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1. INTRODUCTION

Task 3.2.1 started in month M6 arah to month M36The main objective of the task 10

provide guidelines fofuture freight locomotives. The first part the project was devoted to a
literature study and overwe of different technologige available on the market. The results
provided by the WP2 will be used as the input requirements for the vehicle dimensioning.

As a result of the literature review, based on the Vehipropulsion system, foulifferent
locomotive topologies have beedentified. The conventional dieselectric locomotive
equipped with one combustion engine, usually running on diesel, connected to a generator. A
second type is the electric locomotive that requires a grid connection. The third type is the
dual mode locomtive, which can take advantage of the electrified railways but it can also run
on diesel where that is necessary. Finally, the fourtk tgpthe hybrid locomotive thair

relation to a dual mode locomotivis equipped with energy storage as well, imegal a

battery or a super capacitor.

Based on the initial review the next phase in the pragegtcloser analysis and dissemination
ofthei nf or mati on provide in WP2 and in WP2. 4
in particular. Furthermore, doser definition of the project and a specification of the main
requirements, such as acceleration, tractive effort, power demand etc. will be performed. In
the following step, attention will be focused on two topologies, a dual nopddogyand a

hybrid electric topology. Brt of the investigation will also include the possibility of having a
number of smaller combustieenginegenerator (genset) units rather than having one big
genset unit.

Within the SUSTRAIL prgect a number of different linekave ber chosen that wlil
represent the different railway linesound Europe. The following routes have beleoseras
typical routs;
1 TheMediterranean Corridan Spain, which is anixed traffic electrified line in the
east of Spain
1 The Bulgarian route from theerbian border to Turkey, an intermodal connection
which is part of the European “Corridor
1 Two key intermodal freight routes in the UK, from the ports of Southampton and
Felixstowe to the North West of England, part of Network’Rail “ SctFreight e g i
Net wor k7.

Some information about the freight train operation on thesesareprovided bySustRail
Deliverable D1.5Route summary: Logistics, local freight market and whole system
economics Furthermore some additional data about the rouggven bydeliverable (D1.2)
The sustainable freight railway: Designing the freight vehiclérack system for higher
delivered tonnage with improved availability at reduced.cost

1.1 Historical perspective ddlectric railwaytraction and electrified railways

The modern railroads of todayvJeevolved through a long history. The wooden rails called
“Wagonways were used in Germany as early as in the middle of the 16th century. They
provided an easy way for horse driven wagons or carts in contrast to the muddy and dirty
roads. In the end of 18th century the wooden rails were replaced by the iron rails and
somewtfat later the horse pulling power was replaced by the mechanical power.

[Deliverable D3.2.1] [PU-v1]
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1.1.1 First locomotives

The first | ocomot i vesl8thl eentey angipe the begimg bfhld end
centurywere equipped witlexternal combustion engines (ECE). The ECE is & aegine

where the internal wr ki n g #tedibgcombustionhirean external source, through the

engine wall or a heat exchanger. During the expansion, the pressure foreatésl which

acts on some cgoonent of the engine and thereby produces mo&nd usable work,

typically steam engines.

Over the next hundred years the steam engines together with the drive chain or propulsion
system have been furt he middeoiv20th cepterythe steand r e fi n
engne hade several drawbacks quaed to the locomotives propelled by the internal
combustion engines. One of the main drawbacks was the operation avaitbility steam

engines need to laken out of duty for cleaning and maintenance at least once a day.

1.1.2 Internal combustion engine

Athough the first types of | dategback #olearlfC b6thb u s t |
century (1508) when Leonardo anchi sketched a gunpowder machine with the intention

to raise heavy wei gdedi)CE tvds devdpedbyt Nicplau®@ttoini c a | a
the second halbf 19th century (1876). Internal Combustion Engine (ICE) is a type of engine

where the combustion of the fuel ocsium a combustion chamber that is an integral part of
thewor ki ng fluid flow circui t . ionldppgliesa ximd forseitm n , d
some component of the engine, eagiston or turbine blades, etdhe engines argpically

two-stroke orfour-stroke engines.

The Otto cycle machine in a similar way as the gunpowder machines uses a separate plug to
Il gni tegadte ithiaxt ur etstheambudian precesg. Inghe andhef19th

century (1893)Rudolf Diesel presented another type of ICE which in contrast tocatie
machines uses heat of compression to start the combustion process.

In 1913 Genml Electric company (GE) in Unt ed St ates designed t he
successful ICH.ocomotive. These locomotives were equipped with @t cycle ICE.

However, these locomotives did not makbuge success as they could not compséte the

steam engines in terms ofeeiency. Furthermore, these locomotivesiered fom poor

conversion ofthe emine output power into the useful tractive force over the whole speed

range.

1.1.3 Electrification of the railways

Meanwhile there was another technolobg twas gaining in popularity pecially in urban

areas, where the electricity was readily available. Many of the existing horse lines become
electrified and run with an el ecwearetocopemter e et
outside city bordex on interurban railways.

The electric propulsion seemed @sery attractive alternativeost eam power . The
with the electric propulsion, however, wererestie d t o t he eohledenae) fied r
the high eeciency diesel engine coupledth an electric generatdooked as very attractive

solution.

[Deliverable D3.2.1] [PU-v1]
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Figure 1 Electrification progress [1].

1.1.4 Existing technologies of today

Most of the locomotives today are powered by electricity. Theceanf electricity is either an
overhead line alternatively a third rail odsel electric generator

1.1.4.1 Diesel locomotive

Diesel locomotive is dype of locomotive where a diesel engine is used to provide the
necessary tractive power. Theeakthroughfort hi s type of | ocomoti ves
which in turn implied the end of steam locomotive technology. The size of the diesel engine

was considerably smaller compared with the early built machines and at the same time the
ezeciency of the machine was imgved drastically. Henceéhe diesel engine bame more

cost eecient and required less maintenance which resulted in lower operating costs for these
types of locomotives. In comparison to the electric locomotives, diesel locomotives have
usually approximaly the same tractive force per axel whereas the power to weight ratio is

much higher for @ctric locomotives.

Prior Steam engine propulsion system

1876 Nicolaus Otto; first Internal Combustion Engine mimg on gasoline also used
for locomotivepropulsion.

1893 Rudolf Diesel; develops diesel engine using pressure to start the combustion
1912 First diesel powered locomotive

1917 GE develops diesel electric propulsion system {g@@erator and D@action
motor)

1960 Introduction of semiconductoredtices. DCgenerator being replaced by AC
generator

[Deliverable D3.2.1] [PU-v1]
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2005 Genset locomotives (a huge diesel engine and a generagmaced by several
smallergensets)

The diesel locomotives may be divided into two categories diesel electric and diesel
hydraulic

1.1.4.2 Diesel hydraulic locomotives

Two types of hydraulidransmissions systms can be | dmamit ani bydro hydr
static.They will not be dealt with further in this report.

1.1.4.3 Diesel Electric locomotives

In diesel electric locomotives the diesel engm#put skaft is connected t@an electric
generator. These types of locomotvere also the most common typeda#sel locomotives.

The aergy fromthe diesel combustion engine is converted into electrical energy before it
reaches the wheels. Hendeere is no mdwanical coupling between diesel combustion engine

and the wheels. The generator and or traction motors are either producing/consuming alternate
current (AC) or direct current (DC).

The dc traction motors were more common in the past owing simfde control However,
due to the commutator brusheise control of the motors becomesadiult at lower speed.
Modern diesel electric locomotives are mostly propelled by AC matogeneral three phase
induction motors.

Figure 2 Diesel electric locomotive a) schematic view of the driveline b) diesel electric locomotive.

AC motors can be designed for higher maximum speeds, thus a smaller torque and volume
for a given power rating. They are also produced in larger vaamd as a consequence AC
motors are more cost effective.

