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Résumé

Dans le cadre du transport de marchandises par voie ferroviaire, un cer-
tain nombre de verrous limitent les e�orts consentis pour un fret plus "pro-
pre". Des améliorations doivent être faites a�n de limiter le nombre de loco-
tracteurs assurant les charges/décharges de marchandises en bout de ligne.
Dans cette perspective, FEMTO-ST et Alstom Transport ont pour objectif
de concevoir et développer un système de gestion d'énergie pour locomotive
électrique hybride. Composée d'un groupe électrogène couplé à des accumu-
lateurs électrochimiques et des super-condensateurs, la locomotive électrique
hybride permet d'accroître la souplesse et l'e�cacité du transport ferroviaire
électrique, tout en réduisant encore son impact environnemental.

Cette étude a consisté dans un premier temps à développer une modélisa-
tion macroscopique de la chaîne de traction électrique hybride et à proposer
une structuration de la commande avec l'identi�cation des capteurs matériels
et logiciels nécessaires au contrôle optimal de la chaîne de traction. La car-
actérisation expérimentale des moyens de stockage a permis l'amélioration
comportementale et dynamique des modèles correspondant.

Dans un second temps, le contrôle de la tension de sortie d'un hacheur
dévolteur a permis d'étudier l'application de la logique �oue de type-2 (inter-
valle et générale) dans le cas d'applications industrielles (relativement sim-
ples).

En�n, une gestion innovante des �ux d'énergie au sein d'un système plus
complexe: locomotive électrique hybride, a été développée. Mettant en oeu-
vre la logique �oue de type-2 et des algorithmes s'inspirant de la théorie de
l'évolution, cette gestion d'énergie optimale opère en temps réel et sans con-
naissance à priori du cycle de conduite. La gestion fréquentielle ainsi que le
contrôle des états de charge des sources secondaires du véhicule contribuent
également à leur bon fonctionnement.

Mots-clés: Locomotives électriques hybrides, accumulateurs électrochim-
iques, super-condensateurs, caractérisation expérimentale, stratégie de ges-
tion d'énergie, logique �oue de type-2, algorithme génétique, représentation
énergétique macroscopique, dimensionnement fréquentiel.
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Abstract

To achieve a "greener" freight transport, e�orts are still needed to overcome
some technological barriers. New improvements must be carried at to limit
the shunting locomotives' use intended for the goods' load/unload. Consid-
ering this aim, FEMTO-ST and Alstom Transport decided to conceive and
develop an energy management strategy system for hybrid electric locomo-
tives. Such locomotives include a diesel driven generator set which is coupled
with batteries and ultra-capacitors. The architecture aims at improving the
�exibility, the e�ectiveness of the electrical railway transport and at reducing
the environmental impact of these activities again.

Firstly, the study consists in implementing a macroscopic modelling of
the hybrid electric powertrain. Then, the control is optimally designed by
identifying the hardware and software sensors of the powertrain. The dynam-
ics and the behaviour of the secondary sources' models are improved thanks
to their experimental characterizations.

Secondly, the use of Type-2 Fuzzy Logic (interval and general) controllers
permits to study their e�ciency in the control of a very simple industrial
system: the output voltage of a buck converter.

Lastly, based on the obtained results, an innovative management of the
system's energy �ows is developed in the case of the hybrid electrical locomo-
tive. The use of the type-2 fuzzy logic and evolutionary algorithms permit to
optimally perform a real time energy management strategy without a priori
knowledge of the duty cycle. The frequency approach and the secondary
sources' state of charge control contribute to their e�cient use.

Keywords: Hybrid Electric Locomotives, batteries, ultra-capacitors,
experimental characterization, energy management strategy, Type-2 fuzzy
logic, genetic algorithm, Energetic Macroscopic Representation, frequency
sizing.
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Introduction

Project Context

Energetically and environmentally speaking, the railway transportation is
known to be one of the most e�cient mean of transport. From the seventies
till today, the repartition of the energy consumption by transport sector is
represented on �gure 1 - [Ocde11].

Figure 1: Repartition of the energy consumption by transport sector
[Ocde11].

The evolution of the CO2 emissions chargeable to the di�erent transport
forms is also comparable to the transports energy consumption repartition.
For instance, �gure 2 represents the NOx - (a), PM10

1 - (b) and CO2 - (c)

1The PM10 (Particulate Matter 10) concern the particles which diameter is less than
10 micrometers.
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emissions (g/t.km) for the di�erent goods transport modes.
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Figure 2: NOx - (a), PM10 - (b) and CO2 - (c) emissions for di�erent goods
transport modes [Ocde11].
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However, the freight activities 2 are confronted to technical issues pre-
venting their cleaner evolution. Di�erent technological bolts are identi�ed.
The European freight activities are mainly performed on electri�ed junctions.
However, the charging/discharging phases of a freight mission often occurs on
non-electri�ed junctions such as in ports or factories. Thus, operators must
use shunting locomotives to get back and dispatch a train transporting goods.
The use of di�erent machines (locomotive and shunting locomotive) induces
time wasting, unproductive logistics and exploitation spending... Moreover,
shunting locomotives are powered by diesel-electric propulsions. From envi-
ronmental, economical and energetics points of view, diesel-electric propul-
sions are not the optimal solution. The use of a fossil energy and the fact
that shunting locomotives are not stopped during idling time drives to an
additional pollution and fuel waste. Indeed, engine low loads correspond to
their worst e�ciency. The noise pollution is also increased. The project aims
at proposing solutions in order to:

• reduce the environmental impact of this kind of activities (atmospheric
and noise pollutions),

• develop the e�ciency of freight activities,

• propose solutions adapted to the tunnel maintenance operations,

• provide independent autonomy to the locomotive for the mission dura-
tion.

Thus, a hybrid electric powertrain architecture is proposed in this project.
The modelling of the on-board sources, the control architecture implemen-
tation and the identi�cation of the required sensors are realised using the
Energetic Macroscopic Representation (EMR) (appendix A). Moreover, a
new real-time Energy Management Strategy (EMS) based on fuzzy logic is
considered.

The best way to bring solutions, �tting with the railway market speci�-
cations, is to merge international industrial and laboratory/academic skills
together. Thus, the research developed in this project is in direct line with
preliminary researches realised at the Energy department of FEMTO-ST lab
during the last years. Indeed, this study comes within the scope of FEMTO-
ST research works relative to:

• the energy sources such as batteries ([Narj08, Mulo10, Boul10a]), Ultra-
Capacitors (UCs) ([Bont05, Gual05, Louk10]) and fuel cells ([Jeme04,
Teki04]),

2Transportation of goods using a locomotive
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• Hybrid Electric Vehicle (HEV) design and EMS & control such as hy-
brid helicopters ([Bien11, Devi11]), military heavy-duty vehicles ([Wu10,
Sola09]) or urban vehicles ([Mai10]).

