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Popular summary in English

The infrastructure related to energy transfer to - or charging of - electric vehicles is an
important part of the challenge of the electrification of road transport. Traditionally, the
transfer of electrical energy to an electric vehicle is achieved by connecting the vehicle to
the utility grid, either directly or via a fast charger. This naturally requires the vehicle to
be stationary. One alternative to stationary charging is by means of an electric road which
enables the transfer of energy to a moving vehicle, also referred to as dynamic energy transfer
or charging. This can be achieved in different ways, either wirelessly, through a magnetic
coupling between a transmitter mounted in/on the road surface and a receiver fitted to the
vehicle or through a mechanic (conductive) connection, much like the connection utilized
by a train or a tram. The motivation of investigating this kind of energy transfer technique
is that given the possibility of charging as the vehicle is moving, the requirement on the on-
board energy storage capacity is significantly decreased as long as a sufficiently large amount
of roads are electric roads. In turn, this can affect the cost of the vehicles in a positive way.
The challenges related to the electrification of road transport is not solved by electric roads
but rather opens up new ones, some of which are addressed in this thesis, primarily:

Given a (conductive) electric road, how is the energy consumption and battery degrad-
ation affected by:

1. the topology of the electrical powertrain on-board the vehicle, and
2. the physical characteristics of the electric road?

As a part of 1) above, a new kind of electrical powertrain for heavy electric vehicles is pro-
posed and verified experimentally. A vehicle adapted for energy transfer from an electric
road requires a specific component acting as the ‘'middle man’ between the voltage and
current the electric road is able to supply and the voltage and current that is accepted by
the on-board high voltage system. This component can become both physically large and
heavy as well as costly, which is why it is desirable not to have to incorporate it in the elec-
trical system on-board the vehicle. The powertrain in focus in this thesis presents one way
of achieving the same functionality of this component by integrating the energy transfer
capability into already existing components on-board the vehicle, referred to as integrated
charging or energy transfer. In order to evaluate how this type of powertrain performs in
comparison to more conventional alternatives, a system level analysis is performed by mod-
elling and simulation of a total of three different energy transfer systems put into context
in one city bus case and one long haul truck case.

The physical characteristics, as referred to by 2) above, means how large relative part of
a section of road is an electric road (the roads do not completely have to be converted into
electric roads) as well as the distance between electric road sections. In this thesis is also an
approach to place the electric road section based on the tractive power requirement of the
vehicles are also investigated.

vii



It can be concluded that the powertrain specifically developed in this work is promising
as its functionality is verified as well as during certain circumstances showing promising res-
ult with regard to energy consumption in comparison to its more conventional alternatives.

Furthermore, it is shown that both energy consumption and battery degradation can
be significantly altered for the better if the electric road sections are placed along a certain
stretch of road according to the tractive power requirement rather than placing them with
no regard to the dynamics of the road section.

The work presented in this thesis can be of interest to vehicle manufacturers, aiming
to adopt this kind of dynamic energy transfer, as well as electric roads manufacturers and
authorities responsible for installation and commissioning of electric roads.
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Populirvetenskaplig sammanfattning pa svenska

Infrastrukeur relaterat energioverforing till - eller mer vardagligt, laddning av - elektriska
fordon ir en viktig del av utmaningen som ror elektrifiering av vigbunden transport. Tra-
ditionellt sker 6verforingen av elektrisk energi till ett elfordon via en anslutning till elnitet;
antingen direke till fordonet eller via en snabbladdare. Detta kriver att fordonet star stilla.
Ett alternativt tillvigagangssitt att forse elfordon med energi dr med elvigar, en teknik som
gor det mojligt att 6verfora elektrisk energi till fordonet medan det 4r i rérelse, dven kal-
lad dynamisk energioverforing eller laddning. Detta kan ske pa olika sitt, antingen tradlost
genom en magnetisk koppling mellan en sindare monterat i/pa vigen och en mottagare
ombord pa fordonet, eller via en mekanisk (konduktiv) koppling likt den ett tég eller spar-
vagn utnyttjar. Motivationen till att anvinda denna typ av teknik bygger pa att givet det
finns ett sdtt att 6verfora energi till fordonet medan det ér i rérelse pa en tillricklig miangd
vigar, kan kravet pa lagringskapacitet av energi ombord pa fordonet reduceras. Detta i
sin tur kan leda till att kostnaden for fordonen minskar. Utmaningarna tar dock inte slut
hir utan dppnar snarare upp for dnnu fler, varav nigra ir adresserade i denna avhandling,
primart:

Givet en (konduktiv) elvdg, hur paverkas fordonets energiférbrukning och batteride-
gradering av

1. den elektriska drivlinans elektriska utformning ombord pé fordonet, samt
2. elvigens fysiska utbredning i ett specifikt scenario?

Som en del av punkt 1), har en ny typ av drivlina f6r tunga elektriska fordon foreslagits samt
analyserats experimentellt. Ett fordon anpassat for energioverforing frin en elvig behover
en komponent ombord som agerar ‘mellanhand’ mellan spinningen och strommen elvi-
gen levererar samt spinningen och strémmen fordonet och dess batteri kan hantera. Denna
komponent kan bade bli fysiskt stor och tung samt kostsam varfor ett sitt att bli av med
densamma ir énskvirt. Den elektriska drivlina denna avhandling ligger fokus pa, presen-
terar ett sitt att till stor del fi samma funktionalitet som ovan nimnda komponent bidrar
med, dock genom att integrera energioverforingskapabiliteten i redan befintliga kompo-
nenter ombord pa fordonet, kallat integrerad laddning eller energioverforing. Fér att un-
dersoka hur denna drivlina presterar i jimforelse med mer konventionella metoder har en
systemanalys genom modellering och simulering genomf6rts med totalt tre olika elektriska
drivlinor i ett stadsbuss-fall samt ett langtradar-fall.

Med fysisk utbredning av elvigen, som omnimnt i punkt 2) ovan, menas dels hur stor
relativ del av en korstricka som ir elvigen placerad pé (elvigen behover hogst troligt inte
ticka 100% av en specifik stricka), dels avstind mellan elvigssektioner. I detta arbete utreds
ocksa en strategi som bygger pa att elvigssektionerna placeras utmed en specifik stricka
baserat pa fordonets traktionseffektbehov.

ix



Vi kan konstatera att den drivlina specifikt utvecklad for detta arbete ar lovande i det
att funktionen ir i en laborationsmiljé verifierad samt att under vissa omstindigheter, dess
energiforbrukning ar fordelaktig i jimforelse mot konventionella alternativ.

Vidare kan vi konstatera att bade energiforbrukning och batteridegradering kan signi-
fikant paverkas av att elvigens sektioner placeras baserat pa traktionseffektbehov snarare dn
att placera dem utan att ta hiansyn till vigstrickans, och dirmed ocksa fordonets, dynamik.

Det arbete som presenteras i denna avhandling kan vara av virde for bdde fordonstill-
verkare som ir intresserade av dynamisk energioverforing med konduktiv elvig men ocksé
elvigstillverkare och myndigheter som planerar och ansvarar for installation och driftsitt-
ning av elvigar.
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Chapter 1

Introduction

In recent years an increase of interest in electrification of transport is seen in order to meet
regulations and recommendations regarding emissions and the shift from the dependence
of fossil fuels. The sales of both passenger vehicles as well as heavy vehicles such as trucks
and buses are expected to increase in the coming years [1].

Possibly the main difference between an ICE vehicle and an EV is that the energy
storage is refilled’ differently. In an ICE vehicle the process is short as it is only limited by
the volumetric flow rate the pump can provide and it is aided by the fact that the energy
density of petroleum is high [2]. Re-charging an EV takes a longer time, even though
there are now charging networks providing charging power up to 350 kW [3], [4]. The
number of vehicles that can utilize this kind of charging power is, however, limited [s].
The relatively long charging times and the fact that the majority of EVs have shorter range
than the typical ICE vehicle is being the main reasons the general public is hesitant to buy
an electric vehicle [6], [7]. Another significant reason is the higher cost of EVs compared
to their combustion engined counterpart, which mostly depends on the cost of the battery
8].

For heavy vehicles, electrification is a more significant challenge since a larger amount of
energy stored on-board is required. A subset of heavy transport, such as city bus transport or
inner-city distribution, can, depending on the specific route and load, make use of fast DC
charging at end stops or similar. Long haul transport would require a substantial battery
capacity together with a charging infrastructure capable of power levels up in the megawatt
range. This fact has several implications; on the vehicle side, the cost of the energy storage
(battery) will be considerable and the physical size and weight of it might affect the vehicle
in such a way that the payload the vehicle can tolerate has to be significantly decreased.
On the charging side, the load on the grid must be taken into account when considering
providing several charging points capable of several hundreds of kilo watts at a regular basis
along the larger roads.

Alternatives to electrifying long haul transport by batteries are for example electrifying
by fuel cells where a larger amount of energy can be stored on-board the vehicle. One chal-
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Figure 1.1: The principal stages of supplying electrical energy to an electric vehicle.

lenge regarding electrification by hydrogen fuel cell is that the benefit of faster refuelling
is counterweighted by the significantly lower energy efficiency seen from a renewable elec-
tric energy source to the wheels [9]. Another way of enabling electrification of transport
without the requirement of a vast on-board energy storage is to by some mean be able to
transfer electrical energy to the vehicle while it is in motion.

1.1 Electrical energy transfer system

Electrical energy can be supplied to an EV in several ways. Below follows an elaboration of
conductive and inductive energy transfer techniques.

1.I.1  Static

Static charging or energy transfer refers to the electric energy flow from a source to the
vehicle while it is standing still, or parked. Generally, this means energy transfer from the
AC grid or an off-board DC charger but could very well be another vehicle, a photovoltaic
system, etc. In all cases, the normal source of the electrical energy is the AC-grid whilst
the target is the battery with a DC voltage, implying that some kind of adaption of the
electrical quantity is required:

* Rectification of the AC voltage to DC.

* The DC voltage is required to firstly, be adapted to the voltage of the battery, and
secondly, be current (power) controlled so that the charging power can be controlled.

* Galvanic isolation between the AC supply and the on-board voltage system (includ-
ing most importantly the battery) is preferably included.

The items above can be illustrated by the block diagram shown in Fig. 1.1. Generally, all the
illustrated parts in the figure are included whether charging the vehicle from the AC-grid,
from a DC-charger or by using an inductive charger. Naturally, the AC-grid, Fig. 1.1(a), is
not a part of the vehicle whilst the battery, Fig. 1.1(f), is always a part of the physical vehicle.
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Figure 1.3: A DC fast charger [12].

However, depending on the charging method (AC, DC, inductive), the other components,
Fig. 1.1(b)-(e), can be either on-board or off-board the vehicle.

When AC charging, i.e., connecting the vehicle to an AC outlet, the equipment depic-
ted in Fig. 1.1(b)-(e) are all part of the on board charger (OBC), an illustration of which is
shown in Fig. 1.2, which generally is rated for one or three phase, 7 to 22 kW in personal
vehicles [11]. The rated power of the OBC is generally limited as the available physical
space and allowed weight on board the vehicle itself is limited. AC charging is typically
used when the vehicle is at standstill, parked, for a longer amount of time, e.g., during the
night.

On the other hand, when DC-charging, the components depicted in Fig. 1.1(a)-(e) is
all off-board the vehicle and the charger is essentially connected directly to the battery poles.
As all of the components are localized off-board the vehicle the physical size and weight is
not limited to the same extent, meaning higher power levels are possible. Available rated

charging power levels are typically in the range of 50 to 350 kW [3], [4], [13]. Fast DC-
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Figure 1.4: An inductive charging pad [14].

charging is necessary in order to reduce the time spent on longer trips, i.e., when the energy
required to complete the trip exceeds the amount of energy stored in the battery.
Inductive charging of electric vehicles is also a feasible option as shown extensively in
literature [15], [16], [17] when considering power and efficiency, especially when considering
it as an alternative to AC charging which typically occurs at a lower power level than DC
charging. Basically the same components are required as when considering AC or DC
charging, as shown in Fig. 1.1, however, the interface between the off-board equipment
and the vehicle is the magnetic coupling shown in Fig. 1.1(d). In this case the magnetic
coupling between the primary (off-board) and secondary (on-board) coil is through the
air. The efficiency and maximum transferable power depends on the relative positioning
of, and distance between, these coils [18], [19], making the positioning of the vehicle itself
important since the coils are usually fixed on the ground and on the vehicle. A connection
to protective earth is not required when utilizing inductive charging since the vehicle is
floating with respect to the grid as there is no galvanic connection between the vehicle and
the grid. Wireless, inductive energy transfer does add a level of complexity to the charging
system, as high magnetising current is generally required due to the large airgap as well as the
presence of passive, reactive components in order to achieve adequate magnetic coupling.
Taking into account a generally lower efficiency compared to conductive charging [20], the
total cost of inductive energy transfer becomes higher than the conductive counterpart.



Figure 1.5: One of the test sites of road bound conductive ERS on public roads in Sweden. Photo: Elonroad

1.1.2 Dynamic

The name ‘dynamic charging’ of EVs is here used to indicate that the vehicle is able to
receive energy whilst moving. This can be made possible by an Electric Road System (ERS)
which can be either conductive or inductive. Both techniques are and have been evaluated
in several different projects and at different levels of technical readiness [21]. Most of these
projects and demonstrators feature a relatively short ERS, around a few hundred meters.

A conductive ERS works in a similar fashion to that of a train or a tram where a current
collector, mounted on the vehicle - above, underneath or at the side - is in mechanical
contact with a conducting element, covering a certain stretch of the road. Fig. 1.5 shows a
close-up of one of the test sites where a road bound conductive ERS is evaluated on public
roads. This particular ERS utilizes a segmented approach where only the segments beneath
a vehicle are activated. Another test facility is shown in Fig. 1.6 where the ERS is based on
overhead lines. Most of the conductive electric road techniques found in literature use DC
to transfer energy to the moving vehicle, although AC could also be used [22].

The inductive ERS is similar to its static counterpart where the difference is that sev-
eral transmitting coils are placed along a certain stretch of the road. This means that the
transferred power on board the vehicle will be observed as pulsating as the vehicle couples
and decouples to the coils that it passes over.

The transverse positioning of either the current collector in the conductive case or re-
ceiving coil in the inductive case is important as the vehicle is possibly not positioned
perfectly centred above or below the ERS. This can be solved by having the current col-
lector or receiving coil mounted on a tracking actuator, keeping it properly positioned.



Figure 1.6: One of the test sites of road bound conductive ERS on public roads in Sweden. Photo: Region Gavleborg

Features such as self-driving or driving aid, which are largely present in vehicles today, can
also contribute to keep the vehicle properly positioned.

Dynamic energy transfer, if not present at all parts of a drive cycle, must transfer the
energy that the vehicle needs both when and when not having access to dynamic energy
transfer. A heavy duty truck that uses, for instance, 100 kW for propulsion on a highway,
requires 200 kW from the dynamic energy supply if only 50% of the road provides energy
supply e.g., 1 out of every 2 km. This means that the energy transfer requirements of an ERS
may be in the order of several hundred kilowatts. Conductive energy transfer can handle
such power levels with very small contact surfaces, in the order of some square centimetres.
This can be regarded as a "power density”. Dynamic inductive energy transfer does in that
comparison require much more space, having a power density of 50-150 kW per square
meter [23], [24]. On the other hand, one advantage of the inductive energy transfer is that
the whole vebicle is galvanically separated from the supply as the magnetic coupling occurs
in the interface between the off- and on-board equipment.

1.2 Safety

The conductive and inductive electric road solutions are fundamentally different when as-
sessing the safety precautions that has to be taken should an isolation fault occur on-board
the vehicle. With inductive energy transfer, since the vehicle is galvanically separated from



the charging supply, should an isolation fault occur while charging, the chassis of the vehicle
will not be put on an electric potential that could be harmful for living beings. In the con-
ductive case, however, should the same fault occur, the chassis of the vehicle could be put
on dangerous electrical potential if the ERS supply has an earthed system. In order to pre-
vent this from happening, one could add an additional layer of electrical isolation to all
of the components part of the high voltage system, a.k.a. "double isolation”. This way,
two independent isolation faults has to occur before a possible harmful situation can arise.
Another approach is to galvanically separate the charging supply and the on-board high
voltage system by means of an isolated DC-DC converter, illustrated by Fig. 1.1(c)-(e).
The isolated DC-DC converter would in this case act as an interface between the current
collector of the vehicle and the high voltage system. It has to be noted, though, that even
when utilizing a DC-DC converter, the electrical components installed on the primary
side of it has to be double isolated. The former method might be practically challenging
depending on the system architecture, the latter requires a costly and possibly bulky device
to be added to the vehicle.

There are conductive electric road systems under evaluation that are floating with re-
spect to ground [25] making the isolation on-board the vehicle not necessary. There are
issues to be aware of in this approach, since if the ERS sections are physically large, the
capacitive parasitic coupling to ground might not be negligible, creating an, albeit high
impedance, reference to ground. Another scenario is if an isolation fault occurs in one
vehicle, and if another isolation fault occurs - in another vehicle even, connected to the
same ERS - might cause a dangerous situation.

1.3 Motivation of the research

The battery is the single highest cost carrying component of an electric vehicle [8] and albeit
the cost has been, and still is, decreasing [26], [27], it still carries a significant part. One
way of reducing the on-board capacity of the battery, and consequently cost, is to facilitate
a way of providing the vehicles energy while in motion. It is shown that, should all of the
road transport be fully electric, the societal cost will be lower if an electric road system is
implemented on all major roads rather than equipping the vehicle fleet with a sufficiently
large capacity battery and build an extensive network of fast chargers to cover all of its needs
(28], [29].

The Swedish Government is planning the dissemination of conductive ERS with 2000
km ERS by 2030 and 3000 km ERS by 2035, as a major solution to facilitate a full electri-
fication of road transport in Sweden [30]. This obvious increasing interest in Electric Road
Systems and based on what is elaborated on in earlier sections; that higher power densities
can be achieved with conductive energy transfer in comparison to inductive energy transfer
a conductive ERS is of focus in this thesis. Following the decision to utilize an ERS, a
number of challenges arise as to where and how should the ERS sections be placed along
a certain stretch of road as well as how much power should the ERS be able to provide. It



is also important to try and quantize how/if the placing of the ERS affects the operational
costs of a vehicle.

Given a conductive ERS, as mentioned in an earlier section, the proper safety precau-
tions have to be taken when considering the technology used for energy transfer from the
ERS to the vehicles traction and battery system. It is not obvious, when considering en-
ergy efficiency and manufacturing cost, how the charger and/or electric propulsion system
on-board the vehicle should be designed.

Publications related to dynamic charging of electric vehicles that can be found in literat-
ure mostly concern wireless, inductive, methods of transferring energy from the stationary
supply to the moving vehicle. Of these, several studies analyse the shape and layout of the
coils [31] - [32]. In [33] a stochastical method of placing the charging sections of a dynamic
charging system is proposed (again, aimed at inductive energy transfer) and in [34] a system
approach to find the amount of battery capacity that can be reduced thanks to (wireless)
dynamic charging availability is presented. The study presented in [35] investigates how
the relative coverage of dynamic energy supply and its maximum power transfer capability
affects the driving range of a vehicle. However, the energy transfer method is inductive and
little concern is made to the on-board part of the charging system. A summary of conduct-
ive dynamic charging systems that are under development is presented in [36], however it
does not provide a system level approach in conjunction with the vehicles operating the
conductive electric road. References [25], [37] present a validated method of transferring
high power levels through a conductive dynamic charging solution, but they do not discuss
alternative architectures of the high voltage system on-board the vehicle, nor how these
impact the energy consumption or battery degradation.

Different methods and solutions to szatic integrated charging can be found in literature
and [38] present a comprehensive summary of typical characteristics of said chargers in
recent literature. In most of the reported solutions in [38] the charger is either low power
or non-isolated, only a few features both high power and isolation. Although it was not the
intention, there are a few charger topologies presented that could relatively easy be adapted
for dynamic charging, namely those that feature two separate electrical machines or one six-
phase machine, by separating the DC-link to one for each machine or pair of three phases,
i.e., one separate three phase converter per three phases. This way, one DC-link can be
connected to the battery and one to the DC-supply. If there are two separate machines,
they do need to be mechanically connected. There are publications presenting solutions to
isolated, high-power charging where either a six phase machine and/or inverter is required
[39], [40] or where reconfiguration of the motor windings are required [41]. The integrated
charging solutions described in [38]-[41] are all intended for static charging and none of the
solutions described are suitable for dynamic energy transfer. This is due to the fact that the
scientific and engineering field of dynamic conductive ERS is very young.

Based on the above, where a gap in related research concerning conductive ERS and
on-board charging topology is established, this thesis presents a study on high power con-
ductive dynamic energy transfer applied to real-world use cases. Both relative coverage of



the ERS and the distance between ERS sections are part of the study where driving range,
energy consumption and battery degradation are the outcomes of interest. Besides the ERS
characteristics investigated, different topologies of the on-board propulsion and charging
system are part of the evaluation to investigate their effect on the aforementioned outcomes.

1.4 Objectives and limitations

The purpose of this thesis is to evaluate different approaches to enable energy transfer from
a conductive electric road whilst solving the safety requirements and taking system and
operational cost into consideration. Operational cost is in this context limited to energy
consumption and battery degradation. Apart from the design of the high voltage system
on-board the vehicle, the placement of the ERS is also evaluated from the same point of
view as in how the placement affect the energy consumption and battery degradation of
the vehicle. Also, how much ERS is actually required.

The evaluation takes shape as modelling and simulations of three different electric
powertrains which all conform to the safety requirements but each with a different approach
to how to provide the transfer of energy from the ERS to the battery and traction machines.
One of the powertrains utilize a method of the energy transfer where the equipment used
for traction purposes is also a vital part of the energy transfer from ERS to battery, known
as integrated energy transfer/charging. One could argue that this solution is the most tech-
nically challenging when it comes to design and control, which is why this powertrain is
built and validated in a laboratory environment. The results from the measurements on
this powertrain are then used in the simulations, where the common components, such
as electric machines, are modelled the same way across the powertrains in order to isolate
cause and effect.

As the engineering field of conductive energy transfer to road vehicles is relatively im-
mature, the simulation study presented here is not yet possible to verify experimentally as
the infrastructure in not yet in place. Ideally, several vehicles of the same type, equipped
with different powertrains as well as a significant amount of ERS should be in place in order
to properly validate the simulation study.