Yet another contributing aspect is the rapid development of the control equipment such as the
converters which @ers better control even at lower speeds. Usually these types of
locomotives are egpped with one huge diesel engine, one main generator and an auxiliary
generator attached to the same shaft. Problems associated with these types of locomotives are
huge starting currents. Hendhe battery must be dimensioned accordingly. Locomotives in
shunting load conditions and coldeatherare therefore left to run in idling just to prevent the
freezing that may cause a huge damage to the locomotive.

1.1.4.4 Genset locomotives

In order to improve thegeciency of the locomotive some manufactures are staiitagpk at

a solution that is commonly known agenset It means thainstead of having one big diesel
combustion engineoupled toa big electric generator, the electric power is provided by
several smaller units that are connected in parallel. Thus, when the locomotiidlirgiand
only a fraction ofelectric power is needede. to maintain some vital function the vehicle

[Deliverable D3.2.1] [PU-v1]
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like air conditioner or heating of theer i v e r,ghis can aebpronided bgnly one small
unit. Hence, the losses in the vehidre kept at a minimum. Whéine maximum power is
needed all genset units are ged simultaneously and provittee rated pwer.

Typically these locomotives are perfectly suited for shunting or switching operatratis
intermittent operating conditions. Tl¥ive cycle during one day requires very low mean
powerwith high peak powelevels and long idling intervals

1.1.45 Dual mode locomotives

Dual male locomotivegzantale advant age o fthrauphecatenargprcatthird fi e d |
rail but also run on noelectrified railways

Dual mode locomotive should not benstdered as hybrid vehicle as theyrdd have a large
energystorage unit, typically a battenA huge energy storage capability like the batteries can
boothbeconsideredisanadvantage and as a d&lvantage at the same time.

£ o

Figure 3 Schematic view of a dual mode locomotive.

Fromthe operatioal point of view the batteries give auditionalfl e x i b ithkevehicle ag o
the transient power requirement can be covereiisbstored energyHence, the combustion
engine can operate ia high eeciency area or even in a most optimata@ency point.
Whether the combustion engine can operate in a smakeresmcy area or an optimal point
strongly depends on the size of the batteries. On the other hand, introducing a battkey into
systemimplies a more complex systeand what is morenportant much more costly.

(ol N
CH = 7

li

3 -

a) b)
Figure 4 a) Vossloh EURODual for freight purposes comes with three different diesel options: 700 kW,

1400kW and 2800 kW. Electric traction 5000 kW. b) Bombardier ALP-45DP for freight and passenger
service (Line between New Jersey and Montréal). Electric traction 4000 kW, diesel traction 3134 kW.

[Deliverable D3.2.1] [PU-v1]
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a) b)
Figure 5 a) Class 38 traction power1500/780 kW b) ED1600 traction power 1600/560 kW

1.1.4.6 Hybrid locomotive

T he de fi nhylridvehiclegiveEn bg UNis” A hybrid vehicle” is
two diaerent energy converters and twoadrent energy storage systems -bward the
vehicle) forthepygose of vehi[@l e propul sion.”

Hybrid vehicles can be clasfied in many different categories depending ondagénition,
like; mild hybrid, powe hybrid etc. However, there more prominent classification of the
hybrid vehicle that are used today and those are: SeriegdHElectric Vehicle;Parallel
Hybrid Electric \ehicle and a combination of thos&eries-Parallel H/brid Electric Vehicle.

1.1.4.7 Series Hybrid Electric Vehicle SHEV

In a series hybrid electric vehigléhere is no mechanical connection between the combustion
engine and the wheel3hus, allenergy must be converted &ectrical energy before it
reaches the wheel$his topology fits very well with the drive train which is equipped with
other types of energy converter sources than the conventondlustiorenginegenerator
unit, like fuel cells orthe Free Piston Energy Convertdr.schematicview of a series hybrid

electrical systencan be seen iRigure6.

E3
| il

Figure 6 Schematic view of Series Hybrid Electric Vehicle (SHEV) [2].

The advantage with this topology is that the combustion engine can be downsized and to
some extent optimized to work only ime most operating efficient point. Whether the
combustion engine can aée in only one point or not, is strongly dependamghe size of

the battery storage and its dynamics.

[Deliverable D3.2.1] [PU-v1]
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1.1.4.8 Parallel Hybrid Electric Vehicle PHEV

In the paallel Hybrid Electric Vehicle te combustion engine is directly connected to the
wheels and providdasrust.

P
(I
_TIT

| —

k
)

Figure 7 Schematic view of the Parallel Hybrid Electric Vehicle (PHEV) [2].

The electrical machine in the system is used booth as a motor and as a generator. In the motor
operation mode it provides additional torque to the wheels i.e. in a steep climb or during
acceleration. It operates in the generator operation mode whenglzeneéd of charging the
energy storage unit or during the regenerative breaking. Schematic layout of the topology can
be obtained idrigure?.

As the electrical maghe can only be used as a motor or as a generator at a time the system
cannot achieve the maximum torque operation mode and charge the energy storage at the
same time. Compared to the SHEV topology the combustigmeis now obliged to work in
different operation points with lower efficiency. However, this topology has an advantage
compared to the SHEV when there is a need for constant power delmang a longer

period of time. As there is no need for additional energy conversion to the electric energy
before it reaches the wheels the efficiency of the system becomes higher.

1.1.4.9 Series Parallel Hybrid Electric Vehicle

Series Parallel Hybrid Electric Vehicles is as the nardiates it isacombination of the two
topologies abovdt can be operated as plyrelectricvehicle,or as a conventional vehigler
as a combination of those.

Figure 8 Schematic view of Series Parallel Hybrid Electric Vehicle (SPHEV) [2].

[Deliverable D3.2.1] [PU-v1]
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One of the key components in thapology is the planetary gear. This topology is equipped

with the two electrical machines, one used as a generator and the other one used as the motor.
This topology tensito be complex and expensive but can thAkkadvantages of boottine
previously dscribed topologies abové schematicview of the topology is shown iRigure

8.

1.1.4.10 Swedish Experience with hybrid system

In Sweden a feasibility studyas been carriedut into incorporatinghybridlocomotives in
switch yarda.

a) b)
Figure 9 a) Prototype T43H b) schematic view of the prototype.

The study was performed in ¢t@lbor ati on with “Svensk Tagtek
partners. Within this project a prototype hybridlocomotive was buildt and testte
portotype is shown iigure9.

The prototype was desi gnedthegeriormandeidatg of thdr e “ G
prototype vehicle is shown ifiable 1. Instead of a largeombustion engine and a generator

unit the prototype was equped with a smaller combustimgineand generator unit plus a

large battery storage system.

Table 1 Technical data of the original T43 and the rebuilt T43H [3]

Technical data: T43 T43H
Weight 72 tonnes 78.7 tonnes
Maximum Power 1063 kW 893 kW
Starting tractive effort 212 kN 230 kN
Displacement of combustion engi| 136 litres 8.3litres

The weight of the battery was not seen as a problem. The test result showed a huge potential
in energy savings between -80% depending on the usage and the load cycle. Another
advantage was highly reduced exhaust emission of the NOx particles, up to 90%
improvementA drawbackwasthe inability to charge the battery storage from the gudi

also the limited nage and the speed of the locomotive.

1.1.4.10.1 The Green Goat

[Deliverable D3.2.1] [PU-v1]
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The driveline architecture of the Green Goat is similar to a SHEV. The locomotive was
designedor only one shift, but was being used for longer service. As a result cfebatal
of the units

4 (2] .“
bl - -
.

[GRuROWER

Figure 10 The Green Goat prototype [3]

werecaught fire and were destroyeshother contributing fetor to failure was poor battery
management system thailéd to prevent battery shof#.