Partners and contributors of the project

The Franche-Comte region holds exceptional research teams specialized in
the railway market and also world recognised in the development of inno-
vative solutions for HEVs and renewable energy sources. The two partners
of the project (Alstom Transport Group and FEMTO-ST Laboratory) are
presented. This work is also the subject of an European collaboration (Uni-
versity of Essex).

Alstom Transport Group

This partner provides the project speci�cations, the freight locomotives' char-
acteristics, the shunting activities attributes and the railway market back-
ground. Alstom Transport is the world leader in urban rail transport systems
(trams, undergrounds) and holds the number 2 position in very high-speed
trains. The company has an 19% share of the full accessible rail transport
equipment and service market. Alstom Transport's range of o�erings includes
rolling stock products, rail infrastructure equipment, signalling systems and
maintenance services. In partnership with Réseau Ferré de France (RFF) and
the Société Nationale des Chemins de Fer Français (SNCF), Alstom Trans-
port set a new world rail speed record of 574.8 km/h on the 3rd of April 2007.
The previous world record was 515.3 km/h.

FEMTO-ST Laboratory

FEMTO-ST is a joint research unit which is a�liated with the French Na-
tional Centre of Scienti�c Research (CNRS), the University of Franche-Comte
(UFC), the National School of Mechanical Engineering (ENSMM) and Micro-
technology, and the Belfort-Montbeliard University of Technology (UTBM).
It was founded in January 2004 from the merging of 5 di�erent laborato-
ries active in di�erent �elds of engineering science: mechanics, optics and
telecommunications, electronics, time-frequency, energetics and �uidics. FEMTO-
ST is organized according to the seven following research departments: AS2M,
Energy department, Mechanics, Optics, Time and Frequency, MN2S and
DISC.
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• Energy research department The Energy research department is
part of the FEMTO-ST Laboratory. It is composed of researchers spe-
cialized in Energetics and Electrical Energy. This speci�city permits
major scienti�c advances in di�erent themes such as: µ-cogeneration,
electric and thermal machines, hybrid vehicles, fuel cells, Energy Stor-
age Systems,...

• Hybrid & Fuel Cell Systems Research Team The team is part of
the Energy research department. It proposes and provides the techno-
logical solutions in terms of modelling of the on-board sources, control
of the system and implementation of the intelligent EMS. The Hybrid
& Fuel Cell Systems Research Team is highly specialized in a systemic
approach of multiphysics systems such as fuel cell systems or hybrid
electrical vehicles. The group looks forward to develop original mod-
elling approaches, real-time and less-expensive diagnostics, prognostics
and control systems.

Computational Intelligence Center

This European collaboration aims at bringing the expertise of the foreign lab-
oratory on a precise point of the project during three months (development of
Type-1 and Type-2 Fuzzy Logic Controllers using a genetic algorithm). The
Centre for Computational Intelligence is based at the University of Essex,
United Kingdom. The Centre �eld of interests are in theory, design, appli-
cation, and development of biologically, socially and linguistically motivated
computational paradigms emphasising genetic algorithms, evolutionary pro-
gramming, fuzzy systems, neural networks and hybrid intelligent systems in
which these paradigms are contained. The centre includes experts from bio-
logical sciences, social sciences, mathematical sciences, entrepreneurship and
business as well as experts from computer sciences and engineering.

MEGEVH research group

This work is also part of the research group MEGEVH (Energy Modelling
and Energy Management of Hybrid and Electric Vehicles) which is a thematic
group of the inter-regional network RT3 (Technological Research for Land
Transport) of the Ministry of Research. It aims at fostering collaboration
between academic and industrial partners on the subject of modelling and
power management of hybrid vehicles through various actions:

• the di�usion of information to review the responsibilities of each partner
within the group, as well as the collaborations,
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• the coordination of the projects to de�ne the priority goals and themes,

• the labelling of the projects to ensure consistency of the various work
projects and to assist the funding requests.

The MEGEVH policy consists in de�ning generic methods for the modelling,
the energy management and optimisation of the hybrid electrical vehicles.
The scienti�c activities of this work take over from previous research works:

• modelling methodologies of di�erent HEVs [Boul09, Chen10],

• control methodologies of di�erent HEVs [Walt07, Letr12],

• optimisation methodologies of di�erent HEVs [Kerm11],

• modelling and control of Fuel Cell subsystems [Chre08],

• modelling and control of storage subsystems [Alle13],

• new powertrain topology for di�erent hybrid trucks [Syed11],

• new powertrain topology using electric variable Transmission [Chen11],

• multi-phase starter-alternator for mild HEVs.

Structure of the manuscript

The �rst chapter introduces the main energy and HEVs challenges. It in-
cludes a background on the evolution and improvements of the HEVs in our
society. The main existing architectures are also presented and a literature
review informs about the di�erent projects dealing with the development of
Hybrid Electric Locomotives. Then, the literature overview focuses on the
considered techniques and methodologies to design an EMS. The overview
is a chance to expose the fuzzy logic principles and existing applications.
Thus, basic concepts of the fuzzy logic are given. The motivations, to con-
sider type-2 fuzzy logic instead of type-1 fuzzy logic and their application
in engineering applications and particularly EMSs works, are explained. Fi-
nally, the chapter presents the former EMSs' applications dedicated to the
hybrid railway powertrains.

The second chapter deals with the evolution of the conventional shunting
locomotive architecture towards the series hybrid electric architecture. It
speci�es the choice and the bene�ts of the secondary sources which are used
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in the project according to its speci�cations. Then, the sizing problematic of
these on-board secondary sources is discussed. Thus, the second part of the
chapter aims at presenting the indicators to detect the most representative
mission pro�le among all available ones. Next, it focuses on the development
of a mathematical tool to have an estimation of the number of secondary
sources' elements to be loaded into the locomotive. The method also in-
cludes the series-parallel sizing with weight and volume estimations.

The third chapter details the characteristics, the modelling, the Energetic
Macroscopic Representations and the Maximum Control Structures (MCS)s
of each available sources. The knowledge of the bene�ts, the drawbacks and
the behaviour of each source is very important for the future design of the
EMS. This work pays a special attention to the implementation of a new
dynamical Energetic Macroscopic Representation for the Internal Combus-
tion Engine (ICE). The Energetic Macroscopic Representation is very useful
to model the entire structure, to couple the di�erent sources, to identify
sensors/estimators and to deduce the Practical Control Structure (PCS).
Moreover, the development of a test bench leads to the experimental charac-
terization of the considered batteries. Experimental results are presented and
used to improve the models. They mainly focus on the thermal behaviour
of the batteries. Then, the modelling emphasizes the coupling of all these
elements into a uni�ed structure. The series architecture modelling of the
Hybrid Electric Locomotive (HEL) also includes the power electronics and
the central Direct Current (DC) bus.

