulse passive rectifier, is approximately 70 V
at voltage levels at approximately 600 V. The current ripple is around 25 A
for the vehicles in interface D1-D2, where the current level is approximately
165 A for vehicle 1 and approximately 100 A for vehicle 2. These voltage
and current ripple levels are not necessarily deemed problematic, provided
they remain predictable, especially regarding the additive effects of multiple
vehicles. However, if these ripples increase and require alterations to the
design of the ERS power electronic interfaces onboard the vehicles, leading
to the use of overly large, heavy passive components or excessively complex
topologies, such increases could ultimately result in higher costs. Moreover,
as will be shown later, there is a risk that the input filter design of the
vehicles may interfere with each other, making it difficult to predict the
exact voltage and current ripple levels supplied by the ERS. This simulation
represents the nominal case, emulating the expected behavior if the ERS
technology demonstrated here were applied to two vehicles with identical
onboard ERS interfaces and different power consumption. Regardless of
vehicle size and power consumption, each vehicle operating on the ERS
must be designed to handle the voltage and current ripple from the ERS
supply.

Figure 5.14 presents the simulated voltages (upper plot) and currents (lower
plot) using the same parameters as those specified in Table 5.7 and Fig. 5.13,
but with an inductor value of L = 0.92mH in vehicle 1. The voltage ripple
in the upper plot is reduced from 70 V to 50 V at interface C, while the
current ripple at this interface increases from 50 A to 80 A compared to
the original simulation cases presented in Fig. 5.13.

Similarly, for vehicle 1, the voltage ripple is reduced from 50 V to 25 V, and
the current ripple increases from 30 A to 60 A. However, for vehicle 2, the
voltage ripple is also reduced to 25 V, while the current ripple decreases to
10 A. Thus, by reducing the inductance of the input filter in vehicle 1, the
entire ERS supply is affected, particularly with respect to the current in
the ERS supply at interfaces C and D1.
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Figure 5.14: Simulated voltage (upper plot) and currents (lower plot) at interfaces C (blue), D1 (red), and D2
(yellow), where vehicle 1 (interface D1) draws 100 kW and vehicle 2 (interface D2) draws 50 kW.
The parameter for the input filter is L = 0.92mH in vehicle 1, L = 1.15mH in vehicle 2, and the
distance between the vehicles is d2 = 0.1 km.

Figure 5.15 presents the simulated voltages (upper plot) and currents (lower
plot) using the same parameters as those in the original case shown in
Table 5.7, with L = 0.92mH in vehicle 1 and d2 = 2 km. This simulation is
designed to assess the impact of increased impedance on the ERS supply’s
voltage and current, resulting from the extended length of the electric road.

In the upper plot, the increased impedance of the electric road does not
affect the waveform shape of the simulated voltages, apart from a con-
stant voltage drop between the two vehicles due to the increased resistance
between them. In the lower plot, the waveform shape of the current re-
mains largely unaltered. Overall, this simulation demonstrates that the
impedance of the electric road, considering the assumed length, does not
significantly impact the ERS supply voltage and current. The electric road
is too short and has too low impedance per unit length to noticeably affect
the waveform shapes of voltage and current.
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Figure 5.15: Simulated voltage (upper plot) and currents (lower plot) at interfaces C (blue), D1 (red), and D2
(yellow), where vehicle 1 (interface D1) draws 100 kW and vehicle 2 (interface D2) draws 50 kW.
The parameter for the input filter is L = 0.92mH in vehicle 1, L = 1.15mH in vehicle 2, and the
distance between the vehicles is d2 = 2 km.

In Fig. 5.16, the simulated voltages (upper plot) and currents (lower plot)
are presented using the same parameters as the original case shown in
Table 5.7, but with L set to 2.06mH in vehicle 1 and d2 set to 0.1 km. With
the increased inductance of the input filter in vehicle 1, the voltage ripple
at interface C is increased to 80V, while the current ripple at interface D1
for vehicle 1 decreases to 20A but increases to 30A for vehicle 2 at interface
D2 compared to the nominal case in Fig. 5.13.

Figure 5.17 presents the same simulation as Fig. 5.16, but with an increased
electric road length of 2 km between the vehicles (d2 = 2km). Similar to
Fig. 5.15, the only difference is the increased constant voltage drop between
the voltages DV 1 and DV 2 and there is no significant impact on either
voltage or current ripple.
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Figure 5.16: Simulated voltage (upper plot) and currents (lower plot) at interfaces C (blue), D1 (red), and D2
(yellow), where vehicle 1 (interface D1) draws 100 kW and vehicle 2 (interface D2) draws 50 kW.
The parameter for the input filter is L = 2.06mH in vehicle 1, L = 1.15mH in vehicle 2, and the
distance between the vehicles is d2 = 0.1 km.

Figure 5.17: Simulated voltage (upper plot) and currents (lower plot) at interfaces C (blue), D1 (red), and D2
(yellow), where vehicle 1 (interface D1) draws 100 kW and vehicle 2 (interface D2) draws 50 kW.
The parameter for the input filter is L = 2.06mH in vehicle 1, L = 1.15mH in vehicle 2, and the
distance between the vehicles is d2 = 2 km.
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5.5.2 Influence of Vehicle Interface Design on Voltage and
Current Ripple with 12-Pulse Passive Rectification

To mitigate the issues associated with conductive EMI within the ERS
supply, it is essential to reduce voltage and current ripple. This subsection
introduces the approach to implement a 12-pulse passive rectifier instead of
the existing 6-pulse passive rectifier. Apart from this alteration, the model
structure remains identical to the previously presented simulation cases, as
originally illustrated in Figs. 5.10 and 5.11.

In Fig. 5.18, a simulation of voltage (upper plot) and current (lower plot)
at interfaces C and D of two vehicles charging from the same ERS with
a 12-pulse passive rectifier is presented. Similar to Fig. 5.13, the distance
between the feeding point and vehicle 1, d1, is 2 km and the distance
between the two vehicles, denoted as d2, is 0.1 km. The inductance L in
vehicle 1 (100 kW) and 2 (50 kW) is set to 1.15 mH. By implementing the
12-pulse passive rectifier, the voltage ripple is significantly reduced to only
25V at interface C, while the current ripple is decreased to less than 5A.
The only notable variations in voltage and current arise from the simulated
grid voltages being modelled as unbalanced, as shown in Table 5.1.

Figure 5.18: Simulated voltage (upper plot) and currents (lower plot) at interfaces C (blue), D1 (red), and D2
(yellow), where vehicle 1 (interface D1) draws 100 kW and vehicle 2 (interface D2) draws 50 kW.
The 6-pulse passive rectifier is exchanged to a 12-pulse passive rectifier. The parameter for the input
filter is L = 1.15mH in vehicle 1, L = 1.15mH in vehicle 2, and the distance between the vehicles
is d2 = 0.1 km.
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In Fig. 5.19, the same simulation is executed as presented in Fig. 5.18, but
with the inductor parameter L set to 0.92mH in vehicle 1. As previously
shown in Fig. 5.14, this alteration increases the current ripple and reduces
the voltage ripple, and in this instance, similar effects are also observed.
However, these effects are significantly less prominent because the voltage
and current ripple are greatly reduced by the 12-pulse passive rectifier.

Figure 5.19: Simulated voltage (upper plot) and currents (lower plot) at interfaces C (blue), D1 (red), and D2
(yellow), where vehicle 1 (interface D1) draws 100 kW and vehicle 2 (interface D2) draws 50 kW.
The 6-pulse passive rectifier is exchanged to a 12-pulse passive rectifier. The parameter for the input
filter is L = 0.92mH in vehicle 1, L = 1.15mH in vehicle 2, and the distance between the vehicles
is d2 = 0.1 km.

In Fig. 5.20, the same simulation is executed as presented in Fig. 5.18, but
with the inductor parameter L set to 2.06mH in vehicle 1. As discussed
in Fig. 5.16, increasing the inductor will raise the voltage ripple while de-
creasing the current ripple, which is also observed in Fig. 5.16. However,
this effect is less pronounced, with the voltage ripple increasing to roughly
30 V peak-to-peak, while the current ripple remains minimal in relation to
the current level.
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Figure 5.20: Simulated voltage (upper plot) and currents (lower plot) at interfaces C (blue), D1 (red), and D2
(yellow), where vehicle 1 (interface D1) draws 100 kW and vehicle 2 (interface D2) draws 50 kW.
The 6-pulse passive rectifier is exchanged to a 12-pulse passive rectifier. The parameter for the input
filter is L = 2.06mH in vehicle 1, L = 1.15mH in vehicle 2, and the distance between the vehicles
is d2 = 0.1 km.

In order to further reduce the impact of voltage and current ripple, an active
filter can be used or an active front end can be implemented instead of the
6- and 12-pulse passive rectifiers. This change could reduce the impact of
conductive EMI on the ERS supply and the power grid. By deploying this
type of topology, the problems concerning increased voltage and current
ripple caused by variations in input filter impedance can be greatly reduced,
as the ERS supply voltage and current would exhibit even less ripple than
with the 12-pulse passive rectifier. Additionally, by carefully designing the
ERS supply to have low voltage and current ripple, the required size and
weight of passive filter components onboard the vehicles can be reduced as
well.

However, further assessments of conductive EMI with mitigating strategies
such as active filters and active front ends, in conjunction with more than
two vehicles, are the subject of future work and are outside the scope of this
thesis. Regardless, this evaluation suggests that implementing mitigating
strategies may be essential, depending on the design choices related to the
rectifier station topology and the vehicle ERS interface topology.
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5.5.3 Assessment of ERS-Induced Harmonics on the Power
Grid

To evaluate the harmonics in the conductive EMI caused by the ERS and its
impact on the power grid, the IEEE 519 standard is utilized as a reference
[97]. Accordingly, the phase voltage and current at interface A are analyzed
using Fast Fourier Transform (FFT) to quantify the harmonics.

According to the standard, the harmonic limits for current are determined
by the “maximum demand load current (fundamental frequency compo-
nent) at the Point of Common Coupling (PCC).” This current is derived
from maximum billing periods, such as 15 or 30 minutes, rather than instan-
taneous peak values. As a result, for ERSs, the harmonics are calculated
based on this maximum billing, indicating an average load over the specified
time frame. This presents challenges for the standard’s application, given
that the load (current IL) on the ERS is influenced by the traffic charac-
teristics and thus the type and number of vehicles utilizing it. Nonetheless,
the harmonic limits and Total Harmonic Distortion (THD) presented in [97]
are utilized as guidelines to evaluate the magnitude of simulated voltages
and currents, rather than as strict limits.

Fig. 5.21 presents the simulated phase voltage and current at interface
A for two simulation cases: the plots on the left correspond to 6-pulse
passive rectification, while those on the right correspond to 12-pulse passive
rectification. This analysis corresponds to the simulation case in which two
vehicles draw 100 kW and 50 kW from the ERS, as presented in Figs. 5.13
and 5.18, using the parameters listed in Table 5.7, specifically, L = 1.15mH
for both vehicles and d2 = 0.1 km. The top row of plots displays the
phase voltage in the time domain at interface A, and the third row displays
the phase current in the time domain. The FFT plots in the second row
display the voltage harmonics at interface A, while the bottom row shows
the current harmonics. In both cases, the y-axis represents the relative
amplitude of the 50 Hz fundamental frequency, and the x-axis presents the
harmonics.
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Figure 5.21: Simulated phase voltage and current at interface A with two vehicles drawing power from the ERS
(100 kW and 50 kW). The left column of plots shows results for a 6-pulse passive rectifier, and the
right column corresponds to a 12-pulse rectifier. The upper four plots show the phase voltage: the
top row in the time domain, and the second row its corresponding FFT relative to the fundamental
frequency of 50 Hz. The lower four plots show the phase current: the third row in the time domain,
and the bottom row its corresponding FFT.
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For the 6-pulse passive rectifier, as presented in the two upper left plots in
Fig. 5.21, the simulated voltage remains below the prescribed THD limit
of 5% established by the IEEE 519 standard. In contrast, the simulated
current, depicted in the two lower left plots, significantly exceeds the prede-
fined 4% limit for the odd harmonics from the 3rd to the 11th, particularly
for the 5th and 7th harmonics, which exceed 22% and 9%, respectively.

The simulated voltage with the 12-pulse passive rectifier, presented in the
two upper right plots of Fig. 5.21, remains within the IEEE 519 standard’s
5% THD limit, as no harmonic components exceed this value. In contrast,
the simulated current, presented in the two lower right plots, exceeds the
established 4% limit for the odd harmonics from the 3rd to the 11th, but
only for the 11th harmonic, where it exceeds 6%.

While the current harmonic distortion from the conductive EMI gener-
ated by the ERS at interface A exceeded the limits outlined in IEEE 519,
and accounting for that there are numerous other standards the ERS grid
connection must comply with, this evaluation should be considered pre-
liminary. The evaluation highlights the problem of conductive EMI at the
ERS grid connection, caused by the ERS. The results indicate that a more
sophisticated rectifier station design, possibly incorporating an active rec-
tifier, may be necessary to ensure compliance with IEEE 519. However, a
more thorough investigation is needed to determine whether such a rectifier
topology is required by assessing the expected mean load current over the
specified timeframes of 15 or 30 minutes.