2. OVERVIEW OF THE ROUTES

2.1 UK route

The UK route is one with most diversity regarding the electrificatioth@eflines. There are
mogly non electrified routes but there are also electrified parts of the route. There are two
different systems of electrification; 750 V O@om a third rail)and 25 kV, 50 Hz, AC line

from an overhead catenary system

A sligthly more detailed description is given bellow:
The first part of the line is between Felixstowe and Nuneaton

1 Length 256.6 km

 Maximum axle load 22.8 tonnes

1 Electrified Mostly not (the first 30 km is under 25kV AC
overheactatenary)

1 Typical line speed 120km/h

The second part of the line is between Southampton to Nuneaton.

1 Length 211.2 km

 Maximum axle load 25 tonnes

9 Electrified Mostly not (the first 48 km is electrified under 750V
DC)

[Deliverable D3.2.1] [PU-v1]
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1 Typical line speed 160 km/h

The lines described above meetNameaton where they join the West Coast Mainline which
continues further to Warrington via Crewe. The last part of the line in England is between
Nuneaton and Crewe:

1 Length 101.6 km

1 Maximal axle load 22.8 tonnes

1 Electrified Yes (25kV AC overhead)
1 Typicd line speed 120 km/h

2.2 Bulgarian route

The Bulgarian route stretches between Kalotina in the west and Svilengrad in the east. The
line is a mixtureof an electrified part west of city Plovdiv, which lies approximately in the
middle of the route, ana nonelectrifiedpart of the route to the east. System of electrification

is 25 kV, 50 Hz, AC witha maximumpermissiblecurrent of 500 A.

1 Length 374.9 km

1 Maximal axle load 22.5 tonnes

1 Electrified Mostly (220 km between Dmitrovgrad an Krumovo
25kV, 50Hz, AC overhead)

1 Typical line speed 75 km/h

2.3 Spanish route

Spanish route is situated on the east coast between the CastellbisBadlaariastellbisbal

lies just south of Barcelona and Silla lies close to Valencia. The route is electrified throughout
the whok distance. The system of electrification is 3 kV DC. The line described below
stretches between Valencia and Tarragona which was originally taken as a part of the
investigation. This was later on extended from Castellbisbal to Silla.

1 Length 272 km

1 Maximal axle load 25 tonnes

91 Electrified Yes (3 kV, DC)
1 Typical line speed 100 km/h

3. VEHICLE PERFORMANCE

Some of the vehicls performance parameter are governed by the track specifications. Thus it
is important to have a good knowledgfethe route the vehicle is going to operate. One of the
key specifications is actuallh¢ maximum allowable axle load

3.1 Tractive power

The tractive force required by a train is given by

[Deliverable D3.2.1] [PU-v1]
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O a Jo O (eql)
The equation above desaithe forceequiredfor the train to acceleratat constant speed

the force is equal to the total running resistar@eln the equation aboveét i s t he tr ai
equivalent dynamic mass aadds the acceleration.

3.2 Running resistance

The wnningresistance is the resistance a locomotive needs to overcome in order to keep a
constant speed. The running resistance can be broken down to four different components:

1 Rolling resistance@ )

1 Aerodynamic resistanc&)()

1 Curve resistancé)

1 Gradientresistance@ )

3.2.1 Rolling resistance

The rolling resistance depends on many different factors, just to mention some; friction in
wheel bearings, irregularities on tracks and on wheels etc. An approximate value of the rolling
resistance can be obtained frtme expression below

0O 420 OO (€q2)
Whered is the vehicles mass agl 18t p 181 ¢ — and® T8 Tt T p TS T TTiO

Rolling resistance is strongly dependent on the running properties of the vehicle and on the
quality of the track. It will increase with poor quality of the track and poor quality of the
running resistance of the vehicle.

3.2.2 Aerodynamic resistance

Aerodynamic resistance is arpaf the resistance that has higbntribution to the total
resistance of theehicle. However, as it is speed dependent the largest impact will be at
higher speeds. The aerodynamic resistance can be written as following:

P

] EO’CI) DD T (eq3)

where” is the density of the aip& — , 0 s the relative wind speed- , and0 is the

train’s frontarea & .0 f is an aerodynamic drag constant which is a functiothef
wind’s angle of attadk, which is given by equation bellow:

i 0AT O DE] cad)
b U RO q
The value of the relative wind speed can be calculagede following equation:
SUNIS 0 0 ¢ ATIO (eq5)

3.2.3 Curve resistance

Usually the wheels on a wagon are connected by a rigid axle, thus wheels traveling in a curve
will not cover the same distance where the outer wheel will have to travel a larger radius. As
the wheelset is fixed in a boogie there will be a certain sligpagd friction between the rail

and the wheels thereby causing a certain resistance

[Deliverable D3.2.1] [PU-v1]
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whered is the mass of the traim,is the radius of the curve and factor 6-5 is valid for
ridged bagie. Fora softbogiethis factor can boweredto 2.0.

3.2.4 Gradient resistance

A Y
O & 0QOE+ & 00— (eq7)
DTITT
Using the a@Bl oxiimattitpen é€quation abalways f or
thecase in the railway context, the equation can be further simplified. WWfieeegradient is
expresedin per mille,& is the mass of the train aiffds the constant of gravity.

3.2.5 Total resistance

Total resistance that needs to be overcome by theis¢rétve sum of all resistances described
above and is given in equation bellow

O O O O © (eq8)

3.3 Definition of differentvehiclemasses

1 & total static mass of the train.

1 & mass of one car

1 & equivalendynamic mass of the traifhe d/namic mass of the train fgpically
5-10% highetthanthe static mass.

1 & adhesive weight of the train.i#t the sum of all axle weight of all driving axles
For the freight train, usually there is a locomotive wipabvides all tractive effort
required, hence the adhesive weight is often the same as the weight of the locomotive
provided that all axles are driving. If there are several locomotive this is the same as
the sum of the weights of all of the locomotives.

a a li (eq9)

0 QA U (eq10)

& is the static masg, is the number of wheel set§,is the total moment of inertia per
wheel setj is wheel radiusQ is gear ratiop is inertia of the roton) is the wheekets and
gears moment of inertia.

4. POTENTIAL HYBRIDIZATION

A question is how to design a vehicle with best performance. The first step is to look at the
performance requirements in foraf acceleration, maximum speegtaximum torque etc.

next step is toconsiderother requirementssuch as raximum weight of the locomotive;
efficiency and finally the cost.

[Deliverable D3.2.1] [PU-v1]



Today one of the important factors that takes the next, stethe development ofhe
technology are the legislations in terms of the efficieneyhaus emissions etc. provided by
i.e. the EuropeanUnion, but also by somgovernmentn a nationalevel. The need for a
new function of the equipment is also something that imposesotegly development.

Whether the higher efficiency can be achieved with the hybridization of a syseeueig
relevant question. As mentioned earlier, different types of hybrid systems suits better for
some applications anare less suitable for somether. In other wordghe efficiency of the
system strongly depends on the load cycle.
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Figure 11 Ragone plot of different energy storage units.

One way to find out the possible benebfsthe hybridization of the vehicle is todk at the
power demand durghthe vehicles operatiocycle. The ratio between the maximum power
demand and the average power demand during a load cyckeassed as an indicator for a
possible hybridization benefit. In equation form this could be defasefollowing[5]:

”_:*: °m (e
qll)
R
Whered "OfstandsjoPotentiaI for Hybridization in Bwer, 0 is the average power during
the load cycle and  is the maximum power demand during the cytteorder to avoid
mathematical irregularities there are some reins that has to be imposed an, OV
Tip . This is with regard to mando T, thus in these cases théOvL p.

Apparently the value of PHP is varying between €L where 0Ois low suitebility of
hybridization and 1 is the maximusuitability for hybridization. However, vhile this value
indicates a possible benefits bybridization it does not giveny answerto the storage
capacity which strongly influencebe size of the system and eventually the price.