The fourth chapter is fully dedicated to the fuzzy logic control. The �rst
study is dedicated to the control of the output voltage of a DC/DC buck
converter already used in previous studies [Sola12a]. It aims at evaluat-
ing the performances of the fuzzy logic control in real time conditions and
at performing preliminary tests. Thus, the study focuses on the design of
the controller and the discussion of the experimental results. They lead to
the comparison of the performances of the di�erent fuzzy logic controllers
and the experimental validation of the controllers. The second application
presents the intelligent EMS of the studied HEL. It is also partially based
on a Fuzzy Logic Controller (FLC) which parameters are optimized using
a Genetic Algorithm (GA). The GA consists in minimizing the use of the
primary source. Thus, the research proposes a comparison of the e�ciency
of the di�erent synthesized FLCs and the validation by simulation of the
controllers. Both applications are tested with Type-1, Interval Type-2 and
General Type-2 based on zSlices FLCs.
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Finally, conclusions and possible outlooks for the continuation of the
study are presented.
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Chapter 1

Energy and Hybrid Electric

Vehicles Challenges

The research presented in the dissertation focuses on the study of the EMS
based on Type-2 Fuzzy Logic for HEL. First, this chapter states the main
challenges to be faced by human societies in energy and transportation. Thus,
a background aims at describing the reasons of the HEVs' evolutions and
their sudden improvements in our society since their birth up until now.
Secondly, the chapter presents the available techniques and methodologies
used in HEVs' EMSs' design.

Section 1.1 deals with the HEVs' challenges, bene�ts and drawbacks of
the existing architectures and also summarizes the existing research works
about HELs. Then, section 1.2 highlights the di�erent methods that can
be considered to implement EMSs. Finally, section 1.3 presents concluding
remarks.

1.1 Hybrid Electric Vehicles

In addition to have a primary source, a HEV is also made up of reversible
storage sources. Those secondary sources can be chemical (electrochemical
accumulators) or electrostatic (UCs) or kinetic (�ywheel) sources... The
powertrain of a HEV presents a primary source (ICE for instance) coupled
with secondary sources. HEVs are a bridge between conventional vehicles
and electric vehicles. In this section, the background and the classi�cation
of the HEVs are �rstly tackled. Then, a subsection deals with a background
of the HELs' studies. Finally, important and available existing EMSs are
depicted.
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1.1.1 Background

The �rst HEV was developed in 1899 by the Pieper family (father and son)
[Gutf11]. Indeed, at these early days, no one cared about petroleum reserves
and no more about the environment. However, two points of interests were
pointed out: easy driving and a more powerful vehicle. From March 1899,
Pieper family developed a system including a gasoline engine, a generator
and a pack of batteries (�gure 1.1).

Figure 1.1: First Hybrid Electric Vehicle [Bouc05].

However, this study was rapidly left due to the following improvements of
the ICEs. The Seventies and Eighties were marked by a revival interest for
this kind of technology. This interest, aroused by the increasing pollution in
the cities, was limited again by the improvement of the fuels and ICEs (in-
troduction of the catalytic convertors, turbochargers or High Pressure Direct
Injection systems for instance) till today. Now, the air pollution, the green-
house gas emissions, the deterioration of the air quality, the rarefaction of
the petroleum reserves are factors renewing the interest in HEVs. Above all,
the cost to access and to use this resource mainly impacts the transportation
market. Those new vehicles reconcile autonomy and �exibility of ICEs with
the electric engines cleanness.

Environmental and Transportation energetic challenges are linked to:

• the pollution and the greenhouse gas emissions,

• the resources' rarefaction plus the cost to access and exploit them,

• the congestion of the urban areas.
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A strong consensus, dealing with the global warming and the greenhouse
gas emissions, rapidly appeared. For instance, the Intergovernmental Panel
on Climate Change (IPCC) 1 recommends a stabilization of the atmosphere
CO

2
rates at 440 ppm (Part Per Million) if the stabilization is performed

between 2010 and 2015. The convergence of the scienti�c community and
industry con�rms the urgency and the reality of the problem. Even if the hy-
drogen is presented like the ultimate solution, intermediary possibilities must
be developed previously. HEVs are intermediary solutions and are classi�ed
according to three main architectures presented in the next subsection.

1.1.2 Classi�cation

Conventional vehicles are equipped with classical powertrains (thermal en-
gine, gearbox, transmission). These systems are not optimal in case of trans-
portation requiring frequent starts and stops or tra�c jams. Nevertheless,
such systems are very �exible because of their large power panel (slow speed
moving, hill starts or overtaking). The low loads correspond for thermal en-
gines to their worst e�ciency. Thus, cars and buses running in high density
urban areas or shunting locomotives are concerned. HEVs appear like a good
compromise between pure electric vehicles and conventional vehicles. Three
main architecture families stand out:

• Series HEV: All traction power is converted from electricity. A DC
bus ensures the electrical energy balance of the system. The primary
source (ICE or fuel cell) is not mechanically coupled to the powertrain
but is coupled to an electrical generator to supply energy to the DC
bus. The architecture presents some bene�ts for the engine use. It
never idles (thus leads to reduction of the vehicle emissions) and it
can continuously operate in its most e�cient region. The architecture
is presented on �gure 1.2.a). However, series HEVs require large and
heavy batteries packs which charge level is maintained by the engine.

• Parallel HEV: A parallel con�guration presents a direct mechanical
connection between the power unit and the wheels, as in conventional
vehicles, but also has an electric motor that drives the wheels. Both
the engine and the motor supply power simultaneously. Most parallel
vehicles do not need a separate generator because the motor regenerates
the batteries. The architecture is presented on �gure �gure 1.2.b).

1The IPPC is a scienti�c body under the auspices of the United Nations. It reviews
and assesses the most recent scienti�c, technical and socio-economic information produced
worldwide relevant to the understanding of climate change.
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• Series-Parallel HEV: The architecture is a combination between series
and parallel architectures. The ICE drives the powertrain or supplies
energy to the DC bus. This architecture also called power split con�g-
uration is presented on �gure 1.2.c).

(a) (b)

(c)

Figure 1.2: Hybrid Electric Vehicles' con�gurations [Toyo13].