5.5.4 Recommended Strategies Concerning Conductive EMI

Although the choice of passive rectifiers, such as the 6-pulse and 12-pulse
rectifiers, may seem obsolete in light of currently available technologies for
various types of active rectification, particularly given their ability to offer
low voltage and current ripple in the ERS supply as well as control of active
and reactive power, there are still advantages to passive rectification.
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• First, passive rectification relies solely on passive components, elim-
inating the need for supplied power or dependence on the control of
the rectification. This characteristic contributes to the robustness
and reliability of passive rectifiers due to the absence of active com-
ponents.

• Second, passive rectifiers are generally expected to be more cost-
effective than their active counterparts. In the ERS perspective they
only require an ERS transformer (with two secondary windings and
two three-phase full-bridge rectifiers in the 12-pulse case), whereas
active rectifiers necessitate additional components such as a three-
phase inverter (with its control unit and power supply) and grid-side
passive filters.

The results related to passive rectification, although they may seem out-
dated in the context of the more likely adoption of active rectification for
future ERS systems, still illuminate concerns regarding conductive EMI,
particularly in terms of voltage and current ripple within the ERS supply.
As illustrated in the scenarios with the 12-pulse passive rectifier, the as-
sociated voltage and current ripple are minimal. However, it is important
to recognize that active rectification will still exhibit some degree of volt-
age and current ripple, which may increase due to the design of vehicles’
onboard ERS interfaces. Consequently, it is necessary to determine how
stringent the requirements for voltage and current ripples should be. The
effects of multiple vehicles with different input filters in their ERS inter-
faces are not yet fully investigated and could have a significant impact on
voltage and current ripple. In addition, reducing voltage and current rip-
ple is expected to lead to smaller and lighter passive filter components in
the vehicles. This represents a topic for future research, falling outside the
scope of this thesis.
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Chapter 6

Modelling Electrical Safety

6.1 Introduction

Given the nature of an ERS as a high-voltage and high-power infrastruc-
ture, it inherently poses several safety hazards, particularly the risk of elec-
trocution of human beings and animals as well as exposure to hazardous
voltages. One reason for these hazards is the lack of a reliable protective
earth connection to the vehicles’ chassis.

This chapter explores the safety concerns associated with touch events,
defined as instances when a person makes physical contact with an object
or structure linked to the ERS that is not intended to be hazardous. Two
specific aspects of electrical safety related to touch events are analyzed:
(I) human contact with a vehicle connected to the ERS, and (II) human
contact with the exposed electric road exterior intended for deployment
on public roads. These aspects are evaluated by establishing and using
a simulation model that is validated using experimental results from the
ERS demonstrator. The validation of the simulation model presented in
this chapter extends the work presented in [43].

A human body model, as defined in [49, 98], is used to evaluate the body
current levels that may result from various touch events. The model consists
of resistors and capacitors representing the impedance of a typical human
body. It is important to emphasize that the purpose of this model is not to
precisely determine safety margins concerning the severity of a hazardous
touch event but rather to model and understand the phenomena associated
with hazardous touch events.
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For a BEV not adapted for ERS operation, the TVS is floating, mean-
ing there is high impedance between the TVS and electrical ground. The
isolation between the high-voltage poles and the chassis is designed to pre-
vent any touch events that could create a conductive path between these
high-voltage poles. In contrast, for a vehicle adapted for ERS, the criti-
cal safety concern when a person makes physical contact with the vehicle’s
chassis is ensuring that the chassis remains electrically isolated from the
high-voltage poles of both the TVS and the ERS supply. This isolation
is crucial to mitigate safety risks, as contact with one of the high-voltage
poles in the ERS could result in current flowing through the human body
to electrical ground. The challenge lies in consistently ensuring that the
vehicle chassis, which includes all accessible parts that a person may touch
without crawling beneath it—because the high-voltage components of the
current collector, sliding contacts, and active segments of the electric road
are located underneath the vehicle—remains electrically isolated from the
high-voltage poles. Additionally, if an isolation fault causes a deviation
in the impedance between the chassis and a high-voltage pole, the vehicle
must be immediately disconnected from the ERS to prevent safety hazards.

Given that the electric road is intended for deployment in diverse environ-
ments, including those with extreme weather conditions, it is essential to en-
sure that the exterior of the electric road remains safe to touch at all times.
Typically, the exteriors and accessible parts of all power grid-connected
electrical equipment are either connected to electrical ground or isolated
from the electrical poles of the device, thereby minimizing the risk of haz-
ardous touch events. Regarding the electric road, as previously discussed
in Chapter 2, Section 2.2, the exterior of the electric road is electrically
grounded at the rectifier station. However, as with all grounded systems,
maintaining a low impedance to ground is crucial to ensure functionality of
the grounding system. Consequently, the safety concerns associated with
touch events, specifically regarding the impedance of the negative pole of
the ERS, are evaluated and tested under various operating conditions to
ensure that electrical safety is maintained at all times.
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6.1.1 The Human Model

In this chapter, the impedance of a human body, as defined by the standard
IEC 60990:2016 [98], is used to analyze phenomena related to touch events
involving a person. Fig. 6.1 depicts the human model, which consists of
a parallel connection of resistor Rs = 1.5 kΩ and capacitor Cs = 0.22µF ,
connected in series with resistor Rb = 0.5 kΩ. Resistor Rs and capacitor
Cs are intended to replicate the impedance of the skin, while resistor Rb

represents the internal resistance of the human body. In standard IEC
60990:2016 [98] several variants of this human model are outlined, which
are applied based on the touch event and measurement scenario, includ-
ing correction factors related to the frequency of the current present. The
human model presented in Fig. 6.1 is selected for all measurements and
modelling in the subsequent sections. This choice is made for the sake of
simplification, with the focus being on capturing the fundamental phenom-
ena of touch events.

Figure 6.1: The chosen human model for evaluating touch events.

Assessing the impact and severity of hazardous electrical touch events is
complex, as outlined in [49, 98]. Generally, the severity of such events is
related to both the duration of exposure, measured in ms, and the magni-
tude of the current, measured in mA (in RMS for AC). Currents between
0.5 and 20 mA AC RMS with exposure times ranging from 0 to 500 ms
correspond to the threshold of immobilization. At this level, the muscular
contractions are intense enough to prevent voluntary movement as long as
the current is flowing. The standard [49] defines an RMS value of 10 mA for
AC as the maximum touch current at which an adult can still release the
object when it is under voltage. Currents exceeding 20 mA with exposure
times over 500 ms can cause difficulty in breathing and reversible distur-
bances in heart function. Currents above 100 mA with exposure durations
over 500 ms can potentially lead to burns, cellular damage, and cardiac and
respiratory arrest.
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6.1.2 Chassis Voltage Hazards in Electric Vehicle Charging

In a conventional static charger, the BEV chassis is connected to the pro-
tective earth via the charging port in the BEV and the charging cable. In
the event of an isolation fault between the high-voltage poles of the TVS
and the vehicle chassis, the charger’s RCD is triggered. This mechanism
mitigates the risk of the chassis being exposed to an elevated voltage. How-
ever, in the context of a conductive ERS, there is no reliable direct electrical
ground connection between the vehicle chassis and the ERS. In the unlikely
scenario where an isolation fault exposes the BEV chassis to high voltage,
if a human body in contact with electrical ground also touches the chassis,
current will flow through the human body to electrical ground. The current
will then return via the ERS supply ground connection to the ERS supply,
as illustrated in Figs. 6.2 and 6.3.

Figure 6.2: A BEV equipped with an ERS interface is connected to an ERS supply. Both the BEV’s TVS and the
ERS interface are double insulated, as indicated by the green elements in the figure. In the figure, 1)
represents an isolation fault between the chassis and the ERS supply, while 2) represents an isolation
fault between the chassis and the TVS.

The issue of an elevated voltage on a vehicle’s chassis is addressed through
two different methods. Firstly, the implementation of double insulation
ensures enhanced safety. Double insulation means that all high-voltage
components are equipped with an additional layer of supplementary insu-
lation on top of the basic insulation, as outlined in [48]. Fig. 6.2 illustrates
a BEV in which double insulation is applied to both the ERS interface
and the TVS. The electric bus which is the main vehicle when conducting
measurements in the ERS demonstrator is outfitted with double insulation.
All components of the TVS, including the ERS power electronic interface,
current collector, and associated arms, are required to maintain double
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insulation relative to the vehicle chassis.

In the event of an isolation fault between the arms of the current collector
and the chassis, as shown in fault 1), or between the chassis and the high-
voltage pole of the TVS, as depicted in fault 2), the fault must be severe
enough to breach both layers of insulation. In cases where a conductive
object or debris, possibly mixed with saltwater from the road, contacts an
active segment of the ERS or an arm of the current collector along with the
vehicle chassis, there is a risk that the chassis could be elevated to a high
voltage. This fault is illustrated in 1) in Fig. 6.2. This risk is present in an
ERS as they are designed for public roads, where conductive materials such
as trash, aluminum cans, or packed snow mixed with salt may accumulate
beneath the vehicle.

The risk of elevated chassis voltage may also arise from an internal isolation
fault within the TVS, specifically between the positive pole and the vehicle
chassis, as shown in fault 2). In such an event, if the chassis becomes
energized and a person comes into contact with it, electrical current will
flow through the human body to the ground, returning to the rectifier
station.

The second measure to ensure a high isolation is the use of a galvanically
isolated DC/DC converter between the high-voltage poles of the BEV’s
TVS and the ERS supply, as discussed in [36]. This configuration allows for
less stringent insulation resistance requirements [48], as the TVS remains
electrically floating with respect to the ground. Compared to a design
that applies double insulation, this approach can significantly reduce the
additional volume required onboard the vehicle. Fig. 6.3 illustrates a BEV
where a galvanically isolated DC/DC converter is implemented.

It is important to note that the ERS interface must still be double insu-
lated to ensure electrical safety. This is crucial because, in the event of
an isolation fault between the chassis and the arm of the current collector,
as illustrated by fault 1), the chassis voltage could be elevated, and the
resulting current could flow through a human in contact with the vehicle’s
chassis. However, in the case of an isolation fault between the TVS pole
and the chassis, as shown in fault 2), the current will not flow through the
human body since the TVS is not galvanically connected to the ERS sup-
ply. Therefore, double insulation is not required for this part of the BEV
circuit.
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Figure 6.3: A BEV equipped with an ERS interface is connected to an ERS supply. The BEV’s TVS is galvanically
isolated from both the ERS interface and the ERS supply through an isolated DC/DC converter. Only
the ERS interface is double-insulated, as indicated by the green elements in the figure. In the figure, 1)
represents an isolation fault between the chassis and the ERS supply, while 2) represents an isolation
fault between the chassis and the TVS.

In addition to these measures, BEVs are generally equipped with an IMS
that monitors the impedance between the poles of the TVS and the chassis.
An IMS can be adapted for ERS deployment to detect elevated chassis
voltage and actively disconnect the BEV from the ERS supply, thereby
mitigating the risk of hazardous voltages. In such cases, the IMS would
monitor impedance variations between the high-voltage poles, from the
arms of the current collector and the TVS to the chassis. Upon detecting
an isolation fault, indicated by a significant change in impedance between
the chassis and a high-voltage pole, the IMS would activate, disconnecting
the vehicle from the ERS supply. Prompt detection and disconnection are
crucial aspects of IMS operation, as time is a critical factor in mitigating
harmful electric hazards, with longer exposure leading to more severe health
consequences, as detailed in [49].

6.1.3 Experimental Methods for Characterizing the Vehi-
cle’s Chassis Voltage

During the EVR project, numerous attempts were made to assess the volt-
age of the bus’ chassis. This measurement presented significant challenges
due to several factors. First, assessing the chassis voltage required estab-
lishing a connection between the bus chassis, a measurement instrument,
and electrical ground. Since the bus was in motion, it was necessary to
use a long cable to connect the chassis to the measurement instrument and
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electrical ground at the rectifier station, which posed practical difficulties.
Second, the long cable inadvertently acted as an antenna, making it highly
susceptible to EMI. Third, since the chassis is electrically floating with re-
spect to ground, meaning there was a very high impedance between the
chassis and ground, measuring the chassis voltage with respect to ground
with high-impedance instruments (as most voltmeters are) proved difficult.
A high-impedance voltmeter used to measure a high-impedance voltage
leads to a measurement setup that is highly susceptible to EMI, as both
the voltmeter and the voltage being measured exhibit minimal current flow.