Variatiors in power demand from the load cyalaéll have a direct impact othe size of the
energybuffer required. The energy @iven by theintegral of the power over a tanperiod,
thus in a high frequent power demahé required energy buffevill tend to become smaller
compared tslow varying cycleslt should be pointed out that this implies an optimal system
design.
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Based orPHP only, it might be difficult to see the complete potential in hybridization of a
system, thushe Potential Hybridization inEnergy(PHE) can be introduced as a complement
[6]. The energy in the system is calculated accortbrye following equation:

<
e W oW a1

where0d T is the variation in power demand during a load cycle @nd is the average
power of the complete load cycle. Using equatfeq 12) above the useful energy is then
calculatedoy:

fo | Hiry €« T 1 Try < (eq13)
Finally the potential hybridizatiom energy PHE can be defined as

LY (eq14)
Iro
However, boothlPHP and PHE indicators neec weltknown or well defined load cycle in
orderto calculate these indicatoin realitythis is usually not the case, tload cycle are not
known in advance Hence the design procedure needs to jerformed in a different
approach.

In order to be able to calculate and size the energy buffer there needs to be certain demands
and requirements. They can be of different kinds of naplrgsical size, weight but most
probably of energgizeand dynamic responska [7] the requirements were set on the energy
buffer where the vehicle should be able to run at least 10 km purely on electric propulsion.
The dynamic response will have a direct impact on the acceleration performance on the
vehicle thus thdoundaryfor the peformance of the vehicle are well defined in the traffic
regulations. Based on the information in the regulations the requirements can then be exactly
defined.

4.1 Energy Storage

When it comes to the energy storage, there are many different options in thieisvagn be
accomplished, falling weight, mechanical deformation (spring), compressed air, etc. However,
not all of them are interesting when it comes to hybridization of the maodémehicles.

There are three different ways that are more distinguisbatpared to the others; battery,
super capacitarand flywhees. The electric energy in the battery, which is one of the most
common ways to store energy, is storleagh an electrochemical reaction. An alternative
way of storing electric energy is tlkapacitor, which opposed to the battery stores the energy
as a static chige. Flywheel stores energyechanicdy rather tharelectrially.

4.1.1 Batteries

As mentioned abovebatteriestransfers, though the electrochenat oxidationreduction
reaction,chemcal energy into the electric energy. Usually the voltage obtained through the
reaction process is limited to a couple of volts. Hence the battery often consists of a number
of cells that are connexd into series or in paralléb providea desired voltager energy
capacity.
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Figure 12 Principle operation of a battery cell during a) discharging and b) charging process [8]

The principal operation of a battery is shownHRigure12. Thereare many different types of
batteries andgenerally speaking battes are usually considered agyh energy density
storage ung

However, recent evelopment has been focused logiteries that can pwvide high power
rather than amncrease in their energy dens[8]. A lot of this research has been driven by
different autonotive companies searching fonprovements in the efficiency of the vehicles.

Ore solution is to replace the conventional drive line with a battery for energy storage and
electrical motors for the propulsion purposes. Thesestgpgehicle are usually abbreviated

as Electric Vehicles (EV)As the b#ery is the main energy souragually the batteries are
deepy discharged beforeecharging fronthe electricity grid The cycle life time becomem
important issueduring the design stage whethibe battery is going to meet the minimum
requirements. Another important issue is the earguirementhatthe battery needs to meet,
which by using an appropriate load drive cycle, can be calculated by looking at the energy
consumptionlt shouldbe mentioned that in most cases the battery pack is able to ptiogide
required peak loadonce the energy capacity is metThe battery power considering the
efficiency is:

bt «egrtd ¢ :)TFI (eq15)

wherew is the nominal voltage of the battery (open circuit) ahid the inner resistance of
the batteryand— is the required efficiencyActually the battery peak power is obtained from
(eq 16) i.e. when the efficiency of the battery is 50%. There smeeral reasons why the
efficiency of the batterysi considered, one is of couree efficiency of the total system.
However, one of the main reasontige energylosses in the battg which needs to beooled
Although the size of the battery, considgrithe peak power demand, can be minimized
allowing for lower efficiency the cooling/stem on the other hand woluitttrease
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Figure 13 State-of-Charge consideration for battery operation in hybrid electric vehicles [10].

Another possible solution is to assist the conventional drive line with a secondary auxiliary
power source. This solution comes in variamnfigurations, some of them described in
earlier sections. In addition to the energy recapturing duringrésekingof the vehiclethis
solution also offers the possibilities of downsizing of the conventional combustion engine and
running the combustioangine at the most optimal efficiency.

The size of the battery storage unit can vary from very small sizes, in so called power assist
hybrids, to large sizes with equal sharing of power in so called full hybrid vehicles. However,
using the battery as ailiary power source implies very tohgequirements and demands on

the battery. © optimize the lifetime of the battery it should operate around 50% of its state of
charge and spend minimum of its time in the overcharge anddmararge[10]. This is
illustrated inFigurel3.

As mentionedpne r eason t o State@f ChatgdbOQ b 50% develis to
increae the battery life budnother reason is to be able to regenerate the energy during the
deceleations of the vehicle. Thus the battery will be able to deal with large current spikes
without been overcharged. This relatively low SOC level will however bring dowasttfel
capacity of the battery, in other words the size of the battery needs talibledion order to

meet the energgequirementDepending on thehemistryproperties of the battery it can also
react differently on charging and discharging currents. Sbattriesare able to tolerate
higher charging currents compared to the dischargimgents and vice versa. This is
something that needs to be taken into consideration durirdethgnstage andhe size of the
batteryhas to be adapted accordinffy [10].

[Deliverable D3.2.1] [PU-v1]



OSUSTRAL

Page 19 of 45

4.1.1.1.1 Modelling of the battery.

Modelling of the battees in an accurate way is important faleveloping the control
strategiesof hybrid electric vehicles through simulations studig$]. Numerous different
models have been developaddreported inthe literature. Inits simplest for the battery can

berepresented by a voltage source with a constant resistance connected iasshiesvn in
Figurel4.

Ib __
R
Vi(t)
| | Visoe
._\\--_ /

3

Figure 14 Simple battery equivalent model.

Batteryequivalent models can be summarizedifferent categorieselectrochemicamodels
mathematicamodelsand electrical modeld2]. Amongthose, electrical models are the most

intuitive ones These models cain turn can be divided into: heveninmodels impedance
modelsand runtime based mod¢ls3].

Riseries Rircasient Rseries Zac Lseries
V(soc) Rseicise e Vo Vec(soc) Vi
i i
a) b)
Riseries Resfsoc) Rem{soc) Rewsoc)
5 = 3 - t
Z 2 s I Vi Vac(s0c)
o S 18 e S Ces(soc) Cem(soc) Cenfsoc)
ib
c)

Figure 15 a) Thevenin- b) Impedance- and ¢) Runtime-based electrical battery model.

These models are shown kigure 15. The impedance based mod&iows good agreement
betweermeasured and simulateelsults[14].
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Figure 16 Lithium ion battery equivalent model
By using the electrochemical impedance spectroscopy the value of the impeéaanse
determine. The method however is somewhat complicated. The Thevenin model assumes a
constant opewircuit battery voltageo “Y0 6which does not take into consideration the
steady state battery voltage variation. Thims order to improve the model a nonlare
capacitances used. The runtimenodel uses a couple of different networks, where the first
part is taking care of the capacity and SOC level in the battery and the second part is taking
care of the transient respori€] [13].

All models have their strengths and weaknesses. A more detail description of a battery model
used and implemented aMatlab/SIMULINK environmen{7] is given below.