The experimental setup used in order to verify the functionality of the powertrain fea-
turing integrated energy transfer capability is also used to validate the meaning of galvanic
isolation with regard to parasitic current.

1.5 Contribution

Besides the experience and personal development of the author, the contributions of this
thesis are related to the develop knowledge concerning energy transfer from a conductive
electric road to a moving vehicle and the control of energy flow on-board said vehicle. A
more detailed list of the contributions of each chapter follows below.



* Chapter 2

— Presentation of three different electric energy transfer systems where one fea-
tures integrated energy transfer in a new way, capable of transferring high
power.

* Chapter 3

— Modelling of the on-board energy flow between the ERS, traction drives and
energy storage. Modelling of common mode currents in a charging system due
to parasitics and topology.

* Chapter 4

— Development laboratory setup consisting of a complete electric powertrain (ex-
cept energy storage) with integrated charging capability. Proof of functionality
with regard to dynamic behaviour when connecting/disconnecting the differ-
ent supplies (see Chapter 2 for more details), charging efficiency and parasitic
current.

* Chapter s

— Firstly is the experimental results gathered in Ch. 4 post processed and turned
into models for use in vehicle simulations. Further, this chapter presents the
result of the vehicle simulations on a system level where the operational cost, in
terms of energy consumption and battery degradation, of operating a vehicle
on a conductive ERS is presented.

* Chapter 6

— An analysis of common mode currents in a charging system with regard to an
isolated/non-isolated approach.

1.6 Disposition

This thesis can be divided into two major parts, one which is modelling and simulation
and the other is experimental validation. In turn, the former can be divided into two parts
that are, 1) system level modelling of a whole vehicle with a time constant in the regions of
hundreds of milliseconds and, 2) modelling of a charging system on power electronic level
with a time constant in the region of nano to microseconds.

The two parts mentioned above are partly mixed among the chapters according to the
following structure. Chapter 2 and 3 presents the concept and modelling of dynamic energy
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transfer both on the ERS side and on the vehicle side and Chapter 4 continues to present
the experimental setup and some of the measurement result (which is not directly related to
Chapter 5 or 6) whereas Chapter 5 and 6 both present measurement and modelling result
and following discussion.

Chapter 7 concludes the thesis and suggests areas where further research should be
focused on.

II






Chapter 2

System solutions for conductive
dynamic energy transfer

Allowing energy transfer from a conductive electric road system is associated with a safety
risk and precautions must be taken with regard to the on-board charging system. The ERS
is in this case assumed to be galvanically separated from the grid, as illustrated in Fig. 2.1-
2.2 by an isolated AC to DC converter, with its minus pole connected to protective earth.
The potentially harmful situation is if an isolation fault between the traction voltage system
(TVS) and the chassis of the vehicle should occur whilst connected to the ERS. The term
TVS is used to refer to the electrical components connected to the high voltage DC bus
on-board the vehicle. The chassis of the vehicle could then be put on dangerous potential
with respect to ground, see Fig. 2.1 where the TVS is illustrated as one single load between
the two poles of the ERS. A grounded human being would, if in contact with the chassis,
create a path for a potentially harmful current.

One way of mitigating the risk of creating a harmful situation is to double isolate all of
the equipment connected to the TVS, meaning that two independent isolation faults have
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Figure 2.1: lllustration of how an isolation fault on-board a vehicle can incur a, for living beings, harmful situation.
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(a) Double isolation of the entire TVS illustrates two independent isolation faults are required to put chassis on harmful
potential.

(b) An isolated DC-DC converter is installed as an interface between the ERS and TVS which would require two separate
isolation faults in order to put the chassis on dangerous potential.

Figure 2.2: Safety precautions to be taken when a vehicle is galvanically connected to a grounded charging supply with no
protective earth connected to the chassis.

to occur in order to put the chassis on potential with respect to ground, as illustrated in Fig.
2.2a. As isolation faults can be detected with proper equipment on-board the vehicle, it is
deemed that double isolation is an acceptable way of reducing the risk of any dangerous
situation to arise. Fig. 2.2a illustrates the TVS as a single load which is "contained’ in an
extra layer of isolation, in reality, the extra isolation layer must also include the current
collector, i.e. every component of the vehicle connected to the ERS.

A third method to mitigate the risk is to galvanically separate the ERS, which is minus
pole-grounded, from the TVS, which then will float with respect to ground. Just as in
the ‘double isolation method’, two independent isolation faults would be required in order
to put the chassis on a dangerous potential with respect to ground. One difference to the
former scenario is that one isolation fault would have to occur within the DC-DC converter,
as shown in Fig. 2.2b.

In practice, if adopting the method of installing an isolated DC-DC converter, all of the
components "up stream’ of the isolation transformer (within the DC-DC converter) would
also have to double isolated, which would mean the current collector, cabling and the

14



(a) Basic layout of a grid connected converter.
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(b) Common mode voltage of a 700 volt DC-link with respect to ground while charging from a grounded grid.

Figure 2.3: The mid (common) point of the DC-link in (a) fluctuates with respect to ground as shown in (b) with a grid
connected two-level converter.

DC-DC converter itself. When galvanically isolating the TVS from the charging supply,
not only is a level of safety added, but it also eliminates the path for parasitic currents
due to parasitic capacitances on-board the vehicle. This parasitic current arises due to the
switching converter which creates a common mode voltage fluctuation of the DC-link, as
illustrated in Fig. 2.3. In turn, the fluctuating common mode voltage can generate current
through parasitic capacitances to ground. When statically charging, as protective earth is
connected to the vehicle, this parasitic current might trip RCD-breakers and similar. This
can become an issue especially if the TVS is physically large, as it might be in heavy vehicles,
as components such as cabling, battery pack and so on increase in physical size. Shielded
cables can be seen as a radial capacitor between the main lead and the shield and the longer
the cable, the higher the capacitance. Similarly, if the battery pack is physically large, the
area of which conducting material carrying different charge is increased, i.e., increasing the
capacitance.

In this thesis, three different charger topologies/electric powertrains are considered,
each of them with an individual approach to galvanic isolation and/or double isolation.
Since a specific charging solution should not be limited to only allow energy transfer from
an ERS, static AC-charging should also be made possible. As the powertrain on-board the
vehicle consists of the components both responsible for traction (energy flow to/from the
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wheels to/from the battery and/or the ERS) and charging (energy flow to the battery from
the ERS or grid) these components are hereinafter referred to as an Energy Transfer System
(ETS). Common for all ETSs considered are that two separate traction drives (machine
and inverter) are used for all of them. This is due to, 1) it is of necessity in one of the ETSs,
see Sec. 2.3, and 2) since the type of vehicles part of the study in this thesis require a relat-
ively high traction power, it is deemed not unlikely, due to scalability, that a manufacturer
chooses two medium sized traction drives rather than one which alone provides the full
traction power requirement.

When considering vehicles supplied by a conductive ERS, which in several ways are
similar to a catenary system that has been in use for many years in train, tram, and trolley
bus applications, an input LC filter on the DC-link is often required in order to limit cur-
rent and stabilise the voltage [42]. The on-board DC-link voltage on a bus supplied by a
conductive ERS is presented in [43], which gives an insight to supplied voltage quality. This
publication shows the voltage at the current collector, i.e., 'before’ the installed LC-filter
and due to the passive rectification of the grid voltage, an AC component is present on top
of the DC voltage, something that to some extent is reduced by the LC-filter. The systems
considered in this thesis require a similar filter should the voltage behave the way as de-
scribed. However, the filter required is deemed to be similar in all three systems elaborated
on below, which is why this aspect is left out of the analysis.

A detailed explanation of each ETS considered in this thesis follows below.

2.1 High power Separate Energy Transfer System, HSETS

A combination of what is shown in Fig. 2.2a and 2.2b on a more detailed level is shown in
Fig. 2.4 where the extra layer of electrical isolation is illustrated by the dashed line. Since
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Figure 2.4: An ETS with ERS and AC energy transfer enabled with an isolated DC-DC converter galvanically separating the
charging supply and TVS. The dashed line illustrates where an extra layer of isolation is required.
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the current collector and (the primary side of) the DC-DC converter are connected to
a grounded potential, these components are required to carry this extra layer of isolation
as well. The rest of the TVS, i.e., the energy storage, traction drives and auxiliaries, are
consequently not required to be doubly isolated. As shown to the left of the DC-DC
converter in Fig. 2.4, there are two inputs, the top one illustrates the current collector
when charging from an ERS whereas the lower one illustrates a "Type 2’ cable inlet [44],
normally used when statically charging from an AC-outlet. As an interface to the AC-grid
an active front-end, a non-isolated AC-DC converter, is connected in between the inlet and
the isolated DC-DC converter. When utilizing the static AC-charging, protective earth is
connected to the vehicle, meaning the isolated DC-DC converter could be bypassed and the
active front-end could be connected directly to the battery since an isolation fault is easily
detectable. However, as mentioned above, it is still advantageous to galvanically separate the
TVS from the supply due to parasitic currents that may trip the equipment connecting the
vehicle to the grid, and on-board chargers from AC normally contain a galvanic isolation
interface.

With regard to Fig. 1.1 and considering energy transfer from the ERS, the grid and
rectification (Fig. 1.1(a)-(b)) are off-board the vehicle, whereas the high frequency inverter,
transformer and rectification and current control (Fig. 1.1(c)-(e)) is contained within the
DC-DC converter.

It is obvious from the design of the ETS that the isolated DC-DC converter has to be
rated in such a way that all of the energy consumed by the vehicle has to be supplied by the
DC-DC converter. In turn, this requires the DC-DC converter to be rated at a relatively
high power and therefore becomes a high-cost device of the ETS. Hereinafter, this type of
ETS will be referred to as a High power, Separate, Energy Transfer System, HSETS.

2.2 Low power Separate Energy Transfer System, LSETS

Fig. 2.5 shows an ETS with an isolated DC-DC converter but also with a switching device
allowing the traction drives to be supplied directly from the ERS, bypassing the DC-DC
converter. Similar to the HSETS, the current collector and DC-DC converter are double
isolated while the rest of the TVS is not. The concept of this ETS is that as long as the
vehicle is travelling below a certain speed, the switch is configured in a way that connects
the traction drives to the DC-DC converter, making the TVS galvanically separated from
the ERS. Above a certain speed however, the switch is reconfigured so that the traction
drives are supplied directly from the ERS. The reason is that as the vehicle is travelling at a
high speed, a person is not likely to come in physical contact with the vehicle and a lower
level of safety can be accepted. At low speed however a higher level of safety is achieved.

With regard to the stages of energy transfer to an EV, Fig. 1.1, all of the stages are
at all times included when considering energy transfer to the bartery. However, as energy
transfer to the wheels is separated from the energy transfer to the battery at high speed only
Fig. 1.1(a)-(b) is part of the energy transfer to the wheels.
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Figure 2.5: An ETS with a low power, isolated, DC-DC converter and a device allowing the traction drives to be supplied

directly from the ERS - a switch box. The dashed line illustrates where an extra layer of isolation is installed. The AC
interface is greyed out as it is only relevant when the switch is configured to its upper position.
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The switching device allows for a DC-DC converter rated at a lower power level than
the HSETS as the DC-DC converter only has to supply the energy required by the vehicle
travelling at low speed. At high speed, the DC-DC converter is still connected so that
charging of the battery all the while is possible. Hereinafter, this type of ETS will be referred
to as a Low power, Separate, Energy Transfer System, or LSETS.

2.3 Fully Integrated Energy Transfer System, FIETS

Integration in terms of charging of electric vehicles, is widely documented in literature
(451, [46], [47], (48], [49]. Not uncommonly an ’integrated charger’ is aimed at static AC-
charging where the motor windings are utilized as line filter and the machine converter is
treated as an active rectifier, or non-isolated charger. This is made possible by switchgear
allowing the motor windings, converter, and grid connection to be configured in such a
way, as shown in [40]. Other topologies with multiphase (more than three) machines and
converters have also been shown [46], [50], [s1]. Typically, the integrated charger topologies
published in literature are either - or both - relatively low power or does not feature galvanic
isolation between the charging supply and the on-board TVS. The reason mainly being
that they are aimed at static AC charging where protective earth can be presumed to be
connected.

As shown in the HSETS and LSETS, both comprise an isolated DC-DC converter.
Should one want to eliminate the DC-DC converter from the ETS due to cost and/or
physical space reasons, a topology shown in Fig. 2.6 could be used. The DC-DC converter
is in this case replaced’ by a device allowing each of the inputs (energy storage, ERS or active
front-end) to connect to either of the traction machines. The idea is to use the traction
machines as the isolation interface between the charging supply and the TVS instead of
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Figure 2.6: An electric powertrain with integrated charging capability, where the isolated DC-DC converter can be omitted.
The AC interface is greyed out as it is only relevant when the upper switch is configured to its upper position and
the lower switch is configured to its lower position.
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Figure 2.7: The principal stages of supplying electrical energy to the battery with the FIETS.

parts (c)-(e) in Fig. 1.1 as illustrated by Fig. 2.7. Therefore, both machines, including
converters, and switchgear has to be double isolated towards the chassis of the vehicle as
any of them can be connected to ERS potential. Energy is transferred from the charging
supply to the energy storage by connecting one of the machines to the ERS or active front-
end whilst the other machine is connected to the energy storage. By running the former
machine in motoring mode and the latter in regeneration mode, energy is transferred from
the supply to the energy storage with a galvanic isolation interface in between without the
need of an isolated DC-DC converter with only the addition of components with low
complexity. In order to be able to charge while the vehicle is at standstill, the mechanical
transmission is required to feature a neutral gear whilst the machines are still mechanically
coupled. Charging while the vehicle is moving is possible as long as the tractive power
requirement is lower than what one machine alone can provide, as illustrated by Fig. 2.8
where

PERS = szrtion + PBat (2-1)
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Figure 2.8: An electric powertrain with integrated charging capability, where the isolated DC-DC converter can be omitted.

and

Ppy = mﬂx(])em,mﬂx - Ptmm‘am O) (2-2)

where P, . denotes the maximum rated power of one individual machine. For thermal
management it is naturally possible to interchange which of the machines that are connec-
ted to the ERS and consequently operates at the higher power level of the two.

Should the traction power requirement exceed the rated power of the one machine
connected to the ERS, the second machine will instead assist in propelling the vehicle. If
the vehicle is in such a state that charging of the battery is not necessary, both machines can
be connected directly to the ERS in order to minimize conversion losses, which naturally
are higher in this topology than in the HSETS and LSETS.

Given the design of the ETS, it is required by the switchgear to be able to change
state rapidly and seamlessly while the vehicle is in motion. For instance, assuming that the
vehicle uses both traction machines for propulsion, drawing power form the battery, and
approaches an ERS with the intent of switching over one of the traction machines to ERS
supply for charging the battery. This means that a sequence of events must be performed
for one or both machines according to the following,

1. reduce the stator current to zero in the traction machine to be switched from battery
to ERS supply,

2. disconnect the related traction converter from the original supply,
3. adjust the voltage of the DC-link so that it matches the new supply,
4. connect to the new supply,

5. ramp up the stator current,
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all within the approximate time a normal gear change would take, meaning less than one
second. The voltage of the DC-link is adjusted by either supplying a small amount torque
to the output shaft, i.e., taking energy from the DC-link capacitor, or by regenerating a
certain amount of energy from the moving vehicle, i.e., feeding energy back to the DC-
link capacitor.

Hereinafter this type of ETS will be referred to as a Fully Integrated, Energy Transfer
System, or FIETS.

2.4 ERS

The details of the conductive electric road system are not a part of this thesis. It is treated
as a voltage source seen from the vehicle. However, certain aspects, as where to place the
ERS along a certain stretch of road is investigated here as it is deemed as important from
an energy consumption perspective as the vehicle ETS topology. Below, two different pro-
posals as to where to place a certain ERS section as well as how long each section should be
is presented.

2.4.1 Equal distance, ’EQU’

A pragmatic approach to placing the ERS sections is to place sections of equal length, an
equal distance apart, along a certain stretch of road. In order to clarify, two parameters are
introduced.

* ks, describing the relative coverage of ERS along a certain stretch of road,

* d,y, describing the absolute distance between the start of two consecutive sections of

ERS.

In order to define £,,;, another parameter is introduced, s,,, which is the length of the equally
long ERS sections, as illustrated by Fig. 2.9. The relative ERS coverage, ., is thus defined
by

S,
kers == . 2.
derx ( 3)

This method of deciding where the ERS sections is placed does not take characteristics
of the drive cycle/road into account. Hereinafter, this method of placing the ERS sections

along a stretch of road will be referred to as the Equidistant (EQU) method.

2.4.2 Power dependant, ’ADA’

As opposed to what is described above, one could argue that the ERS sections should be
placed based on the traction power requirement, i.e., place the ERS sections at locations
where vehicles typically accelerate for a significant amount of time, along up hills and so
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Figure 2.9: ERS characteristics
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Figure 2.10: Traction power requirement (a, solid line) and two levels of constant power (a, dashed lines). Final ERS placement
shown in (b), where the higher constant power level in (a) corresponds to the upper 'road” and vice versa.

on. Consequently, this requires significant knowledge about the certain stretch of road
beforehand, in order to assess where each ERS section should be placed. In the context
of drive cycle simulations, as is the case with this thesis, the exact locations as to where to
place the ERS sections is deduced by running a simulation with the specific vehicle with
an unrealistically large capacity battery and by post processing the required traction power
at every instance in time. The ERS section is placed where the traction power exceeds a
certain power level. In order to adjust the total ratio of ERS coverage along the drive cycle,
the ’threshold” power level is adjusted accordingly; higher or lower. An illustration of how
the traction power requirement determine where the ERS sections are placed is shown in
Fig. 2.10 where only two levels of constant power levels are shown for clarity. In reality,
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a minimum ERS section length, as well as a minimum distance between ERS sections, is
defined in order to eliminate unrealistically short ERS sections or gaps between sections.

The reason for investigating this type of approach to placing the ERS sections is based
on the assumption that if the energy supplied by the ERS is more or less directly consumed
for traction purposes unnecessary conversion is avoided. The effect should be especially
prominent in the ETSs with the ability to supply the traction machines directly from the
ERS.

Hereinafter, this method of placing the ERS sections along a stretch of road will be
referred to as the (Traction power) Adapted (ADA) method.

2.5 Chapter summary

This chapter elaborates on the importance of double isolation and/or galvanic isolation of
the TVS on-board a vehicle aimed at utilizing energy transfer from an ERS. Three different
layouts of the on-board electric architecture is presented, referred to as an Energy Transfer
System (ETS). The system is not called charging system as it is in this case responsible
for energy transfer from the ERS to both the battery and driven wheels, as well as there
in between. Two the ETSs feature a DC-DC converter, acting as an interface between the
ERS and the TVS whereas the third features integrated energy transfer capabilities, meaning
components primarily utilized for traction purposes are also utilized in the transfer of energy
from the ERS to the battery.

Furthermore, two different philosophies with regard to where to place the ERS sections
along a certain stretch of road is presented. Either sections of equal length are placed
equidistantly apart, or instead, the power requirement of the vehicle can be taken into
account and hence, place the sections where the power requirement is high. The idea of
the latter is that conversion losses can be lowered if the electrical power is used immediately
instead of being intermittently stored in the battery.
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Chapter 3

Modelling

Modelling of physical systems serves several purposes, among which cost and time saving are
of essence. By modelling a complex system with a suitable tool (modelling and simulation
tool in this case), the effect of altering the ingoing components for example can possibly
be done within minutes or hours, compared to possibly weeks, months, or years in the
physical system. As it is compelling to model systems and draw conclusions based on the
outcome of simulations, one always has to remember that ’All models are wrong, but some
are useful’ [52], meaning that modelling can only take you so far.

This chapter covers the modelling of the whole vehicle with which the drive cycle sim-
ulations are run and also the modelling of the charging system on a more detailed level in
order to investigate parasitics effect on common mode current.

3.1 Vehicle/ETS modelling

The vehicle model is a development of what is published in [s3], [54], [55] adapted for
dynamic energy transfer. The model is run with a frequency of 5 Hz, implying that the

v* > ¥
v T* »T* SOC, Econs, ... »SOC, Econs, ...
Input ! L
fime series Driver External Forces v Output
Vehicle & ERS time series

A

External Forces v

Environment

Figure 3.1: A simplified block diagram of the basics of the vehicle simulation model.
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electrical system is modelled on a power and energy level, i.e., not voltages and currents in
order to increase simulation performance.

The modelling of the vehicle and energy transfer on-board the vehicle can be divided
into two major parts; modelling of the physical system such as vehicle Newtonian dynamics
and the electromagnetic dynamics of the electric traction machines, and the modelling of
the control of the power and energy flow. The former is generally modelled with mathem-
atical expressions or by look-up tables, whereas the latter generally is modelled with state
machines using Stateflow [56]. A simplified overview of the vehicle model is shown in Fig.
3.1 where the input time series consists of several arrays, such as time, vehicle reference
speed, slope of the road, etc. The input is fed to the driver model which references the
vehicle model with a requested torque in order to keep the speed error small. The *Vehicle
& ERS’ sub model of Fig. 3.1 is naturally the most significant part of the model, containing
the control modelling with regard to energy flow and also all the models related to energy
transfer, i.e. DC-DC converter, traction drives, mechanical transmission, etc. Based on
the speed, the vehicle is also subjected to a number of external forces, as illustrated by the
’Environment sub model. The output time series consists of everything that might be of
use when analysing the result, i.e., traction drive power, SOC, energy consumption, actual
vehicle speed, etc. A detailed explanation of the different major parts of the vehicle follows.