Generally, HEVs' architecture (cars, trucks, locomotives, helicopters...)
are based on one of these con�gurations. Their respective bene�ts and draw-
backs clearly lead to di�erent control structures and EMSs' design. The next
subsection presents the main research works and projects dealing with the
particular case of the HELs.

ba

1.1.3 Hybrid Electric Locomotives

The met energy and environmental problems are the two major themes in
the world. Thus, focused on the freight market, HEL is becoming a new
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development in many countries. In the following descriptions, some of the
existing HELs' research projects and developments are presented. They are
focused on the hybridisation problematic of switcher locomotives. As ex-
plained previously, these conventional locomotives are mainly used for the
disintegration of the train, organization, pull-out and changing railway lanes.
Most of the time, the primary source (diesel engine) runs at idle state. HELs
could e�ectively adjust the engine's operating range, reduce locomotive fuel
consumption and emissions. Moreover, two tram studies (out of the switcher
locomotives' scope) are also presented in this subsection.

The Chinese Dongfeng 7G HEL

Electric locomotives have usually two braking modes: air-braking and resistor-
braking. In traditional locomotives, a part of the braking energy from the
generator is dissipated through a heat resistance. Using on hybrid technol-
ogy, the regenerative braking energy from the motor could be stored with
batteries, which could save energy e�ectively. Thus, according to the loco-
motive's performance requirements of Ministry of Railways in China and the
requirements of manufacturers, the hybrid locomotive in [Xin11] (�gure 1.3)
is equipped with a 1324 kW engine, a synchronous traction generator, six
DC traction motors and lithium iron phosphate (LiFeP04) batteries. The
series mode is used. In traction conditions, the generator creates a three-
phase alternating current, and after recti�cation, supply the six DC traction
motors.

The Iranian G12 HEL

A four axles G12 locomotive is converted to a HEL. Two induction motors
are used and the 750 kVA diesel generator is replaced by a 80 kW diesel
engine and a 50 kVA generator. The 1200 V, 300 A inverters are supplied by
480 V traction lead acid batteries [Asae07].

According to [Asae07], the system advantageous are:

• up to 80% reduction in the fuel consumption,

• up to 80% reduction in the pollution and emission gases,

• recovering energy brake by regenerative braking,

• noise reduction,

• diesel generator downsizing,
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Figure 1.3: Conventional Dongfeng 7G locomotive.

Figure 1.4: Iranian Hybrid G12 locomotive.

• better maneuver,

• cost saving up to 300,000 US$,

• possibly of using the old system chassis and converting it.
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The American Railpower Green Goat

The Railpower Green Goat locomotive is a low-emissions diesel hybrid switcher
locomotive built by Railpower Technologies Corporation [Cous06] (�gure
1.5).

Figure 1.5: The Railpower Green Goat locomotive.

It is powered by a single Caterpillar six cylinder inline engine developing
300 horsepower (224 kW), which is also connected to a large battery bank
where both sources combine for a total power output of 2,000 horsepower
(1,490 kW). For an energy storage device, a valve-regulated lead-acid (VRLA)
battery is used. Their lower speci�c energy is not as much a concern given
that locomotives are not as constrained by weight considerations as other
vehicles as they need a certain amount of weight to maintain traction.

This Green Goat platform has also been used in [Mill07] - �gure 1.6.
This fuel cell-battery hybrid switcher locomotive is used for urban and

military-base rail applications leading to commercial locomotives purposes.
The diesel fuel tank is removed in preparation for retro�tting the fuel cell
power plant and hydrogen storage. Fuel cell power for locomotives combines
the environmental bene�ts of a catenary-electric locomotive with the higher
overall energy e�ciency and lower infrastructure costs of a diesel-electric
locomotive [Mogh03].

The French PLATHEE Project

The SNCF developed a demonstrator of a new HEL (�gure 1.7). Firstly, a 600
kW diesel engine used for "BB63000" locomotives was replaced by a smaller
one associated with batteries and UCs and four electric engines [Akli07].

17



Figure 1.6: Fuel cell-hybrid switcher platform vehicle.

The use of a mechanical energy bu�er such as a �ywheel [Jaaf09], instead of
accumulators, has also been tested. Now, the locomotive is composed of an
ICE, an UCs' bank, an electrochemical battery bank and a fuel cell system
[Baer11b] for the generation subsystem. The traction subsystem is composed
of two driven-bogies associated with two series DC machines. An interleaved
chopper supplies the machines [Maye12].

Figure 1.7: SNCF Hybrid Electric Locomotive - Plathee project.
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The German Alstom Hybrid Loco

An electrical propulsion system, consisting of a battery, a diesel driven gen-
erator, power electronics, electrical motors and a mechanical gearbox have
been integrated into an existing shunting locomotive. The new vehicle is
powered by batteries (�gure 1.8).

Figure 1.8: Freight Hybrid Electric locomotive

The generator charges the battery-set when needed, and can provide ad-
ditional energy to the propulsion in peak times, as a booster of the batteries.
Thus, electrical propulsion is not consuming energy during idle time, which
save until 40% of fuel consumption in an operation cycle with 75% idle time.
The generator recharging the batteries is smaller than diesel engines power-
ing conventional shunters, thus generating 60% less particles and 40% less
NOx. Between the recharging cycles of the generator, the hybrid locomotive
could be operated in hall or tunnels with no pollution. The noise is 15 dB
less than in a conventional solution. The maintenance costs are 15% less,
thus the life cycle cost is 30% less. The traction force at zero/low speed is
195 kN and the "wake-up time" is 2 s.

The Spanish hybrid tram

A 540 kW hybrid tram based on fuel cell and battery is developed for a real
surface tram in the centre of Seville in Spain [Fern11]. Lead by a Spanish
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consortium and supported by the Spanish Ministry of Science and Technol-
ogy, the goal is to eliminate the infrastructure associated to catenary instead
of operating requiring overhead line and pantograph. The hybrid tram is
composed of two 127 kW Proton Exchange Membrane Fuel Cells (PEMFCs)
and a 34 Ah Nickel Metal Hydride (Ni-MH) directly connected to the traction
DC bus.

Figure 1.9: Con�guration of the Fuel Cell-battery powered hybrid system for
the tram.

The �gure 1.9 shows the con�guration of the system and includes a fuel
cell, a battery, a converter, auxiliaries, traction motors, a braking chopper,
controllers and an EMS module. The rechargeable battery supplies the fuel
cell during the tram acceleration and recovers energy during braking phases.

Mitrac Energy Saver

Jointly with MVV Energy (Mannheim - Germany) and Bombardier, a hybrid
tram, called "Mitrac Energy Saver", was developed. The system is based on
UCs which allow frequent starting and braking. 600 UCs' cells are placed
on the roof of the tram and help to reduce the energy consumption up to
30%. Moreover, lower peak current demand means that fewer substations
are needed which reduces infrastructure investment. The additional power
can be used to boost the tram's speed when the line current is limited. This
extra power results in additional tractive e�ort and allows signi�cantly higher
acceleration. Then, it is also a solution if sections without a catenary are
desired. It enables catenary free operation for short distances and makes
possible to continue operation in case of maintenance work or power failures
[Bomb13].
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Figure 1.10: Bombardier Mitrac Energy Saver - Hybrid tram.