In the equivalentcircuit above the resistances the nodlinear resistance, while the internal
voltage drop is represented by the linear resistdhc&he capacitancé is given by:

F O = Qg 10 o = gl o (eql?)

whered ,6 ,0 ,and6 ,ando ,0 and6 are parameterdependenon the cell current
and the temperatur@he capacitance is given by:
6 0 —0p AOCE 0 form o0 19
(eq18)
0 6 026 o fort®d o6 O
In the equation above, parametér also depenan the cell current and the temperature.
and6 are the boundary values of the voltage intervdlich alsogives a hint about the
technology that is beingsed within thecell. In [7] these values havbeen put to 2.7 V and
5.0 V respectively.
The total capacitpf the battery, due tde conservation principle eharge, is given by:
8 8
0 0 6 0 6 (eql19)
8 8
Where the limits of integration are given for deeply discharged and fully charged.eell
3.05 and 3.9 V respectively].
Wwo 060 YOI (eq20)

Current dependent parameters
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0o ®w o JdI ¢ 9 (eq21)
0 () ©w d1 Cp 9 (eq22
. - U Q
0 w wJdIl ¢ o (eq23)
” 5 5 o 'Q
0 w w JdJ1 Cp 0 (eq24)

Coefficientsed , @ ,® ,0 ,0 ,® ,® ,® andQare temperature dependent. For the
nonlinear capacitangg and the nonlinear resistanicéhe equations are given bal:

- Q
0 Q Qa1 ¢ 0 (eq29)
LU B e I | 2 26
R Cp 5 (eq26)

WhereQ, Q,i1 andi aretemperature dependent. The value of the cuitistrepresented
by the following equation:

ome 4 <« i (eq27)

As mentioned, in order tanodel the battery cell in an accurate way the temperature
dependency of the battery cell needs to be taken into consideration. From the test data it was
shown that the linear temperature dependency of the coatcgavesatisfatory results.
However, the coefficiendd was the only coefficient that showed a nonlinear behavior with

the temperature anttas a quadraticdependsof the temperaturd7]. The temperature
dependency of the coefficients ag@en inTable2.

Table 2 Temperature dependent coefficients [7]

®  ® JY0 O ® ® JY0 o

W O JIY0 O @ ® JY0 O
@ ® JYo & JY0 O o & JIY0 O
®  ® JYo O o & JY0 O

0 6 JYo 6 i i JYo i

0 6 JYo 6 i 1 JYo i
Q Q Jyo Q Y 'Y JYo Y
Q Q Jys 0Q Y 'Y JYo Y

Y 'Y JYo Y

Table3 shows the constant which are neeftedcalculating the coefficients described above.
As can be noted there are different constants for charging and discharging aitene Bhe
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constantggiven bebw are considered for a new battery @alld they needo be somewhat
modified along the lifetime of the cell.

Table 3 Constant coefficients for a lithium ion cell [15

Parameter| Discharge| Charge | Parameter| Discharge | Charge
) 385 385 1) 76.75 76.75
@ 95500 95500 ® -0.089 -0.089
W -400 -400 & 7.8 7.8
) 33750 48300 i -0.0004 -0.0004
@ 25 0 i 0.051 0.051
() -710 300 i 0.0002 0.0002
() 139250 142000 i -0.016 -0.016
@ -79 -385 Y 0.00004 0.00004
() -6500 23750 Y -0.0001 -0.0001

Q -340 -340 Y -0.0046 -0.0046
Q 91500 91500 Y 0.0185 0.0185
Q 221 221 Q -2.638 -2.638
Q -21550 -21550 Q 1247 1247
@ -0.102 -0.102 6 3.84 3.85
14 9.1 9.1 o} 0.0005 0.0025
14 -0.0028 -0.0028 0 3.56 3.645
@ 0.83 0.83 6 -0.001 -0.0027
@ 0.61 0.61

4.1.2 Capacitors

Like a batterya capacitor cantsre electric energy. However, therking principle behinds
quite different.While a battery store electric energy through an electrochemical reaction the
energy in the capacitor is stored electrostatically in an electric field.

Figure 17 Schematic view of a capacitor.
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The capacitare of the capacitor is given kgqg 28), where0 is the capacitance given in
Farad,- is the permittivity of the dielectric materid, is the area of the plates afs the
distance between the two plates.

. 08
0 C)g—2 (eq28)

According to the equation the capacitance can be increaseaxtyoggthe physical sizef the
capacitor i.e. increasing the ar@af the conductive plates in theapacitor oby decreasing
the distancéQ between the platefAnother way to Hect the capacitances to change the
propertiesof the insulatingmaterial. Dependim on the dielettic material capacitorsan be
divided into diffeent categories where ceramicluinium and film areamong the best
known Based onrequirements, such as temperature or,sififferent types are used in
different applications.

The energy stred in a capacitor is given bjL6].

F —OFJr (eq29)

wherew is the voltage between the plates. The breakdown voltage of the capacitor is strongly
related to the electric properties of the dielectric material.

Dielectric Spacer

Electrolyt

Figure 18 Schematic view of a Super capacitor.

As mentioned, one way to incEthe capacitance is to inase the area of the plates. In
specialtypes ofcapacitor called electrolyte this is done by roughening the surface of the
plates by etching. The surface of anoddiich consist of very high purity aluminumis
etched througteither a physical oran electrochemical process. Buermore, the anode is
subjectto a process called forming order to create an insulating layer of oxide. This is
achieved by placing the anode in an electrolytic solution which allows the oxidettayer
grow.

In order to preserve the oxide layer during its lifetime the spacer of the capacitor is soaked
into the electrolyte. Thus, these types of capacitors &dixed polarity reversing the voltage

on the terminals willamagedhe capacitodue to he gases from the chemical reaction of the
electrolyte.

4.1.2.1 Super capacitors

Super capacitorsalso known adJltra capacitors or Double layer capacitorshave been
known for quite some years. The first patent dates back as long agLY957

Super capacits havemuch higher power density compared to the batteries. They can deliver
power much fastesind has a much longer lifetimep to 500000 charge/recharge cycles have
been reportefiL8].
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Figure 19 Super capacitor in it charged state [18].

Compared ta@onventional capacitors they have much higher energy density. ldowbkere
are certain drawbackeneof themis the noruniform nominal paranters Thelow operating
voltage might imply some implementation problemd9]. The breakdown voltage is
depending on the type efectrolyte and the small charge separation distance. Thuswhe
operating voltageés inherent m the principal operation of th&ipercapacitorwith a typical
value between 3 and 4 volts.

The maximum power that can be obtaifiesin the capacitor is given bjt8]

- W
TJY

wherew is the nominal voltage of the capacitdiis the equivalent series resistance (ESR) in
ohms.The equation above is derived from the matched resistance of the load this means that
the efficiency of the charged and discharged power will be about[%6§0Hence, if the

super capacitor should deliver high amount of power there will also be huge amount of losses
that needs to be taken care of which will require cooling sysiEroonsiderable size
Therefore it is importantnot oy from the size of the cooling systerbut also from
efficiency point of view to haveanother approach in determining the size of the capacitor
bank. The chargdischargepower asa function of the efficiency is:

(eq30)

F —o t 31:'_ (eq31)
where w is the rated voltage of the super capacitor.

4.1.2.2 Modelling the super capacitors

To perform asimulationstudy, super capacitors needs torhedeledas anequivalentcircuit.
In the literaturedifferent models have been proposed andlyzed In [20] an approximate
schematic circuit diagram is given, séggure20.
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Figure 20 Approximate equivalent RC-circuit of a super capacitor [21].

This diagram tries to describe a millions of tiny pores in the capacitor that are connected in
parallel As these pores varies in sige will the capacitance of each pore, furthermore each
pore is accompanied by a resistance which will be dependent on the size of the pore and its
position in relation to the external circuit. Due to the existing symmetry on both sides of the
membrane, tw equal circug can be connected in parallel througresistancéY

TheresistancéY is a function of the porosity of the membrane, and as such it can be
determined through th@easurementsy Is theresstanceof the external circuit, thus

it can easily be determined and controllBdcause ofmany @pacitances anesistanceghe
circuit described above issefulfor understanding and theoretical discussidfowever, t is

very difficult to model the gcuit, thusthere is a need for simpler modeith good enough
accuracy.