Several measurements were conducted to refine the measurement methodol-
ogy progressively. Measurements were performed repeatedly under diverse
weather conditions, including both wet and dry environments, to ensure the
reliability and robustness of the results. To address the issue of conduct-
ing measurements with a high-impedance instrument, the human model
was used to lower the impedance path to ground, which allowed for higher
current flow, thereby reducing the impact of EMI and improving the reli-
ability of the voltage measurements with the high-impedance instrument.
Fig. 6.4 illustrates the measurement setup used for assessing the voltage
of the vehicle’s chassis. While the bus is drawing power from the ERS,
both statically and in motion, a human model is connected between the
ground connection of the rectifier station and the bus chassis. The human
model is connected as close to the rectifier station as possible, while a long
coaxial cable, with its shield grounded in the rectifier station, is used to
connect the human model to the vehicle’s chassis. This method proved to
introduce the least amount of EMI into the measurements. As detailed in
the standard [98], the voltage Vb across the resistor Rb is measured, and in
this case, a PicoScope 4444 [81] was used.

It is important to note that the figure is intended to highlight the physical
distances related to the measurement setup. Despite these distances, the
setup maintains the correct impedance between the human model and the
rectifier station’s ground connection. The measurement setup reflects a
touch event by a human, as the impedance of the coaxial cable is very low,
rendering the physical distance between the human model and the vehicle
negligible in terms of added impedance. Similarly, during a touch event,
the ground resistance between the human body and the rectifier station
is assumed to be very low, validating the choice of connecting the human
model directly to ground at the rectifier station.
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Figure 6.4: The measurement setup for assessing the chassis voltage of the bus involves connecting a human
model, grounded at the rectifier station, to the bus chassis via a long coaxial cable. Isolation faults
are introduced between the chassis and the arm of the current collector to evaluate their effect on the
chassis voltage.

To evaluate the impact of isolation faults, two resistors 11 kΩ and 100 kΩ
were used, representing 1.1% and 10% of an assumed 1MΩ isolation be-
tween the chassis and high-voltage pole in a BEV. These values were based
on measurements taken from the bus adapted for ERS operation, as pre-
sented in Section 2.2. The resistors were alternately connected between the
chassis and one of the arms in the current collector, as shown in Fig. 6.4.
These values were chosen to replicate the possible presence of conductive
objects, debris, or salty snow on public roads, which could introduce such
impedances between the BEV chassis and high-voltage pole of the ERS
supply.

Measurements without isolation faults were first conducted to serve as a
reference for comparing the effects of induced faults. However, during each
measurement session, the same waveform shape and magnitude were con-
sistently observed, indicating that the bus chassis exhibited an elevated
voltage relative to ground. Simultaneously, the development and estab-
lishment of a simulation model intended to simulate the elevated voltage
of the chassis was in progress. This model was subsequently used to in-
vestigate and understand the observed phenomenon. By adding capacitors
between the high-voltage poles of the TVS and the vehicle chassis in the
model, the measured voltage was accurately replicated in the simulation
model. Fig. 6.5 illustrates the locations of these parasitic capacitors that
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contribute to this phenomenon. The elevated voltage observed across the
human body is caused by the charging and discharging of these capacitors.

Figure 6.5: A conceptual view of the bus’s TVS illustrates the parasitic capacitors connected between the BEV
chassis and the high-voltage poles of the DC-link, as well as to the output of the TVS subsystems.

To validate the presence of these parasitic capacitors, measurements were
conducted on both the bus and a separate drivetrain from a passenger BEV
using an impedance analyzer [83]. Estimating and measuring these para-
sitic capacitors, especially in a complex electrical system like the bus TVS,
proved challenging as these parasitics are highly dependent on the struc-
ture, topology, and physical layout of the components within the specific
vehicle’s TVS. Consequently, different vehicles are expected to exhibit this
phenomenon to varying degrees. Although not covered in the scope of this
thesis, preliminary analysis of measurements on a passenger car drawing
power from the ERS demonstrator also exhibited a current flowing through
the human model.
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6.1.4 Voltage Hazards on the Exposed Exterior of the Elec-
tric Road

Given that the ERS is designed for deployment in a range of environ-
ments, including wet conditions and areas where road salt is present, which
increase the risk of electric shock, it is essential to assess the electrical
safety performance of the exposed ERS exterior voltage relative to elec-
trical ground. The negative conductor of the SER, along with the cable
connecting the electric road and the rectifier station, is designed with a
larger cross-sectional area compared to the positive conductor. This design
choice is intended to mitigate the risk of hazardous voltage drops in the
negative conductor, which is exposed externally. It is essential to evaluate
whether any voltage drops in the electric road’s negative conductor could
present a hazard to humans or animals.

Fig. 6.6 illustrates this safety issue, depicting a BEV, in the form of a truck,
drawing power from an electric road with an arbitrary length, connected
to a rectifier station. In the lower part of the figure, a simplified equiva-
lent circuit diagram of the ERS setup is presented. In this circuit, the DC
voltage source UDC represents the rectifier station, variable resistors RER+
and RER− denote the positive and negative conductors of the electric road,
respectively (along with their aggregated resistance including the cable be-
tween the electric road and rectifier station), and the variable resistor RLoad

represents the load of the BEV drawing power from the ERS. The negative
and positive conductors are indicated in blue and red colors, respectively,
with the negative pole connected to the electric road exterior to illustrate
the design of the considered ERS technology.

Figure 6.6: Conceptual circuit illustrating the electrical safety concerns during a touch event on the electric road
exterior while a vehicle draws power from an ERS. The upper illustration represent the physical ERS
setup and components corresponding to the simplified circuit shown below.
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As the truck draws power from the electric road and current flows through
the circuit, voltage drops occur in the electric road conductors. For RER−,
this voltage drop, denoted Vh, is between the load and ground. If a human
body contacts the exterior of the electric road near the BEV drawing power
from it, the human body will be exposed to the same voltage drop, denoted
Vh, as that in the electric road conductor. Consequently, as long as the
resistance of RER− remains low, the voltage drop will also be low and thus
not hazardous to touch. Ultimately, the magnitude of the voltage drop,
denoted Vh, depends on the current drawn by the BEV and the length of
the electric road.

6.1.5 Experimental Methods for Characterizing Voltage on
Exposed Electric Road Exteriors

To evaluate the impact of elevated voltage relative to ground on the elec-
tric road exterior, measurements were conducted on the ERS demonstrator.
Fig. 6.7 illustrates the measurement setup used to assess the voltage level of
the negative conductor of the electric road with respect to ground. During
these measurements, the bus was drawing power from 100 meters of electric
road, denoted as L in the figure. A Picoscope 4444 [81] was used to measure
the voltage between the exterior of the electric road (the negative conduc-
tor), denoted Vh, located just behind the bus, and a copper bar hammered
into the ground, which served as the electrical ground connection.

Although a more ideal measurement setup would involve using a human
model connected to the electrical ground at the rectifier station, as illus-
trated in Fig. 6.4, the presented and employed measurement setup still
yielded adequate results for assessing the magnitude of the current flowing
through the human body. During the development of the measurement
setup used to evaluate the vehicle’s chassis voltage, as shown in Fig. 6.4, it
was found that using a grounded copper bar for the ground connection, in-
stead of the rectifier station’s ground, and omitting the human model, had a
minor impact on the DC voltage levels and the corresponding low-frequency
components. The primary focus of this assessment is on the DC voltage and
low-frequency content of the electric road exterior voltage, specifically to
determine whether the current through the body when touching the electric
road exterior can reach harmful levels as defined in the adhering standards
[49]. Given this context, the described measurement setup was considered
adequate for the assessment.
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Figure 6.7: Measurement setup for assessing the voltage of the electric road exterior with respect to ground. The
bus draws power from the ERS demonstrator while the voltage Vh between the electric road exterior
and the electrical ground, positioned just behind the bus, is measured.

6.2 Modelling

The phenomena related to the elevated voltage of the vehicle chassis are
attributed to capacitive coupling between the chassis and the output of the
onboard converters. Consequently, the time resolution required to model
these phenomena is related to the switching frequency of the converters.
Therefore, the model presented in Chapter 5, Section 5.2, is deemed ap-
propriate for simulating these phenomena. This model is validated for the
ERS demonstrator during normal operation and is capable of performing
simulations at a timescale of 0.1 ms, which exceeds the range of switching
frequencies for the onboard converters in the bus’ TVS. Subsequent sub-
sections detail modifications to the original model presented in Chapter 5
to enable it to address the electrical safety issues related to elevated chassis
potential and the voltage of the electric road exterior. Considering that
the model presented in Chapter 5 shows an error margin of less than 10%,
it is expected that this model is capable of accurately simulating both the
voltage of the BEV chassis and the voltage of the electric road exterior.
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The modelling of electrical safety issues in this chapter is not intended as a
tool for quantifying the fatality or danger of a specific event but rather to
provide insight into the factors influencing these phenomena and to identify
which parameters affect their magnitude. Consequently, the accuracy of the
model should be assessed not only by the magnitude of the error but also
by the degree to which the waveform shape and magnitude in simulations
align with those observed in actual measurements.

6.2.1 Model Adjustments for Simulations of Chassis Voltage

To accurately model the parasitic capacitive effects that occur when a hu-
man model contacts a BEV chassis while the vehicle is drawing power from
an ERS, it is necessary to introduce capacitors between the BEV’s high-
voltage poles and chassis. This subsection presents modifications to the
vehicle circuit models originally presented in Section 5.2.4 in Chapter 5.

In Fig. 6.8, the circuit model for the vehicle’s ERS interface is illustrated.
The model from Fig. 5.3 is extended with two resistors, RDC+ and RDC−,
as well as two capacitors, CDC+ and CDC−, placed at the DC-link (capac-
itor C6) between the high-voltage poles of the TVS and the BEV chassis.
The values for these parameters are specified in Table 6.1. The resistors
represent the aggregated isolation resistance between the positive and neg-
ative poles of the BEV TVS and the chassis and the capacitors represent
the parasitic capacitive coupling between chassis and the high-voltage poles
of the DC-link.

Figure 6.8: Circuit model of the vehicle ERS interface adjusted for modelling the vehicle’s chassis voltage.
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Table 6.1: Simulation parameters for the vehicle ERS interface circuit model.

Vehicle ERS interface circuit model parameters

Parameter Unit Value
CDC+ nF 18.5
CDC− nF 18.5
RDC+ MΩ 1
RDC− MΩ 1

Although the isolation resistance is expected to vary greatly depending on
external factors such as humidity and weather conditions, a nominal value
of 1 MΩ is chosen for all isolation resistance parameters in this chapter.
Measurements conducted during the EVR project using an isolation tester
revealed that this parameter choice was within the range of 1 MΩ. The
parasitic coupling between the high-voltage poles of the DC-link in the
TVS and the bus chassis was measured using an impedance analyzer [83].
This parasitic capacitance is expected to be one of the largest in the TVS,
as the DC-link has a large surface area exposed to the chassis and acts as
a connecting node for all subsystems in the TVS. Fortunately, the mea-
surement of this parasitic capacitance was successful, providing a relatively
constant capacitive impedance over a wide range of frequencies when using
the impedance analyzer.

In Fig. 6.9, the adjusted circuit model for the battery system is illustrated,
extended with a parasitic capacitor and isolation resistor between the out-
put of the converter and BEV chassis. The values of this capacitor and
resistor are detailed in Table 6.2. The original battery system circuit model
is presented in Fig. 5.4.

Figure 6.9: Circuit model of the battery system adjusted for modelling the vehicle’s chassis voltage.
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Table 6.2: Simulation parameters for the battery system circuit model.

Battery system circuit model parameters

Parameter Unit Value
Cb+ nF 1.6
Rb+ MΩ 1

Fig. 6.10 presents the adjusted circuit model of the drivetrain from Fig. 5.5,
where parasitic capacitors and isolation resistors are introduced between the
BEV chassis and the output of the traction inverter. The parameter values
for these components are detailed in Table 6.3. All three positive capacitors
and isolation resistors, denoted Cd+ and Rd+, are assigned identical values
at the output of the converter.

Figure 6.10: Circuit model of the drivetrain adjusted for modelling the vehicle’s chassis voltage.

Table 6.3: Simulation parameters for the drivetrain circuit model.

Drivetrain circuit model parameters

Parameter Unit Value
Cd+ nF 1.2
Rd+ MΩ 1

To validate the magnitude of these parasitic capacitors, measurements were
conducted using an impedance analyzer [83] both on the bus and on a sep-
arate traction inverter and corresponding machine located in a laboratory
environment from a passenger car. Although the conducted measurements
were rudimentary, they confirmed the presence of parasitic capacitance,
with magnitudes ranging from 10 to 200 nF depending on the measure-
ment setup and frequency. The final parasitic capacitance values used for
model validation, as presented in Tables 6.2 and 6.3, were adjusted dur-
ing the model calibration process. These adjustments were necessary to
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achieve accurate model behavior, even though the initial values were based
on measurements from the bus, the separate drivetrain, and previous pub-
lished work regarding parasitic capacitance [99]. Additional work is needed
to refine measurement methods for assessing these parasitics and to better
understand the influence of physical layouts and topology on these parasitic
effects.