3.1.1  Vehicle dynamics

The physical vehicle is modelled as a point mass, subjected to a number of forces. The
vehicle has one degree of freedom along which all the forces also act, as is illustrated in Fig.
3.2. The force Fj is always directed in the opposite direction with regard to the direction
of travel, indicated by v, and consists of several forces:

v

Figure 3.2: The mechanical dynamics of the vehicle model, with a mass , travelling with a velocity », on a road with a slope
«, exposed to forces, £y and F,.
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Fl = Fdz'r + Fro/l + Fbmlee (3-1)

whereas

FZ - thction + E/ape (32)

which can be directed both in the same direction as the direction of travel as well as in the
opposite direction. The terms of Eq. 3.1 equals

1
Faiy = E * Pair Cy-Ay- Uz (3~3)

where p,;» (kg/m?) is the density of the air, C (-) the drag coefficient, A, (m?) the cross
sectional area of the vehicle seen along the direction of travel, and » (m/s) the speed of the
vehicle. Furthermore,

Foy=GC M, g (3~4)

where C, () is the rolling resistance constant, M, (kg) the mass of the vehicle, and g (m/s?)
the gravitational constant. Lastly, F,,, originates from the friction brakes which are act-
ively controlled by the driver model whenever the electric machine(s) cannot provide the
required braking power. The term F,,401ip, of Eq. 3.2, originates from the electric machines,

which can both propel and brake the vehicle and where

Figppe = M, - g - sin(a) (3.5)

where « is the angle of the road with respect to the horizontal plane.

3.1.2  Traction drives and mechanical transmission

The efficiency of the traction drives, i.e., electric machine and its converter, is experiment-
ally compiled from measurements on a mechanical transmission with two traction drives,
see Chapter 4. An efficiency map of the traction drive, Fig. 3.3a, is produced, which in turn
can be transformed to a loss map which is used as the model in the vehicle simulation.

Both the traction drives, and mechanical transmission is modelled by a two-dimensional
map which has torque and rotational speed as inputs and loss as output. The loss of each
traction drive and mechanical transmission is added to the total mechanical power they
provide, adding up to the total electrical power used. Together with the distance travelled
by the vehicle, the energy consumption can be calculated.

In order to evaluate traction drives at different levels of rated power, a new loss map
adapted to a certain level of rated power can be created by adjusting the torque axis on the
original efficiency map. This is illustrated in Fig. 3.3b where the torque-axis is reduced by
a factor 0.8 from the original. This method is not perfect as the scaled traction drives are
not based on measurements. However, they are expected to be accurate enough for the
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(b) Altered y-axis in order to model a traction drive with 80% rated power of the experimentally verified traction drive.

Figure 3.3: Efficiency map of the machine including inverter. Dashed line shows the constant power limit.

purposes of this thesis as long as the scaling is reasonable. However, as this study is not
focusing on whether different types of traction drives, as in PMSM versus EMSM versus
IM, affect different aspects of performance it is desirable to keep the characteristics of the
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(a) Efficiency of the experimentally verified traction drive.
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traction drive as similar as possible at different rated power levels.

The electric machine model also comprises a version of a thermal model in order to
keep track of whether the machines are overloaded or not. The thermal characteristic of
the machine is represented by a moving average filter which is fed with the instantaneous
power of the machine, operating like a first order thermal model with constant cooling
conditions. When the filtered value (the equivalent of temperature) exceeds 75% of peak
power, the machine is deemed to be overloaded and continues to be so until the filtered
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Figure 3.4: Traction requirement at different wheel speeds as well as torque and speed characteristics at different gear ratios.

power falls below 65% of peak power. The available power is, however, still unaltered even
though the machine is deemed to be overloaded. The time constant of the filter is chosen
to 300 s based on what is found in literature on thermal time constants of electric machines
in automotive applications [57], [s8]. Overloading could potentially become an issue in the
FIETS as when transferring energy from the ERS to the vehicle, one of its traction drives
are operating at a high-power level as both traction and charging power is supplied by this
traction drive. The switch box enables the possibility to share the load between the traction
drives as any of the two can connect to the ERS.

Depending on application, the mechanical transmission consists of two or three differ-
ent gear ratios. The gear ratios are chosen according to a number of requirements:

* The vehicle is required to be able to, at low (walking) speed, climb a 16% slope,
* The vehicle is at a slope of 5% required to be able to maintain a speed of 50 km/h,

* The vehicle is at a slope of 1% required to be able to maintain a speed of 90 km/h.

The requirements are illustrated in Fig. 3.4.

3.1.3 Energy storage and auxiliaries

The energy storage is modelled as a Thevenin equivalent in which the series resistance is
dependent on state of charge (SOC) and electrical power at the terminals, as proposed in
[59], [60]. The pack is made up of a certain number of lithium-ion cells connected in series
- a string - in order to reach a nominal voltage of approximately 800 V. The energy level
is then altered by adding or removing a number of strings in parallel. The final number of
cells in series and parallel equates to the final equivalent resistance. The efficiency of the
whole pack at two different levels of capacity is shown in Fig. 3.s.
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Figure 3.5: Battery efficiency at two different levels of capacity. Negative power indicates discharging.

As can be seen in Fig. 3.5, high charging power at high SOC generates a significant
amount of losses, which is why a limit to charging as a function of SOC is introduced,
shown in Fig. 3.6. with regard to the mathematical model of the energy storage, the battery
power, Py, including losses are calculated as Eq. 3.6

nbah‘(SOC) Pterm) : Pterrm Pterm >0
Py = P .6
bart e 7 Py < 0 (3.6)
nbatt(SOcv Pterm)
where P,,,,, is the power at the battery terminals and 71),,,,(SOC, P,,,,) is a 2D lookup table,

as illustrated by Fig. 3.5. The container of energy is modelled with an integrator, where its
initial condition is set to the assumed start value of the vehicles’ SOC, as shown by Eq. 3.7

Lond
s0C = / Pyus 65.7)
0

As part of the performance evaluation of different ETSs and electric road placing, the
battery degradation is evaluated by analysing the SOC time series after each drive cycle and
counting the cycles the battery has been put through. This is done by a cycle counting
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Figure 3.6: Charging power limit.
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Figure 3.7: Relation between number of cycles and depth of discharge (DoD) of the battery. Used in order to estimate how
much of the battery’s life that is consumed.

algorithm stemming from fatigue analysis of materials [61], [62] and the data shown in Fig.
3.7 [63] where the number of cycles versus depth of discharge (DoD) is defined. There are
several mechanisms that degrade a Li-Ion battery, cycling is just one. Also, the behaviour
shown in Fig. 3.7, where the number of cycles are presented as a function of DoD, is differ-
ent between different battery chemistries [64], [65]. In this thesis, however, the degradation
is evaluated this way as it represents a good approximation of cycle life versus cycle depth
of Li-Ion energy storage. It should also be noted that it is the comparison of how different
ETSs and ERS characteristics affects battery degradation. Therefore, it is assumed that the
batteries in the different constellation of ETS and ERS characteristics are affected the same
amount by calendar ageing, storage temperature and so on.

The different vehicles are assumed to have different rating of auxiliary loads. In the
case of a city bus depending on the environmental circumstances, the auxiliary load can be
either reasonably low, or high, on par with the energy required for traction, e.g., to account
for seasonal differences in the use of A/C. In this thesis, the auxiliary loads are lumped
together and is seen as a constant consumer of energy, connected directly at the battery
terminals. Different levels of auxiliary power are set in order to evaluate its influence of
energy consumption and battery degradation.

3.1.4 DC-DC converter

The DC-DC converter is modelled as a power dependant efficiency, generating a certain
loss of power depending on the power it supplies, see Fig. 3.8. The efficiency is based
on reasonably recent publications covering either a specific topology of isolated DC-DC
converters or review publications covering a multitude of DC-DC converters [66], [67],
[68], [69]. SiC and GaN devices have not been considered due to devices utilizing these
kinds of semiconductor materials are to a lesser extent available on the market as well as,
if available, more costly compared to conventional Si devices. In order to be able to eval-
uate DC-DC converters at different levels of rated power, an unaltered efficiency curve is
assumed regardless of rated power, similarly to how the traction drives are handled.

31



95
90 + 2
85
80 2
75

1 (%)

|

| | |
0 0.2 0.4 0.6 0.8 1

Fraction of rated power (-)

Figure 3.8: Efficiency of the DC-DC converter.

3.1.5 Energy consumption

The energy consumption, E,,,; (kWh/km), of the vehicle is defined by

E
Erons = % (3-8)
where E,,; is the total energy consumed by the vehicle during the drive cycle and s is the
total distance travelled. The total energy consumed consists of

Eyr = Eggrs + AEp,, (3.9)

where Epgs is the energy supplied by the ERS and AE,,,, is the energy difference in the
battery observed from the start of the drive cycle compared to the end of the drive cycle:

ALpuss =W - (SOCtzo - SOCt:md) + Elo:.v,chﬂrgz'ng =
Wear - (SOCt:O - SOCl:em{) + (1 - 77) * Whan - (SOCz:O - SOCt:end) -
War - (SOC,:() - SOC:iend) ’ (2 - 77)
(3.10)

As indicated by Eq. 3.10, in addition to the SOC swing of the battery is also the loss
generated when restoring the SOC to its initial value included. This is true independent of
the sign of AEy,,;, i.e., the energy and related charging/discharging losses are compensating
the total energy consumption of the vehicle. It is assumed that the SOC is restored by
means of static AC charging. The efficiency used when calculating the losses related to
charging differs between the ETSs. The AC charging efficiency of the FIETS is based on
the experimental measurements presented in Chapter s, in particular the data presented in
Fig. 5.2 which shows both AC to DC charging efficiency as well as DC to DC charging
efficiency. The difference between these two is the inclusion of the conversion from AC to
DC which is accomplished by an active front end converter. The same difference is added

to the efficiency of the DC-DC converter model, shown in Fig. 3.8, used by the HSETS
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and LSETS, in order to emulate charging from the AC grid. The maximum achievable
efficiency is assumed, which might not be reasonable in reality as the maximum efficiency
is reached at a relatively high-power level. Static charging from the grid is usually taking
place at around the lower tenths of kilowatts. If the SOC is higher at the end of the drive
cycle, the maximum efficiency of DC charging is assumed as the net increase of energy of
the battery is achieved by the ERS, which is DC.

It should be noted, though, that if the drive cycle is sufficiently long, the AE},,; term
of Eq. 3.9 becomes negligible compared to the Eggs term, which is the energy supplied by
the ERS.

3.1.6  Driver model and Power Flow Control

The input to the vehicle model - including driver model - is a time series containing vehicle
speed set point and slope angle of the road, as per Fig. 3.1. The driver of the vehicle is
modelled with a PI-controller with purpose to keep the speed error at a minimum. The
output of the driver PI-controller is a torque reference sent to the vehicle model. Depending
on ETS topology, the traction drives supply the requested torque within its limits as shown
in Fig. 3.3. If a negative (braking) torque is requested which exceed what the electric
machines can supply, the friction brakes assist in retarding the vehicle. The HSETS and
LSETS, and when the FIETS is not connected to the ERS, the requested torque from
the driver model is split between the two machines according to the following relation for
positive torque:

Tan = min(Tan s Thae) (3.11)
Thp = max(0, min(Tyn,,,, The — Ton,,,) (3.12)

where 77, denotes the torque reference to each of the machines, 77,

referenced by the 'driver’, and 7}y, , is the available maximum torque at the current rota-

is the traction torque

tional speed, illustrated by the dashed line in Fig. 3.3. In words, Eq. 3.11 - 3.12 means that as
long as one machine can sustain the torque referenced by the ‘driver’, that machine alone
will supply the requested torque. Should the torque reference exceed the one machine’s
torque limit, the other machine is referenced with the remaining torque. Of course, which
machine that is prioritized can be changed for thermal management purposes. Another
way of distributing the torque between the traction machines is to at each operating point,
i.e., speed of the vehicle, choose the combination of torque references that generates the
least amount of losses. This control strategy is however not used in this study. As the trac-
tion drives are a part of the energy transfer system from the ERS to the battery as well as to
the wheels in the FIETS, the distribution of torque is handled differently when the vehicle
is connected to the ERS. Equation 3.13 illustrates based on what parameters the torque
is distributed between the two machines. Based on charging requirement and the current
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Figure 3.10: The switch box modelled with a Matlab Stateflow state machine.

traction requirement, the torque is distributed accordingly between the two traction drives,
generally according to Eq. 2.1-2.2, see also Fig. 3.9.

T*M 1
- f( T:;actiom P*

charger ERSavailable, SwitchBoxState) (3.13)
Thn

The LSETS and FIETS comprise a device that allows the traction drives to, electrically,
disconnect and connect to different sources of energy supplies; a switch box. In reality, the
switch box connects the different inputs (ERS, battery, AFE) to the two traction drives.
The model of the switch box, as illustrated in Fig. 3.10, is rather different as it could be
interpreted that the power of the traction drives is fed to the battery and/or ERS. This is
not the case but rather, based on ERS availability, the actual power of each traction drive is
set equal to either supply. Hence, it is of necessity to limit the power of the traction drives
to be within the limits of what the ERS and/or battery can provide/sink. As the switch box
has a limited number of bi-stable states, it is conveniently modelled with a state machine.

In the FIETS, depending on mode of operation, the power consumed (or provided)
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by the machines is fed from either, or both, supplies. The mode of operation is primarily
defined by whether ERS is available or not; if ERS is not available both traction drives are
connected to the battery. If ERS is available, generally one, or under certain circumstances
both, traction drives are connected to the ERS depending on charging demand. If SOC
is above a certain level and ERS is available, charging is not prioritized; the traction drives
operate directly from the ERS in order to minimize conversion losses and reduce battery
wear. Depending on the total auxiliary load, the battery will at some point eventually need
to be charged whereupon the switch box reconfigures to feed power from the ERS. Another
reason for reconfiguring the switch box is thermal management of the machines since, in
a charging situation, one of the traction drives operates at a higher power level since that
traction drive supplies both traction and charging power. When a machine is overloaded
(see Section 3.1.2) the tasks of the machines are interchanged, i.e., the machine that was
connected to the battery connects to the ERS and vice versa.

The purpose of the switch box in the LSETS differs somewhat from what is elaborated
above regarding the FIETS. In this case, the purpose of the switch box is only to facilitate
the connection of the traction drives to the ERS whenever ERS is available.

Yet another aspect that imposes reconfiguring of the switch box is whether the regen-
eration of braking power is to be made possible when the vehicle is connected to the ERS.
Since it is assumed that the ERS cannot receive power, regeneration of braking power is not
possible while the vehicle has its traction drives connected to the ERS. This can be mitig-
ated by letting the switch box reconfigure whenever negative traction torque is requested so
that the traction drives are connected to the battery in order to regain the kinetic energy of
the vehicle rather than just generating heat in the friction brakes. Depending on the nature
of the drive cycle, the number of switching events is expected to increase significantly, al-
lowing the switch box to rearrange whenever negative traction torque is requested. This
naturally has its implications on the lifetime on the switching devices. In this thesis the ex-
perimental verification is made with switches of a mechanical kind that do have a certain life
expectancy. Notwithstanding this consequence, there is expected to be a trade-off between
the positives of reducing the energy consumption due to enabling regenerative braking to a
greater extent, and the negatives, reducing the lifetime of the switching devices. In order to
compare the effect of regeneration of braking power while on an ERS, a control approach
which will not reconfigure the switch box at negative traction torque requirement in order
to minimize switching events as well as an approach that does just that will be investigated.
Hereinafter these two control strategies will be referred to as:

* Minimum Switching Control, MnSw, which will not reconfigure the switch box at
negative traction torque,

* Maximum Regeneration Control, MxRe, which will reconfigure the switch box at
negative traction torque in order to minimize energy consumption.

In order to model the switching event of a traction drive from one supply to another,
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Figure 3.11: Non-isolated charger where the arrows indicate a possible galvanic path for common mode current due to the
parasitic capacitance in the TVS.

an interruption of torque to the mechanical transmission, and further the wheels, of 0.6 s
is introduced whenever this occurs.

3.2 Power electronics modelling

The different ETS solutions studied in this thesis all affect the separation of the two galvanic
systems related to the ERS and the battery. It is thus of interest to understand how these
interact from an electric dynamics point of view. This is the motivation of the part of power
electronics modelling described in this section. In this section all three ETSs presented in
previous sections are not included but rather are these models based on the developed
experimental setup of the FIETS. Besides being capable of isolated energy transfer, which
is the main idea of the FIETS, the practical setup can easily be altered so that non-isolated
energy transfer can be achieved, making it possible to compare how the isolation interface
might affect certain aspects of the electrodynamics.

The charging system is modelled on a more detailed level than the vehicle and drive
cycle modelling described in the previous sections. Here, the purpose is to quantify the
impact of galvanic isolation between the charging supply and the TVS on-board the vehicle.
The charging system is modelled in Matlab/Simulink with Plecs [70] which is an add-on
for electronic, thermal, and mechanical modelling and simulation. A variable time solver
is used, with an average time step size in the region of 1-100 ns depending on model
complexity. A static AC-charging scenario is modelled where the FIETS, with its galvanic
isolation approach, is compared to a non-isolated on-board charger. Both these approaches
to static charging are validated experimentally, see Chapter 4. A summary of the electrical
characteristics is shown in Table 3.1.
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Figure 3.12: Isolated charger where the two machines breaks the circuit for the common mode current through the TVS
parasitic capacitances.

Table 3.1: Electrical characteristics .

Cjﬂ{lr,/mttery 100 nF/pole

Qar,trn 7 nF/phase
Sfow,AFE 10 kHz

Byt AFE 2.5 ps
ﬁw,fm 10 kHZ
t/zt,fm 25 us

The circuit of the following charging systems do not feature an earthed-minus pole
system, such as elaborated on in Chapter 2 and shown in Fig. 2.1-2.2. Instead, the circuits
shown here are based on the experimental setup developed of the FIETS.

A non-isolated charger solution is shown in Fig. 3.11 where the grid is illustrated by a
three phase voltage source and the non-isolated on-board charger by an AC to DC con-
verter. The TVS is reduced to only battery which is illustrated by a DC voltage source and a
resistance. The parasitic capacitance is lumped together to one capacitor connected to each
pole on the DC-link, closing the path for the common mode current. The common mode
current originates due to the switching of the AC-DC converter, which makes the DC-link
common mode voltage fluctuate with respect to ground with an amplitude equal to half
the DC-link voltage, see Fig 2.3. In the experimental setup, the parasitic capacitance of
the battery emulator is measured to approximately 100 nF per pole. Details on the battery
emulator can be found in Appendix A.1.

In order to break the circuit for the common mode current a galvanic isolation interface
is introduced in the shape of two back-to-back connected machines, see Fig. 3.12. Con-
sequently, new parasitic capacitances are possibly introduced on the ’primary’ side of the
galvanic isolation interface. However, these are on a smaller scale than what is expected
to observe in a physically large TVS on-board a vehicle. The parasitic capacitance of the
electrical machine is measured between one of the phases and the chassis of the machine to
approximately 20 nE which would equate to approximately 7 nF per phase.

37



The detailed circuitry of the two different charging solutions is shown in Chapter 4
and Appendix A.4. The passive and active components of the circuits are available in the
Plecs library where the AC-DC/DC-AC converters are modelled by a three phase IGBT
converter with data specified by the converter used experimentally, the ’Semikron SKAT 42
GD12’ (all the converters are the same device in the experimental setup except battery emu-
lator, see Chapter 4). The IGBT converter model can be specified with a certain forward
voltage drop and conduction resistance in the IGBT and anti-parallel diode. Furthermore,
if loss analysis is the objective, turn-on and -off loss and conduction loss can be specified.
The machines are a permanent magnet synchronous machine specified as similarly as prac-
tically possible to the machines used in the experimental setup.

The control algorithms are implemented in the model in a similar fashion to what
is implemented in the experimental setup. The control of the active front end converter
(AFE) differs somewhat in the two different charging scenarios; in the case where it is used
as a non-isolated charger, Fig. 3.11, it is current controlled since its output is connected to
a voltage stiff battery model, whereas in the case where it is used as a DC-voltage source
for one of the traction drives, Fig. 3.12, it operates in constant DC-voltage mode. In the
latter case the DC-voltage control loop is an outer loop to the current control loop that are
similar in both cases. Amplitude invariant Park transformation is used for transformation
to the synchronous rotating frame whilst the current controller is a PI-controller with feed
forward of the cross-coupling term and resistive voltage drop. The latter terms are shown
in Eq. 3.14 and 3.15, displaying the direct and quadrature voltage components of a generic

three phase load.

. d. .
ug =R -ij+ Lm’j;l”/ —w-Ly-i, (3.14)
. d . :
uq:Rf'lq—'_Lqufq"i_w'(Epm‘f“ld:ﬂ{'lﬁz) (3.15)

where subscript & and ¢ denotes the direct and quadrature components respectively. R
() and L, (H) is the stator resistance and inductance respectively whilst w (rad/s) is the
angular frequency and ¥y, (Vs) is the linked flux. Furthermore, both cases utilize sinusoidal
modulation with a switching frequency of 10 kHz and a blanking time of 2.5 ps.

The grid voltage angle is pre-determined based on the angle of the source, i.e., the angle
is not deduced on-line as is the case in a real application. The model can be fed with voltage
from an ideal, three-phase, voltage source as well as a source supplying the measured no-
load voltage. The no-load voltage is measured at the outlet supplying the experimental
setup. This is done in order to observe how the imperfections of the grid voltage might
affect the harmonic content of both differential and common mode current. The sampled,
no-load, voltage and its harmonic content is shown in Fig. 3.13 where, particularly, a 5th
and 7th harmonic is apparent. This kind of harmonic content likely originates mainly from
rectification [71], [72] in the grid in the vicinity of the laboratory facilities.
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Figure 3.13: The real grid voltage, line to neutral, and its harmonic content.

The control of the two electrical machines shown in Fig. 3.12 consists of an inner current
control loop and an outer speed control loop (only one machine operates in speed control).
The current controller consists of a PI-controller with feed forward of cross coupling term
(Eq. 3.14, 3.15) and resistive voltage drop. The switching frequency and blanking time is 10
kHz and 2.5 ps, respectively.

The model of the inductance used between the voltage source and AFE, is based on the
one used in the experimental setup. The inductance is dependant on the curreng, i.e., the
inductance decreases with current. At the current levels investigated in this thesis, the cores
do not approach saturation.

All the cabling of significant length in the model are modelled including a resistance and
inductance per meter. Although, both Fig. 3.11 and 3.12 shows a return path of the common
mode current through ground. This is not completely true as the return path, at least in
part, is through the cable shield, which is not a perfect conductor. Due to the impedance
in the cable shield, the common mode current flow in the shield may be reduced.