In [22] a simplified model, with only one branch consisting™fand 0 in series,was
investigated and compared with the measurements. The simulation sesdiithe results
obtained from measurements were not in satisfying agreement to eachraibtty because
the selfdischargecomponenof the capacitor was notodelled in the equalent circuit[22].

In order to improve the model, a resistance was added in pacalie¢ tcapacitanceéifter
tuning of the circuit parametershis model was found to have good enough accuracy.
However,the model lacksone dynamic propertiesf a super capacitor
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Figure 21 Simple equivalent models of a super capacitor, a) simple model b) model with equivalent series
resistance (ESR) and equivalent parallel resistance (EPR).

In [23] two different models arelescribe, one which is quite simitato the RC model
already mentionedlhe capacitancedwever is not constant, instead it varies linearly with
the voltageThus f the dynamic response st of high importance and tipgoblem consider
only the amount of energy stored in the capagitos models suitable.

Rac

Rieak Ri Ci

R.

Cleuk C vV

. .

Figure 22 Lumped parameter model of the double layer capacitor (super capacitor) [23].

The second model descrihadkes into accountthe frequency dependencycluding AC
resistance and redistribution of the charge within the super capacitor.

This model allows for the setfischarge of the capacitor as wdlhe input parameters to the
model,that allowsadaptions of the circuit to a real double layer capacta@,given beiw.
These parameter are either obtained from the measurements or can be based on the known

approximations related to a typical doublgdacapacitar
w : rated voltage of the capacitor
0 :capacitance rated voltage.

. voltage dependant capacitance (F/V)

o)

Y :DC resistance

Y :AC resistance

Q : AC resistance crossover frequency
‘O leakage current

i : leakage capacitace as a ratio of total DC capacitance

0 :time constant of shoterm leakage effect
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The voltage dependent capacitance in the model is divided into two components, the leakage
component  given by

Fa o+ e Ji (eq32)
and thed which represents the main component and:
Fo©  F Orm (eq33)

In the equations abovéQ and™Q  constants are related to the input val@eand are
calculatedrom the following egations:

. o Qa
Q —_— (eq34)
w
0 0 Qb (eq35)
'rQ 'rQ 'rQ (eq36)

The resistancéy  together with thdeakage capacitanag represents the short term
leakagebehavior, where leakage resistance is given by:

1
=|-.+§—F_:ii (eq37)

FromFigure22 it can be observed th#teresistancéY, which is the difference between the
DC and AC resistancess in parallel with the capacitan®e, whichin turn isin series with

the resistanc&' andthe main capacitancé . Hence, for high frequencies the capacitance

0 will act as a short circuit and for lower frequencies the AC and DC resistances will add to
each other. Th&y andd are given bellow.

Y Y Y (eq39)

6 q:)+ov (€q39

Table 4-Parameters for two super capacitors [23].
DC capacitance 0 2600 [F] | 1500 [F]

Ratedvoltage W 2.5[V] 2.5[V]

Voltagedependant capaci.| Q | 250[F/V] | 150[F/V]
Y 0.6] mQJ 1] mQ]
Y 0.33[ mQ| 047 mQ

AC crossover freq. "Q | 5[Hz] 10[HZz]
O
o)

DC resistance

AC resistance

Leakage current 5[mA] 3[mA]
1/20[-] 1/20[-]

Leakage time constant 0 33[s] 33[s]

Leakagecapacitance factor

The resistanc&' accountor the DGleakage current and ggven by the following relation
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For some typical sup@apacitos the parameter data is given Trable4 above.

4.1.3 Flywheel

A flywheel energy storagethat stores energy mechanicallyan alternative to the electrical
enegy storage. It has been used for decades in various applications and in recent years in
electromechanical applications in order to smooth the electric power demaf4]la
flywheel has been suggested #ohybrid locomotiveapplication However, the flywheel is

out of the scope for this report and will therefore not be considered and described in more
detail in the following.

4.2 Combination of auper capacitor and a battery.

Recently a lot of research hbsen performed on awbining batteriesand ultracapadors
[25] [26] [27]. The idea is to bring the best features of booth technologies together where the
ultra-capacitorcould take care athe short frequent and high powequirementsvhile the
battery could compensate for the less frequent and more steadily power requirements.

4.2.1 Connecting the battery and super capacitor

The simplestsolution is to connect the battery and a super capdaitparallelwithout any
additional power control deviceshis is illustrated inFigure 23. There are certain benefits
with the connection shown Figure23, a certain reduction of the transient currents in and out
of the battenf27] is obtainedandthe circuit solution is simple

Ic l'b
-

Ry
C—— —— Via

]

B Load

Figure 23 Parallel connection of super-capacitor and battery without any power control devices.

However, tlere might arise some problems, due to the physical operation principles of
batteries anaf super capacitors. The voltagktbe super capacitor is directly proportional to
the state of charge (SOC) and varies almost linearly from fulgehtarzero charge. Hence,

the voltage of the capacit@nd the voltage of the battery will vary in a different way as
illustrated inFigure 24. As the voltage va@es in a different waygome of the energy will be
transferedrom the battery to the super @agtor causing additional lossekhe best way to
utilize the super capacitor i® combine itwith a power control device like a DC/DC
converter
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Figure 24 Simulation results of voltage variation of super capacitor and a Lithium-ion battery at constant
discharge current of 100 A.

Eventually one can identify four different possibilitieshe desigriayout of a hybrid vehicle
equipped with both super capacitor and a battery, as illustratédgure 25 [28]. As
mentionedn earlier clapter one way is to connect the battery and the super capacitor directly
to a DGbus bar, as shown fRigure25 a), without any control possibilities in energy/power
flow from each of themA second options to connect eithethe super capacitar Figure25

b) orthe battery Figure25 c) to a DCGbus through a DC/D&€onverter.Lasly andthe most
flexible solutionis shown inFigure25d), where aDC/DC converters connectedetweerthe
DC-bus and booth the battery and the capacitor.

The solution with two DC/DC converters is the most flexible one giving the opportunity to
control the power flow booth from the battery and the super capacitor. In addition it will
decouple the D@us voltage from the battery and the super capacitor voltage respectively.

The voltage of a single battery cell or a capacitor cell is quitetlowg, in order to achieve a
desired voltage a number of cellasto be connected in series. High ]0s voltage is
desirable as it will affect the sizing of other electrical components sut¢heasectrical
machines. Fothe same power ratinglectricalmachines with higher voltage will become
smaller in size. With a DC/DC converter the sizing of the battery storage system will add
another degree of freedom and the battery can solebptimized for the energy anmbwer
requirements.

From the efficiencypoint of view it is beneficial to have as few energy conversion steps as
possible, every conversion of energy implies some energy ltssgssults in a system with

a lower efficiency. Thus, from the efficiency point of view adding the DC/DC converter ma

be seen as a disadvantage. However, the efficiency of the converter is relatively high, so the
final efficiency of the system will not be affected too much.
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Figure 25 Different hybridization topologies with both the battery and the super capacitor incorporated.

Due to thereason discussed abowve solution with only one DC/DC converter may be
consideredas ausefulcompromise and as a suitable choldewever, me important question

is where the DC/DC converter should be placed; between the battery and es T
between the super capacitor and thelS.As the battery has more constant voltageoss

the operabn interval the most suitable option is to place the DC/DC converter between the
super capacitor and the Etlis.In this way theutilization of the super capacitors would be
increased.