This non-exhaustive list could be completed quoting other examples and
hybridisation railway projects such as:

• the ULEV-TAP2 (Ultra Low Emission Vehicle - Transport using Ad-
vanced Propulsion 2) project co-ordinate by Siemens Transportation
Systems [Je�04],

• Siemens Avanto Light Rail Vehicle (�ywheel, ICE).

Some of these examples and other projects are also used in the subsection
1.2.4 dealing with the existing EMSs dedicated to the HELs.

1.2 Energy Management Strategies

A correct energy management is a critical problem for HEVs. The EMS
determines which power source must be used according to the power requests
de�ned by the driver, driving situations and mission pro�les. In other words,
an EMS is a mathematical algorithm managing the produced, used and saved
on-board energy. This subsection aims at presenting the most used methods
to develop an EMS respecting the imposed speci�cations of a HEV design
project. Indeed, it looks like more interesting to emphasize the bene�ts and
the drawbacks of the two methods' categories (on-line and o�-line methods)
dealing with the most common ones. The subsections 1.2.1 to 1.2.3 are
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relating to the global HEVs' literature. Then, the subsection 1.2.4 describes
the di�erent existing EMSs in the HELs' literature.

1.2.1 Energy management problematic

The torque reference supplied from an ICE depends on the injected fuel
quantity. For HEVs, the torque reference applied to the wheel depends on
the number of electric engines in the vehicle, on the driver's power demand
and on the on-board energy availability. The two di�erent torque reference
uses permit to carry out some goals:

• the minimization of fuel consumption and CO
2
emissions,

• the decrease of the pollutant emissions (CO, NOx, HC),

• by stopping the ICE and by using an electric engine there is no pol-
lutant emission, noise pollution is reduced and the fuel consumption
is improved. However, this electric mode is time limited because of
energy sources capacity (batteries, UCs...).

Among these possibilities, noise reduction does not give rise to the res-
olution of a control problem because the electric mode is directly activated
by the driver. This mode is also a consequence of the EMS. Consumption
reduction is a di�culty because it depends on the electric engine functioning,
its time working and the considered secondary sources speci�cations (their
State Of Charge (SOC) for instance). Thus, to reduce pollutant emissions of
a vehicle, two main solutions are available:

• the reduction of the losses due to aerodynamic resistance and inertia
of the vehicle,

• the improvement of the energetic conversion e�ciency.

Considering HEVs, the improvement of the energetic conversion e�ciency
is performed by controlling the power �ows between the di�erent sources.
This kind of global control is the EMS. Two optimization categories of meth-
ods, to perform the minimization of the fuel consumption of an HEV, must
be distinguished:

• o�-line optimization methods with a priori knowledge of the input duty
cycle [Kess07],

• on-line optimization methods without a priori knowledge of the driving
cycle [Rous08].
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1.2.2 Strategies based on o�-line optimization algorithms

O�-line optimization techniques appear like e�ective methods for EMSs of
HEVs [Fang12]. Those algorithms aim at optimally de�ning the power
split between the ICE and electric motors to minimize the fuel consump-
tion and/or gas emissions. This category of optimization processes take into
account the system's physical constraints such as the UCs voltage limita-
tion or the batteries' currents' limitation. O�-line optimal algorithms use
a priori knowledge of the driving cycle to establish the optimal parameters
of the EMS. They are referred to as non causal approaches. However, the
results obtained should be considered as useful benchmarks for analysing,
evaluating and deriving real-time control strategies. The o�-line optimiza-
tion algorithms presented in this manuscript are the Dynamic Programming,
the Pontryagin minimum principle, the Lagrange multiplier and the Port-
Controlled Hamiltonian. Even if the list remains to be non-exhaustive, they
are the most implemented techniques in the research works.

Dynamic programming

Dynamic Programming (DP) is an approach employing the principle of op-
timality introduced by Richard Bellman [Si09]. Instead of enumerating all
possible control sequences, dynamic programming only searches admissible
state and/or action values that satisfy the principle of optimality. All optimal
solution relies itself on sub-problems solved locally [Gong08]. In other words,
the optimal solution of a problem is deduced in combining optimal solutions
of a serie of sub-problems. Problem solutions are studied from bottom to
top. The smaller sub-problems' solutions are solved and the global optimal
solution is obtained gradually [Liu08, Joha07]. This method is opposed to
the recursive methods which solutions are studied from top to bottom (divide
and conquer - �gure 1.11).

Some considerations must be done in order to have an accurate solu-
tion. The complexity increases when constraints are added to the opti-
mization problem and in consequence, the time computation also increases
[Caux10a, Lesc10]. For instance, in [Vino07], the fuel consumption is the
only one operating variable of the DP problem to minimize the CO

2
emis-

sions with a priori knowledge of the driving cycle. For instance, in [Lin03],
the minimization of the fuel consumption/gas emissions is also solved us-
ing an EMS based on a DP resolution. A cost function, introducing fuel
consumption and gas emissions variables, is minimized (equation 1.1).
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(a) (b)

Figure 1.11: a) Divide and conquer and b) Dynamic Programming


J =

N−1∑
k=0

L(x(k), u(k))

J =
N−1∑
k=0

fuel(k) + µNOx(k) + νPM(k)

(1.1)

with:

• u(k), the control variables vector,

• x(k), the state vector of the system,

• N, the duration of the driving cycle,

• L, the instantaneous cost including fuel use or consumption (fuel(k))
and engine-out NOx and Particulate Matters (PM) emissions,

• µ and ν, weighting factors.

Pontryagin Minimum Principle

The Pontryagin Minimum Principle (PMP) is also an optimal control algo-
rithm. It brings a dynamical system from a precise state to another one state
with constraints [Lesc10]. Moreover, the PMP permits to replay a control
sequence optimally realized [Caux10b]. It provides good results when the
criteria can be linearly expressed and derived. The main drawback resides
in the constraints and parameters de�nition of the optimization problem to
reach a global optimal solution.
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Lagrange multiplier

The Lagrange multiplier is a method permitting to �nd stationary points of
a single or multi-variable derivable function, with no constraints [Ayad07].
For instance, the implementation of this multiplier applied to one operating
mode of a vehicle gives in [Kerm09b] an optimal solution for fuel consumption
minimization. Even if this principle seems to be attractive from a time
computation point of view, models must be derivable and the control must
be an open loop one [Kerm09a].