3.3 Chapter summary

This chapter presents the method of modelling the systems included in the vehicle ana-
lysis. This includes the major sub systems of the TVS; the electric machines and their
converters, the energy storage and DC-DC converter, and so on. Furthermore, the dif-
ferent philosophies with regard to the control of torque and power on-board the vehicle is
also presented.

In addition to the modelling of the vehicles and their related components, the power
electronics related to the energy transfer from the grid to the battery is modelled in order
to evaluate the impact of parasitic capacitance at the TVS.
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Chapter 4

Experimental setup

4.1 Introduction

As two of the three different types of ETS (HSETS, LSETY), presented in Chapter 2, adap-
ted for energy transfer from an ERS are considered the more conventional approach than
the third (FIETYS), the latter is the chosen one to be evaluated experimentally. Several as-
pects are of interest when evaluating these types of ETSs, the main points are stated below:

* Charging efficiency

— DCto DC
— ACto DC

* Dynamic behaviour when switching supply

¢ Common mode current

Besides the outcomes of the specific properties above, the tests also provide data for
further analysis of the other two ETSs by obtaining an efficiency map of the electrical
machine and its converter. This chapter firstly covers the design of the hardware in the
experimental setup as well as tools used, followed by the software governing the control of
converters and other systems. The result of the measurements is presented in later chapters
in relation to where the outcome is used for further analysis.

4.2 Hardware

An overview of the experimental setup is shown in Fig. 4.1. Two active front end (AFE)
converters are utilized as DC voltage sources where one is connected directly to the grid
whilst the other is fed by an isolation transformer. The reason for the latter is that in
order to emulate a battery, the supply is required to be galvanically separated from the grid.
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Figure 4.1: Block diagram of the experimental setup of the FIERS powertrain. The dashed line indicates an additional layer of
electrical insulation.

Table 4.1: Details of the main components in the experimental setup.

component info
a | Grid connection 3 ~ 400V 63A
b | Transformer ASEA, 380/330V, 180 kVA
Battery emulator/
c Semikron SKiiP 513GD172-3DUL
AFE
Grid interface/
d Semikron SKAI 42 GDI12
AFE
e | Switch box LTH design
f | Traction converter Semikron SKAI 42 GDI12
Traction machine Commercial 180 kW Permanent Magnet Synchronous Machine
Mechanical transmission Commercial heavy vehicle transmission
i Flywheel 21000 mm, 610kg rotating mass

Two identical traction drives (converter and electric machine) are attached to a mechanical
transmission suited for heavy vehicles. A switch box is installed between the AFEs and
the traction drives, enabling the traction drives to independently connect to either supply.
Mechanically, as shown in Fig. 4.1, additional electrical insulation is required of the switch
box, the converters and the electrical machines. The practical implementation of this is
shown in Appendix A.2. A list of the main components are presented in Table 4.1.

Each of the AFEs are installed in a separate cabinet with their own control equipment
which is based on a National Instruments compactRio (cRio) [73] device. Another cabinet
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Figure 4.2: Electrical cabinet containing the switch box (lower part), the traction converters (behind the switch box) and
control equipment (upper part).

is dedicated to the traction converters and switch box and their pertaining control equip-
ment. Both traction converters and the switch box, are controlled by a single cRio unit
equipped with appropriate I/O modules. The switch box contains 12 electromechanical
switches in groups of three, one for each pole and one for the cable shield, making it pos-
sible to connect either of the traction drives to either of the supplies. The switch box also
contains current and voltage measurement on all four of the inputs/outputs. In order to
fully comply with the requirement that the converters, switch box and machines should
be double isolated, as indicated in Fig. 4.1, the I/O signals between said devices and the
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(b) The experimental setup in non-isolated energy transfer mode.

Figure 4.3: Simplified schematics of the experimental set up in isolated (a) and non-isolated (b) energy transfer mode.

cRio are optically isolated. The cabinet containing the switch box, traction converters and
control equipment is shown in Fig. 4.2.

A block diagram of the electrical schematic of the experimental setup in both isolated
energy transfer mode and non-isolated energy transfer mode is shown in Fig. 4.3. The
circuit contains a switch that can connect the chassis of the components "upstream’ of
the galvanic isolation interface to ground in order to be able to emulate a static charging
scenario when, typically, protective earth is connected to the chassis of the vehicle. When
said switch is open, the chassis of the filters, converters and electric machines are floating
with respect to ground.

As shown in Fig. 4.3, two filters are installed in between the grid and the AFE, firstly
an EMI-filter for attenuation of high frequencies and secondly a LC-filter for smoothing
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Figure 4.4: The LC-filter (a) with its Y-connected impedances with either pole of the DC-link as the start point, and the phase
impedance (b), Z.

of the phase current and also lower the common mode voltage fluctuation of the AFE. The
EMI-filter is a bought component (its schematic can be found in Appendix A.3) whereas
the LC-filter is an in-house design, shown in Fig. 4.4. The chassis of both the EMI-filter
and LC-filter are connected to the chassis of the AFE, referred to as the "floating chassis’.
The floating chassis is connected to the mid-point of the DC-link in the AFE (internally of
the Semikron converter) by a capacitive/resistive voltage divider (see the schematics of the
AFE and EMDs in Appendix A.4). The three 600 pF capacitors connected between each
of the phases and the chassis of the LC-filter are not actual capacitors, but rather parasitic
capacitances measured with a LCR-meter [74]. The purpose of the capacitive part of the
LC-filter, Fig. 4.4(b), is to decrease the common voltage swing of the AFE which would
force a common mode current through the parasitic capacitances. The star point of the
phase impedances in Fig. 4.4 creates a virtual neutral point which when connected to the
DC-link, +/- respectively, limits the common mode voltage and thereby also the common
mode current. The purpose of the L-part of the LC-filter is to low-pass filter the phase
current at, mainly, the switching frequency (10 kHz).

All of the converters in Fig. 4.1 except (c) and the electric machines are liquid cooled
and in order not to create a galvanic connection between the devices a mineral oil is used
as cooling media. An external pump is installed to maintain a constant flow and an oil-to-
air heat exchanger is connected in series with all the devices in the cooling circuit. A fan
mounted at the heat exchanger starts when the cooling media exceeds a certain temperature.

The mechanical transmission used is a commercial ’off-the-shelf” product intended for
heavy vehicles with two input shafts and one output shaft. The gearing ratio of each of the
inputs vs. output are 3.67 : 1 and 3.52 : 1 respectively.

A flywheel, Fig. 4.1(i), can be attached to the output shaft of the mechanical trans-
mission in order to be able to transfer net energy from the grid to the output shaft. The
mass is approximately 600 kg and both a friction brake as well as a retarder is used to brake
its rotation if necessary. Not all experiments required the flywheel to be attached and a
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Figure 4.5: Overview of the experimental setup with the flywheel in the foreground followed by the mechanical transmission
and electrical machines. In the background are the electrical cabinets containing governing safety system, power
electronic converters and their control equipment and filters.

maximum rotational speed of approximately 700 rpm of the flywheel limits the use fur-
ther. A photo showing the machines, gearbox and flywheel is shown in Fig. 4.5. Due to
the limited maximum rotational speed, which is lower than the operational window of the
retarder, stationary experiments with a significant amount of power supplied to the output
shaft of the mechanical transmission is not possible.

The battery emulator is similar to the circuitry of the AFE and its filters towards the
grid; the main difference being an isolation transformer that is connected in between the
grid and the LC-filter and further the converter. See Appendix A.4 for a more detailed
schematic.

4.3 Software

National Instruments (NI) compactRio (cRio) systems are used for all programmable logic
in the experimental set-up. The cRio is based on an FPGA through which the I/O can be
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Figure 4.6: The control structure of the electric machines. The supply of the DC-link have been left out of the figure.

accessed. Further logic can be implemented on what NI refers to as the 'Real Time’ unit
which is suitable for less time critical tasks. A third level on which logic can be implemented
is the user PC to which the cRio is connected, consequently the software running on the
user PC should only be used for visualizing and observation. Signals can easily be passed
through each of these three layers.

Each of the power electronic converters in the experimental set-up in this thesis work
follows basically the same structure where the sampling of 1/O channels, current PI-controller,
and generation of PWM signals are implemented on the FPGA since these tasks are of high
priority and time critical. Other functionality is generally implemented on the Real Time
target. It should be noted that the control software of the AFEs is not implemented by
the author of this thesis, therefore focus will be put on the control software of the electric
machines and switch box.

4.3.1 Electric machine control

At the very lowest level of the motor control is a PWM-generator which use a carrier wave
of 10 kHz and three reference voltages to create said PWM signals, see 'PWM generator’
in Fig. 4.6. In turn, the reference voltages are generated by a vector current controller in
the rotating reference frame. The current controller is a PI-controller with anti wind-up
with regard to the available voltage on the DC-link. The starting point for tuning the gain
in the proportional and integral parts of the PI-controller is based on methods available in
literature [75], [76]. Some manual tuning is performed on top of the starting point in order
to achieve an adequate response and stability of the current. Emphasis is put on stability
rather than rapid dynamics due to the nature of the experiments.

In order to not only be able to control the machine by specifying the direct (d-) and
the quadrature (q-) currents explicitly, further layers of outer control loops are added, as
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Figure 4.7: The DC-link voltage and speed control structure of the electric machines.

illustrated by Fig. 4.6-4.7. The torque control is an open loop control scheme where a
requested torque is translated into a current combination of d- and g-currents by means
of a look up table provided by the electric machine manufacturer. The look up table has
two inputs, torque reference and stator flux linkage, ¥, where the latter is estimated by the
rotational speed, w, and DC-link voltage, Upc, and a constant, K, representing the safety
margin so that overmodulation does not occur, see Eq. 4.1.

" Upc
vr = 3w K (4.1)
A further outer loop is either the rotational speed control loop or the DC-link voltage
control loop that are both closed loop Pl-controllers, as shown in Fig. 4.7. The output
of the speed control loop, a reference torque, is fed directly to the torque-to-current look
up table whereas the output of the DC-link voltage controller is the reference DC-current
at the DC-link capacitor. In order to specify a combination of d- and g-currents the DC-
current reference has to be converted to a torque request as the torque-to-current conversion
is always active in the control scheme. This is done by using the relation of power balance,
see Eq. 4.2

Ipc-Upc=T w= T:]DCT(]DC (4.2)
where the left hand side of the equation is the electrical, DC, power whereas the right hand
side is the mechanical power. This relation is naturally only true if losses are neglected. In
turn, this leads to that the output of the PI-controller should be multiplied by Upc and
divided by w in order to obtain the reference torque. In the implemented control algorithm
only the division of w is performed, the operation is seen in between the 'DC-link voltage

control’-block and the control mode switch in Fig. 4.7.
The speed controller consists of a PI-controller with feed forward of the torque request
of the other machine (as the machines are counter-rotating, a sign conversion is not ne-
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cessary). The reason for feed forwarding/cross coupling of the torque is that in several of
the experiments, power is circulated from one traction drive to another by allowing one
drive maintaining a constant rotational speed and whilst the torque is varied on the other
machine. Both machines are not allowed to operate in speed control simultaneously. The
DC-link voltage control loop is necessary in order to enable the switching of supplies dur-
ing operation as the two different supplies most likely do not have the same voltage. The
DC-link voltage is controlled by a PI-controller which cannot be in operation unless the
converter is disconnected from either supply, i.e., the DC-link of the converter is electric-
ally floating.

4.3.2  Switch box and switching sequence

The electromechanical switches, contactors, of the switch box is controlled by digital output
signals from the cRio with a relay driver to feed current to the coil of the contactor. Apart
from the main contact of the device, it also features a normally closed help contact, which
is used to ensure that two pairs of contactors cannot close simultaneously, i.e., the help
contact of the devices connecting the battery supply is used to break the coil feeding circuit
of the ERS supply and vice versa, see Fig. 4.8. The contactor of the cable shield is controlled
by a separate control signal whereas the plus and minus pole contractors are controlled by
a common control signal. The reason for this is to ensure that the cable shield connection
(which is connected to the floating chassis) at all times is connected when the plus/minus
poles are. This is achieved by a kind of blanking; when a converter is required to connect
to one of the supplies, firstly the cable shield is connected and a certain time later, the poles
connect. When disconnecting, the same procedure is followed the other way round. As
the contactors are mechanical and the fact that there is a relay driver in between the digital
output and the coil of the contactor, a propagation delay is expected.

The propagation delay of a turn-on scenario is shown in Fig. 4.9, where it is seen that
there is a small delay between the digital output of the control system and the output of the
relay driver, dotted and dashed lines of Fig. 4.9. The largest part of the total propagation
delay is, however, seen between the dashed and the solid line of Fig. 4.9, which illustrates
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Figure 4.9: The activation of the electromechanical contactor and its propagation delay.

the time delay from where the current starts to flow through the contactor coil to when
it actually overcomes the spring load and closes the circuit. The total propagation delay is
taken into account when considering the turn-on of the contactors as part of a sequence.
Turn-off of the contactor is not related to the same amount of propagation delay; the turn-
off occurs within a couple of milliseconds form the instance the digital output goes low.
A software sequence is developed so that the whole sequence of disconnecting from one
supply and connecting to another can be triggered by one signal alone. A detailed step by
step explanation of the sequence follows below. The starting point is that both machines
provide torque to accelerate the vehicle (=flywheel) when the sequence is initiated.

1. Reduce the torque to zero on the machine to be switched whilst the other machine
is referenced with a higher torque to maintain total tractive torque. The torque is
ramped up/down in order to smooth the process.

2. Wait until the DC current of the converter feeding the machine to be switched (as
measured by a sensor inside the switch box) is close to zero.

3. Disconnect the converter to be switched from the supply.
4. Enter DC-link voltage control mode of the converter to be switched.

5. Wait until the voltage of the DC-link of the converter to be switched matches the
voltage of the supply to be connected. The DC-link voltage of the converter is in-
ternally measured by the converter whereas the voltages of the supplies are measured
by sensors inside the switch box.

6. Connect the converter to be switched to the new supply.
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Figure 4.10: Torque reference (a) and stator current (b) as function of rotational speed during the switching event where the
machine operates in DC-link voltage control. The ‘bars’ of data points represent switching from low to high and
from high to low.

7. Return both machines to their initial torque value.

The intention is to be able to perform the above sequence within the time a normal gear
change would take, meaning well less than 1 s.

Fig. 4.10 shows the torque reference and stator current as a function of rotational speed
of one machine during the switch sequence where it is operating in DC-link voltage control
mode and alternating between the two supplies, set at 550 V and 650 V respectively. As
the rotational speed of the machine is more or less constant during a switching event, each
’bar’ of data points of Fig. 4.10a represents two switching events of the traction drive, from
its original supply to the other, and then back to its original. At approximately 1000 rpm
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it is clearly seen that there is one group of points above zero torque and one group below.
The former represents when the DC-link voltage is decreased, i.e., energy is taken from the
DC-link and provided to the output shaft of the machine, whilst the latter represents the
event where the DC-link voltage is increased. As the rotational speed is increased while
performing the switching sequence it is seen that, 1) the average torque reference, whether
increasing or decreasing the DC-link voltage, is increasing and, 2) the difference in torque
set point with respect to increasing or decreasing the DC-link voltage is decreasing (the
’height’ of the bars is decreasing with increasing rotational speed).

The reason for the average torque set point increase with rotational speed is not com-
pletely understood. However, it could depend on the following. The effect becomes most
prominent when the machine enters its field weakening operation range which means a
direct (d—) axis current is fed to the machine in order to suppress the induced voltage,
as shown in Fig. 4.10b. Should the rotor angle measurement not be perfectly calibrated,
a d—axis current set by the controller will create a g-axis current as well, i.e., creating an
active power flow in to or from the DC-link capacitor. This is made very obvious when
the machine is rotating while the DC-link of its converter is not connected to a supply
since it is easily observable when the DC-link voltage changes. However, the reason for
the increased average output when entering field weakening cannot be fully explained by a
static angular error between actual electrical angle and measured angle. Fig. 4.10a suggests
that the average torque output, which would correspond to the torque reference required
to keep the DC-link voltage constant when the DC-link is electrically floating, starts to
significantly increase as the field weakening current is increased. This could suggest that
the phenomenon seen here is due to the copper losses incurred in the stator windings by
the field weakening current and that a certain amount of (mechanical) power is required to
compensate. However, should this be the case, the average torque should be negative as mo-
toring references are used here, i.e., positive torque generates energy flow from the DC-link
to the electric machine. It should be noted, though, that the absolute value of the torque
reference is small compared to the nominal torque of the machine which is approximately
450 Nm. Another possible reason for the behaviour shown can be not perfectly calibrated
current measurement. To sum up, the reason for the behaviour shown in Fig. 4.10a is not
fully understood. However, in order to handle this kind of imperfection, a feed forward
term is added to the output of the DC-link voltage PI-regulator so that the integrator part
of the controller does not have to compensate for a large error from the initiation of the
switching sequence. The feed forward terms’ dependence on the rotational speed can be
practailly solved in a number of ways. One option is to fit a mathematical expression to
the "average’ value of the torque reference and add this as a feed forward term. Another
option is to store the I-part of the controller at every switching event and use this value as a
feed forward term when another switching event occurs at, or nearby, the same rotational
speed.

The reason for the decreasing height of the torque data point ’bars’ of Fig. 4.10a is
explained by what is elaborated on regarding Eq. 4.2. The balance of electrical power at
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Figure 4.11: Measurement set-up of the AC charging efficiency. ‘1" and ‘I’ shows where the input and output power are
measured respectively.

the DC-link and mechanical power of the electrical machine is used in order to adapt the
output of the DC-voltage controller, which is a DC-current, to a torque set point. As the
rotational speed is increased the amount of torque required to alter the voltage of the DC-
link capacitor is decreased if a certain DC-current is referenced by the controller, i.e., this
behaviour is expected.

4.4 Preparations of Measurements

The following section outlines the method and set-up of equipment in order to perform a
number of measurements.

4.4.1  Charging efficiency

Energy transfer from an ERS to the battery with the FIETS amounts to a number of con-
versions of power, justifying the effort to perform this study. The electrical power supplied
to or provided by the electrical drives is measured by a Newtons 4th, PPAssoo power ana-
lyser [77], equipped with a LEM6 current transducer interface [78] and MACC Plus 2
current transducers [79]. A total of three channels (voltage and current) can be measured
simultaneously.

In order to determine the maximum charging efficiency, the charging power is evaluated
over a range of combinations of rotational speed and torque of the electric machines. This is
achieved by operating one of the machines in constant speed mode and the other in torque
control mode. At each speed, the torque of the other machine is increased from zero until
the power limit is reached. The rotational speed is evaluated in steps of 500 rpm and the
torque in steps of 20 Nm. At every speed step, the control system and the power analyser
are logging the control signals and input/output power respectively.
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Figure 4.12: Measurement set-up of the DC charging efficiency. ‘I" and ‘I’ shows where the input and output power are
measured respectively.

The set-up of the AC charging efficiency measurement is schematically shown in Fig.
4.11 where the input power is measured at 'T". The DC power at the battery is measured at
the battery emulator ’IT’, the switch box is set in the configuration shown and the flywheel
is disconnected from the mechanical transmission. The AC power is measured with two
channels of the power analyser, using the two-wattmeter-method [80] whilst the DC power
is measured with the third channel of the power analyser. The corresponding set-up of the
DC charging efficiency measurement is shown in Fig. 4.12 where, again, the input power is
measured at I’ and output power at 'II’. The reason for the difference in positioning of the
current sensors is due to a power limitation in the AFE (d) in Fig. 4.1 of approximately 60
kW. Higher power levels are only possible if the traction drives connect to the same AFE
since the AFE then only has to supply the losses of the system. In both cases (AC charging
and DC charging), the DC-link voltage of the AFE’s is set to approximately 750 V. Ahead
of the measurement the system is preconditioned by circulating a significant amount of
power at a relatively high rotational speed in order to, mainly, pre-heat the mechanical
transmission and its oil until steady state is reached at approximately 60 — 65 °C. The
maximum rotational speed of the machines is limited to approximately 7000 rpm due to
the resolver interface used.

4.4.2  Dynamic switching behaviour

The assessment of the switching behaviour is performed both below and above base speed
of the electric machines and in both 'directions’, i.e., the DC-link voltage of the traction
converter is required to change from a high voltage supply to a lower voltage supply and
vice versa. The control system itself is used for data acquisition.

The below base speed measurement is performed at approximately 1000 rpm during
acceleration with the flywheel connected to the output shaft of the mechanical transmis-
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manually earthed. The traction drives and mechanical transmission are intentionally left out of the figure.

sion. Both traction drives are initially electrically connected to one of the supplies and are,
sequentially, set to alter to the other supply. As the switching sequence is completed in
a short amount of time, the rotational speed does not change significantly during the se-
quence, this is illustrated by the ’columns’ of data points at certain rotational speed of Fig.
4.10.

As the rotational speed is increased to above base speed, approximately 6000 rpm,
the DC-link voltage is also lowered in order to operate the machine even further into the
field weakening operation region. At such speed the flywheel cannot be connected to the
mechanical transmission and as such, one of the machines are set to operate in constant
speed mode whilst the other performs the switching sequence.

4.4.3 Common mode current

The common mode current is measured by using a GMC-I Prosys CP30 [81] current clamp
where possible and where limitations due to cable size or similar arise either a Fluke i3000s
rogowski current probe [82] or a Fluke 80i-1000s AC current probe [83] is used. The current
probes are connected to a Picoscope 4824A [84] sampling at 20 MS/s. The measurement
points are shown in Fig. 4.13 where the switch box is arranged according to either of the
thick dashed lines. The upper dashed line is active when isolated charging is performed
(the traction drives, and mechanical transmission are still part of the set-up but left out
of the illustration for readability purpose) as the electrical power is circulated through the
machines whilst the lower thick line is active when non-isolated charging is performed. The
grey lines in the illustration shows the floating chassis that can be manually connected to
earth by the switch at the bottom right. The reason for having said switch is to emulate a
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scenario when statically charging as the vehicle normally is connected to protective earth
and where a significant amount of parasitic, common mode, current will trip safety circuitry
[85].

As non-isolated charging is emulated the lower dashed line is active and the battery
emulator is set in constant DC-voltage mode (as is the default for this converter) whilst
the AFE is set to power/current control. This way the power consumed by the grid is
controlled by the AFE as the DC-voltage is kept constant by the battery emulator. The
current controller of the AFE is configured so that active and reactive power consumed
from the grid can be controlled independently. During the experiment when the common
mode current is evaluated at different levels of grid power, only active power is consumed
by the AFE.