To evaluate the impact of electrical safety concerning the BEV chassis volt-
age, the human model previously presented in Fig. 6.1 is integrated into the
chassis of the vehicle’s ERS interface, battery system, and drivetrain circuit
models, as depicted in the block diagram in Fig. 6.11, where the chassis is
represented by a dotted black rectangle. In addition to the human model,
an isolation fault block is incorporated to represent the induced isolation
faults of 11 kΩ and 100 kΩ, which are introduced in both the measurements
and the model, as illustrated in Fig. 6.4. This block diagram outlines the
model structure that is utilized in all simulations related to the BEV chassis
voltage.

Figure 6.11: Block diagram of the simulation model’s structure which is used to assess electrical safety concerns
related to the BEV chassis voltage.
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6.2.2 Model Adjustments for Simulations of Voltage on the
Electric Road Exterior

To assess the voltage of the electric road exterior, the original SER circuit
model in Fig. 5.2 from Section 5.2 is adjusted to include a voltmeter, as
illustrated in Fig. 6.12, reflecting the employed measurement method. To
evaluate the severity and effects on the human body, subsequent simula-
tion scenarios presented in this chapter include a human model, presented
in Fig. 6.1. Apart from incorporating the human model connected to the
negative pole of the SER circuit model, the overall model structure for
both validation and simulation cases remains consistent with that used for
BEV chassis voltage simulations, as illustrated in Fig. 6.11, excluding the
location of the human model and the isolation fault resistor. Simulations
concerning the voltage of the electric road exterior focus on scenarios in-
volving increased vehicle power draw and extended electric road length to
simulate worst-case conditions that could result in potentially hazardous
voltage levels affecting the human body.

Figure 6.12: The circuit model of the SER, extended with a voltmeter for validation and a human model for
subsequent simulation cases.
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6.3 Model Validation of the Vehicle’s Chassis Volt-
age

The model is validated using experimental results obtained from the ERS
demonstrator with the electric bus. This section presents the validation of
the model when simulating the voltage of the vehicle’s chassis, comprising
three distinct validation cases: one with no induced isolation faults between
the chassis and the positive pole, one with an isolation fault of 100 kΩ, and
a final case with an isolation fault of 11 kΩ.

The validation process includes assessing the voltage of the bus’ chassis un-
der both static and dynamic charging conditions. Static charging is evalu-
ated when the bus draws 40 kW, while dynamic charging is evaluated when
the bus draws 100 kW. During static charging, only the battery converter
is active, affecting the voltage Vb in the human model. In contrast, during
dynamic charging, both the battery converter and the traction inverter are
active, thus affecting the voltage Vb in the human model compared to the
static charging case.

The timing of static and dynamic charging events differs between measure-
ments and simulations to demonstrate the model’s capability to replicate
the capacitive coupling phenomenon between the chassis and the TVS for
both the battery converter and the traction inverter. However, it is im-
portant to note that this difference should not be interpreted as an indi-
cation that the model can accurately replicate phenomena occurring on
a timescale of seconds. Since the model operates on a ms timescale, the
precise timing of charging events in the order of seconds or fractions of
seconds is not critical for these simulations. The model is configured to
simulate a constant speed during dynamic charging; in this case, the bus is
assumed to travel at 18 km/h without accounting for acceleration or decel-
eration. Consequently, the lower plots in the subsequent figures presented
in this subsection illustrate static charging followed by an instantaneous
transition to dynamic charging at 18 km/h, primarily to demonstrate the
model’s ability to simulate both static and dynamic charging conditions.
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6.3.1 Validation of Elevated Chassis Voltage due to Capac-
itive Coupling

Fig. 6.13 presents data for both the measured (upper plot) and simulated
(lower plot) voltage Vb (over Rb in the human model, as defined in the
standard [98]), related to the left y-axis. The right y-axis corresponds to
the red line, which displays the current Ib, measured in the upper plot
and simulated in the lower plot, flowing through the human model. Ib is
presented as an RMS value with an additional moving average filter applied
with a 50 ms window. This approach is employed because the current values
for Ib are defined as RMS in [49].
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Figure 6.13: Measured (upper plot) and simulated (lower plot) voltage Vb across the resistor Rb in the human
model, shown by blue lines related to the left y-axis, when the bus is drawing power from the ERS
both statically (40 kW) and dynamically (100 kW). Current through the human body Ib, with a
moving RMS value filtered with a 50 ms window, is represented by red lines related to the right y-axis.

In the measurements (upper plot), the bus remains stationary and draws
power from the ERS between 0 and 2 seconds, while it is in motion and
drawing power from 2 to 9.2 seconds. Note that the voltage Vb and the
corresponding current Ib increase and then decrease as dynamic charging
starts between 2 and 4 seconds. Given the complexity of the bus’s TVS,
the exact cause of this phenomenon remains unclear, particularly since it
occurs on a timescale of seconds rather than milliseconds, which is be-
yond the scope of the simulation model’s intended timescale. However,

199



one possible explanation is that additional parasitic capacitors associated
with subsystems and their corresponding converters become active when
dynamic charging begins. These capacitors, connected to the bus’s TVS,
become charged, leading the voltage Vb across the resistor Rb in the hu-
man model to exhibit a waveform similar to that of a current charging a
capacitor in an RC circuit, with a time constant on the order of several
seconds. This hypothesis is supported by subsequent measurements, where
the introduction of isolation faults between the arm in the current collector
and the chassis affected this phenomenon, indicating that the RC filter’s
time constant is altered.

The upper plot in Fig. 6.14 presents a zoomed view at 1 second from the
upper plot in Fig. 6.13, showing a timeframe of 3 ms during which the bus
is charging statically from the demonstrator. The lower plot in Fig. 6.14
shows a simulation designed to replicate the voltage Vb during static charg-
ing, wherein the battery converter is active, as detailed in Fig. 6.9. The
model successfully simulates the basic waveform shape with reasonable ac-
curacy, and the absolute values are closely aligned with the measurements.
The voltage Vb originates from the charging and discharging of parasitic
capacitors between the TVS poles and the chassis. Thus, the magnitude of
Vb is independent of the drawn power but rather depends on the absolute
voltage level across these parasitic capacitors, which is not influenced by
the vehicle load. The waveform shape reflects the charge and discharge
cycles of the parasitic capacitors between the chassis and the output of the
active subsystems in the bus TVS.
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Figure 6.14: Measured (upper plot) and simulated (lower plot) voltage Vb across the resistor Rb in the human
model when the bus is drawing power from the ERS statically (40 kW).
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The upper plot in Fig. 6.15 presents a zoomed-in view of a 5 ms interval at
the 7-second mark from the upper plot in Fig. 6.13, showing the measured
and simulated (lower plot) voltage Vb during dynamic charging, with the
bus driving at approximately 18 km/h along the electric road. As depicted
in the drivetrain circuit model in Fig. 6.10, the system includes three output
points of the inverter, each alternating between 0 V and 650 V, in contrast
to the battery converter, which has only one such point as shown in Fig. 6.9.
Consequently, the charging and discharging of the parasitic capacitors to
the chassis from the traction inverter and battery converter vary in time and
move in and out of phase with each other, resulting in an interference-based
waveform shape for Vb. Due to this variability in the waveform shape of Vb

during dynamic charging, the model’s ability to replicate both the waveform
shape and magnitude is less precise compared to the static charging case.
Nevertheless, the model successfully captures the overall waveform shape
and phenomena observed in the measurements.
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Figure 6.15: Measured (upper plot) and simulated (lower plot) voltage Vb across the resistor Rb in the human
model when the bus is drawing power from the ERS dynamically (100 kW).

In Table 6.4, RMS values of Ib filtered with a moving average filter with a
50 ms filter window, representing the current flowing through the human
model, are presented for both static and dynamic charging conditions, based
on measurements and simulations. The models accuracy in predicting Ib
in RMS is deemed adequate. Specifically, the model exhibits an error of
13% during static charging and 18% during dynamic charging. For static
charging, as presented in Fig. 6.14, this difference is mainly attributed
to the lower voltage level after the charging of the parasitic capacitors,
the average DC-offset voltage (for instance, between 0.05 and 0.2 ms in
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the lower plot), where the simulated voltage is 2 V, compared to 5 V in
the measurement (upper plot), leading to a reduced value of Ib in the
simulations. In the case of dynamic charging, this difference primarily
arises because the discharge time of the simulated voltage Vb is longer than
that observed in the measurements, resulting in an overestimation of the
RMS value in the simulations.

Although the model performs well in accurately replicating the hazardous
current Ib, it is not yet sufficiently refined to reliably estimate safety risks
based on the RMS values outlined in standards. In terms of the actual
severity of the measured current Ib, utilizing the prescribed human model
presented in Fig. 6.1, the current levels of 15 and 17 mA are associated
with immobilization, previously discussed in Section 6.1.1 of this chapter.
Beyond the prescribed 10 mA threshold, an adult may no longer be able
to release an object carrying this current. It is important to note that
the effect of these parasitic capacitors are specific to each BEV. However,
additional measurements—though not included in this thesis—suggest that
similar phenomena are not exclusive to the bus, but are also observed in
other vehicles.

Table 6.4: Measured and simulated values of current flowing through the human model.

Simulation result - no isolation fault

Result Unit Value
Static Dynamic

Measured Ib mARMS, 50ms 15 17
Simulated Ib mARMS, 50ms 13 20

Fig. 6.16 presents a conceptual simplified circuit of the ERS demonstrator
with the aim to explain the factors influencing the phenomena related to
parasitic capacitors and the voltage Vb across the human model. Through
modelling, it was observed that the voltage Vb in the human model behaves
similarly to a charge-discharge current in an RC circuit, where the capac-
itors C+ and C− are charged and discharged in response to the switched
voltage. The circuit is based on an arbitrary buck converter representing
a power electronic subsystem within the bus TVS while the bus is draw-
ing power from an ERS. This simplified model includes UDC to represent
the ERS supply voltage, with all other circuits and impedances between
the ERS supply voltage and the input of the buck converter omitted. C+

represents the parasitic capacitor between the switched output of the con-
verter and the vehicle’s chassis (Cb+ from Fig. 6.9), while C− denotes the
aggregated parasitic capacitors between the high-voltage poles of the TVS
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and chassis at the DC-link (CDC+ and CDC− from Fig. 6.8 ). At the switch-
ing frequencies of the subsystems in the TVS, the DC-link capacitor (C6

from Fig. 6.8) acts as a short circuit, as it is much larger than the parasitic
capacitors CDC+ and CDC−. Thus, C− represents the sum value of CDC+

and CDC−, as they are connected in parallel if the DC-link capacitor is re-
garded as a short-circuit. The load side of the buck converter comprises an
inductor and a DC voltage source. The elements Cs, Rs, and Rb represent
elements of the human model, as previously presented in Fig. 6.1.

Figure 6.16: Simplified circuit of an arbitrary subsystem within a BEV TVS, incorporating a buck converter, designed
to illustrate the phenomena associated with the voltage Vb across the human model and the parasitic
capacitors between the chassis and TVS.

When the transistor in the buck converter begins to conduct, the voltage u
is applied across both the load and the parasitic capacitors. This voltage
transient will cause the parasitic capacitors C+ and C− to be charged. The
applied voltage UDC is divided across each parasitic capacitor through volt-
age division. The voltage VC− , which is applied across C−, is also applied
across the human model, as the human model is connected in parallel with
C− and ground. As C+ and C− charge, a corresponding charging current
flows through the human model. Given that C+ and C− are significantly
smaller than Cs, the human model can be approximated as a resistance (Rb)
during this brief interval when the voltage is applied across the parasitic
capacitors. Consequently, the parasitic capacitors C+ and C−, in conjunc-
tion with the human model, function as an RC circuit, where the voltage
Vb behaves similarly to a charging current (as the voltage Vb is linearly pro-
portional to the current flowing through the human model). Conversely,
when the transistor ceases to conduct and the voltage u across the load is
turned off, the load current supplied to the battery freewheels through the
diode in the circuit and the capacitors partly discharge through the human
model, resulting in a negative discharge current and, in turn, a negative
voltage Vb.
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To facilitate a clearer understanding of the circuit, it is useful to initially
consider a simplified model in which the human model is excluded. In this
scenario, the current flowing through the capacitors can be described by
Eqs. (6.1) and (6.2), where the currents i+ and i− are equal, leading to the
expression in Eq. (6.3).

During the transistor’s turn-on (or turn-off) event, the change in the con-
verter’s output voltage can be described by the sum of the rates of change
of the voltages across capacitors C+ and C−, as described in Eq. (6.4).
During the switching event, which occurs over a switching period tsw, this
expression can be approximated according to Eq. (6.5), which simplifies to
Eq. (6.6).

By incorporating this with Eq. (6.3), the voltage difference dVC− can be
described by the formula in Eq. (6.7). Reintroducing the human model
into the circuit reveals that the voltage difference dVC− is parallel to the
capacitor C−, and hence, this voltage is applied across the human model.
Therefore, the simplified circuit analysis leading to Eq. (6.7) provides in-
sight into the parameters influencing the magnitude of Vb.