4.2.1.1 Control strategy: Splitting Frequency

From the Ragone chart we cadfide the frequency responger different energy sources
according tahe expression:

z_Q M H
- 41
L &+ (a4
where” is the power density arid is the energy density of an energy soUBjd6]. This is
illustrated inFigure 26.

As mentionedn earlier chapteithe idea behind a combined energy storage with batteries and
super capacitors is to let the super capacitor take care of the short frequent and high power
demands and thereby letting the battery work with a more steady power demands. Thus, the
power demand from a certain load can be filterech \lite help of information irigure

below.
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Figure 26 Frequency characteristic of different energy storage technologies [5].

A schematic view of a frequency splitting strategy in a locomotive is show#gure 27.
Besides tk energy storage consisting of super capacitoradratterythe locomotive is also
equipped with a smaller ICE providiige powerd .0 is the power requirement from
the load which is processed through a low pass filter and split tntowhich is the power
demanded from the super capacitor &nd which is the power demanded from the battery.

Low-pass filter

fu

filtering frequency

Pice #510

Figure 27 Schematic view of the frequency splitting energy management [24]

> Paar

5. SIMPLE ANALYSIS OF THE LOCOMOTIVE

Based on the data of the track providedhapter 4t can be noted that the Bulgarian route is
the ore that permits the lowest axle weight. The mass of the locomotive can be calculated if
the number of axis is known:

a a 183 (eq42)
whered is the maximunaxle load allowed on the track abd is the number of axles

on the train. Assuming that all axels in the locomotive are driviagatthesive magbenis
the same as tHecomotivemass

a a (eq43)

Unlike passenger trainsyhere a low mass of the vehicle is an important iskiseis not of
any concerrior a freight locomotiveMoreover a lgher weightof the locomotive is actually
desirable as the tractive fortsedirectly proportional to thadhesive weight

O | & 0Q (eq44)

| in (eq44) is theadhesion coefficient which depends on several factor. One is the available
friction between the rail and the wheels and the other one is the slip control system of the
vehicle. For modern vehidewith advance slip control, assuming dry conditions, this
coefficienttypically is in the range of or aboye 1@. In wet conditions the rail becomes
more slippery, thus this coefficient becomamsiderablylower. Generally speaking is
varying between 0:-0.35.
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Assumingthe adhesion coefficiend be| 1@ andthe constant of gravityQ oy prable

5 summarize thetractive forcewith respect to different number of driving axles. It should be
mentioned that the lowepermissiblevalue for the axle load on the track has been used, i.e.
for theBulgarian track 22.5 tonnes.

Table 5 The usable force in a locomotive with different number of driving wheels.
€ 2 4 6
00 132435 264870 397305

The force in the table above is the useable force in a locomatvalthough the tracte
system of the locomotive could provide even higher foreeoitld only result in spinning of
the wheels. According to the equatiteq 1) the force produced by thgropulsionsystem
should behigh enough to overcome the running resistance buttalgwovide enough force
for acceleration of the traiffhe acceleration of the train is then given by
| OQ3 (@]

a

W (eq45)

5.1 Acceleration

According to the [Rliverable in Work package 2.4 there is no exact requirement on the
acceleration performance of the freight train. Instead the regulation from each country should
be followed where the speed and acceleration requirement are well defined.

5.2 Traction motors

Electrical motos can bedividedinto several differentypes The first classification is DC and

AC motors dependingn the voltageghey are connected to. One of the big differensabat

the DC motors require a mechanical commutator with copper segamehbsushes applied to

these segments. The commutator is exposed to substantial wear and thus a related
maintenance cost.

5.2.1 DC motors

DC machine were very popular as a traction motagarly years of electrifiedailways. The
most importanteason is theimplicity of the speed control.

pre

Figure 28 An example of a DC-machine with a commutator and brushes shown inset in the top right
corner.
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However, with the introduction of power electronic converters the control issues of the
eledrical machines started to become relatively easy even for AC machines. Hence, the
induction machine started to gain in popularity as traction machine.

5.2.2 AC motors

There are nmber of different topologies fakC machines, among thethe mostinteresting
ones for traction purposes are induction machines and permanent magmetronous
machinegPMSM).

5.2.2.1 Permanent magnet synchronous motors

Permanat magnet machines aras thename indicates based on permanent magnets. These
types of machines are recognized for high efficiency and higlgr density. The rotor of the
machine rotates synchronously with the rotating magneéld, fthus the machine is
sometimes called as synchronous permanent magnet machines.

Usually the magnets areounted on the rotating part, in erdo avoid any brushes, which is

the case when the current needs to be transferred to a rotating>ependingon the
application the rotating part can be more conventional inner part, inner rotor machine but also
the outr part as outer rotor machinBoth types have certain advantages and disadvantages,
cooling capabilities of the machine as well as the centrifugal forces acting on the magnets are
someof theissues.

Figure 29 Permanent magnet machine with surface mounted magnets and concentrated winding design.

5.2.2.2 Induction motors

The secretof the induction machinkes in the operatica principle, a magnetic rotating field
created by the stataoltageinduces voltagein the rotorthat erables the currdrflow and
therely the torque production. The speed of the ratavays lag the speed of the rotating
field, otherwise there will be no torque productiand itis also sometimeseferred toasan
asynchronous machine. Compared with thernmanent magnet machines it has lower
efficiency and lower force densitlipwever it is less expensive and more robust.
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Figure 30 ABB modular induction traction motor [29].

Generallythe motors can be design according togpecification on nominal torque, voltage
and operatioal speed in ordr to meet the requirements in thest possible way. However,
this will usually result in a higher cost. Anothpossibility is to use more stdardizel
componentgprovided by different manufacturersigure 30 showsan example of anodular
induction tractiormotor available on the market.

Based on the infonation from the figure a simple analysis can be performed in order to
choose a suitable traction motor.

As mentioned earliethe maximum desired speedtbe prescribeduture locomotive is 140
km/h, which corresponds to approximataly o un/s. Thisspeedcorresponds tdhe
maximum speed of the traction mottivided by the gear ratid.ooking at theigure30 a) it
can be bserved that the maximum speed of the machine is @ T Trpm. The
maximum speed of the wheels can be calculated according to:

1 T :UD Jpm (eq46)

wherg| is the maximum rotation speed of the whe€ls, is the diameter of the
wheel and)  is the maximum speed of the locomotive. The suitable gearthatids:

Q —— (eq47)

The torque that can lmbtainedat the wheels is calculatéam:
Y ¢ JQOY (eq48)

And finally the tractive effortthatis the tractive force of thecomotive isfoundas:
>
[©) (eq49)
C

0
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Figure 31 Force-speed profile for a locomotive based on a BoBo configuration with all axle’s powered
O4 tonnes, locomotives front area = m?, side wind speed o, m/s and a gradient of
1 %o

In thefigure above the solid line represents titaetive force of the locomotive while the line
with the circle markers-@) represents theinning resistance at a gradient of 5 per mile. The
total power of the traction motois approximately3.1MW. As seenfrom the figure the
locomotive will not be abléo run atmaximum speed at this gradient.

It should be mentioned that the gradient tasise is the major contribution to the total
running resistanckor freight trains If the requirement is that the locomaishould be able to
run with maxmum speed at this gradieniie power rating of the traction motors needs to be
increased.

5.3 Dimensiming of the battery

An important issue when designitige battery is the voltage. If a DC/DC converter is used
the voltage can be chosen relatively freely. However, too low voltage would result in big and
bulky DC/DC converter. Generally the voltage levels of a DC bus in hybrid esheeln be

used as guidaarget. he voltage levels lies between 2500 V.

Another approach would bBC-voltage levels available ielectrified railways. Choosing a
voltagecorrespondingdo the grid voltagecould benefit the system #@smakes it possible to
reducethe number ofcomponents. The grid voltage could be connected directly to the DC
bus without any converter in between.