On the contrary, when isolated charging is emulated, the AFE is set to operate in
constant DC-voltage mode. The electric machine converters are set to constant speed con-
trol and torque control respectively. As a constant rotational speed is reached, the power
consumed by the grid is, in effect, controlled by the electric machine operating in torque
control mode.

In order to assess the common mode current at different levels of input power, the
power analyser used for efficiency measurements is connected to the input of the AFE,
measuring the input power.

4.5 Chapter summary

The experimental setup of an ETS concept, chosen among the three presented in Chapter
2, is presented. The ETS comprising integrated charging is chosen since it is deemed the
least conventional approach to dynamic power transfer and most interesting to verify exper-
imentally. A mechanical transmission fitted with two electrical machines to its input shafts
and one flywheel connected to its output shaft constitute the mechanical part of the set-
up. A total of four power electronic converters constitutes the major part electrical setup
where two are controlling the machines and two act as active rectifiers towards the grid,
one emulating a DC-voltage source and one emulating a battery. National Instruments
compactRio with LabView is chosen as the control and data acquisition equipment.

A number of experiment procedures are outlined in order to assess charging perform-
ance, dynamic controllability and parasitic current. The result of the experiments is presen-
ted in the following system validation and analysis chapters.
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Chapter s

System validation and analysis

A system level evaluation is performed in order to be able to assess the performance of the
three different ETSs presented in Chapter 2. The performance in this context refers to the
energy consumption of the vehicle and battery degradation. Beside the ETS analysis, the
placement of the ERS is evaluated from the same performance aspect.

Firstly, this chapter presents the result of the measurements discussed in Chapter 4 and
further elaborates on the post processing of these result. Further, data and characteristics
regarding the vehicles and drive cycles evaluated in this study are presented, followed by
the parameter set that is defined in order to study the difference in performance. Finally,
the result of the system analysis is presented.

5.1 Measurement Results

The result of the measurements presented in Section 4.4.1 and 4.4.2 is presented below. As
the result of both of these measurements have influence on the modelling the post pro-
cessing of the data follows the result.

s.i.1  Efficiency
The measured charging efficiency as defined by

Pou
n=7 : (5.1)

is shown in Fig. 5.1 where it is seen that the power limit encountered when measuring the

AC charging efficiency is limiting the possibility to observe a local maxima of the efficiency.
As for the DC-to-DC charging efficiency higher power levels are achieved and a maximum
of approximately 87% efficiency is showed. It is expected to discover that the efficiency is
lower when AC charging since one more conversion is included. Studying one common
point, e.g., the combination of machine rotational speed at 3000 rpm and torque at 200
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Figure 5.2: Maximum charging efficiency.

Nm for instance, the efficiency of the AC to DC case shows 80 — 81% and the DC-to-DC
case approximately 84%, meaning a power loss of 3-4% in the AFE that is the grid interface.
Fig. 5.2 shows the maximum efficiency achieved at every measured power level as a function
of the input power. Assuming a similar behaviour of the efficiency with respect to input
power, an estimate of the maximum AC to DC charging efficiency is shown. The dashed
line estimate is the DC-to-DC efficiency curve multiplied with a factor 0.955 (representing
an assumed AFE efficiency of 95.5%) in order to match the AC to DC efficiency, reaching
a maximum of approximately 83 — 84%.

This result is important for two major reasons; 1) it directly shows what kind of effi-
ciency one could expect statically charging with the FIETS, both from AC and DC (ERS
or other), and 2) this result is used to extract a detailed efficiency map of the electric ma-
chines and their converters both in motoring and generating mode, see Section 5.1.3, which
in turn is used in subsequent drive cycle simulations.
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Figure 5.3: Switching sequence from high to low - and low to high - DC-link voltage during acceleration; (a) and (b) shows the
torque reference, (c), (d) shows the corresponding measured DC-link voltage and reference for each of the traction
drives whilst (e) illustrates the different states the control algorithm traverse during the sequence and (f) shows the

DC current of each supply.

s.1.2  Dynamics of switching of electrical supply

With the flywheel attached to the mechanical transmission two switching sequences of DC
supply between the battery and the ERS are performed as shown in Fig. 5.3. The sequence
is performed during acceleration of the flywheel with both traction drives set at a reference
torque of 160 Nm. At a certain speed, approximately 1000 rpm machine speed, the se-
quence is initiated and while one of the machines reduces its torque the other increases in
order to maintain the acceleration. The increase of torque in the non-switching machine
can be as large as is required within the maximum limit of the machine. In this experiment
this increase is approximately 30% and mainly done in order to visualize how the sequence
can be executed. When the torque of the switching machine is at zero the electrical con-
nection on the DC side of the converter is opened and the voltage control mode is engaged,
see the small positive torque reference starting at 0.2 s of Fig. 5.3a. Since the DC supply is
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Table 5.1: Switching sequence states.

Action Condition to continue
I Set current to zero Current within zero margin
I Dead time before release of DC-link contactor | -
III | Release DC-link contactor Contactor released
IV | DC-link voltage control DC-link voltage within set point limit
\% Close DC-link contactor DC-link contactor closed
VI | Dead time before torque control engaged -
VII | Torque control engaged -

disconnected the voltage of the DC-link capacitors drops when applying a positive torque
to the machine. When the DC voltage is within range of its set point the electrical con-
nection on the DC side of the converter closes and torque ramps up and the sequence is
repeated for the other machine. Similarly, Fig. 5.3b shows when the voltage is increased
by applying a small negative torque to the machines when electrically disconnected, i.e.,
taking some of the rotational energy of the rotating mass to increase the energy (voltage) of
the DC-link capacitors. Fig. 5.3e shows the states of the control algorithm that is executed
at each instance in time, each state is explained in Table s.1. It should be noted that there is
no feedback of the status of whether the DC-link contactors are closed or open, but rather
a certain amount of time is allowed to pass before the sequence is allowed to continue after
an open/close command to the contactors. As shown in Fig. 4.9, approximately 20 ms is
required from the activation of the digital output until the contactor circuit is closed.

In both cases, either increasing or decreasing the DC-link voltage, the total amount
of time from initiating the sequence to the point where both machines are at the torque
level at which they were before the sequence started, is approximately 1.2 s. It is clear that
this time can be shortened by increasing the slope of which the torque reference is changed
and also by decreasing the dead times before voltage control and further back to torque
control mode is engaged. One method to shorten the sequence time duration is to design
the circuit so that the propagation delay of the DC-link contactors is decreased, for instance
by using solid state devices rather than electromechanical.

With the flywheel disconnected from the mechanical transmission higher speed of the
machines can be achieved, Fig. 5.4 shows the DC voltage and reference of one machine
switching supply at approximately 6000 rpm. Furthermore, the level of the DC voltage
supplies is set to approximately 100 V lower than in the case with the flywheel attached
in order to operate the machines deeper into field weakening. The result shows that the
switching can be achieved in approximately 0.3 s. However, it is discovered that at higher
speed, such as during this test, the DC voltage is more challenging to control.
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Figure 5.4: Switching sequence from low to high and high to low DC-link voltage while machine in field weakening operation.

5.1.3 Post processing

One of the purposes with the experiments performed is to extract an accurate model of the
traction drives to be used in a system concept evaluation with regard to ETS topology and
ERS placing strategy, see Chapter s. In Fig. s5.1b is the energy transfer efficiency through two
machines, one motoring and one generating, and the mechanical transmission presented.
The total losses of the DC-to-DC conversion is expressed by

Py b2 = Pin — Pous (5.2)

as measured in Section s5.1.1. In order to extend the speed/torque map slightly, the input and
output power are extrapolated using the Matlab ’gridfi’ tool [86] to 10000 rpm and 400
Nm respectively. As the loss of the mechanical transmission as a function of input speed and
torque is provided by the manufacturer, the total loss of both machines including converters
can be determined by

P loss, tot,machine+conv — P loss, DC2DC — P, loss, transmission (53)

The total losses of one machine including converter is divided into two parts

Plo::,ind,mﬂc/]ine+conv = P/as:,mU) + P/a::f(w) (54)

where the first term denotes the copper losses, dependant on the current (assuming no
skin effect in the phase windings) and the second term the frequency dependant losses,
dependant on the rotational speed of the machines. The copper losses are calculated by

P/oss,fu(i) =3- Rphﬂse ' lﬁhﬂjg’rm; (55)

where Ry, is measured to approximately 15 mQ) at room temperature, compensated for
at the temperature at which the machines are operating according to R(7) = R,¢- (1 +
Qe+ (T — Thyp)) where o, is the temperature coeflicient of copper. For each stationary
measurement point of the input and output power, the current of each machine is also
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stored, making it possible to calculate the resistive losses individually. The zoza/ frequency

dependant losses can be calculated by

P/as:,tatj(w) = P/o::,tot,mﬂc/]ine+conv - P/o:.r,tot,nt(i) (56)

where the last term is the sum of the resistive losses from both traction drives. As the
machines does not rotate at the exact same speed (as per Section 4.2), the total frequency
dependant losses are distributed between the traction drives at the same ratio as the differ-

ence in rotational speed:

Plo:_v,motlf<w) =0.49 - Plosx,totj(w)
P/o::,gmﬂw) =0.51"- Plo::,totlf(w)

where the subscript 70t and gen denote the motoring and generating traction drive respect-
ively. The total amount of losses for each of the traction drives then become

(5.7)

P, loss,mot — P, loss,mot,cu + P, loss,mot.f ( 8)
S.

P loss,gen — P, loss,gen,cu + 7, loss,gen.f
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Figure 5.6: Efficiency of the experimentally verified traction drive.

As the total amount of losses for each of the traction drives are established, the loss dis-
tribution between the traction drives and mechanical transmission can be deduced. The
resulting distribution is shown in Fig. 5.5. An efficiency map of the traction drive can now
be created by calculating the efficiency of the traction drive in motoring and generating
mode according to

Pmot - P/osx,mot

Mmot = (59)
me
and
P,
gen
Neen = 55— 5 (5.10)
P, gen + P, loss,gen
where P,;5;/gn is the measured power at either the motoring and generating traction drive

and Py,  is the corresponding loss term of Eq. 5.8. The efficiency of the traction drive is
presented in Section 3.1.2 and repeated here for convenience, see Fig. 5.6.

It is desirable to evaluate traction drives of different levels of rated power in the drive
cycle simulations. In order to achieve this, the efficiency map as shown in Fig. 3.3 and 5.6 is
used though the y-/torque- axis is altered in order to match the desired power requirement.
The nominal torque of the machines experimentally evaluated is approximately 400 Nm
and the efficiency map is in this study scaled from 350 Nm to 700 Nm.

The modelling of the switching sequence is made very simple since the level of complex-
ity of the model is on a power and energy level and therefore the dynamics of the DC-link
voltage control and the mechanical switches are omitted. Hence, the switching sequence is
modelled as an interruption of traction torque for the duration of 0.6s whenever a switching
event occurs. The time is chosen on the conservative side as it is shown that the sequence
can be performed in an even shorter amount of time.
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Table 5.2: Vehicle data.

City Bus | Truck
Vehicle mass, M, (tonne) 28 28/40

Frontal area, A, (m?) 7.3 9.4

Rolling resistance coefficient, C, (-) | 0.006 0.007

Air drag coeflicient, Cy (-) 0.79 0.7

# gears (-) 2 3

5.2 Vehicles

Three different types of vehicles are included in this study; a city bus and two different
types of long haul trucks. The focus in this thesis is on heavy transport vehicles since ERS
technology is expected to be utilized with heavy duty road vehicles. The traction machines
and the transmission are both designed for this type of vehicles. Another reason why the
focus is on heavy transport in this study is that differences in outcome with regard to the
performance measures stated above, is most likely emphasized when the power and energy
demand is high, as is the case with heavy vehicles. Furthermore, with regard to the placing
of the ERS and the following consequence whether a vehicle is able to complete the drive
cycle, it makes more sense to let the high power/energy consuming vehicles dictate the
conditions rather than the passenger vehicles if the ERS is supposed to care for the power
and energy supply of all road trafhic.

The data of the vehicles are shown in Table 5.2. The characteristics of the vehicles are
based on typical values found on the current market. The city bus is on the larger/heavier
side of what is typical values for the mass of such a vehicle. Although, a higher mass is
deemed more important to evaluate as the requirement on the on-board energy storage
capacity and/or energy consumption increases as the mass increase. The long-haul truck is
evaluated at two different mass levels; the higher is the typical maximum allowed weight
of a long-haul truck in Europe [87]. The lower weight is based on [88] where it is shown
that in Sweden, for the last ten years (as data is available), the largest amount of travelled
distance is made by long haul trucks in the range of 26 — 28 tonnes.

5.3 Drive cycles

The drive cycle model consists of time series containing the vehicle speed reference value
as well as the slope of the road. The former value is fed to the driver model of the vehicle
model whereas the latter is fed to the road model. Characteristics describing each drive
cycle is presented in Table s.3.

For each vehicle type, a suitable drive cycle is chosen. The city bus drive cycle is sampled
from a real bus route (City bus route number 85 of Gothenburg, no longer in operation)
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containing a great deal of stop-start traffic as well as containing several up and down hills.
The sampled drive cycle travels from A to B, which is why an even number of multiples
of the drive cycle is repeated in order to make the vehicle finish where it starts. A total of
three total runs (three from A to B, three from B to A) are compiled into one single drive
cycle in order to emulate one work shifts worth of duty.

The drive cycle used with the truck, is a long-haul, high-speed, long-distance drive cycle
which travels from A to B and back to A. The majority of time is spent at approximately
maximum speed whilst the altitude variation is high; equating to a demanding drive cycle
for the long haul truck. The distance and time are approximately what can be expected
from two days of work with one driver.

The drive cycles chosen are not what typically is seen in this context, i.e., they are not
standardized drive cycles. They are, however, albeit on the more demanding side, a reason-
able representation of a drive cycle these types of vehicles operate on. A number of drive
cycles have been characterized and compared in [89] where the parameter agressiveness, A is

defined as

A= Z /ti’2 (a-v)dt/s (5.10)
i=1 Vi1

where 2 (m/s?) is the positive (forward) acceleration and » (m/s) the speed of the bus, 7
(-) is the number of positive acceleration periods, #1 (s) and 7, (s) are the start and end
of the i-th positive acceleration period, and s is the distance of the entire driving cycle. As
expected, the aggressiveness is substantially higher in the city bus drive cycle compared to
the long-haul truck drive cycle.

The energy use is presented to give an indication rather than the exact number as it
depends on type of ETS, battery capacity, rating of traction drives and so on. The energy
use associated with the long-haul truck represents the lower mass of the vehicle investigated.

5.4 Parameter sweep

In order to evaluate the performance of the different ETS topologies a number of para-
meters, related to the characteristics of the drive train on-board the vehicle as well as ERS
characteristics, are selected for adjustment. The parameter set is showed in Table 5.4 where
the three ETSs are represented by one column each. The parameters of the truck are divided
into its 28- and 40-ton versions where a difference in data is present. A parameter defined
as, for instance, 140:20:220 indicates that the parameter range is from (and including) 140
to (and including) 220 with a step size of 20.

The bus is evaluated for two different levels of auxiliary load as the HVAC can be a
significant consumer of energy. The two different power levels are set to emulate a scenario
of low and high HVAC power requirement respectively.
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Table 5.3: Characteristics of the drive cycles.

City bus route | Long haul

Umean (km/h) 21 84

Vmax (km/h) 70 89

Vmean, drive (km/h) 24 84

Distance (km) 153 1090

Maximum altitude variation (m) 70 473

Time (hour:min) 7 :10 13:03

ACCray (m/s?) 2.0 1.6

decnae (m/s?) 2.9 3.2

ACCean (M/s?) 0.47 0.02

decean (mls?) 0.36 0.02

A (m/s?) 0.21 0.008

Typical energy use (kWh) 180 1500
0.5} - 0.7
Z 04 12 06)
<, 5| 1< os|

0.4 0.6 0.8 0.6 0.8
Plvl / Pmean (-) Plvl / Pmean (-)
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Figure 5.7: Level of relative ERS coverage, k., as a function of different levels of traction power requirement normalized with
respect to the average traction power requirement. The leftmost figure (a) shows the ERS coverage for the city bus
in the city bus route whereas the rightmost (b), shows the ERS coverage for the truck in the long haul drive cycle.

The k,,; and 4, quantities relates to what is explained in Chapter 2. The £,,, ADA shows
only the minimum and maximum value since the difference between two consecutive levels
of k. is not constant as in the case with 4,,; EQU as it is the tractive power requirement
that determines the exact value of the relative ERS coverage. A total of 11 levels of 4, ADA
is considered as illustrated by Fig. 5.7. The x-axis if Fig. 5.7 relates to the relative traction
power level with regard to the average traction power level above which, the ERS sections
are placed.

Beside the parameter sweep, the city bus is evaluated with two different control methods
as explained in Section 3.1.6 where the effect of maximum possible regeneration of braking
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Table 5.4: Rating of powertrain components and ERS.

Bus
FIETS HSETS LSETS
P,,,/machine (kW) 140 : 20 : 220

Ppc—pc (kW) - 140 : 20 : 220 40 : 20 : 100

Wiare (kWh) 70, 100, 200, 300

P (KW) 2/15

ks EQU (-) 0:0.1:1
deys EQU (km) 1,3,6,10

kerx ADA;
0.26/0.50
min/max (-)

Sers,min ADA (km) 03
Truck 28 / 40 ton

FIETS HSETS LSETS
P,,/machine (kW) 140 : 20 : 220/ 200 : 20 : 280
Ppc—pc (kW) - 120 : 20 : 200/ 180 : 20 : 260 | 40 :20: 100/ 60 : 20 : 120
Wian (kWh) 200 : 100 : 500
P (kW) 4
kes EQU (-) 0.4:0.1:1
dory EQU (km) 1, 3, 10, 30, 100
ke ADA 0.425/0.7
min/max (-)
Sersmin ADA (km) 1

power is evaluated.

s.s Result and discussion

This section presents the result of the simulation campaign with its parameter sweep presen-
ted above. In order to compare the performance of different ETS topologies and/or ERS
placing methods, the result is usually presented in a figure with a surface as a function of
two independent variables from Table 5.4.

A certain outcome of the simulation, be it the energy consumption or distance travelled
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Figure 5.8: SOC of the city bus with the FIETS, P,,, = 180 kW, W, = 70 kWh, on the city bus route, 4., = 3 km, at different
levels of relative ERS coverage.

for instance, can be displayed as a function of any of the parameters in the parameter set. As
itis challenging to illustrate data as a function of more than two variables, it is of importance
to choose the independent variables with care in order to illustrate what indeed affects the
outcome and also in order to reduce the quantity of data to display as the simulation sweep
of each vehicle can be presented by hundreds of figures. Therefore, when the result show
that a certain outcome is not to a great extent affected by one or several parameters, these
parameters are fixed at a certain value. Another reason why one parameter might be fixed
is that its effect on the outcome is expected and straight forward to elaborate on without a
bespoke illustration.

Energy consumption of the vehicle is of great interest to study as one outcome of the
simulation campaign and it is defined as the sum of the energy supplied by the ERS during
the drive cycle and the start to finish energy difference in the battery. At the end of the drive
cycle, if the SOC of the battery is lower than its initial value, the losses related to bringing
the battery back to its initial value is also added to the total energy consumption.

Similarly, to the addition of charging losses to the energy consumption to compensate
for the SOC swing from start to finish of the drive cycle, the cycle ageing of the battery is
taking into account the energy cycle required to bring the battery to its initial SOC.

The chapter is mainly divided into two parts, firstly, the result regarding the city bus is
presented, followed by the two versions of the long-haul truck.

s.s.1  City bus

In order to benchmark the different ETSs with regard to energy consumption and battery
degradation, an approximate equal level of charging performance has to be concluded.
Charging performance in this context refers to the vehicles” ability to complete a full drive
cycle without running out of energy. An illustration of how the SOC changes over the drive
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Figure 5.9: The city bus equipped with different ETSs ability to complete the drive cycle as a function of ERS coverage, k., and
battery capacity, Wy,. P = 180 kW in all three ETSs. The ERS is placed according to the EQU method.

cycle at different levels of relative ERS coverage is shown in Fig. 5.8. When the SOC reaches
15% the simulation is stopped and considered not successful. The ability to complete the
drive cycle mainly depends on the capability of receiving energy from the ERS (limited
by the rated power of the DC-DC converter for instance), the amount of relative ERS
coverage (k,;) and the battery capacity. Fig. 5.9 shows the distance travelled as a function
of the relative ERS coverage and battery capacity. The figure only shows the data points
where the drive cycle is completed. It can be seen that the city bus equipped with different
ETS is able to complete the drive cycle to the same extent when the high-power DC-DC
converter in the HSETS is rated at 140 kW and the DC-DC converter in the LSETS at 60
kW. (The rated power of the HSETS could probably be derated slightly and still perform
on the same level as the others, however, the HSETS is not evaluated with a lower Ppc_pc
than 140 kW.) The FIETS is in this case equipped with traction drives rated at 180 kW
each and it is found that the rated power of the traction drives does not affect the ability to
complete the drive cycle to a great extent, within the range evaluated. This means that the
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Figure 5.10: Energy consumption comparison of the city bus across the three ETSs with EQU ERS placing.

average power the drive cycle requires is lower than what a traction drive rated at 140 kW
(the lowest level of rated power evaluated) can deliver in terms of charging performance, in
combination with the lowest level of 4,,, required in order to complete the drive cycle, as
shown by Fig. 5.9. As the FIETS is chosen to be equipped with traction drives of 180 kW
rated power, the rated power of the tractions drives of the other two ETSs are also fixed at
180 kW. Unless otherwise stated, the rated power of the traction drives is fixed at said level
in the whole result section.

The level of d,, is set at 3 km in all presented data unless otherwise stated as it is
found that the level of 4,,; does not affect the vehicles” ability to complete the drive cycle
to a significant extent. This is not unexpected since the d,,; parameter only relates to the
distance between sections. Although, if the ,,; becomes long in relation to the on-board
energy capacity, then it will affect the ability to complete the drive cycle due to the shear
distance between sections. In this case, though, the longest 4,,; distance is 10 km, which is
short in relation to the on-board energy storage capacity. The control method is the MnSW
unless otherwise stated, which does 70z regenerate as much braking energy as possible but
rather minimizes the number of switching events of the switch box (FIETS and LSETS).
The auxiliary load is set to 2 kW unless otherwise stated.