Port-Controlled Hamiltonian

Port-Controlled Hamiltonian (PCH) systems were introduced by Van Der
Schaft and Maschke in the early nineties [Orte02]. Some of the advantages
of expressing systems in the PCH form are that they cover a large set of
physical systems and capture important structural properties. They exhibit
some system characteristics (the total system energy, the damping and the
states interconnections [Ayad10]) and they simplify the stability proof of the
systems [Bech07]. From the PCH form, control laws are deduced using pas-
sivity theory. Contrary to PI controllers or hysteresis controls, no sensor
device intervenes in the control. For instance, in [Hadd03], it is shown that
under certain conditions for the studied system, the Hamiltonian function is
the di�erence between the physical energy of the hybrid system and the en-
ergy supplied by the controller. In [Hank08], the study focuses on the power
distribution management between a fuel cell stack and an ultra-capacitor
pack in order to ensure the power demand in a hybrid vehicle. To minimize
the hydrogen consumption on a given driving cycle, a global optimization
problem under constraints is formulated. First, the system is represented
by a discretized dynamic equation and a dynamic programming algorithm
is implemented. Then, after approaching the cost criterion by a polynomial
function, the Hamiltonian function is minimized.

In theory, strategies based on o�-line optimization algorithms give an
optimal solution. Even if a combination of the Lagrange multiplier with
predictive control looks like an alternative solution to respect the real time
constraints, such algorithms are complex, time consuming and are o�-line
methods (necessity to have a priory knowledge of the driving cycle). More-
over, these approaches only perform optimization for a particular vehicle in
particular conditions which will probably never be repeated in real use. The
on-line optimization algorithms are a possible alternative to these methods.
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1.2.3 Strategies based on on-line optimization algorithms

Strategies based on on-line optimization algorithms perform a global opti-
mization taking into account the whole system. These methods are real time
computing ones. They only consider available real-time information of the
system like the speed, the acceleration, the required power, voltages, currents
and SOCs for instance [Haji06]. Moreover, the project focuses on a railway
application which driving conditions are highly uncertain and without priori
knowledge of the driving cycle. The conditions depend on the tra�c, the
weather, the driver, the road pro�le, the state of the locomotive... Thus,
on-line techniques, without previous knowledge of future drive conditions,
appear to be more adequate to perform vehicles' energy management and
easier to implement [Salm07]. The rule based on-line techniques, like fuzzy
logic, enable on-line optimization without priori knowledge of the road pro-
�le. Even if the �nal solution is not necessarily optimal [Kerm09a] (some
constraints can be neglected to lighten the optimization process), it provides
a realistic solution. Among on-line optimization algorithms, fuzzy logic,
Neural Networks (NNs), predictive control and wavelet transform are now
presented.

Fuzzy logic

This paragraph introduces the basic concepts, notation, and basic opera-
tions for the type-1 and type-2 fuzzy sets. Because of 35 years of research
on fuzzy set theory, it is practically impossible to cover all aspects of current
developments in this area. Thus, after an introduction to the basic concepts
and operations of type-1 and type-2 fuzzy sets, HEVs EMSs using fuzzy logic
are listed.

Basic concepts Over recent years, fuzzy logic has found extensive use in
a variety of applications. It has rapidly become one of the most successful of
today's technologies for developing sophisticated control systems. The rise
in interest in fuzzy logic can be explained by the fact that it provides a way
to compute human knowledge easily [Jamm09]. It �lls an important gap in
engineering design methods left vacant by purely mathematical approaches,
and purely logic-based approaches in system design. While other approaches
require accurate equations to model real-world behaviours, fuzzy design can
accommodate the real-world human knowledge and logic [Liao08]. It pro-
vides both an intuitive method for describing systems in human terms and
automates the conversion of those system speci�cations into e�ective models
[Stew04]. Fuzzy logic has also proven its ability to model uncertainties in-
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herent in real-world systems. It has found successful applications in a wide
variety of �elds such as control [Jama09], decision analysis [Sola11, Bezi02],
expert systems and navigation [Schm12, Vena09, Kara03]... A fuzzy logic
system is described by a certain number of fuzzy if-then rules, each one de-
scribing a behaviour. Introduced by Zadeh in 1965, Type-1 Fuzzy Logic
(T1-FL) is the most conventional one. It was �rst used to control steam en-
gines [Mamd99]. However, the use of type-1 fuzzy sets with crisp degrees of
membership remains unsuitable for the modelling of some uncertain concepts
[Karn01]. Research has shown that the ability of T1 fuzzy sets to model and
minimize the e�ect of uncertainties is limited [Wu12, Caza12]. A reason may
be that a T1 fuzzy set is certain in the sense that for each input, there is
a crisp membership grade [Suge95, Hans99]. The structure of a T1 fuzzy
system is depicted �gure 1.12.

crisp
input

input
sets

output
sets

crisp
output

rule
base

inference
engine

fuzzifier defuzzifier

Figure 1.12: Structure of a Type-1 fuzzy system

The secondary Membership Function (MF), also called the Footprint Of
Uncertainty (FOU) (�gure 1.13), is a singleton when considering Sugeno-type
fuzzy systems.

The concept of Type-2 (T2) fuzzy sets was proposed by Zadeh in 1975 to
overcome T1 limitations. The T2 fuzzy structure is presented on �gure 1.14.

Type-2 fuzzy systems use an additional degree of freedom in the de�nition
of membership functions. Type-2 fuzzy approach gives better performance
in the face of highly uncertain conditions. It has been successfully applied in
di�erent applications such as vehicles' control [Suge84], helicopters' stabil-
ity [Phil96], hybrid electric vehicles energy management strategies [Sola12b],
control of active systems [Li12, Lin05]... As shown on �gure 1.15, the sec-
ondary MF is a crisp value.

The proposed studies of the chapter 4 of this manuscript will lead to the
comparison of the general type-2 based on zSlices against interval type-2 and
type-1 fuzzy logic controllers in the control of the output voltage of a buck

27



−0.25 −0.2 −0.15 −0.1 −0.05 0 0.05 0.1 0.15 0.2 0.25
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

x

µ

x1

µ1

1
0

1

µ1

µ'a

µ

Figure 1.13: Type-1 Primary (left) and Secondary (right) Membership Func-
tions
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Figure 1.14: Structure of a Type-2 fuzzy system
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Figure 1.15: Interval Type-2 Primary (left) and Secondary (right) Member-
ship Functions

converter and the implementation of the EMS of the studied HEL.

Fuzzy Logic Controllers design To design a Fuzzy Logic Controller (or
determine its parameters), two methods are available:
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• the survey based one using human experience or data from the system:
this technique was successfully implemented and experimentally vali-
dated in [Sola12b]. Survey-based fuzzy logic systems permit to combine
the knowledge from di�erent experts to design a MF [Mend09]. To han-
dle the uncertainties associated with the meaning of the words and the
di�erent rules and MFs, Type-2 Fuzzy Logic is used.