C−dVC−

dt
= i− (6.1)

C+dVC+

dt
= i+ (6.2)

dVC−

dVC+

=
C+

C− (6.3)

du

dt
=

dVC+

dt
+

dVC−

dt
(6.4)

UDC

tsw
=

dVC+

tsw
+

dVC−

tsw
(6.5)

UDC = dVC− + dVC+ (6.6)

dVC− = UDC
C+

C+ + C− (6.7)
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6.3.2 Validation of Elevated Chassis Voltage due to Isola-
tion Faults

To further assess the effects of elevated voltage on the chassis of a BEV
when isolation faults occur between the chassis and high-voltage poles of
the TVS or ERS supply, the model was validated under these conditions.
Isolation faults were introduced between one arm of the current collector
and the bus chassis using resistors, Rf, with values of 100 kΩ and 11 kΩ,
as presented in Section 6.1.3. Consequently, as the arm made contact with
a segment activated with positive high-voltage, the voltage of the BEV
chassis was elevated with respect to ground.

These variations in isolation resistance per pole are expected to influence
the DC offset voltage of Vb, as the isolation resistances per pole (RDC+ and
RDC−) form a voltage divider to the chassis, as illustrated in Fig. 6.8. The
isolation fault Rf affects this voltage divider when connected in parallel.

100 kΩ Isolation Fault

In Fig. 6.17, both measured (top) and modelled (bottom) values of the
voltage Vb across the resistor Rb in the human model are presented for an
isolation fault of 100 kΩ. As previously discussed, the measurements and
simulations are not synchronized on a time scale of seconds. The lower
plot serves to illustrate the model’s ability to model static charging and
dynamic charging at a constant speed of 18 km/h. In the measurement,
the voltage Vb increases when the current collector arm comes into contact
with a segment with a positive voltage due to the induced isolation fault.
The acceleration of the bus can be observed by noting that the duration
of each period of elevated voltage shortens over time. However, the model,
which only simulates a constant speed, fails to capture this phenomenon
since it is not designed to account for speed variation.

The model is limited in its ability to represent variations in isolation resis-
tance, as the increase in voltage Vb is minimal when the arm in the current
collector is connected to a positive segment in the ERS, as shown in the
lower plot. In the measurement (upper plot), it is observed that when the
arm in the current collector, connected to the chassis, makes contact with a
segment of negative voltage (0 V) during static charging, the isolation fault
does not elevate the voltage of the BEV chassis. This is due to an error in
the experimental setup for this measurement, as the arm with the isolation
fault in the current collector should have been in contact with a positive
segment in the ERS. If the experimental setup had been as intended, the
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arm with the isolation fault would have been connected to a positive seg-
ment (650V), and an elevated chassis potential would have been observed
during static charging. During dynamic charging, at approximately 9.4 s,
the arm with the isolation fault comes into contact with a segment at a
positive voltage (650 V), resulting in an increase of the voltage Vb. This
occurs because the current is divided between the positive ERS supply pole
and the human model via the BEV chassis. However, the isolation fault
of 100 kΩ does not appear to be significant, as the impact on Vb and the
current Ib is minimal, with only a small change in Ib of a few mA in the
measurement.
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Figure 6.17: Measured (upper plot) and simulated (lower plot) voltage Vb across the resistor Rb in the human
model, shown by blue lines related to the left y-axis, when the bus is drawing power from the ERS
both statically (40 kW) and dynamically (100 kW) with an isolation fault of 100 kΩ present. Current
through the human body Ib, with a moving RMS value filtered with a 50 ms window, is represented
by red lines related to the right y-axis.
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The upper plot in Fig. 6.18 provides a zoomed-in view of a 3 ms interval
at the 2-second mark during static charging, corresponding to the upper
plot in Fig. 6.17, where the vehicle is charging statically with an isolation
fault of 100 kΩ. The simulation (lower plot) is configured such that the
arm of the current collector, which has an isolation fault to the bus chassis,
makes contact with a negative segment in the electric road, analogous to
the conditions of the measurement (upper plot). Since the isolation fault
occurs between the chassis and the current collector arm while the arm is in
contact with a negative segment of the electric road, both Vb and Ib remain
unchanged, matching the values observed in the absence of an isolation
fault, as shown in Fig. 6.14.
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Figure 6.18: Measured (upper plot) and simulated (lower plot) voltage Vb across the resistor Rb in the human
model when the bus is drawing power from the ERS statically (40 kW) with an isolation fault of 100
kΩ present.

In Fig. 6.19 the upper plot illustrates a zoomed-in view of a 5 ms interval
at 10.3 s, taken from the upper plot of Fig. 6.17, during dynamic charging.
The lower plot in Fig. 6.19 presents a simulation of the same event. At
10.3 s, the arm in the bus’s current collector makes contact with a positive
segment in the electric road (650 V), causing the voltage Vb to increase with
a DC offset, resulting from the voltage division across the isolation resis-
tances between the TVS poles and the chassis. The simulation is similarly
configured, ensuring that the arm in the current collector makes contact
with a positive segment in the electric road, thereby replicating the condi-
tions of the measurement. Similar to the original scenario without induced
isolation faults, presented in Fig. 6.15, the model performs well in this case
as both the waveform shape and magnitude of the simulated and mea-
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sured voltages correlate closely as the DC offset voltage resulting from the
induced isolation fault has an insignificant impact.
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Figure 6.19: Measured (upper plot) and simulated (lower plot) voltage Vb across the resistor Rb in the human
model when the bus is drawing power from the ERS dynamically (100kW) with an isolation fault of
100 kΩ present.

The current through the human body Ib in RMS filtered with a moving
average filter with a 50 ms window is presented for both measurement and
simulation during both static and dynamic charging in Table 6.5. Generally,
compared to the no-fault case presented in Table 6.4, there are no significant
changes in the results for static charging. This is due to the fact that, as
shown in the measurements, the arm with an isolation fault was in contact
with a negative segment, as previously discussed. Consequently, there are
no differences in the static case with a 100 kΩ isolation fault compared to
the static case with no induced isolation faults. However, due to minor
natural variations in the measurements, Ib is reduced to 14 mA during
static charging.

During the measurements of dynamic charging, when the arm with the
isolation fault contacts a positive segment, thereby elevating the chassis
potential, the current Ib increases from 17 mA to 21 mA compared to
the baseline case with no isolation faults. The model’s limited capability
to emulate small alterations in isolation resistance becomes evident when
comparing the simulated values of Ib during dynamic charging in Table 6.5
with those in Table 6.4. An isolation fault of 100 kΩ results in a 4 mA
increase during dynamic charging in the measurement, compared to the
case without induced isolation faults, while in the simulation, it results in
an increase of only 1 mA. Although the model appears to be very accurate
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during dynamic charging, its accuracy should be regarded as coincidental.
This is because the original value without isolation faults was an overesti-
mation of Ib, while the increase due to a 100 kΩ isolation fault represents
an underestimation.

Table 6.5: Measured and simulated values of current flowing through the human model.

Simulation result - 100 kΩ isolation fault

Result Unit Value
Static Dynamic

Measured Ib mARMS, 50ms 14 21
Simulated Ib mARMS, 50ms 13 21

11 kΩ Isolation Fault

Fig. 6.20 presents measurements (upper plot) and simulations (lower plot)
of the voltage Vb when the bus has an isolation fault of 11 kΩ between one
arm of the current collector and the BEV chassis. With such a significant
alteration in isolation resistance, the voltage Vb increases significantly due to
the substantial increase of the BEV chassis voltage. In both measurements
and simulations, the arm with the isolation fault makes contact with a
positive segment during static charging and disconnects from a positive
segment at 1.8 s in the measurement (upper plot). Thus, compared to the
original case without an isolation fault, an offset of 22 V is introduced when
the bus is in contact with segments that have a positive voltage of 650 V.
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Figure 6.20: Measured (upper plot) and simulated (lower plot) voltage Vb across the resistor Rb in the human
model, shown by blue lines related to the left y-axis, when the bus is drawing power from the ERS
both statically (40 kW) and dynamically (100 kW) with an isolation fault of 11 kΩ present. Current
through the human body Ib, with a moving RMS value filtered with a 50 ms window, is represented
by red lines related to the right y-axis.

The upper plot in Fig. 6.21 provides a zoomed-in view of 3 ms at 1 s from
the upper plot in Fig. 6.20. The isolation fault of 11 kΩ increases the BEV
chassis voltage, resulting in an approximate 22 V DC offset in the voltage Vb

across the human model. The lower plot, which shows a simulation of static
charging, exhibits the same offset, indicating that the model accurately
replicates the magnitude of this isolation fault. It is important to note
that the waveform shape and the original peak-to-peak values of Vb are
maintained, suggesting that the charge and discharge characteristics of the
parasitic capacitors between the chassis and BEV TVS are unaffected by
this isolation fault. Additionally, the magnitude of the isolation fault results
in measured and simulated current levels (Ib) that are considered hazardous,
potentially leading to cardiac and respiratory arrest. This underscores that
while capacitive coupling can be hazardous, a severe isolation fault poses
an even greater risk.

210



1 1.0005 1.001 1.0015 1.002 1.0025 1.003
0

20

40

M
e

a
s
u

re
d

 V
b
 [
V

]

0 0.5 1 1.5 2 2.5 3

Time [s] 10-3

0

20

40

S
im

u
la

te
d

 V
b
 [
V

]

Figure 6.21: Measured (upper plot) and simulated (lower plot) voltage Vb across the resistor Rb in the human
model when the bus is drawing power from the ERS statically (40 kW) with an isolation fault of 11
kΩ present.

The upper plot in Fig. 6.22 presents a zoomed-in in view of 5 ms at 8 s from
the upper plot in Fig. 6.20. Similar to the situation during static charging
in Fig. 6.21, the same off-set voltage of 22 V is present in the measurement
and the original waveform shape of the voltage Vb is intact.
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Figure 6.22: Measured (upper plot) and simulated (lower plot) voltage Vb across the resistor Rb in the human
model when the bus is drawing power from the ERS dynamically (100kW) with an isolation fault of
11 kΩ present.
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In Table 6.6, values of Ib in RMS filtered with a moving average filter with
a 50 ms filter window are presented for both measured and simulated cases
with an isolation fault of 11 kΩ. At this level of isolation fault, the model
presents excellent performance; during static charging, the measured value
is 51 mA and the modelled value is 52 mA. During dynamic charging, the
measured and simulated value is 52 mA. In conclusion, the validation of
the model with respect to isolation faults demonstrates that the model is
capable of accurately replicating phenomena related to the BEV chassis.
The model’s accuracy is greater for larger isolation alterations than for
smaller ones.

Table 6.6: Measured and simulated values of current flowing through the human model.

Simulation result - 11kΩ isolation fault

Result Unit Value
Static Dynamic

Measured Ib mARMS, 50ms 51 52
Simulated Ib mARMS, 50ms 52 52

6.4 Model Validation of Voltage on the Electric
Road Exterior

To assess and model the impact of elevated voltage on the exposed electric
road exterior, a validation of the model’s capability to simulate this phe-
nomenon at three different levels of drawn power was conducted. Fig. 6.23
presents a measurement of the bus charging dynamically on the ERS demon-
strator, starting 100 m away from the feeding point (and the rectifier sta-
tion) and accelerating towards it. The blue line, associated with the left
y-axis, represents the voltage Vh, which is the voltage between the electric
road exterior just behind the bus and ground, as illustrated in Fig. 6.6.
The right y-axis is associated with the orange dotted line which displays
the drawn power from the bus, and the dotted-dashed line which represents
the current drawn by the bus in interface C (see Fig. 2.13).

Note that Vh is -0.07 V and not zero when the bus starts to accelerate. This
is believed to be due to a 48 V power supply that feeds all the transistors,
LEDs, and microprocessors in the electric road, which share its positive
pole (0 V) with the negative pole (0 V) of the electric road, as presented
in [41]. Thus, the negative pole of the 48 V power supply is at -48 V with
respect to ground. Consequently, as the power supply continuously feeds all
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Figure 6.23: Measurement of the bus drawing power at the ERS demonstrator. The blue line represent the voltage
between electric road exterior and electrical ground, Vh, related to the left y-axis. Red lines represent
current (dotted-dashed) and power (dotted) drawn by the bus related to the right y-axis.

the transistors, LEDs, and microprocessors, there is always a small negative
voltage drop in the negative pole of the electric road with respect to ground
when the electric road is active and connected to the 48 V power supply.

As detailed in Fig. 6.6, the voltage drop (Vh) over RER− depends on two
factors: the resistance of RER, which is related to the length of the electric
road, and the current through the conductors, which consequently relates
to the power drawn by the bus. The measurement shows that the primary
cause for the increased voltage to ground Vh is the increased drawn power
and current, as the electric road length and resistance in the negative con-
ductor of the electric road do not change rapidly while the bus accelerates
up to 20 km/h between 0 to 4.2 s. At 4.2 s, when the bus loses its con-
nection with the electric road, the voltage to ground, drawn power, and
current are instantly reduced.