The convention of Fig. 5.9 where the data of the FIETS is illustrated by a solid line
surface, the HSETS data by a dotted line surface and the LSETS data by a dashed line

surface is kept throughout the result section.

5.5.1.1 Energy consumption

As the energy consumption is one of the main cost carrying posts of operating a vehicle of
this kind, it is of interest to evaluate to what extent the energy consumption is affected by
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different rating of components, control strategy and ERS placing, naming a few. Fig. s.10
shows the energy consumption in two different configurations; both have the relative ERS
coverage on the x-axis whereas Fig. 5.10a has rated traction drive power on the y-axis and
Fig. s5.10b have the battery capacity on the y-axis. Fig. s.10a shows that the rated power
of the traction drives is not a significant influence on the energy consumption. Both the
HSETS and LSETS show a slight increase in energy consumption with increasing traction
power. This is due to that, in average over the drive cycle, the operating points are moved
to a slightly lower efficiency position as the rated power increase. As the operating points
are determined by the speed of the vehicle and traction torque requirement, the absolute
operating points stay relatively the same regardless of rated traction power. In turn, this
means that the operating points are moved to a lower relative torque as the rated power
increase. Referring to Fig. 3.3 shows that the efficiency decrease as this occurs. The FIETS
shows a slightly different behaviour as the energy consumption is relatively constant as the
rated traction power changes. The main difference between the FIETS and the HSETS
and LSETS is that in the former, the traction drives are integral parts of the energy transfer
from ERS to battery, meaning the operating points of the traction drives differs significantly
from when they only care for the traction power. As the FIETS, in average over the drive
cycle, operates its traction drives at a higher power level, it is shown that it can even be
beneficial to increase the rated traction power as the energy consumption decreases slightly
with increasing rated traction power. Depending on vehicle and driving situation, a higher
available traction power might also be desirable for other reasons.

In conclusion with regard to the rated traction powers’ influence on the energy con-
sumption, it is concluded that the effect is small and relatively expected which is why this
parameter is fixed at 180 kW in the following results presented.

Still focusing on Fig. s.10a, it is clear that the relative ERS coverage is of greater in-
fluence on the energy consumption and also that the different ETSs show a different be-
haviour with altering ERS coverage. The LSETS differs in its behaviour in comparison to
the FIETS and HSETS as a significant increase in energy consumption of approximately
30% is shown from the lowest to the highest level of £,,;. The reason for this is due to the
control method of the ETS where the traction drives unconditionally connect to the ERS
when present above a certain speed, regardless of traction torque requirement. In turn, this
means that regeneration of energy is lost whenever an ERS is present for the vehicle as the
ERS is not considered being able to receive energy. Braking with the traction drives are
thus not possible when the traction drive is directly connected to the ERS, but instead the
kinetic energy of the vehicle is turned into heat with the friction brakes. On the contrary,
the FIETS shows a decrease of energy consumption as the relative ERS coverage increase.
The FIETS has, due to the switch box, the capability to run its traction drives directly from
the ERS supply if the SOC of the battery is high enough. Doing this, the number of energy
conversions are reduced significantly as the energy does not have to firstly reach the battery
via the traction drives. The HSETS shows a slight increase of energy consumption as the
relative ERS coverage increase. This is partly due to the fact that the energy from the ERS
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Figure 5.11: Comparison of energy consumption with two different control methods, MnSW and MxRE, of the city bus with
EQU ERS placing. Note the different viewing angle from previous figures.

must pass through the DC-DC converter which will generate more loss the more energy it
supplies. Also, with a high enough level of 4,,, the battery is cycled around a relatively high
average SOC, i.e. the SOC does not drop significantly from the set-point between ERS
sections, which will generate more losses in the battery than if the SOC was fluctuating
around 50% for instance, see Fig. 3.5. This is obviously true for all the ETSs as the 4, is
high, however with the FIETS and LSETS, other effects are more prominent, hiding the
battery loss effect. This could possibly be mitigated with a control strategy based on know-
ledge about the actual ERS coverage along the drive cycle at any given point as the battery
might not having to be charged to a high level of SOC. This kind of control strategy is,
however, not investigated.

The energy consumption is presented in Fig. 5.10b with battery capacity on the y-axis
rather than rated traction power. This way is deemed more interesting than the former way
of displaying data as, 1) the battery carries a higher relative part of the total cost of EVs
[90], [91] and, 2) the energy consumption is affected more by altering battery capacity than
rating of the traction drives, although not obvious in Fig. 5.10b. The dependence on £, is
naturally similar in comparison with Fig. s.10a whilst it shows that as the battery capacity
increase the energy consumption decrease. This is due to the fact that a higher capacity
battery generally produce a smaller amount of loss compared to a smaller capacity battery,
see Fig. 3.5.

One way of mitigating the substantial increase in energy consumption with increasing
relative ERS coverage of the LSETS is to allow the switch box to rearrange its switches so
that when a negative traction torque is required, the traction drives connect to the battery
in order to recuperate braking energy. When positive traction torque once again is required,
the switch box rearranges to its initial state. As it is shown that a switching event can be
done within a couple of hundreds of milliseconds it is considered possible, from a control
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perspective, to operate the vehicle in such a way. In Fig. 5.11 a comparison is shown of the
MnSW (minimum number of switching events) and MxRE (maximum regeneration)
control methods. The non-filled surfaces are identical to what is shown previously in Fig.
s.1ob and the filled surfaces show the energy consumption with the MxRE control method.
Only the FIETS and LSETS are shown as the HSETS is not applicable to this kind of
control method as its traction drives at all times are connected to the battery enabling
recuperation regardless of the presence of ERS. It is shown that the decrease in energy
consumption is substantial in the LSETS case with the MxRE control method, as would
be expected. A smaller benefit is noted in the FIETS case which also is expected as in most
cases at least one traction drive is connected to the ERS, making regeneration of braking
power up to half of the total installed traction power possible.

A consequence following the MxRE control strategy is that the number of switching
events increase which in turn will lead to increased wear on the switches, especially if they
are of mechanical type as in the prototype presented in Chapter 4. The number of switching
events depends, regardless of control method, mainly on the relative ERS coverage. The
difference in number of switching event for the LSETS ranges from approximately a factor
of two at low 4, up to approximately a factor of three for high £, likely degrading the
lifetime of the switches an equal amount. In other words, the time between switching events
range from, on average, every 40 to 120 seconds with the MnSW control method and every
14 to 60 seconds with the MxRE control method. The difference in number of switching
events is greater with the FIETS as it allows for connecting and disconnecting from the ERS
regardless of vehicle speed. With the MnSW control method a switching event occur in the
range of every 80 to 800 seconds whilst with the MxRE control method the time between
switching event decrease to the range of approximately every 10 to 40 seconds. Whether or
not the number of switching events impose a potential problem regarding the lifetime of
the switch box depends on the type of switch and also whether or not soft switching of said
devices can be guaranteed. The switching sequence proposed and validated in this thesis
does ensure that opening and closing of the switches within the switch box occur at zero
current. To summarize, it can be concluded that the there is a potential trade-off between
energy consumption and lifetime of the switching devices.

Moving on, the auxiliary load might differ greatly on a city bus depending on, primar-
ily, outer temperature. In cold weather, the HVAC is required to heat the passenger com-
partment and vice versa. In mild weather the HVAC might not be required to neither heat
nor cool the passenger compartment, whereas on cold or hot and sunny days, the HVAC
becomes a significant consumer of energy. When either heating or cooling is required, the
average power consumed by the HVAC might be on-par with the average traction power
[92], i.e., a significant add on to the energy consumption. Fig. 5.12 shows a comparison of
two different levels of auxiliary loads in the three different ETSs. The difference in energy
consumption due to the increased auxiliary load can be seen as an offset in the figure, i.c.,
the surfaces are closely matched except the fact that they are vertically shifted. The amount
the surface is shifted differs depending on ETS; the FIETS, HSETS and LSETS see an
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Figure 5.12: Energy consumption of the city bus at different levels of auxiliary load.

average increase in energy consumption of approximately 55%, 45% and 35% respectively.
The fact that the FIETS shows the biggest difference in energy consumption due to the
increased auxiliary load is not unexpected due to the number of conversions the electrical
energy has to pass through from the supply (the ERS) to the load which is electrically paral-
lel to the battery, see Fig. 2.8. The difference in energy consumption increases with regard
to the HSETS and LSETS are similar in absolute numbers, approximately 6 kWh/10km is
added to the initial consumption but due to the lower initial consumption of the HSETS,
the relative difference becomes larger than with the LSETS. What is not clearly observed
in the figure is that the LSETS is affected the most with regard to its ability to complete
the drive cycle due to the increase in auxiliary load. Approximately a 20% increase of rel-
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Figure 5.13: Energy consumption of the city bus with different ERS placing methods along the drive cycle.

ative ERS coverage is needed as the auxiliary load is increased in order to make the LSETS
equipped vehicle complete the drive cycle. The FIETS and HSETS shows the same tend-
ency but at a lower level, generally a 10% increase of relative ERS coverage is required. The
reason why the LSETS is mostly affected by the increase in auxiliary load is that its DC-DC
converter is rated at a comparatively low power and as it must supply all the power to both
the battery and auxiliary load, it is going to be a limiting factor, more so than in the FIETS
and HSETS.

Besides what can be done on-board the vehicle, be it rating of components or the topo-
logy of the ETS, what is also interesting to investigate is how the placing of the ERS sections
might affect certain outcomes of the drive cycle simulations. As elaborated on in Section
2.4, two different methods of placing the ERS is evaluated. Up until this point in this
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Figure 5.14: Comparison of energy consumption with two different control methods, MnSW and MxRE, of the city bus with
ADA ERS placing.

Chapter, the ERS is placed according to the EQU placing method, meaning equidistantly
placed along the drive cycle. The other way investigated is the ADA method, where the
ERS sections are placed where the traction power requirement is high, typically along up
hills and typical places of acceleration. Fig. 5.13 shows a comparison of energy consump-
tion with regard to the ERS placing method. The non-filled surface shows the EQU energy
consumption and the filled shows the ADA energy consumption. The axes are scaled only
to cover ERS levels that overlap the two methods. It is clearly seen that the difference in
energy consumption is the smallest in the HSETS case where only a difference of approx-
imately 1% is shown. The FIETS and LSETS are, however, affected to a greater extent, as a
decrease of energy consumption up to 10 — 15% is shown. The reason this result is seen is
due to the fact that in the HSETS, traction and energy transfer from the ERS is de-coupled,
i.e., the DC-DC converter is completely independent from the operation of the traction
drives. Thus, whether the ERS is placed along an uphill or downhill makes little to no
impact on the energy consumption. The FIETS and LSETS benefit to a greater extent due
to the fact that as high power is required, the machines can operate directly from the ERS
rather than from the battery, again reducing the conversion losses and the total consump-
tion. What is not clearly seen in the figure is the fact that the FIETS and LSETS vehicles
paired with a smaller capacity battery, 70 — 100 kWh, manages to complete the drive cycle
with a k,,, reduction of approximately 25% in the ADA compared to the EQU placing of
ERS sections. Hence, a sophisticated approach to the ERS placing might possibly reduce
the need of ERS coverage significantly.

Finally, it should also be noted that further decrease in energy consumption can be
achieved if the MxRE control method is deployed in conjunction with the ADA ERS pla-
cing, as shown in Fig. s.14. The difference is smaller than when the ERS is placed by the
EQU method, which is to be expected since the main drawback with the EQU method is
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Figure 5.15: Fraction of battery life spent per drive cycle (%o/ km) with the city bus.

that regeneration of braking power is lost whenever ERS is present. With the ADA ERS,
however, the ERS sections are typically not present at locations where a negative traction
torque is required, hence a greater amount of braking energy can be recuperated without
having to rearrange the switch box solely for this purpose.

5.5.1.2 Battery ageing

The battery degradation is evaluated after each completed drive cycle for each of the ETS
under all different configurations and control methods. The model of the battery ageing
mechanism is explained in Section 3.1.3. Only the number of cycles and the DoD of said
cycles are taken into account when regarding the ageing of the battery.

Fig. 5.15 shows the amount of battery degradation as function of 4, and £,,; for the
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three ETSs with EQU ERS placing, MnSW control method and 2 kW of auxiliary load is
used. It can be seen that the difference in battery degradation between the ETSs is limited,
suggesting the method of feeding energy from the supply to the wheels and battery are
of modest importance. Instead, the characteristics of the ERS and the battery capacity
affecting the degradation to a larger extent. Two different levels of battery capacity are
illustrated by the two surfaces in each sub figure. It is shown that the battery degradation
decreases as the battery capacity increase since a given cycle of energy is a smaller cycle in
SOC as the capacity increases, see Fig. 3.7 how the total number of cycles of a certain
DoD is affecting the ageing. In Fig. s.15 it is also shown that battery ageing is, for a
smaller capacity battery, to a great extent affected by 4, which is not unexpected as a
longer distance between ERS sections naturally will cycle the battery deeper. The reason
this behaviour cannot be observed to the same extent with the larger capacity battery is
that with this amount of energy on-board, the effect of the distance between ERS sections
is limited. It can also be seen that the degradation increases with decreasing #,,. As the
relative ERS coverage is small, the vehicle is on the verge of completing the drive cycle,
finishing the drive cycle at a low SOC. As the battery ageing is calculated after it is assumed
the SOC is brought back to its initial value, the simulations with low 4, includes one
nearly full discharge and recharge, degrading the battery to a larger extent.

As in the evaluation of the energy consumption of the vehicle, it is of interest to study
how the battery degradation is affected by a different approach to placing the ERS sec-
tions. The relative battery degradation between the ADA and EQU ERS placing methods
is shown in Fig. 5.16. Each sub-figure shows two surfaces, S0, fites and Sgyeq, where each
is defined as

Bapa
Snonfﬁ//m' = BEQUa’ i (5.12)
\ders=1km
Bapa
Shled = 77— (5.13)

BEQU,dy=10km

where § denotes the relative improvement of battery degradation and B the battery degrada-
tion per drive cycle. By defining S this way, they show how large an impact the ERS placing
method impose on the battery ageing. A data point below 1 indicates that the battery is
degraded less with the ADA placing method. Generally, the figure shows that the surface
corresponding to the EQU placing with 4,,, equal to 10 km (filled surface) is showing a
lower relative degradation of the battery than when 4, equals 1 km. This means that the
ADA placing method is generally advantageous, from a battery degradation point of view,
if the EQU method adopt a longer 4,,, distance. "Longer’ in this context means a distance
approaching a tenth of the total drive cycle distance. The difference imposed by the two
ERS placing methods on the battery degradation are emphasized as the battery capacity
becomes smaller suggesting that the ADA placing method cycles the battery to a lesser ex-
tent. This is also not unexpected as the ERS sections are placed where traction power is
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Figure 5.16: Relative battery ageing between the two ERS placing methods, as defined by Eq. 5.12 - 5.13, with MnSW control
method and 2, = 2 kW. A value below 1 indicates that the battery is degraded less with the ADA placing
method.

required, then bypassing the battery. With an order of magnitude shorter ,,; distance, the
battery degradation difference between ERS placing method (non-filled surfaces) is not as
prominent. As shown in Fig. s.15 a short d,, is ’kinder” to the battery than when 4,,, is
long, meaning that the effective 4,,, distance with the ADA method (although it does not
feature such characteristic) is closer to 1 km rather than 10 km.

Regardless of the 4,,, distance, the HSETS stands out slightly in comparison to the other
two ETSs as the battery degradation is shown to be relatively unaffected by 4., whereas in
the other ETSs a clear effect is seen, especially as #,,, becomes small. This means that as the
ERS sections are short, it is of extra importance to place them where they make the best
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Figure 5.17: Fraction of battery life spent per drive cycle (%o/ km) of the city bus. ERS is placed according to EQU, P, = 2 kW
and the control method is MxRE.

use, as where the most traction power is required for instance.

As it is shown that the control method regarding regeneration of braking power and
switch box can affect the energy consumption, it naturally follows to evaluate if the control
method has any influence on the battery degradation. Fig. 5.17 shows the battery degrada-
tion with vehicles utilizing the MxRE control method. It can be seen that, in comparison
with Fig. s.15, a significant difference cannot be concluded but rather, the behaviour of
the battery degradation as function of 4, and 4, are largely similar regardless of control
method. This further contributes to the overall conclusion regarding how the battery de-
gradation is mostly affected by characteristics of the ERS rather than the components and
structure of energy transfer method on-board the vehicle. However, one aspect on-board
the vehicle is still influencing the battery degradation to a significant extent and that is the
auxiliary load.

Fig. 5.18 shows how the battery degradation is affected by two different levels of aux-
iliary load with the lowest capacity battery in the parameter range, 70 kWh. As expected,
the higher auxiliary load increases the battery degradation since the higher load will cycle
the battery more deeply. Across the three ETSs, the relative increase of battery degradation
is largely similar; an increase of approximately 60% is seen at low levels of %, and long d,
distance.

5.5.1.3 Summary, City bus

The previous sections present and elaborate on the result of the simulation campaign re-
garding the city bus. As energy consumption and battery ageing is two of the main cost
carrying posts of operating such a vehicle, these two quantities are the target of the result
section. It is shown that the energy consumption to some extent is affected by the method
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Figure 5.18: Fraction of battery life spent per drive cycle (%o/ drive cycle) of the city bus. ERS is placed according to EQU and
the control method is MnSW.

of which the energy from the ERS is distributed between charging, traction, and auxiliary
load. The different ETSs part of this evaluation shows strengths and weaknesses at different
areas within the parameter set. For instance, if the relative ERS coverage is high, the ETSs
which can feed the tractions drives directly from the ERS is benefited rather than if all the
energy supplied by the ERS is fed through a DC-DC converter. Given the assumption
that the ERS cannot receive electrical power, it has shown to be advantageous - from an
energy consumption point of view - if the vehicles equipped with a switch box are allowed
to rearrange its switch states during braking so that braking energy can be recuperated to
the battery.

Besides the on-board ETS topology and control method, the characteristics of the ERS
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is shown to also affect the energy consumption. Of the two ERS placement methods in-
vestigated it is shown that the method of placing the ERS sections where traction power
is required the most is beneficial from both an energy consumption aspect as well as bat-
tery degradation aspect. It has to be mentioned, though, that only limited consideration
to practical aspects have been taken when regarding the placement of ERS sections. Fur-
thermore, it has been shown that the energy consumption is lowered, again mostly in cases
where the ETS features the capability to operate its traction drives directly from the ERS,
when the ERS sections are placed according to the traction power requirement.

Due to the nature of the drive cycle with an average low traction power requirement of
the vehicles, an issue due to overloading of the traction machines does not arise.
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performance.

s.s.2 Long haul truck

Two versions of the long-haul truck are evaluated, one weighing 28 tonnes and one weigh-
ing 40 tonnes, otherwise the vehicles are similar. Results of either vehicle is shown where
it is relevant. Where the result is similar, only data from one vehicle is shown to limit the
number of figures. As opposed to the evaluation of the city bus, only one level of auxiliary
power is evaluated as well as one method of regeneration/switch box control. This is due
to the nature of the drive cycle as it consists mainly of constant speed travelling rather than
start-stop-traffic as is the case with the city bus. The benefit of rearranging the switch box
during braking is limited and deemed not to add any significant value to the study.

In order to adequately compare the performance of the three ETSs introduced in
Chapter 2, a level of comparably equal charging performance has to be established. The
FIETS is chosen to be the benchmark to which the HSETS and LSETS are compared to.
As the FIETS does not feature a bespoke converter or similar specifically for charging, the
rated power of the traction drives is used as the measure to compare with the rating of the
DC-DC converter in either HSETS or LSETS. Data of the 28 tonne long haul truck is
shown in Fig. 5.19 which shows the rated power of the DC-DC converter in the HSETS
and LSETS as a function of rated traction drive power (of all three ETSs) required to achieve
a similar level of charging performance as the FIETS at the given rated traction drive power.
The result can be seen as a FIETS with rated traction drives at 160 kW, carries the charging
performance equal to a 180 kW and a 40 kW DC-DC converter (regardless of ERS placing
method) in the HSETS and LSETS respectively. It is also shown that the required DC-DC
converter rating is not largely affected by the ERS placing with the HSETS whereas with
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Figure 5.20: Energy consumption comparison of the 28 tonne LHT across the three ETSs with EQU ERS placing.

the LSETS, the lowest rated DC-DC converter power is sufficient for all cases of rated
traction power when the ERS is placed according to the ADA method. Based on Fig. 5.19,
at a rated traction power of 180 kW a rated DC-DC converter power is chosen to 200 kW
in the HSETS and 60 kW in the LSETS in the following result presented regarding the
28-tonne long haul truck, unless otherwise stated.

5.5.2.1 Energy consumption, 28 tonne LHT

The energy consumption of the 28 tonne LHT as a function of the relative ERS coverage
and rated traction power and battery capacity is shown in Fig. s.20. The difference in
energy consumption between the three ETSs with EQU ERS placing is shown to be limited
to approximately 5% whilst the rated traction power affects the consumption to a larger
extent than the capacity of the battery. A higher rating of traction drive power generally
leads to moving the operating points to a lower efficiency of the traction drive, leading to
higher consumption as rated traction power increase. A higher rated traction power might
be either required or desirable based on other requirements. The battery capacity has a
limited influence on the total energy consumption, a slight decrease can be observed as the
capacity increases. A larger capacity battery generates a lower amount of losses compared to
a lower capacity one, see Section 3.1.3. The relative ERS coverage does affect the FIETS the
most. It is seen that the more ERS available, the more does the vehicle supply the traction
drives directly from the ERS, regardless of vehicle speed, as opposed to the LSETS, which
in turn decreases the energy consumption.

An illustration on how the ERS placing affects the energy consumption is shown in
Fig. 5.21. Only a slight decrease in energy consumption can be observed with the HSETS
whereas the LSETS and FIETS show a significantly bigger difference in favour of the ADA
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Figure 5.21: Energy consumption of the 28 tonne LHT with different ERS placing methods along the drive cycle. The higher
consumption corresponds to the EQU ERS placing and the lower to the ADA ditto.