• the optimization one using a genetic algorithm [Wagn07]: this tech-
nique is going to be implemented in this project. Generally, the FLC
is optimally designed in order to minimize the fuel consumption of the
studied HEV. This kind of optimisation is performed for speci�c driv-
ing cycles in speci�c vehicles. However, nothing guarantees that the
calculated set of parameters is still appropriate in di�erent vehicles or
in variable driving conditions. Thus, Type-2 Fuzzy Logic is also used
to handle uncertainties conditions. Additionally, accurate models to
represent the vehicle and to calculate the fuzzy system parameters are
required.

Application to HEVs Fuzzy logic can be described as a decision making
method rather than a controller [Farr93]. To sum up, some researches dealing
with hybrid vehicles recommend a formulation using fuzzy rules [Baum00,
Salm00, Cerr94]. The main idea of these strategies is based on the concept
of charge level trying to operate the ICE in an e�cient region and to use
the electric engine like a device of charge level. Fuzzy controllers' structure
and parameters are built according to the knowledge of the problem of the
user solving it. This method permits to have a better comprehension of
the energy management and improves the driving comfort thanks to more
�exible changes of working modes. For instance, according to [Lee90], the
fuzzy controller of the studied vehicle is divided in two blocks. The �rst one
called "Power Balance Controller" aims at controlling batteries' SOC and
gas emissions. The second one called "Driver's Intention Predictor" aims at
determining the power demand of the driver. A drawback of this approach
comes from the fact that de�ned rules do not depend of membership functions
and in consequence there is no guarantee that the fuzzy controller will provide
a good performance in the case of complex systems [Wang06a]. Due to
the complexity of hybrid vehicles, this kind of controller built on intuitions,
frequently fails. To deal with this di�culty, optimization algorithms can be
used to obtain an optimal fuzzy controller. For instance, genetic algorithms
are used to de�ne the membership functions parameters [Wang06b], [Cord01].
Systems based type 1 fuzzy logic do not have the ability to treat uncertainties
linked to past events and fuzzy rules consequences. So, there is a need to
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use type 2 fuzzy logic as explained previously. Indeed, instead of assigning
a single value to the membership functions, a scale of values is assigned.
An EMS based Type-2 Fuzzy Logic Control has already been successfully
implemented only once in [Sola12b]. This is the �rst industrial application
of type-2 fuzzy logic in France and the �rst experimental validation of an
energy management system on a HEV using type-2 fuzzy logic designed on
the experience of multiple experts. It concerns a military application (�gure
1.16) using a fuel cell, batteries and UCs.

Figure 1.16: Hybrid Electric Vehicle and its considered con�guration
[Sola12b].

The implemented EMS considers the vehicle speed to de�ne the dynamic
reference for the UCs' SOC reference and permits an easy operation in de-
graded mode. For this application, the Type-2 FLC is used to perform the
local management of the fuel cell system. The design of the fuzzy logic con-
troller is done by using knowledge engineering technique. This technique
allows extracting knowledge from experts using surveys. The consideration
of type-2 fuzzy logic membership functions enables modelling the uncertainty
in the answers of the experts.

Neural networks

Basic concepts NNs are information processing models inspired by the
brain biology [Jeme04, Dush63]. It aims at imitating, acquiring human
knowledge and taking "intelligent" decisions. The NNs are made up of arti-
�cial neural connected together to treat information and provide results. For
instance,

n = f(
∑R

i=1wipi + bi)

with n the output, f a sigmoid, linear or sinusoidal function. wi are the
corresponding weight to the inputs, pi, R, the number of inputs and b, a
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bias. When such neurons are stored together and provided with the same
inputs, they form neuron layers. By connecting these layers, a network called
multi-layer NN is obtained. NNs have an input layer and an output layer.
Between the layers, some hidden layers exist too. The number of layers and
neurons is determined when the treated network becomes su�ciently non
linear regarding the application. NNs must be trained to evaluate inputs'
weights. Generally speaking, the weights are determined thanks to a back-
propagation algorithm. Thus, the neurons' weights are calculated in order to
minimize the di�erence between the obtained output and a desired output
reference.

Application to hybrid vehicles The proposed hybrid architecture in
[Rous08] is managed using a NN controller. It takes into account several
informations such as batteries SOC, the ICE speed and the torque demand
to calculate and de�ne the powers to be delivered by the sources. The NNs
permit to design light structures controllers. Their implementation and mod-
elling only rest on additions and multiplications which make them an attrac-
tive solution. However, their use necessitates a previous training based on
a large scale of di�erent operating cycles. Thus, it requires high computer
resources and time computing. Moreover, the training step remains to be
limited to only one operating conditions (�gure 1.17).

If particular operating conditions occur, the obtained solution will not
necessarily be optimal. In [Scor04], the obtained results show that even if re-
sults seem to be good, the system is placed in particular conditions and it be-
comes impossible to identify the real contribution of this module. In [Feld09],
a NN controller is developed to manage the energy �ows in a parallel HEV
which is made up of an UC coupled with an ICE. Their charge/discharge
cycles must be optimal in order to reduce the fuel consumption and avoid
a deterioration of the vehicle behaviour. The problem is tackled using a
trained NN controller. The results prove that the training step permits to
nearly optimize all the possible behaviours met by the system.

Predictive control

Today, three main competing approaches classes exist (�gure 1.18). They
are themselves gathered into categories classi�ed according to three crite-
rion: optimality, control horizon and optimization objective. The majority
of control strategies are controllers based on heuristic. The heuristic approach
has a medium complexity and needs few computation resources. However,
its adaptability is limited and it gives sub-optimal results [Kutt10]. From
an optimality point of view, predictive control based models using dynamic
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Figure 1.17: Process steps for Neural Network controller training and veri�-
cation [Prok08]

programming techniques are considered as the best category of algorithms
for optimization and search problems. The main drawbacks are:

• the important computing e�ort to provide which is opposed to a real
time control implementation of a vehicle EMS,

• the need to have a compulsory control horizon.

A certain number of predictive control models were studied and have
proven their e�ectiveness to be an alternative and practical method to build
an EMS for hybrid vehicles [Prei07, Beck05]. In [Arce09], a hybrid vehi-
cle (fuel cell and batteries) is studied. The objective of the project is to
minimize the fuel cell consumption according to driving constraints and the
components characteristics. The EMS and the minimization goal are based
on predictive control. The same kind of study is performed in [Bord10] and
[Bubn10]. The implemented controllers based on prediction aims at predict-
ing the required energy to optimally use batteries and make work the fuel
cell in its most e�cient region for hydrogen reduction purpose.
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Figure 1.18: Classi�cation of control approaches, global evaluation of opti-
mality assuming a priori known driving cycles [Kutt10].