The upper plot in Fig. 6.24 presents a zoomed-in view of 20 ms at 0.67 s
when the bus is drawing 63 A from the electric road in interface C. The
lower plot shows a simulation provided by the model for the same scenario,
where the bus is drawing 63 A from 100 m of electric road. Although
the waveform shape of the measured and simulated voltage to ground is
somewhat similar, the simulated voltage exhibits higher oscillations. This
is believed to originate from that the model lacks dampening from resistive
elements, as the voltage in the model oscillates more than the measured
voltage. Consequently, the peak-to-peak magnitude of the modelled voltage
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is greater than that of the measured voltage. Despite this, the mean values
of the waveforms are similar, with the measured value corresponding to a
mean of 0.17 V and the simulated value to 0.18 V, resulting in a 5.5% error
between the model and measurement for this level of drawn power.
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Figure 6.24: Zoomed-in view of 20 ms at 0.67 s from Fig. 6.23, showing the measured (upper plot) and simulated
(lower plot) voltage Vh between the electric road exterior and ground.

The recurring peaks observed in the measurement waveform are unknown
but are believed to be attributed to the reverse recovery phenomenon of
the diodes in the rectifier station. However, since this phenomenon occurs
over timescales of µs and does not significantly impact the average voltage,
it is disregarded in this analysis. The focus of this validation is on average
values and general waveform shape at timescales larger than a few tens of
milliseconds.

The upper plot in Fig. 6.25 illustrates a zoomed-in view of 20 ms at 2.43
s from Fig. 6.23, when the bus is drawing 210 A from the electric road
in interface C. The lower plot presents a simulation of the same scenario,
with the bus drawing 210 A from 100 m of electric road. Generally, the
waveform shape of the voltage Vh in the measurements (upper plot) is quite
similar to the 63 A case shown in the previous figure. However, the model
exhibits slightly more oscillations as the drawn current increases. Despite
this, the model demonstrates a reasonable level of accuracy, with the offset
voltage increasing to comparable levels in both the measurements and the
simulation. The mean voltage Vh at 210 A is 0.87 V in the measurement
and 0.65 V in the simulation, resulting in a 25% error between the model
and the measurement.
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Figure 6.25: Zoomed-in view of 20 ms at 2.43 s from Fig. 6.23, showing the measured (upper plot) and simulated
(lower plot) voltage Vh between the electric road exterior and ground.

The upper plot in Fig. 6.26 provides a zoomed-in view of 20 ms at 3.9 s
from Fig. 6.23, when the bus is drawing 375 A from the electric road in
interface C. The lower plot presents a simulation of the same scenario, with
the bus drawing 375 A from 100 m of electric road. Similar to Fig. 6.25,
the waveform shape is very similar when the current is increased to 375
A, as shown in the lower plot of Fig. 6.26. However, for this high current
level, the offset voltage between the measurement and simulation deviates
more. The mean voltage Vh is 1.68 V in the measurement and 1.12 V in
the simulation, resulting in a 33% error between the measurement and the
model.

To conclude, the model error increases with higher currents. The deviation
in Vh between measurements and simulations can be attributed to the fact
that the impedance of the ground is disregarded in the model. For currents
as low as 63 A, the model error is 5.5%, whereas at a drawn current of
375 A, the error increases to 33%. Although the waveform shape of the
model appears to oscillate more than in the measurements, the general
phenomenon of elevated voltage in the electric road exterior with respect
to ground is replicated adequately, albeit with an underestimation at higher
current levels.
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Figure 6.26: Zoomed-in view of 20 ms at 3.9 s from Fig. 6.23, showing the measured (upper plot) and simulated
(lower plot) voltage Vh between the electric road exterior and ground.

6.5 Electrical Safety Simulation Scenarios

This section presents simulation scenarios addressing electrical safety, specif-
ically examining the voltage Vb and current Ib in the human model caused
by parasitic capacitance and isolation faults in the BEV chassis. The im-
pact of the parameters related to parasitic capacitance and isolation faults
is first modeled separately, and then their combined impact is assessed.
Subsequently, simulations addressing the elevated voltage of the electric
road exterior and its effect on a human model are presented and discussed.

6.5.1 Simulations of Elevated Chassis Voltage - Parameters

Due to the nature of parasitic capacitive coupling in the BEV chassis, which
is largely dependent on the specific structure and topology of the vehicle’s
TVS, it is likely that different vehicles will exhibit this phenomenon to vary-
ing extents. Preliminary measurements of the magnitude of these parasitics
suggest that the parameters chosen for the model are of the correct order
of magnitude. However, given the difficulty in accurately estimating these
parasitics and their variability between vehicles, a set of six simulations was
performed to assess their impact on the human model.

The parameters Cb+, Cd+, CDC+, and CDC− presented in Tables 6.1 to 6.3,
are varied during these simulations which comprise both static and dy-

216



namic charging. The parasitic capacitors connected to the output of the
TVS subsystems Cb+ and Cd+ are altered by a factor denoted kc+ and the
capacitors at the DC-link (CDC+ and CDC−) are altered by a factor de-
noted kc− . The reason for this choice is that, at the time resolution of the
switching instances of the converters in the TVS, the capacitors CDC+ and
CDC− effectively act as the main parasitic capacitor between the negative
pole of the active subsystem and the chassis, as previously discussed at
the end of Section 6.3.1 related to Fig. 6.16. Besides the nominal estimated
values (kc+ = 1 and kc− = 1), different simulations are conducted assuming
both half (kc+ = 0.5 and kc− = 0.5) and double (kc+ = 2 and kc− = 2) the
parasitic capacitances (see Tables 6.7 and 6.8). Throughout these simula-
tions, the remaining parameters are kept unchanged from the validation of
the model as originally detailed in Tables 6.1 to 6.3.

Table 6.7: Parasitic capacitor variation factors and their corresponding parameter values.

Simulation parameters - capacitor factors

Parameter Value Parameter Unit Value

kc+ 0.5
Cb+ nF

0.8
Cd+ 0.6

kc+ 1
Cb+ nF

1.6
Cd+ 1.2

kc+ 2
Cb+ nF

3.2
Cd+ 2.4

kc− 0.5
CDC+ nF

9.25
CDC− 9.25

kc− 1
CDC+ nF

18.5
CDC− 18.5

kc− 2
CDC+ nF

37
CDC− 37

Table 6.8: Simulation parameters for different simulations of variations in parasitic capacitors.

Simulation parameters

Simulation Parameter Value
Capacitive coupling 1

kc+ , kc−

0.5 1
Capacitive coupling 2 1 0.5
Capacitive coupling 3 0.5 0.5
Capacitive coupling 4 2 1
Capacitive coupling 5 1 2
Capacitive coupling 6 2 2
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To further assess the impact of isolation faults between the ERS supply and
the BEV chassis, isolation fault resistances of 1 kΩ, 5 kΩ, 10 kΩ, 50 kΩ, 0.1
MΩ, and 0.5 MΩ (as detailed in Table 6.9) were introduced between one
arm of the current collector and the BEV chassis in the simulations. For
each simulation, both static and dynamic charging conditions were assessed
while a human model was connected to the BEV chassis.

Table 6.9: Simulation parameters for different simulations of variations in isolation fault resistances.

Simulation parameters - isolation faults

Parameter Unit Value
Fault 1

Isolation fault resistance, Rf kΩ 1
Fault 2

Isolation fault resistance, Rf kΩ 5
Fault 3

Isolation fault resistance, Rf kΩ 10
Fault 4

Isolation fault resistance, Rf kΩ 50
Fault 5

Isolation fault resistance, Rf MΩ 0.1
Fault 6

Isolation fault resistance, Rf MΩ 0.5

To continue the assessment with elevated voltage of the BEV chassis, a set
of six simulations were conducted combining altered parasitic capacitance
with induced isolation faults. The parasitic capacitors with kc+ = 2 and
kc− = 1 (simulation Capacitive coupling 4) were selected as this combina-
tion had the most significant increase in the magnitude of Vb. The same
isolation fault resistances as detailed in Table 6.9 were chosen to evalu-
ate the combined impact of the altered parasitic capacitance and isolation
faults.
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6.5.2 Simulations of Elevated Voltage on the Electric Road
Exterior - Parameters

The electric road exterior is originally designed to mitigate issues concern-
ing hazardous touch events, ensuring that it does not expose persons or
animals to hazardous voltage levels relative to ground. To assess this risk,
simulations are conducted using the validated model with a human model
connected to the electric road exterior. As presented in Fig. 6.6, the two
main factors that impact the voltage with respect to ground for the electric
road exterior are: 1) the length of the electric road and 2) the power drawn
by the vehicle. In an attempt to examine some extreme worst-cases, two
simulations are conducted, Scenario 1 and Scenario 2. In this evaluation,
the impedance of the ground is assumed to be zero.

In Scenario 1 the simulation involves two BEVs, which we assume are 20
m long trucks but with the same vehicle parameters as presented in Sec-
tion 5.2.4, drawing 350 kW each over a 1.24 km stretch of electric road,
as illustrated in Fig. 6.27. The distance from the feeding point to the first
truck is 1 km (denoted d1) and the distance between the trucks is 0.2 km
(denoted d2). The voltage to ground over a human model, Vh, is measured
just behind the last truck in the model. To accommodate the total drawn
power of the trucks, five parallel transformers are required (see Fig. 5.1 in
Section 5.2).

Figure 6.27: Overview of the simulation cases Scenario 1 and 2 where the voltage Vh across a human model,
connected between the exterior of the electric road and electrical ground, is measured while two BEVs
draw 350 kW each from a 1.24 km long electric road.
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In Scenario 2, the simulation retains the same electric road length and power
draw from the trucks but halves the resistance of the positive conductor
while doubling the resistance of the negative conductor. This modification
represents a doubling of the positive conductor’s cross-sectional area and
a halving of the negative conductor’s cross-sectional area while retaining
the combined total cross-sectional area for both conductors. This design
alteration allows for reduced losses in the electric road, which is particu-
larly beneficial for high-power draw scenarios, as presented in Fig. 4.2 and
discussed in the introduction in chapter 4. However, increasing the resis-
tance of the negative conductor also increases the voltage drop between the
electric road exterior and ground.

6.5.3 Simulations of Elevated Chassis Voltage due to Ca-
pacitive Coupling - Results

Fig. 6.28 illustrates six simulations of the voltage Vb during the static charg-
ing of the bus, with each simulation employing different parasitic chassis
capacitor parameters, as detailed in Tables 6.7 and 6.8. The upper plot
displays simulations Capacitive Coupling 1-3, while the lower plot shows
simulations Capacitive Coupling 4-6. The original case with no alterations
to the parasitic capacitors (kc+ = kc− = 1) is included for reference as
brown dashed lines. In these simulations, with the bus remaining stationary
and charging, only the battery converter is active in the bus TVS, draw-
ing 40 kW. As presented in the simulations, the voltage Vb in the human
model varies significantly with the selected adjustments to the parasitic
capacitors.

The curves for kc+ = 1, kc− = 0.5 (upper plot) and kc+ = 2, kc− = 1
(lower plot) exhibit similar results, producing comparable ratios between
the capacitors C+ and C− according to Eq. (6.7). Similarly, the curves for
kc+ = 0.5, kc− = 1 (upper plot) and kc+ = 1, kc− = 2 (lower plot) also show
comparable results for the same reason.

However, the simulations of kc+ = 0.5, kc− = 0.5 and kc+ = 2, kc− = 2 do
not produce the same results. This discrepancy arises because a capacitor’s
stored energy increases with its capacitance, which generally results in a
longer discharge time for a given load resistance— in this case, the human
model. This behavior is observable in the negative voltage transients shown
in Fig. 6.28, where the curve for kc+ = 0.5, kc− = 0.5 exhibits a smaller
amplitude and faster discharge time compared to the curve for kc+ = 2,
kc− = 2. However, during the positive transient, the curve for kc+ = 2,
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Figure 6.28: Simulated voltage Vb across the human model during static charging with varied parasitic capacitors,
as detailed in Tables 6.7 and 6.8, where kc+ = kc− = 1 represents the original case with no altered
parameters.

kc− = 2 is smaller than the curve for kc+ = 0.5, kc− = 0.5 and the nominal
curve of kc+ = 1, kc− = 1. This is due to the fact that the duty cycle
of the converter is too high to allow the larger capacitors in the case of
kc+ = 2, kc− = 2 to fully discharge through the human model before being
recharged, resulting in a lower voltage prior to charge and consequently a
lower peak in the transient compared to the curve for kc+ = 0.5, kc− = 0.5
and the nominal curve of kc+ = 1, kc− = 1.

Fig. 6.29 presents the simulations of the voltage Vb during dynamic charg-
ing. In this simulation, the bus draws 100 kW, and both the battery con-
verter and the traction inverter are active in the TVS. As a result, the
voltage Vb exhibits an increased number of transients due to the continu-
ous charging and discharging of the parasitic capacitors in both the battery
converter and the traction inverter.