ERS placing method. This behaviour is not unexpected as the ETSs that can supply its
traction machines directly from the ERS will benefit the most if the ERS sections are gen-
erally placed where high levels of traction power is required. Worth noting is also that the
LSETS is capable of completing the drive cycle at both a lower level of £,,, as well as a lower
capacity battery compared to the FIETS and HSETS. This fact suggests that for long haul
truck operations the LSETS topology is the preferred choice from an energy consumption
perspective at the evaluated level of auxiliary load.

8s



300

® o HSERS, EQU
200 = HSERS, ADA
-o- LSERS, EQU
- =~ LSERS, ADA

T

Pdcdc (kW)

100 |- eeeT

O | | | | | | | |
200 210 220 230 240 250 260 270 280
Pem,riErs (KW)
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Figure 5.23: Energy consumption comparison of the 40 tonne LHT across the three powertrains with EQU ERS placing.

s.5.2.2  Energy consumption, 40 tonne LHT

A similar charging performance benchmarking as shown above for the 28 tonne LHT, is
shown for the 40 tonne LHT in Fig. 5.22 shows. A similar behaviour can be concluded;
the HSETS does require a similar level of rated DC-DC converter power regardless of ERS
placing method whereas the LSETS is largely benefited by the ADA ERS placing as only the
lowest level of rated DC-DC converter power is required regardless of rated traction drive
power in the FIETS. Unless otherwise stated, the result regarding the 40t LHT feature a
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Figure 5.24: Energy consumption of the 40 tonne LHT with different ERS placing methods along the drive cycle. The higher
consumption corresponds to the EQU ERS placing and the lower to the ADA ditto.

rated DC-DC converter power of 260 kW in the HSETS and 100 kW in the LSETS.

The energy consumption of the 40 tonne LHT is shown in Fig. 5.23 both as a function
of the relative ERS coverage and rated traction drive power and battery capacity. The be-
haviour is similar to the 28t LHT as shown in Fig. 5.20 with the main difference being an
expected, generally, higher energy consumption for the 40 tonne LHT. Also seen is that
the difference between the HSETS and LSETS is greater when used in the 40 tonne LHT
rather than the 28 tonne LHT. This is due to the fact that in the HSETS, all of the energy
from the ERS has to be supplied by the DC-DC converter whereas the traction drives in
the LSETS are able to be supplied directly from the ERS and as the total amount of energy
required is higher in the 40 tonne LTH, the difference is emphasized.

The impact of the ERS placing on the energy consumption of the 40 tonne LHT is

87



[C_—__J200kwh EEs00kwh| [ 200kwh S 500kwh

Battery ageing (ppm/km)
Battery ageing (ppm/km)

(a) FIETS. (b) HSETS, Ppc—pc = 260 kW.

[~ _7200kWh [T~ _1500kWh

Battery ageing (ppm/km)

(C) LSETS, Ppc—pc = 100 kW.

Figure 5.25: Fraction of battery life spent (% km) of the 40 tonne LHT with EQU ERS placing.

shown in Fig. 5.24 where, again, a similar behaviour as with the 28 tonne LHT can be
seen. The LSETS benefits the most by the ADA ERS placing method, both regarding the
absolute energy consumption but also by the fact that a smaller capacity battery and/or a
lower level of relative ERS coverage is possible.

5.5.2.3 Battery ageing

The evaluation of the battery degradation is only shown for the 40 tonne LHT as the result is
similar between the LHTs and the 40 tonne LHT displays a 'worse’ scenario of the two. Fig.
5.25 shows the battery ageing per drive cycle in %o of the three ETSs at two levels of battery
capacity. The difference in battery ageing between the powertrains is not significant, albeit
with the smaller capacity battery the HSETS displays a higher level of ageing compared to
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Figure 5.26: Relative battery ageing between the two ERS placing methods, as defined by Eq. 5.14-5.15 of the 40 tonne LTH.

the FIETS and LSETS. This is due to the fact that the in the HSETS, the DC-DC converter,
the traction drives, and battery are at all times electrically connected, meaning that energy
constantly flows between these three components, in turn, leading to more cycling of the
battery. The LSETS and FIETS however, disconnect the traction drives from the battery
when possible and whenever doing so, decreasing the energy input/output of the battery
significantly. Other than this difference, the same behaviour across the three ETSs can be
observed; a larger capacity battery decreases the degradation as well as a short ,,; distance
and high relative ERS coverage. This is all expected since a given cycle of absolute energy
becomes a smaller relative cycle if the capacity of the battery increases, a long d,,, distance
will inevitably lead to deeper cycles of the battery just as a lower relative ERS coverage will.
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Apart from battery degradation due to the variation of k,,; and d,,, it is also interesting
to study the relative battery degradation from the two alternative ERS placing methods.
Again, the data displayed relates to the 40 tonne LHT as the differences in result between
the two LHTs are small, and data is only shown where the sets of 4,,; overlap with both ERS
placing methods. Fig. 5.26 shows a relative comparison of battery degradation between the
ERS placing methods where each of the two surfaces, S,n—firs and Sgyeq, in each plot is
defined as

Bapa

Snan—ﬁl[m’ = (514)

BEQU,dyy=14m
and

Bapa

—_— (5.15)
BEQU,d.p=100km

Shilled =

where § is the surface and B is the absolute battery ageing per drive cycle, as per Fig. 5.25.
This means that if a point on the surface is equal to 1, the battery degradation is equal
between the ERS placing methods, a point below 1 means the degradation is lower with
the ADA placing method than with the EQU. Generally, it can be concluded that the ADA
placing method is the preferred one seen from a battery degradation point of view mostly
regardless of the 4,,, distance of the EQU. Mostly, because it is shown that with the LSETS,
the degradation is comparable between the two placing methods for high levels of 4,,; and
a short d,,; (non-filled surface). Should the comparison stand between the EQU with a
long d,,; (100 km in this case) and the ADA, the ADA is by far the better option where a
reduction of battery degradation to approximately 15 — 20% can be seen across all three

ETSs.

5s.5.2.4 Overloading

A consequence due to the way energy is fed from the ERS to the traction drives and/or bat-
tery in the FIETS is running one of its traction drives at a high power (traction + charging),
overload of the traction drive might occur. One way of partly mitigating overloading of
one traction drive, is to share the load between the two traction drives, i.e., as one machine
approaches a too high of a temperature; the switch box rearranges so that the other machine
carries the high load. How the overloading of a traction drive is established is explained
in Sec. 3.1.2. Depending on the drive cycle and/or charging need of the vehicle, both
machines might enter the overload state at the same time. Fig. 5.27a shows how large a
fraction of the total time of the drive cycle, both traction machines are overloaded in the 28
tonne LHT. The battery capacity and the d,,, parameter are found not to have a significant
impact on the amount of time both machines are overloaded, which is why these are fixed
at 200 kWh and 10 km respectively. The non-filled surface corresponds to the EQU ERS
placing and the filled the ADA ERS placing. It is shown that in the worst-case scenario,
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more than a fifth of the time, both machines are overloaded. This occurs primarily when
the rated traction drive power is low rather than high, which is to be expected. A certain
decrease of the total overloading time can be seen as the relative ERS coverage is increased.
When the ERS is available to a larger extent, the vehicle does not have to prioritize char-
ging as much as if the ERS is only available to a lesser extent. For a given relative ERS
coverage it can be seen that the ADA ERS placing method does not tend to overload the
machines to the same extent as if the ERS were placed according the EQU method and
that the difference is emphasized as the rated traction drive power decreases. This is due to
the fact that if the ERS sections are placed where the traction power is required the most,
the energy fed to the vehicle is consumed directly by the machines as one or both traction
drives can be supplied directly from the ERS. The opposite would be to place the sections
where traction requirement is low (as might very well occur with the EQU), meaning the
traction drives are required to operate at high power during acceleration and up hills as well
as during deceleration and down hills as the battery still needs to be charged, effectively
doubling the time the machines has to supply high power and increasing the duration of
overload.

The HSETS and LSETS which do not feature integrated charging, i.c., a separate DC-
DC converter which care for the supply of energy to the battery, does not suffer from this
issue to the same extent as the traction drives only supplies the traction power. With the
lowest rated traction drive power investigated (120 kW) the relative time both machines
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are overloaded only amounts to 1 — 2%.

This thesis does not investigate further whether a certain amount of time of the drive
cycle is spent in an overloaded state is reasonable or acceptable but rather concludes that
the time can be mitigated with a higher rated power of the traction drives and/or a more
sophisticated approach to placing the ERS sections. Literature also suggests that there are
methods of cooling of electrical machines that allows overloading to a larger extent [93],

[94], [95].

5.5.2.5 Summary, LHT

The three ETSs introduced in Section 2 are evaluated in two versions of a long-haul truck
from a charging performance, energy consumption and battery degradation point of view.
The drive cycle used is a long distance, high average speed drive cycle, typical for long haul
transport and the ERS is placed according to two different strategies, EQU and ADA, see
Section 2.4. It is found that the weight of the vehicle does not alter the overall behaviour
but rather generally introduces an offset on the outcome. In general, the choice of ETS
and the method of placing the ERS affects the energy consumption significantly and also
the vehicles’ ability to complete the drive cycle with a given battery capacity. The battery
degradation is only very slightly affected by the choice of ETS, however, the characteristics
of the ERS and battery capacity are largely influential.

Aside the outcomes above, the FIETS is investigated with regard to whether the traction
machines become overloaded due to the way energy is fed from the ERS to the battery. Itis
evident that the FIETS equipped with comparably low power traction drives, does in fact
overload its machines to a significant extent.

The one parameter alone that affects both energy consumption, battery degradation
and the over loading issue (in the FIETS) is the placing of the ERS sections. It has been
shown that from all of the above points, placing the ERS sections where the traction power
is required is advantageous.

5.6 Chapter summary

A city bus and two versions of a long-haul truck are modelled and simulated in a, for the
vehicle type, relevant use case. The three ETSs introduced in Section 2 are evaluated in
each vehicle in order to investigate how the on-board topology concerning traction and
charging affects the energy consumption and battery degradation. One ETS (referred to
as Fully Integrated Energy Transfer System, FIETS) features integrated charging, meaning
components whose primary task is to propel the vehicle are also used in the process of
transfer energy from the charging supply (ERS or AC grid) to the on-board storage. The
two additional ETSs (referred to as High power Sepratate Energy Transfer System, HSETS
and Low power Sepratate Energy Transfer System, LSETYS) feature to a slightly different degree

separate charging, meaning a bespoke component is installed on-board the vehicle solely
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for the purpose of transferring energy from the supply to the on-board energy storage. Not
only is the overall topology of the ETS altered but also the on-board control method and
the rating of involved components such as rated traction drive power, battery capacity and
so forth.

Besides the technology on-board the vehicle, the layout of the ERS is also a part of
the study where the ERS sections are placed according to two different philosophies, 1)
where equally long sections are placed an equal distance apart (referred to as EQU), and 2)
where the sections are placed primarily where the traction power requirement is the highest
(referred to as ADA).

It is found that the choice of ETS does affect the energy consumption to some extent.
However, possibly more important is that different characteristics of the ERS is shown to
affect the energy consumption to a significant extent. For instance, the impact of changing
the relative ERS coverage largely affects the energy consumption of the FIETS and LSETS
whereas the HSETS remains comparably unaffected. As the HSETS is comparably unaf-
fected by the placing of the ERS, the average energy consumption seen with the HSETS
over the two different placing methods is higher than what the FIETS and LSETS pro-
duce. If the use case dictates a significant amount of start-stop traffic it is also shown that
the energy consumption can be significantly lowered if the vehicle is allowed to regenerate
kinetic energy to the battery, which is not necessarily always a possibility, depending on
ETS topology.

With regard to battery degradation, the impact of altering the ETS is low, in this case
the characteristics of the ERS and the battery capacity are the main influencers. A long
distance between the ERS sections in combination with a relatively low-capacity battery
ages the battery to a larger extent than the opposite, which is quite expected.

The sole parameter that is shown to affect all of the investigated outcomes the most
is the method that dictates where the ERS sections are placed. It is shown that if the
ERS sections are placed where the requirement of traction power is the highest, i.e., on
inclines and typical places of acceleration, both energy consumption, battery degradation
and required battery capacity are affected, generally for the better. This result suggests
that when considering electrifying the on-road transport by means of electric roads, it is
important to consider the effects of the location of the ERS sections.
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Chapter 6

Common mode current validation and
analysis

As is elaborated on in previous chapters, the FIETS is capable of energy transfer from both
an AC grid as well as a DC source (ERS). The way of which the energy is transferred is
different from traditional methods of charging of EVs, which is why it is interesting to
evaluate how the FIETS performs from an EMI/common mode current perspective.

This chapter presents and compares measurement result with modelling result of the
common mode current that arise while emulating/simulating szatic charging with the FIETS,
meaning the floating chassis is connected to protective earth. Measurements are performed
on both isolated and non-isolated charging as is illustrated on a high level in Fig. 4.3 whilst
both set-ups are modelled using Matlab/Simulink with Plecs [70]. Detailed schematics of
the experimental setup is shown in Appendix A.4 which constitutes exactly what is modelled
with Plecs except the parasitic capacitance which does not exist as a physical component in
the physical system. Two models are developed based on the physical system, 1) where only
the AFE (including passive filters and so on) acts as the interface between the grid supply
and the battery, i.e., non-isolated charging and, 2) where the full system of the FIETS with
its AFE and two mechanically coupled traction drives are utilised for the transfer of energy
from the grid to the battery (emulator/model), i.e., isolated charging. The physical system
is designed in such a way so that it can easily be reconfigured between isolated and non-
isolated charging. More details on the modelling of the physical system are presented in
Section 3.2.

Common mode (or, zero sequence) current is generally undesirable as it might cause
safety equipment to trip, cause EMI challenges or become a potential danger if safety equip-
ment is not present. The common mode current arises due to the common mode voltage
that is present in switching systems as elaborated on in Chapter 2 and Fig. 2.3. The pres-
ence of parasitic capacitance creates a path for the common mode current back to the source
which in this case is a neutral grounded three phase supply. The phenomenon is illustrated
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in Fig. 3.11 and 3.12.

The following sections present the measurement result of isolated and non-isolated
charging at idle power and at approximtately 20 kW, measured at the supplying grid fol-
lowed by modelling result in comparison with measured result and an evaluation of what
characteristics of the model which generates the most accurate simulation result. An ana-
lysis is also made of how an increase of parasitic capacitance at the traction voltage system
on-board a vehicle might affect the common mode current on the supplying grid side. This
is done in the simulation environment as the experimental setup is measured for one level
of parasitic capacitance.

All of the measurements and simulations are performed at a DC-link voltage of ap-
proximately 700 V.

6.1 Measurement results

The currents are measured using an oscilloscope sampling at 20 MS/s with a suitable cur-
rent transducer. One period of the fundamental frequency (20 ms at 50 Hz) is shown and
for each position a harmonic content analysis is performed using the Matlab "fit’ function
[96]. The switch box of the experimental set-up is configured to either connect the active
front-end directly to the battery emulator (non-isolated charging) or to one of the traction
drives whilst the other traction drive is connected to the battery emulator (isolated char-
ging), see Fig. A.7. Firstly, the measurement result from the non-isolated charging setup is
presented followed by the isolated charging measurement result. Data from every measure-
ment position, Fig. 6.1 (identical to Fig. 4.13, repeated here for convenience) is presented,
including the phase current at the supplying grid. A compilation of the fundamental and

96



current (A)

current (A)

current (A)

10 - 0.2
S5 0.1
0 0
5[ —0.1
—10 : ‘ ‘ / —0.2
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
time (ms) time (ms) time (ms)
(a) Phase current. (b) CM, position |. (©) CM, position II.
0.4
0.2
0
-0.2
—0.4 : : :
5 10 15 20 0 5 10 15 20
time (ms) time (ms) time (ms)
(d) CM, position Il (€) CM, position IV. (f) CM, position V.
0.2 T

0.(1) . J
W

—0.2 SR
0 5 10 15 20 0 5 10 15 20
time (ms) time (ms) time (ms)
(g) CM, position VI. (h) CM, position VII. (i) CM, position VIII.

Figure 6.2: Measured currents at ‘idle” with the non-isolated charger.

harmonic content is shown in Table 6.1.

Fig. 6.2 shows the measured currents at the specified positions when emulating non-
isolated charging. Fig. 6.2(a) shows the phase current of one of the phases whereas figures,
(b)-(i), shows the common mode currents. The current measured at position I is the com-
mon mode current from the grid, meaning the cause of a tripping RCD circuit breaker can
be observed here. The active front-end converter is switching; however, no power is act-
ively drawn from the grid. At most of the sampled positions of the circuit, a high frequency
component is shown. However, between the active front-end converter and the common
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Figure 6.3: Measured currents at 20 kW with the non-isolated charger.

mode filter, position IIT and VII in Fig. 6.1, a prominent 3rd harmonic is present. The
origin of this harmonic is elaborated on when discussing the modelling result.

When consuming approximately 20 kW of power from the grid, the corresponding
currents turn out to what is shown in Fig. 6.3. It is clearly seen that the common mode
currents are in the same order of magnitude even though the power level is increased sub-
stantially. This suggests that the common mode current arises mainly from the switching
of the converters in combination with the circuit layoug, i.e., the created common mode
voltage as illustrated by Fig. 2.3 and is not largely affected by the power level consumed
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Figure 6.4: Measured currents at ‘idle’ with the isolated charger.

from the grid.

The corresponding measurement when emulating isolated charging is shown in Fig.
6.4. In this case, the active front-end converter and both traction drives are switching al-
though no power is actively transferred to the battery emulator. Similarities to the currents
of the non-isolated charger are clearly seen although differences, especially observed at po-
sition I and IV-VI where the common mode current is higher in the isolated case, which
possibly is unexpected. This will be elaborated on later in this section.

As the power is increased to approximately 20 kW, the common mode currents of the
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Figure 6.5: Measured currents at 20 kW with the isolated charger.

various positions of the charger circuit turn out to what is shown in Fig. 6.5. As is the case
with the non-isolated charger, the difference in common mode current is not substantial as
the grid power is increased. As this is observed, and expected, in both charger modes, the
data of the ’idle’ case is hereinafter mainly used in the validation of the modelling of the
chargers.

All of the measured currents are analysed with a Fourier transform in order to assess
the harmonic content of each of the positions in the circuit. Table 6.1 shows the RMS of
the current as is, the RMS of the fundamental part of the current and also the RMS of
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Table 6.1: RMS, fundamental and harmonic current.

mesarement non-isolated isolated
position
Loms (A) | Lindamentat (B) | Lparmonic (B) | Loms (A) | Lpundamensat (B) | Dparmonic (A)
Phase current | 2.57 0.14 2.54 2.81 0.71 2.69
1| 055 0.02 0.52 0.66 0.07 0.62
| 0.04 0.01 0.0 0.43 0.01 0.01
I | 3.56 0.05 2.4 3.61 0.04 2.45
‘idle’ IV | 0.16 0.0 0.0 1.35 0.0 0.01
V| 0.09 0.0 0.0 0.66 0.0 0.0
VI | 0.08 0.0 0.0 0.65 0.0 0.0
VI | 3.49 0.06 2.39 3.52 0.05 2.44
VII | 0.05 0.0 0.0 0.02 0.0 0.0
Phase current 29.9 29.76 2.84 29.09 28.92 3.11
1| 0.54 0.02 0.52 0.64 0.19 0.56
| 0.07 0.04 0.01 0.42 0.13 0.02
Il | 4.04 0.15 3.02 4.08 0.16 3.05
20kW IV | 0.16 0.0 0.0 1.09 0.03 0.17
V| 0.1 0.0 0.0 0.43 0.01 0.08
VI | 0.1 0.0 0.0 0.42 0.01 0.09
VI | 3.99 0.17 3.01 3.98 0.18 3.03
VII | 0.07 0.01 0.0 0.03 0.0 0.0

the non-fundamental current. It is seen that the currents levels are comparable between
the charger modes and charging power at a given measurement position. Notable is that
the phase current mainly consists of harmonic content rather than the fundamental when
the charging power is low. The level of harmonic content in the phase current remains
relatively constant as the charging power is increased to approximately 20 kW (emphasized
by red colour in the Table). This behaviour is also seen in the common mode currents. As
observed in Fig. 6.2-6.5 the highest level of common mode current appears at position I1I
and VII, which are the cables connecting the DC-link between the AFE and the common
mode filter (emphasized by green colour in the Table). This is not unexpected as the purpose
of this connection is to reduce the common mode voltage swing of the DC-link. It is also
evident that the CM currents in positions II, IV, V and VI are an order of magnitude higher
in the isolated converter than in the non-isolated. The main difference between the two
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Figure 6.6: Measured (black) and simulated (red) currents at ‘idle” with the non-isolated charger.

is that the motor drive of the isolated converter is a source of CM currents that find their
way in the ground via the EMI-filter. The common mode current measured at position I
(blue colour in the Table) are similar in all cases; a possibly more expected outcome is that
the isolated charger generates measurably lower common mode current. This is elaborated
more in detail in the following section.

6.2 Model validation

This section elaborates on a detailed level on the validation and adaption of the charger
models to the measurement result. First, a basic slightly idealised model is evaluated, fol-
lowed by stepwise introduction of non-idealities in blanking time of the transistor switches
and phase voltage harmonics. The non-ideal characteristics are added to the model to fit the
measurements to the simulated results and thus trace what feature of the model is resulting
in a certain characteristic of the measured currents. The versions of the model simulations
are presented in Table 6.2.

Showing the current of all measured positions takes an unreasonable amount of space
which is why only the phase current and the common mode current of position I and III
in Fig. 6.1 are shown when evaluating the different features of the model. Fig. 6.6 shows
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Table 6.2: Vehicle data.

iteration | characteristic

I. ‘ideal’

2. actual grid voltage

3. blanking time of the converter

4. actual grid voltage and blanking time of converter

the three measured currents and their corresponding harmonic content. It is obvious that
the measured and simulated currents do not match to a great extent except the apparent
commonality at the switching frequency, 10 kHz, where a clear peak occur in both simu-
lated and measured currents. This result is to be expected as the model, at this point, is a
somewhat idealised version of the reality.