As described earlier D@oltage levels of 75¢/, 1500 Vand 3000V existin Europe. The
3000 V level is not suitable as the batteryuld need manyaedls in series and become large
and bulky Generally levels above 100¥ are classified as high voltage and requires thicker
insulations, thughere probably exist fewer standardissomponents on the markeBY
choosinga voltage of750 V, and considerig lithium-ion batteriesthe number of cells in
series will be

. XuT
AN eg50
£ (eq50)
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Where the 3.6 is the cell voltage of a lithiom battery cell at 50% of SOC levélhe next
step is to make sure that the battery can provide the adequate power to the \dgsigm.
(eq15) and rearranging,ithe total resistancef thebattery can be obtained as:

~
g

0
Y , 51,
op - (eqs1)
The number of parallel strings ctren be obtained from:
Y
3 3 OY— (eq52)

For the exampe above where the power 3.1MW we would need 208 cells in series and 13
in parallel assuming battery efficiency of 9G#d with the cell inner resistance "gf
T8t 1T phm.

Here it should be mentioned that the sizing procedure descriloe® &b quite simple and
have assumed that the battery charging and discharging capabilities are the same. This is
however not true for all batteryjnodels thus a more advance methibeénhas to be applied.

5.4 Dimensioningof the super capacitor

When designig the capacitqrit is assumed that the capacitor is connected to thé3C
through a DC/DC converter. Thuthe voltage of the capacitor is chosen to 500 V. The
voltage level will determinghe number ofcells that needs to be connected in series and
thereby it will indirectly determine the size of the whole capacitor energy storage. In addition
the size of the capacitor will also be affected from the power requirement which will
determine how many cellhat needs to be connected in paralléhe rumber of super
capacitor ce#l in series is given by:

UTIT
¢ A (eq53)
& c®
Using(eq31) and after some rearrangement gives:
. p @l
Y — 54
0 p - (eq54)
The number of céd in parallel is then given by:
Y
€ € QY— (eq55)
From (eq 53) we can see that there will be 200 cells in series and after insertion of
Y T3t 11 Topm and a power demand of 3.1MWs obtained that only one string of

super capatirs is needed. However, if there is an energy requirement asthislheeds to
be investigated further.

5.5 SimpleSimulink model

In order to illustrate the frequency splitting approach a simple Simulink model was developed
and usedThe Simulink model isshown inFigure32.
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Figure 32 Simulink model on Vehicle performance BoBo configuration with all axle driving.

Due to the lack of informatiomegardingthe specific load speed profilethe load speed
profile, FTP 72 shown inFigure 33, has been studied. FTP i&normally useal in the car

industry,

Thus, the acceleration demand and thereby the power demand will be way off the
requirements that are used for the freight locomotive. However, the results obtained are still
good for better understanding and for highlighting somihefissues.

As shown inFigure 34, power requirement reaches wup t
a W T tonnes
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Figure 33 FTP 72 speed-time profile.
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As mentioned these figures are only for purposes of better understanding and do not represent
the actual case. The power demanded by the load cycle, goes through a low pass filter with a
cut of frequency corresponding to the battersgpmse shown in earlier chapters, which is
approximately 34 mHz. It should be mentioned that the cut of frequency is quite low, a more
careful analysis need to be performed in the future.

—
-

Figure 34 Power demand from FTP 72 load cycle.

Figure 35 shows the power demanded by the three different sources the ICHE,pie
capacitor and theattery. The ICE operates continuously with a rated pakd& MW while
the rest of the power wilome from the battery and theper capacitor.

For the simulationsonly smple control method has been useadal more realistic case the
control method needs to considbe battery and the super capacitor Slex&| and adapt the
frequency cut of frequency accordingly. Another issue is the phase shift of the power
demanded by the battery caused by the low pass filter.
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Figure 35 Splitting the power demand between the ICE, the Super Capacitor and the Battery.
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An advantage witlhybridization of the vehicle is the possibility to downsize the ICE as the
peak power demands will be covered by Ibla¢tery or the super capacitor. However, the siz

of the ICE and a generator in a diesel electric locomotive is quite substantial leaving the space
for yet another stednsteadof having only one ICEgeneratorunit, they can besgdit into

several smalleunits. This is already done sop call Gensetocomotives describedarlier.
Figure36illustrates a hybrid locomotive with several smaller i{g&herator units.

O L ==
I

_
B

=

O

Figure 36 Several smaller ICE-generator units in a hybrid locomotive.

An advantage of having smaller units is that more standardizer$ 2itld be usedhost
likely truck engines As the genset units already shows some improvement in the efficiency
this would be a benefit. Fimtrmore thisvould probablyresult in aless expensive and more
flexible system. However, this would certainly requarenore sophisticated control method
which may be seen as a drawback.

The maintenance intervals of truck diesel engines are much stihaneihose for trains but on

the other hand maintenance is simpler and less expensive. Since the trains are supposed to use
electric power for substantial parts of their operation the time between maintenance can be
kept acceptable.

The simple desigprocedure can be summarized according to the following flowchart.
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Figure 37 Flowchart diagram.
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6. CONCLUSIONS AND FUTURE WORK

When it comes to hybridization of a certain vehitie obvious question do we need talo
it andwhatare the benefits? Watare thechallengesandwhat is the cost?There are several
reasos that arepushing for the developmengovernmentallegislations but also the
competivenesef the markejust to mention some

For afreight locomotive a higher effiency isdefinitely an issueas forother types of hybrid
electric vehicles, the isswehether the efficiency can be increased orisatrongly related to
the loadcycleand the way the locomotive is operated.

In lack of a real load cycleusually there are well definedtest cycles which are usgdor
benchmarking and comparisaf different technologiesln [30] different test cycles were
evaluated and comparé¢d the real measurement davehere a large discrepancy wiasind
between the results in field and the results obtained frono#tkcycle This indicates that
optimization of a vehicle is difficuland moredetailed specifications neetts be déned in
order to make an appropriatesign.

The modular approach wherthe super capacitor anchet battery and genset unit
(ICE+generator) are of the sampRysicalsizecould bea solution to some of the issués this
way if the locomotive is going to be used asvatchera more suitable design walibe with
higher batterypowerknergy rating and lower iafy of the Gerset units However if the
locomotive is going toperform more asa main linefreight locomotive covering larger
distance with relatively constant powequiremeniwould require several more Genset units
and less batterieand super capaci®rA modular approach wodlalso benefit fom the use
of more standardized combustion engines usedrehgavytrucks.

Genset units have already shovwgood results and are available on the market today.
However, theséocomotivesare primarily used as a switcher units with lot of idling and it is
not evident how they woulpgerformas more profiled freight locomotisavith more constant
power demand.

- .-"-.‘-V-ll' : 0
jEem

Figure 38 Schematic view of a locomotive in a modular design approach.

In this case, withiframe for a modular approach couple of smaller Geset units could be
replaced by a bigger one.
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Concerning the maximum speed of thaghe train there is a desire to increase the speed from
typically 120 km/h to 140 km/h. @nof the reasons is to harmonthe freight traffic wih the
passenger traffic which usually operatehigher speeds. This would be of a great benefit to
the line gerators as they couldatilize the track more effectivelyyet another benefit is of
coursean increase in capacity of the freight traffic, thus making the railway freight more
competitive compared to other soluts) especially compared to the roads

6.1 Future work

Find a realistic solution in terms of siaad weight of the battery and super dapthis report
only somesimple analyss are performed in terms gfower and energy ratingFor future
work it is evidentthat booththe physicakize andhecod has to be investigated as well.

Further investigatiomon benefits of using severamallerdiesel enging insteadof having
only oneare necessary.ofne load cyclesi.e. wherethe railways are not electrifiedmay
require higher ath more constant power demaniin interesting question is what would be
more efficientseveral genset units one big unit.
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