Since the transients in Vb originate from the switching frequency and duty
cycle of two unrelated converters (3.4 kHz for the traction inverter and
3.8 kHz for the battery converter, see Tables 5.4 and 5.5), the time inter-
vals between these transients are partially unrelated. Due to variations in
the parasitic capacitors (k+c and k−c ), the time constants of the transients
are affected, which may cause these transients to superimpose, leading to
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Figure 6.29: Simulated voltage Vb across the human model during dynamic charging with varied parasitic capacitors,
as detailed in Tables 6.7 and 6.8, where kc+ = kc− = 1 represents the original case with no altered
parameters.

higher instantaneous levels of Vb. This effect is particularly noticeable in
simulations involving combinations where k+c = 2, k−c = 2, or both. In the
worst case, simultaneous switching events—one from each converter—could
cause two transient peaks in Vb to add up, as observed at 0 and 0.525 ms.

In Table 6.10, the current flowing through the human model, Ib, is presented
for both static and dynamic charging scenarios. This includes the original
simulation with no alterations to the parasitic capacitors (kc+ = kc− = 1).

The results are consistent with the observations from these figures, indicat-
ing that the configurations kc+ = 2, kc− = 1 and kc+ = 1, kc− = 0.5 produce
the highest values of Ib, while kc+ = 1, kc− = 2 and kc+ = 0.5, kc− = 1 yield
the lowest values. These results are consistent with the voltage division
described by Eq. (6.7). In addition, also similar to the previous observa-
tions in the figures, kc− = 0.5 and kc+ = 0.5 result in lower RMS values
compared to the original case of kc− = 1 and kc+ = 1, due to lower currents
which are caused by shorter discharge times. Conversely, for kc− = 2 and
kc+ = 2, the RMS values increase due to higher currents which are caused
by longer discharge times. Although the model is not designed to evaluate
the severity of Ib on the human body, it is important to note that all values,
except for static charging in simulations Capacitive Coupling 1 and 3, ex-
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ceed the 10 mA RMS threshold, above which an adult person cannot release
an object while the current is flowing, as presented in Section 6.1.1. The
results indicate that adjustments in parasitic capacitance can significantly
affect Ib, either increasing or decreasing it.

Table 6.10: Simulation results of current flowing through the human model with varied parasitic capacitors.

Simulation results - varied parasitic capacitors

Parameter Value Result Unit Value
Capacitor factor Human current Static Dynamic

No altered capacitive coupling
kc+ , kc− 1, 1 Ib mARMS 13 20

Capacitive coupling 1
kc+ , kc− 0.5, 1 Ib mARMS 8 12

Capacitive coupling 2
kc+ , kc− 1, 0.5 Ib mARMS 18 26

Capacitive coupling 3
kc+ , kc− 0.5, 0.5 Ib mARMS 10 15

Capacitive coupling 4
kc+ , kc− 2, 1 Ib mARMS 24 34

Capacitive coupling 5
kc+ , kc− 1, 2 Ib mARMS 9 13

Capacitive coupling 6
kc+ , kc− 2, 2 Ib mARMS 16 24

6.5.4 Simulations of Elevated Chassis Voltage due to Isola-
tion Faults - Results

To evaluate the impact of an isolation fault between the TVS and the BEV
chassis as presented in Fig. 6.4, a series of six simulations were conducted
in which the isolation fault resistance, Rf , was varied from 1 kΩ to 0.5 MΩ.
Table 6.11 presents the simulation results for varying degrees of isolation
faults. The current through the human model, Ib, in RMS was measured
for both static and dynamic charging in each simulation. The selected
values of Rf primarily serve as an indicator of the order of magnitude at
which isolation faults become critically severe. For isolation fault resistance
values Rf approaching 10 kΩ, the current flowing through the human body
begins to reach the critical lethal thresholds, as specified in Section 6.1.1.
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Note that in these simulations, Ib differs between static and dynamic charg-
ing. For Faults 4 through 6, which correspond to less severe isolation faults,
Ib is lower during static charging compared to dynamic charging. This find-
ing aligns with the previously presented results from the original case with
no isolation faults or alterations to parasitic capacitors, as shown in Ta-
bles 6.4 and 6.10, and is mainly due to the increased number of charge
and discharge of the parasitic capacitors during dynamic charging, which
increases the RMS value of Ib. However, in simulation Fault 3, the current
Ib is identical during both static and dynamic charging, whereas in simula-
tions Fault 1-2, Ib is greater during static charging than dynamic charging.
This occurs because the isolation fault in simulations Fault 1-3 is so severe
that Ib begins to behave like a purely resistive load. Consequently, the
waveform resembles the shape of a rectified current, driven by the 6-pulse
passive rectifier in the rectifier station, which due to its 6-pulse ripple in-
creases the RMS value of Ib. This effect is more prominent during static
charging than dynamic charging and becomes increasingly noticeable from
simulation Fault 3 to 1, resulting in the RMS values of Ib being equal for
static and dynamic charging in simulation Fault 3.

Table 6.11: Simulation results of current flowing through the human model with varied isolation resistance faults.

Simulation results - isolation faults

Parameter Unit Value Result Unit Value
Isolation fault resistance Human current Static Dynamic

Fault 1
Rf kΩ 1 Ib mARMS 218 205

Fault 2
Rf kΩ 5 Ib mARMS 94 91

Fault 3
Rf kΩ 10 Ib mARMS 56 56

Fault 4
Rf kΩ 50 Ib mARMS 18 23

Fault 5
Rf MΩ 0.1 Ib mARMS 15 21

Fault 6
Rf MΩ 0.5 Ib mARMS 14 20

Given the observed impact of parasitic capacitive coupling between the
BEV TVS and BEV chassis, the combination of this phenomenon with
isolation faults is further evaluated. A conservative approach is adopted,
thus the most severe case is selected which is simulation Capacitive Cou-
pling 4 from Table 6.10, as it resulted in the most significant increase in Ib.
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The same isolation faults outlined in Table 6.11 are used to examine the
combined effects of isolation faults with the enhanced influence of parasitic
capacitors.

Table 6.12 presents six simulations that display values of Ib during both
static and dynamic charging, with the inclusion of isolation faults and the
increased influence of parasitic capacitance. For isolation Faults 4–6, the
impact on the current Ib is minimal. However, for isolation faults in the
range of 1–10 kΩ, corresponding to Faults 1–3, Ib exhibits a slight increase
of 2–6 mA across all results compared to those in Table 6.11. This increase
is attributable to the contribution of the altered parasitic capacitors. The
reason that the parasitics do not produce a consistent increase in Ib in every
simulation is that each isolation fault alters the waveform of Ib slightly. For
more severe isolation faults, the waveform begins to approximate that of a
purely resistive load, resembling the shape of a rectified current while still
reflecting the influence of the parasitic capacitors.

To conclude, severe isolation faults have a significantly greater impact on
the current through the human body compared to the effect of capacitive
coupling between the TVS and the BEV chassis. The increase in Ib due
to altered parasitic capacitive couplings diminishes as the altered isolation
resistance increases.
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Table 6.12: Simulation results of current flowing through the human model with varied isolation resistance faults
and altered parasitic capacitors.
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6.5.5 Strategies for Mitigating Elevated Voltage on Vehi-
cle’s Chassis

For future BEVs designed for ERS deployment, it is essential to address
the issue of elevated chassis voltage with respect to ground. While the
presented values of Ib may not pose immediate harm under typical oper-
ating conditions or during regular service, certain scenarios could lead to
a hazardous increase in Ib. The current Ib is influenced by various factors,
including the contact area of the skin with the object carrying the voltage
and environmental conditions such as humidity. In an ERS, there is a risk if
an individual comes into contact with the BEV chassis under unfavorable
conditions, such as a rainy day with high moisture levels on the chassis,
and the person is standing in a puddle or another wet environment that
enhances electrical contact between the person and the ground. Under
such conditions, as presented in the results of this chapter, Ib can reach
harmful levels. Moreover, even if Ib does not attain fatal levels, it may
still reach values that are noticeably unpleasant. The sensation of current
flow through the body is highly uncomfortable and should be regarded as
a design flaw if ERSs and BEVs permit such occurrences.

As previously discussed in this chapter, one mitigating strategy for address-
ing elevated chassis voltages is to implement an IMS specifically designed
for BEVs intended for ERS operation. This IMS should be sufficiently fast
to detect elevated levels of chassis voltage and capable of disconnecting
the BEV from the ERS supply if such an event occurs. If effectively im-
plemented, this IMS could potentially mitigate issues related to isolation
faults. However, the challenge of parasitic capacitive coupling must also
be addressed and monitored during the design phase of the BEV or during
retrofitting of a vehicle adapted for ERS operation. Therefore, parasitic
capacitive couplings should be minimized, monitored, and accounted for as
part of the design phase.

An additional strategy could involve deploying a galvanically isolated DC/DC
converter between the vehicle’s ERS interface and the vehicle’s TVS, as
previously discussed and illustrated in Fig. 6.3. The use of such a DC/DC
converter is intended to interrupt the current path of Ib from the ground to
the rectifier station and back to the vehicle’s TVS. However, preliminary
analysis of measurements from a passenger car drawing power from the
ERS demonstrator equipped with a galvanically isolated DC/DC converter
suggests that this approach does not fully resolve the issue. It is sus-
pected that Ib may still flow through parasitic capacitive coupling within
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the supposedly galvanically isolated DC/DC converter. Further investiga-
tion is needed to assess the effectiveness of this strategy and to establish
the necessary requirements and standards for managing parasitic capacitive
coupling between the TVS converters’ outputs and the chassis, or possibly
within the galvanically isolated DC/DC converter if deployed.

6.5.6 Simulations of Elevated Voltage on the Electric Road
Exterior - Results

The electric road exterior is designed to mitigate issues related to touch
events, ensuring that the voltage on the exterior does not pose a hazard
with respect to ground. To thoroughly assess these risks, simulations were
conducted using the validated simulation model.

The upper plot in Fig. 6.30 illustrates Scenario 1 with the simulated voltage
V1 h across the entire human model and ground presented in Section 6.5.2.
Although the accuracy of the model diminishes with increasing power draw,
as demonstrated during model validation in Figs. 6.24 to 6.26, these sim-
ulations are designed to evaluate whether the voltage to ground can reach
levels that can cause noticeable or harmful currents to flow through the
human body. The mean voltage to ground in Scenario 1 is approximately
11 V, which results in a current (Ib) of approximately 6 mA through the
human body.
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Figure 6.30: Simulations of the voltage Vh between the electric road exterior and the ground across the human
model. The upper plot represents Scenario 1, where two BEVs draw 350 kW each from 1.24 km of
electric road. The lower plot represents Scenario 2, which is identical to Scenario 1 but with increased
resistance in the negative conductor of the electric road.
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The lower plot in Fig. 6.30 illustrates Scenario 2 with the simulated voltage
V2 h under the same conditions as the upper plot, with the exception that
the resistance of the positive conductor is halved while the resistance of the
negative conductor is doubled as presented in Section 6.5.2.

Although the voltage briefly peaks above 30 V, the average voltage is 19
V, which corresponds to a current (Ib) of 10 mA. For both Scenario 1 and
Scenario 2, the current is below 30 mA DC, which pertains to the likelihood
of muscular contractions and usually no harmful physiological electrical
effects, according to the standard [49]. Note that Vh in these simulations
corresponds to a DC current, and thus relates to the corresponding DC
values in the standard, making it less harmful compared to similar AC
values of Ib previously presented, which were related to the elevated voltage
of the vehicle chassis. Given that the resulting current Ib is too low to
inflict any critical harm on the human body, and assuming that people
typically do not remain stationary on a public road, especially one with
traffic, the voltage Vh poses a minor issue compared to the greater safety
risk of potential collisions on a public road.
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Chapter 7

Conclusions and Future
Work

In this thesis, the electrical properties of conductive electric road technology
are evaluated based on measurements conducted on an ERS demonstrator
developed by the company Elonroad. Among the electrical properties of
conductive ERS, the thesis focuses on the following main areas:

• The electrical characteristics of the sliding contact.

• The power capabilities, losses, and efficiency of the system.

• The presence of conductive EMI within the ERS supply and its impact
on the power grid.

• Electrical safety concerning both the vehicle chassis of vehicles draw-
ing power from the ERS and the exposed external structure of the
electric road itself.

This chapter presents the main conclusions of this thesis and provides sug-
gestions for future work.
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7.1 Conclusions

ERSs offer many benefits in facilitating a green transition for the transport
sector, primarily due to their ability to supply power to vehicles while in
motion, which could potentially reduce the size of onboard batteries. The
technology holds the potential for widespread deployment at both national
and international levels, such as providing ERS access on the most traffic-
intensive routes in Sweden or within the European road network (TEN-T).
Additionally, the results presented in this thesis could be interpreted as
demonstrating the potential of conductive ERS for applications beyond
public roads, focusing on more industry-oriented settings such as container
terminals at ports or heavy vehicle operations in mines, due to the tech-
nology’s high efficiency and high power capabilities. As modern conductive
ERS is still an emerging technology, its most suitable areas and applications
are not yet fully determined. The results of this thesis highlight both the
technical possibilities and limitations of conductive ERS technology. These
factors must be carefully considered when planning and procuring future
ERS expansions, as well as when evaluating the applications for which the
technology is most appropriate. The findings also indicate that the tech-
nology is not yet mature enough for full deployment in some areas, such as
the results concerning the performance of the sliding contact discussed in
Chapter 3, and the electrical safety challenges presented in Chapter 6.