The following part of this section shows figures of the same structure as Fig. 6.6 where a
certain aspect of the model is altered as described above. Firstly, the supplying phase voltage
is replaced by the real, measured voltage as shown in Fig. 3.13 followed by a version where
a blanking time is added to the AFE converter. Finally, the result of a model containing
both these imperfections is also evaluated.

As stated in Section 3.2, the model can in addition to an ideal voltage source also be
supplied with a recording of the real, measured voltage, as shown in Fig. 3.13. The result of
this is shown in Fig. 6.7 where it is shown that the harmonic content of the phase current
as well as the common mode current, measurement position I in Fig. 6.1, is increased
substantially over the whole frequency spectrum (in relation to what is shown in Fig. 6.6).
Note in particular that the sth and 7th harmonic of the phase current matches the measured
current significantly better in this case rather than when the supplying voltage is a clean
sine wave. At position III the harmonic content is also elevated to conform to a greater
extent with the measured current suggesting that a substantial part of harmonic content
can be mitigated with a ’clean’ supplying voltage. In reality, the grid voltage is never a
perfectly clean sine wave, containing only the fundamental frequency. There are multiple
possible sources of harmonic distortion on the low voltage grid, for instance, photo voltaic
inverters, EV chargers and electric heat pumps to name a few [71], [72]. Both active and
passive rectification of the grid cause harmonics, albeit utilizing active rectification with
proper control and filtering the harmonics can be kept reasonably low [97], [98].

Blanking time in a switching converter is the time when the upper and lower transistor
in one leg is turned off simultaneously. A blanking time is necessary in order to mitigate
shoot through of the DC-link, however, it does lead to non-ideal current wave forms [99].
There are methods of limiting the effect of the dead-time [100], [101], [102], however none
is implemented in the control software used in these measurements/simulations. The effect
of the blanking time is seen in Fig. 6.8, especially on the common mode current at position
III where a pronounced 3rd harmonic is present, very similar to the measured current. A
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Figure 6.7: Measured (black) and simulated (red) currents at ‘idle’ with the non-isolated charger with actual grid voltage.

sth and 7th harmonic are also emphasized in the phase current. However, the common
mode current at position I is not largely affected by the addition of blanking time in the
converter.

When both the imperfections of the supplying grid and the blanking time are in-
cluded in the model, the simulated currents turn out to what is shown in Fig. 6.9. It
is shown that the phase current and harmonic content at position III matches reasonably
well. The simulated common mode current at position I does not match the measurements
greatly; a 3rd harmonic is shown but between the 3rd harmonic (150 Hz) and the switching
frequency (10 kHz) the simulated current is substantially lower than the measured current.
The reason for this is not fully understood. A possible reason can be various switched power
supplies connected to the grid in the vicinity of the supply to the laboratory facilities.

The procedure of adding one characteristic of the model at the time in order to evaluate
how the current is affected is also done in the case with the isolated charger model. It is
found out that the behaviour does not differ from what is shown with the non-isolated
charger which is why only the result of the model containing all the considered imper-
fections is shown. Fig. 6.10 shows the measured and simulated currents of the isolated
charger at low power. Similarly, to what is shown with the non-isolated charger in Fig.
6.9, the harmonic content of the measurement and simulation of the phase current and
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Figure 6.8: Measured (black) and simulated (red) currents at ‘idle” with the non-isolated charger with blanking time in the
converter.

at measurement position III matches reasonably well. However, at measurement position
I, the simulation is not able to catch all the frequencies of the measured current. Worth
noting, though, is that both the measurement and simulation suggest that the common
mode current at position I in Fig. 6.1, i.e., the common mode current the grid supplies, is
larger when utilizing isolated charging rather than non-isolated charging. This is possibly
not what one would expect since one of the purposes of isolated charging is to mitigate
the common mode current. The probable reason for this is that the parasitic capacitance
of the TVS, i.e., the battery emulator, of the measurement setup is so low (at the battery
emulator, the parasitic capacitance is measured to approximately 100 nF/pole) that a sig-
nificant current does not arise in the non-isolated connection. And, on the other hand, in
the case of isolated charging, the parasitic capacitance of the electric machine does affect
the common mode current to a larger extent, so that the gain of have isolated charging is
lost, when regarding only the common mode current at least.
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Figure 6.9: Measured (black) and simulated (red) currents at ‘idle’ with the non-isolated charger with both non-idealities
included.

6.3 Analysis

The main goal of modelling a physical system is to adjust certain parameters of a validated
model and be able to somewhat trust the result without having to rebuild the physical
system. This is done with the charger models. The non-isolated charger is here modelled
with different levels of parasitic capacitance, C,, of Fig. 3.11, at the TVS whereas the
isolated charger is modelled with different levels of parasitic capacitance at the ’primary’
electric machine, illustrated in Fig. 3.12.

A larger parasitic capacitance at the TVS is expected to amount to a larger common
mode current when utilizing non-isolated charging from the grid. The non-isolated char-
ger is modelled with either 100 nF/pole (as measured) or 1.5uF/pole (expected order of
magnitude in a real vehicle installation) at the TVS in order to verify and quantify this.
Fig. 6.11 shows the common mode current at position I, position IV (the DC-connection
between the AFE and the battery emulator) and position VIII (the current to ground) of
Fig. 6.1. It is clearly seen that a higher parasitic capacitance at the TVS increases the com-
mon mode current at the presented positions of the circuit, which is to be expected. It
is shown that an increase of the parasitic capacitance of approximately one order of mag-
nitude can increase the common mode current at certain frequencies up to as much as three
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Figure 6.10: Measured (black) and simulated (red, 7nF/phase) currents at ‘idle” with the isolated charger with both
non-idealities included.

orders of magnitude. This verifies that it may be desirable to keep the parasitic capacitance
at a minimum even though other aspects may need the opposite, to keep CM currents
close around the DC/AC converter [103]. However, in many cases the possibility to reduce
parasitic capacitance is limited. There are methods of possibly limiting the common mode
current without necessarily reducing the parasitic capactiance at the TVS. Using the non-
isolated charger as an example, in order to reduce the common mode current at the grid,
for a given amount of parasitic capacitance at the TVS, one could force the common mode
current into a return path at the primary side of the AC/DC converter (the AFE in this
case) by deliberately connecting capacitors between the phases and ground [103]. This way,
the common mode current does not appear at the grid supply but rather circulates within
the LC-filter and AFE itself. This kind of analysis, however, is not done in this thesis.

Just as interesting it is to evaluate how the parasitic capacitance at the TVS affects the
common mode current with a non-isolated charger, equally important it is to evaluate how
said capacitance at the ’primary’ electric machine affects the common mode current with
the isolated charger. Fig. 6.12 shows the common mode current at position I, IV and VIII
of the isolated charger at two different levels of parasitic capacitance at the ’primary’ elec-
tric machine. It is seen that an increase of the parasitic capacitance at the TVS, Cy,, in
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Figure 6.11: Simulation result of the common mode currents at measurement position I, IV and Ill of the non-isolated charger
with different levels of parasitic capacitance, 100 nF/pole, at the TVS.

Fig. 3.11, of a factor 2-3 does increase the common mode current. However, observing the
frequency spectrum of each current it is seen that the difference mainly occurs at higher
frequencies as well as in the region between 200-400 Hz. Overall, what can be concluded
from this is that the dimensioning of the grid interface with the isolated charger evalu-
ated in this thesis might, as tested, not be optimal from a parasitic current due to parasitic
capacitance point of view. The main reason being that the voltage across the parasitic ca-
pacitance of the electrical machine is fluctuating with the switching frequency at an amp-
litude of Upc/2. The voltage fluctuation across the parasitic capacitances at the TVS when
emulating non-isolated charging is, due to (thanks to) the LC-filter and EMI-mitigating
components within the converter, significantly lower. This means, even though the ca-
pacitances at the TVS are numerically larger, a smaller amount of current is conducted
through them. In [103] these phenomena are studied in detail on an on-board electrical
system where it is shown that an increase of capacitance at the DC-link for a given amount
of (parasitic) capacitance at the electric machine can actually decrease the common mode
current at the battery. This theory can be adapted to the system(s) studied in this thesis; the
capacitance of the LC-filter would then represent the parasitic capacitances of the electric
machine in [103] whilst the parasitic capacitance at the DC-link in this system represents
the intentionally placed capacitances in [103]. With this in mind it can be argued that the
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Figure 6.12: Simulation result of the common mode currents at measurement position |, IV and Il of the isolated charger with
different levels of parasitic capacitance, , 7 nF/phase at the "primary’ electric machine.

common mode current at the grid decreases when non-isolated charging is emulated since
a larger amount of capacitance is introduced at the DC-link compared to when isolated
charging is emulated. It should be noted that the main purpose of evaluating the FIETS
experimentally is not the electrodynamics but rather proves the concept in terms of usage
on an electric road, as discussed in previous chapters. This means that the design of the fil-
ters is not made with minimizing possible common mode currents as first priority. Taking
the whole system into consideration, the LC-filter should be possible to design so that at
least the same performance can be expected from a common mode perspective of both the
isolated and non-isolated charging systems. From an electrical safety aspect, the isolated
charger does regardless of EMI performance still have an advantage over the non-isolated
alternative.

In an attempt to benchmark the non-isolated and isolated charger from a common
mode current due to parasitic capacitance point of view, Fig. 6.13 is presented where the
phase current and common mode current at position I is shown of both charger topologies.
It is found that to match the frequency spectrum between the topologies, the larger value of
the TVS parasitics corresponds approximately to the smaller value of the electric machine

parasitics.
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Figure 6.13: Comparison of currents of the non-isolated charger (C,,, = 1.5 uF/pole at the TVS) and the
(Cpur = 2 nF/phase)

6.4 Chapter summary

This chapter is evaluating the ETS featuring integrated charging, presented in Chapter
2, from a parasitic current due to parasitic capacitance point of view. Both experimental
measurements and modelling results are presented and compared and both isolated and
non-isolated energy transfer is performed. In both cases the floating chassis of the ETS is
connected to earth, as shown in Fig. 4.13, which would normally be the case when statically
charging a vehicle. The phase current from the grid and the common mode current at
various point of the ETS are measured in order to evaluate how and where the common
mode current manifests itself in the circuit. Furthermore, the model of the ETS is validated
with respect to the measurements by adding certain features of "imperfections’ to the - from
the start - close to ideal model. It is shown that imperfections of the grid voltage and the
dead/blanking time of the grid connected three phase converter largely affects the common
mode current and its harmonic content.

Also presented is that, though not expected, non-isolated energy transfer results in a
smaller amount of common mode current at the grid supply when compared to isolated
energy transfer, if using the exact same grid interface. This is mostly due to the fact that
the parasitic capacitance of the electric machines - windings to chassis - largely affects the
common mode current, implying that if the goal is to minimize common mode current
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at the grid supply, the parasitic characteristic of the electric machines has to be taken into
consideration in this kind of topology when it comes to the design of the grid filter(s). With
proper consideration the isolated and non-isolated chargers should be able to perform on a
similar level from an EMI perspective. Although, considering the topology of the FIETS,
the effect of the parasitic capacitance on the TVS, i.e., the energy storage, possible auxiliaries
and so on, is removed thanks to the galvanic isolation interface utilized by the two electric
machines. This means that less consideration to the parasitics of the system ’beyond’ the
galvanic interface has to be taken. In turn meaning that the FIETS could be fitted to
a number of different vehicle types with different specification of the TVS (battery size,
auxiliaries, etc) without having to be adapted to a specific vehicle from an EMI perspective.

III






Chapter 7

Conclusion and continuation

An Electric Road System (ERS) is the technology of transferring electrical energy to a mov-
ing vehicle. The purpose of the general concept is that by enabling energy transfer to a
moving vehicle it reduces the requirement on a large capacity on-board storage which in
turn can reduce the cost of the vehicle. Depending on how the energy flow is administered
on-board the vehicle, the energy consumption is potentially lowered as well, motivating
the adoption of ERS even further. In this thesis, conductive ERS is in focus and with that
comes a number of challenges, mainly regarding safety as a connection to protective earth
cannot be guaranteed. Energy transfer to a moving vehicle by means of an ERS is referred
to as dynamic energy transfer.

It is concluded that energy transfer to a vehicle usually requires, on a block diagram
level, roughly the same components regardless of whether inductive, conductive, dynamic
or static energy transfer is considered. The source is the AC-grid, and the destination is
the energy storage. In between, stages of rectification, high frequency AC generation, a
magnetic coupling and rectification and power/current control is required. Either all of
these stages are part of an on-board charger (OBC) and thus on-board the vehicle or, all
stages are off-board (such as in high power DC-charging) or some parts are off-board and
some parts are on-board (as in energy transfer from an ERS, inductive of conductive).
If conductive ERS is considered, the components required are usually contained in one
device, an isolated DC-DC converter. Should high power transfer capabilities be desired,
the components related to the stages above adds up to both a significant physical weight
and size and also cost. Therefore, it is desirable to utilize equipment already required for
traction purposes also for energy transfer from the grid/ERS in order to reduce the need
of costly and space demanding equipment. This way of utilizing existing equipment for
several purposes is referred to as integrated charging or energy transfer.

This thesis work presents and evaluates different methods of energy transfer to an elec-
tric vehicle from a conductive electric road system. Different energy transfer systems (ETSs)
are considered and evaluated from an operational cost perspective, where quantities such
as energy consumption and battery degradation are of main interest. One of the ETSs is of
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particular interest in this work since it features a novel way of achieving high transfer power,
galvanic isolation as well as being integrated with the traction components. The compon-
ents contained, as per above, in either an OBC or a DC-DC converter and the function-
ality they provide are in this ETS partly distributed among the traction components. This
is made possible by utilizing two traction drives (converter and electrical machine) inter-
connected mechanically via the mechanical transmission of the vehicle. By adding a device
allowing the DC-link of each traction drive independently connect to a supply - be it a
DC fast charger or an ERS - and the energy storage, the supply and energy storage become
galvanically separated as the two traction drives act as a rotating transformer. Furthermore,
high power levels can be achieved as the maximum power transfer capability is only limited
by the rated power of the traction drives. A prototype is developed of said ETS in order
to prove the concept idea in terms of functionality, energy transfer efficiency and dynamic
controllability as well as in order to develop a model of it to put into a drive cycle simu-
lation context. The ETS featuring integrated energy transfer capabilities is referred to as
’Fully Integrated Energy Transfer System (FIETS)’. In order to put the FIETS into context,
two additional ETSs are included in the study, both of which feature an isolated DC-DC
converter. In one of them the DC-DC converter transfers all of the energy supplied by the
ERS (of DC fast charger), hence the rated power of it is required to by high, in the range
of several hundreds of kilo watts if heavy duty transport is considered. This ETS is referred
to as "High Power Separate Energy Transfer System (HSETS) . The second additional ETS
featuring a DC-DC converter is a combination of the two aforementioned in the way that
it comprises both a DC-DC converter and a device allowing the traction drives to be sup-
plied directly from the ERS. In the latter case, galvanic isolation of the on-board electrical
system is not achieved, however it does enable the DC-DC converter to be rated at rel-
atively low power levels. This ETS is referred to as "Low Power Separate Energy Transfer
System (LSETS)’.

Experimental verification of the FIETS suggests that the functionality is promising
enough to be considered as an alternative for dynamic energy transfer. Although, the out-
right charging efficiency (from supply to energy storage) is lower in comparison to what can
be expected from the HSETS and LSETS due to the increased number of conversions of
energy. However, the overall energy consumption when put into a real drive cycle scenario
is not necessarily higher due to its ability to run its traction drives directly from the ERS
supply. The simulation study of the three ETSs considered in this thesis display a different
behaviour with regard to the relative ERS coverage of a drive cycle as well as the approach to
where the ERS sections are placed. This is mainly due to the assumption that the ERS can-
not receive energy, i.e., when a vehicle is supplied by the ERS and could regenerate energy
due to a velocity decrease or a downbhill, this is not done but instead the friction brakes are
used and energy is lost. In order to evaluate the value of being able to regenerate braking
power, different control approaches are investigated in the ETSs where this is applicable.
A significant decrease of energy consumption is shown, where the trade-off being heavier
usage of the switching devices.
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Different behaviour with regard to the ETSs in different driving and vehicle scenarios
is also established as both a city bus on a low speed, city traffic drive cycle and a long-haul
truck on a high speed, motorway drive cycle is investigated. It is shown that the difference
in terms of energy consumption is emphasized when the vehicle is subject to a dynamic
driving scenario rather than a monotonous one.

Furthermore, it is shown that a given installed rated traction power in FIETS (which is
related to the vehicles’ ability to receive power from the ERS as well as traction performance)
corresponds to a significant amount of rated power in a separate power supplying method,
i.e., in the HSETS and LSETS suggesting that the FIETS to some extent exhibits a certain
charging performance "for free’.

In addition to the system level analysis of ETSs the experimental setup of the FIETS
is also utilized in order to attempt to quantify the impact of parasitic capacitance on para-
sitic, common mode, current. The experimental setup can be configured in such a way that
energy transfer from the grid to the energy storage (a battery emulator in the setup) can be
achieved either through the electrical machines (as described above) i.e., galvanically isol-
ating the supply and energy storage, or through a non-isolated active front end converter
(can be regarded as a non-isolated OBC). As the on-board high voltage system can be phys-
ically large in a heavy vehicle due to battery capacity requirements, HVAC systems, cabling
and so on, the parasitic capacitance that comes with it cannot necessarily be neglected.
Non-isolated energy transfer could then possibly lead to a level of common mode current
that might trip safety circuitry, i.e., affect the up-time, cause EMI concerns or even cause
potentially dangerous situations. Isolated energy transfer can mitigate the impact of the
parasitics on the isolated side of the on-board high voltage system as a path through ground
is eliminated. Measurements suggest that in the setup developed this difference could not
be observed when comparing non-isolated and isolated energy transfer. This is likely due to
the fact that the design of the experimental setup is not done with mitigation of common
mode currents as a top priority. With proper design of filter components at least the same
performance can be expected by both charger types from an EMI perspective. Though, it
should be noted that the isolated charging system has its significant benefits over the non-
isolated when considering electrical safety. Furthermore, what the measurements provide,
is validation for the developed simulation models where certain aspects of the components
and their control can be related to certain harmonic content of the common mode current.
As well as an estimate on how the common mode current is affected by different levels of
parasitic capacitance present at the high-voltage system.

7.1 Future work

There are a number of areas where a continuation of the work presented in this thesis can
be valuable. Considering the experimental setup developed during this thesis work, there
are aspects that can be improved in order to gather, 1) more operating points and 2) more
accurate data. Some of these aspects are listed below.
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* Replace the resolver interface so that higher rotational speed of the machines can be
achieved. As of today, the maximum achievable speed is approximately 7000 rpm
which is lower than what the machines themselves are rated for. Achieving higher
speeds would extend the current data and lead to an extended torque/speed map of
the machines.

* Replace the battery emulator with an actual battery. Due to safety reasons this was
not possible in the experimental setup developed during this thesis work. However,
should this be possible, a more realistic scenario is created since the battery emulator
- constituted by a grid connected converter - imposes certain limitations regarding
power and dynamics. However, the existing system has a number of advantages such
as that different voltage levels are easily achieved. One attractive alternative would
be to add another "channel’ of the switch box and connect a battery to it, in that way
both systems could co-exist.

¢ The perhaps obvious continuation of the present work would be to validate the func-
tionality and performance of the proposed energy transfer system(s) in a vehicle
which would create great opportunities for measurement and validation. As there
are a number of test sites of conductive electric roads in operation in Sweden, the
possibility is not unreasonable.
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Appendix A

Flectrical schematics and
implementation

A1 Battery model and emulator

The battery emulator is in the experimental set up similar to the AFE with its filters towards
the grid. The main difference being that a three-phase isolation transformer is connected
in between the grid supply and the LC-filter in order to galvanically isolate the battery
emulator supply from the grid. The battery modelled at a significantly lower level, with an
ideal DC-source with a series resistor and a parasitic capacitance to the chassis at each pole.
The circuits are shown in Fig. A.1-A.2.

[
¥ 3 | DC+
Dy Trafo 3
- ) o s . -
5 EMLfiter { 5 JCfiter (] | == C_ddink
c ﬁ t c ﬁ &t
grid k<] 5 >
: ' 1 -]
= DC-

chassis

Figure A.1: The circuit of the battery emulator.
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Figure A.2: The model of the battery emulator.
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A.2 Double isolation

In the experimental setup presented in Chapter 4, the traction drives, electrical machines,
filters and so on all have to be double isolated from the grounded chassis. The grounded
chassis is constituted by the electrical cabinets, the mechanical transmission, the cooling
pipes and so on. This means that the components that are part of the floating chassis has
to be fitted with an extra layer of insulation as illustrated by Fig. A.3 and A.4 below. In
addition to the extra insulation Fig. A.3(b), a flange (a) is installed in order to house the
isolated axle coupling fitted in between the output of the electrical machine and input of
the mechanical transmission.

Fig. A.4 shows how components of the floating chassis is mounted in the electrical
cabinets, i.e. the grounded chassis. Isolating mounts (red) are used for mechanical fitting
inside the cabinets between the mounting wall and the chassis of the converter. Also shown
is the hose (blue) carrying coolant to the converter since a metallic pipe cannot be used.

Figure A.3: Dielectric material installed in between the housing of the electrical machines and the mechanical transmission
housing (b) and additional flange (a).
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Figure A.4: The mounting of the traction converter in the electrical cabinet. The red mounting points are isolators. The blue
hos in the foreground the coolant supply to the converter.
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A.3  EMI filter

The schematics of the EMI-filter is shown in Fig. A.s. It should be noted that this is not an
exact model of the EMI-filter used in the experimental setup as a complete data sheet is not
available. Rather, the value of the components is partly deduced by external measurement

of the physical EMI-filter as well as making reasonable assumptions.
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Figure A.5: The model of the EMI-filter used.
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A.4 FIETS experimental setup

The schematics of the FIETS experimental setup is divided into three parts, Fig. A.6 - A.8.
The dashed lines in Fig. A.6, A.7 indicates the floating chassis which can be grounded by the
switch shown in Fig. A.6. The coloured boxes of Fig. A.7 indicates the conducting triplets
of mechanical switches of the switch box when emulating isolated (blue) and non-isolated
(green) charging respectively.
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Figure A.6: The electrical schematics of the AFE and its supplying circuit.
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