While the electrical sliding contact is a well-established technology for en-
ergy transfer in various applications, conductive ERS introduces a new ap-
plication with distinct conditions that require it to be designed and adapted
accordingly. The results presented in Chapter 3 highlight that the underly-
ing factors influencing the sliding contact, adapted for conductive ERS, are
still unknown. Moreover, the sliding contact, comprising metallic brushes
as implemented in the demonstrator, requires improvements, as poor con-
tact was frequently observed in the measurements of current distribution
in the current collector with the trailer. The poor performance of the slid-
ing contact comprising metallic brushes is further evident in the frequent
occurrence of arcing, as observed during experiments with the RTR. Stable
energy transfer to the vehicle can be facilitated by using a current collec-
tor with more than three arms, where multiple arms provide redundancy
to maintain stable contact. This design allows a parallel contact to take
over the current load if one sliding contact performs poorly, significantly
reducing the risk of impacting the quality of the load current. However,
if poorly performing sliding contacts are not monitored or addressed, they
can lead to excessive losses and arcing. Arcing presents a significant risk
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to the ERS and its surroundings, as it may generate conducted and radi-
ated EMI, potentially jeopardizing the operation of the ERS and causing
non-compliance with EMC standards.

The results of contact resistance and arcing from the RTR and the demon-
strator, where brushes were used as sliding contacts, suggest that future
sliding contact designs should prioritize a dedicated suspension system for
the sliding contact itself. In the RTR, contact resistance and arcing were
highly sensitive to minor variations in the forces exerted on the brushes,
likely due to the sliding contacts being mounted in a rigid system without
suspension. Furthermore, alternative sliding contact designs should be ex-
plored, as the brushes exhibited poor performance, particularly in terms of
stable contact resistance, high contact resistance, and arcing during tests
with the RTR. Metallic blocks or more advanced designs, possibly involv-
ing rotating metallic wheels, could be considered as potential alternatives.
While issues such as arcing, high contact resistance, and significant varia-
tions in contact resistance were frequent, these problems are expected to
diminish with advancements in suspension systems and improved sliding
contact designs.

Concerning electrical safety, as presented in Chapter 6, further work is
needed to fully explore the electrical safety challenges related to the vehi-
cle’s chassis during ERS operation and how they can be mitigated. These
problems originate from the overall physical layout and design of the vehi-
cle’s TVS, particularly the parasitic capacitive coupling between the output
of the TVS converters and the vehicle’s chassis, rather than solely from the
vehicle’s ERS interface. Parasitic capacitive coupling should be minimized
and monitored during the design phase of the vehicle’s TVS. Consequently,
the involvement of EV manufacturers will be necessary to address these
issues, as they cannot be resolved solely by ERS manufacturers. This in-
volvement from EV manufacturers may present an additional obstacle to
achieving widespread acceptance of future ERS deployments.

Moreover, to ensure electrical safety for vehicles operating on a conductive
ERS, it is vital that onboard electrical safety systems are adapted for ERS
operation. This includes monitoring for potential isolation faults and other
fault modes, which should be mitigated by rapidly disconnecting the ERS
supply from the vehicle.

Regarding conductive EMI, as presented in Chapter 5, the results highlight
that the occurrence of conductive EMI and its effects within the ERS supply
and the ERS power grid connection are highly dependent on the design
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and topology of the rectifier station supplying power to the electric road.
In addition, the results show that the conductive EMI within the ERS
supply depends on the design of the input filters in the vehicles’ onboard
ERS interfaces. These findings suggest that standardization is necessary
regarding voltage and current ripple levels when designing the input filters
of the ERS interfaces in vehicles. By selecting more sophisticated designs
for the rectifier station, such as active rectification, the voltage and current
ripple is expected to be minimized. However, even with active rectification,
it remains uncertain how the aggregated effects of multiple vehicles, each
with varying input filter designs, will ultimately impact the voltage and
current ripple within the ERS.

In Chapter 4, the power capabilities and efficiency of the considered ERS
technology are examined with respect to traffic characteristics in urban,
rural, and highway scenarios, where the technology demonstrates a system
efficiency between the ERS power grid connection and the vehicle exceed-
ing 93% in these deployment scenarios. Additionally, the chapter explores
design choices and alterations of ERS subsystems and components and how
they can be selected in relation to various traffic conditions to ultimately
improve the performance of the ERS in terms of power capabilities, re-
sulting losses, and overall system efficiency. The results highlight that, to
minimize losses and maintain high system efficiency, the design of the ERS
must account for traffic characteristics. By tailoring the ERS to handle
the anticipated traffic load, excessive losses can be avoided, and the over-
all cost of the ERS can be reduced as its components and subsystems are
accurately designed to match the expected power load.

With respect to traffic characteristics involving a high total power draw,
such as intense traffic conditions with a high number of vehicles and sub-
stantial power consumption (for example, to handle truck congestion on
highways), improvements in the power capacity of the ERS components
and subsystems are required for the considered ERS technology. One such
improvement is increasing the cross-sectional area of the main conductors
in the electric road. Many of the suggested design alterations presented for
this scenario in Chapter 4 have not yet been implemented in reality and
are likely to require intensive research and development efforts, along with
associated costs. Another strategy to accommodate this scenario is to limit
the power drawn per vehicle, thereby reducing the charge power supplied
to the vehicle battery and instead focusing the power on auxiliary systems
and propulsion. The anticipated development efforts and costs associated
with improving the ERS subsystems and components in the first strategy
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can then be redirected towards a broader deployment of the ERS, thus
increasing overall ERS access, although with lower power capabilities. It
remains unclear which of these two strategies is most effective and suitable
for real-world ERS scenarios. However, it is expected that the suitability
of these strategies will depend on the specific ERS deployment scenario,
considering factors such as traffic characteristics, vehicle power demands,
and the power capabilities of the ERS grid connection.

To conclude, although conductive ERS show great potential in many re-
spects, a number of key challenges remain. This thesis addresses several
of these challenges, and in the subsequent section, recommendations for
solving some of them are presented in the form of future work.

7.2 Future Work

This section presents the main suggested areas for future work based on the
results presented in this thesis which encompass the following main areas:

• The Sliding Contact: As demonstrated in the results presented in
Chapter 3, additional research and development efforts are required
to optimize the sliding contact adapted for conductive ERS. This is
crucial as the whole concept relies on the energy transfer facilitated
by the sliding contact. The sliding contact must exhibit increased
reliability, availability, energy efficiency as well as minimal occurrence
of arcing. To achieve this, a more comprehensive understanding of
the factors impacting contact resistance and arcing is necessary.

While this thesis has made initial contributions to the research field of
sliding contacts consisting of metallic brushes adapted for conductive
ERS by providing an order of magnitude for contact resistance and
highlighting its variability in terms of contact resistance and arcing,
further research is needed. Additional experiments are required to
isolate the specific factors that affect voltage drop, contact resistance,
and frictional forces in the sliding contact. These experiments should
be conducted in a laboratory environment, possibly using an RTR. In
parallel, further measurements are necessary on a real ERS to validate
that the laboratory experiments accurately replicate the conditions
present in a real ERS.
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To improve the reliability of the results provided by the RTR pre-
sented in Chapter 3, the setup must either be replaced or upgraded,
as its mechanical system currently lacks the precision required to gen-
erate consistent results with low variation and to conduct experiments
at higher rotational speeds (corresponding to vehicle speeds present
in highway deployment scenarios) and potentially higher currents.
Additionally, an experimental setup capable of measuring arcing di-
rectly, rather than relying on visual observations, is essential for a
better understanding of how arcing impacts the sliding contact. The
suggested improvements to the RTR, in combination with replicating
experiments and employing statistical methods, such as t-tests and
ANOVA, are expected to yield results that can isolate the factors
influencing arcing and contact resistance.

• Power Capabilities, Losses, and System Efficiency:

Apart from further improving the accuracy of the employed simula-
tion model, future work regarding the ERS power capabilities, losses,
and system efficiency entails three main areas:

1. Further simulations that implement real-time power control for
each vehicle drawing power from the ERS will allow the system
to be optimized in terms of minimizing losses. This includes en-
abling vehicles operating on the electric road to draw more power
near the feeding point of the electric road (close to the electric
road’s connection to the rectifier station) in order to minimize
overall losses in the ERS, as well as limiting the maximum power
drawn from a specific rectifier station and actively distributing
the required power to vehicles based on their power draw for
propulsion and auxiliary systems, as well as their SoC levels.
Furthermore, it is suggested that a priority system be imple-
mented in future simulations, granting selected vehicles priority
charging over others drawing power from the ERS. This priori-
tization could be based on business models or SoC levels while
still ensuring sufficient power for propulsion and auxiliary sys-
tems in lower-priority vehicles. By conducting these suggested
simulation scenarios, the potential of the power control aspects
in improving ERS performance in terms of power capabilities
and losses can be evaluated.

2. A detailed assessment examining whether the suggested design
alterations of ERS subsystems and components are feasible and
practically viable, especially those related to higher power draw

236



scenarios corresponding to highway deployment, involving mul-
tiple trucks operating on an ERS. This includes, for instance,
whether the cross-sectional area of the conductors in the electric
road can be increased and what impact this would have on the
overall design of the ERS.

3. Cost-effectiveness analysis, which compares the costs of the sug-
gested design alterations of ERS subsystems and components
and determines which of them are most effective. Moreover,
the suggested design alterations that allow for increased power
capabilities of the ERS are further compared with the alterna-
tive of a lower-power-drawn ERS design which allows for more
widespread deployment of ERS.

• Conductive EMI: In addition to improving the accuracy of the sim-
ulation model for conducting simulations of conductive EMI outlined
in Chapter 5, further simulations involving an active rectifier topol-
ogy in the ERS rectifier station are required to fully assess whether
this rectifier station design can minimize voltage and current ripples
within the ERS. These simulations are proposed to include an active
rectifier topology in the rectifier station along with multiple vehicles,
where the input filter design parameters of the vehicles’ onboard ERS
interfaces are varied to assess the cumulative effects of these filters on
the voltage and current ripple within the ERS supply. The results are
aimed to contribute to establishing thresholds for voltage and current
ripples within the ERS supply, which could serve as a basis for the
standardization of voltage and current ripple levels within the ERS
supply.

• Electrical Safety: To ensure electrical safety for vehicles operating
on a conductive ERS, two primary areas of future work remain re-
lated to touch events involving the vehicle’s chassis. First, a deeper
understanding is needed of the factors influencing parasitic capac-
itive coupling in automotive applications, particularly between the
vehicle chassis and the TVS in vehicles adapted for conductive ERS
operation. To assess this, further impedance measurements in a con-
trolled laboratory environment are required, using a vehicle where
components such as converters, enclosures, and cables can be removed
and disassembled to isolate the factors that most significantly influ-
ence capacitive coupling. Second, it is necessary to explore potential
methods for mitigating the effects of parasitic capacitive coupling,
with the implementation of filters designed to eliminate hazardous
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currents leading to touch events being a possible solution. This ap-
proach may include transformers in the vehicle’s onboard ERS inter-
face, which provide galvanic isolation between the ERS supply and
the vehicle, thereby possibly obstructing the flow of hazardous cur-
rents, and active filters that utilize a current source to actively cancel
out the hazardous currents associated with touch events. The pro-
posed mitigation strategies, involving the deployment of filters, are
recommended to be evaluated through simulations using the simula-
tion model presented in Chapter 5 and 6.

Both areas of suggested future work concerning touch events involv-
ing the vehicle’s chassis could contribute to the standardization of
parasitic capacitive coupling thresholds for BEVs adapted for con-
ductive ERS operation. Although the use of a galvanically isolated
DC/DC converter may interrupt the hazardous currents path, initial
analysis of measurements where this is tested indicate that this ap-
proach does not fully resolve the issue. This is suspected to be due
to parasitic coupling in the isolating transformer of the DC/DC con-
verter. Further investigation is necessary to refine this strategy and
establish effective standards to address these challenges.

Lastly, and possibly most critical, a real-time monitoring and fault
detection system needs to be developed for vehicles operating on con-
ductive ERS. This system should be capable of rapidly disconnecting
the vehicle from the ERS supply upon detecting an increase in the
chassis voltage.
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Reinap, and Mats Alaküla. Dynamic thermal modeling and appli-
cation of electrical machine in hybrid drives. In 2014 International
Conference on Electrical Machines (ICEM), pages 2158–2164, 2014.
doi: 10.1109/ICELMACH.2014.6960483.

[41] David Wenander, Philip Abrahamsson, Francisco J. Márquez-
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