Equivalence based control

As shown �gure 1.18 and explained previously, heuristic, rule-based controls
present a limited complexity, need low computational resources, don't need
an important control horizon but they achieve to suboptimal results. DP is
the most suitable technique to reach global solutions but it requires an im-
portant horizon. A compromise between these two approaches are the equiv-
alence based control algorithms. They aim at partially solving the con�ict
between the global optimality and real time capability (prediction optional
causal on �gure 1.18). In [Kutt10] the adaptation towards changing driving
conditions is realized by an independent calculation and adjustment of the
main decision criterion of the EMS towards the predicted operational pro�le
using a calculation time optimized dynamic programming approach. Thus,
the combination of the predictive DP with the considered EMS provide re-
spectively the global optimality of the solution and the real-time capability.
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Wavelet transform

To illustrate the usefulness of the wavelet transform in the EMS implemen-
tation application �eld, let's consider a hybrid vehicle powered by a fuel cell,
batteries and UCs. Fuel cells are alternative power sources. They are less
polluting and more e�cient than ICEs [Iwan98, Aso07]. However, the cost
and performance are obstacles for their use on a large scale in vehicle appli-
cations. Moreover, energy braking recovery is impossible with this kind of
technology. In HEVs, life time and fuel cell sizing are directly impacted by
fast dynamic and disrupted power demands of the system [Erdi09]. The use
of batteries and UCs and the development of an appropriated EMS is the
considered solution in [Mark03]. The EMS aims at splitting the power in the
system, maximizing its performances, saving fuel and guaranteeing elements
durability. A wavelet transform approach permits to identify high transient
frequencies [Ates10] and real time power demand of the HEV. This algorithm
allocates powers to the components with di�erent frequencies according to
the considered source to ensure optimality (�gure 1.19).

Figure 1.19: System con�guration of the multi-source hybrid vehicle power
system [Zhan08].

In sharing the high frequencies (respectively the low and medium fre-
quencies) of the power demand between the UCs (respectively the batteries
and the fuel cell) using a wavelet transform of the driving cycle signal, the
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e�ciency and life duration of the system can be greatly improved [Zhan08].
Despite the fact that wavelet transform has the same e�ciency as a load
share algorithm, an EMS only based on wavelets is inadequate to regulate
system's power �ow [Uzun08]. According to the batteries and UCs SOCs,
the power delivered by the fuel cell should be reduced when they are enough
loaded. Besides, the fuel cell should provide more power if they have a low
SOC. Thus, fuel economy is increased as system performances and the EMS
must guarantee good hybrid system performances. As proposed in [Erdi09],
the wavelet transform is coupled to a FLC. Indeed, the proposed EMS uses
the wavelet transform to study instantaneous changes like the power demand
of the HEV and the FLC to de�ne the powers to be delivered by the fuel cell
system and the batteries according to the secondary sources SOCs (�gure
1.20).

Figure 1.20: A schematic diagram of the developed energy management strat-
egy [Erdi09].

The wavelet transform has also been coupled with NNs in [Ates10]. The
method combines the capability of wavelet transform to treat transient sig-
nals with the ability of auto-associative neural network supervisory mode
control. Wavelet transform intentionally reduce primary source dynamics in
transient conditions and secondary source supplies instantaneous load vari-
ations. The neural network controller ensures an improvement of the fuel
consumption according to the UC bank SOC - �gure 1.21.

1.2.4 Hybrid Electric Locomotives' EMSs

This subsection proposes a description of the di�erent existing EMSs dedi-
cated to the HELs.
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Figure 1.21: Combined Neural Network-Wavelet Transform Based Energy
Management Strategy [Ates10].

The Chinese Dongfeng 7G HEL

The implemented EMS in [Xin11] aims at de�ning the power delivered by
the engine according to the batteries' SOC:

• if the SOC is lower than a de�ne minimum value, the diesel engine
works at the maximum output power,

• if the SOC is higher than a de�ne maximum value, the diesel engine
stops working.

Thus the batteries' SOC is maintained within a reasonable range and the
engine is used in its "optimal economic region".

The Iranian G12 HEL

The locomotive motors are controlled by an EMS to maintain maximum e�-
ciency in all working conditions. Firstly, according to the command torque,
the motor temperature, and the locomotive or motor speed, a neural network
system (�gure 1.22) controls the motor for optimum e�ciency performance.
It calculates the best set of voltage and frequency to maintain and drive
the motors at maximum e�ciency [Asae07]. Then, based on thermostatic
method like in [Xin11], the EMS takes into account the acceleration and
brake commands, the SOC, the speed, the temperature, and the engine sta-
tus (on or o�) to turn on or o� the engine and maintain the battery SOC
between two levels.

The project heralds 80% reduction in the fuel consumption of the loco-
motive and emission gases.
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Figure 1.22: Neural network inputs and outputs [Asae07].

The frequency �ltering approach

The SNCF HEL (Plathee project - [Akli07]) aims at downsizing the diesel en-
gine and accumulating/storing energy thanks to the secondary sources when
the power demand is higher than diesel engine capacities. The use of me-
chanical energy bu�er (a �ywheel), instead of accumulators, is also a solution
tested in [Jaaf09]. Both of the projects are building the EMS on a frequency
approach (�gure 1.23).

Figure 1.23: Energy management strategy principle [Akli07].

This kind of EMS is based on the frequency characteristics of the on-board
sources. UCs contribute to reduce batteries' stress in absorbing micro-cycles
and fast dynamic harmonics of the power pro�le [Akli07]. The con�guration
presented in [Jaaf09] permits to share a part of the power demand at low
frequencies dedicated to the batteries with the �ywheel leaving mission's
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high frequencies, a priority.
The diesel-electric shunting locomotive powertrains produced in the for-

mer Soviet Union ([Hoim10]) are also confronted to the same diesel electric
propulsion problematic:

• the existing diesel generator units are poorly utilised and mostly oper-
ate below the optimal speci�c fuel consumption region,

• the diesel generator unit can be downsized several times if an hybridised
powertrain is used,

• the limits are set only by the cost and space constraints.

The research concentrates on their upgrades and their hybridisation. The
developed EMS is also based on a low pass �lter.

The fuzzy logic approach

Even though a frequency approach is a possibility, the use of fuzzy logic is
also a solution [Jian10]. A fuzzy logic EMS of a hybrid locomotive composed
of two sources (fuel cell and batteries) is presented in this study. The EMS
satis�es the following requirements:

• the fuel cell system is used at its optimal e�ciency,

• the regenerative energy is e�ectively stored,

• the output power of the motor always meets the power demand of the
vehicle. If the required motor input power is greater than the rated
power of the fuel cell stack, the latter operates with its rated power
and the battery provides the peak power demand.

• battery is used for improving the lower dynamic transient response of
the fuel cell,

• when a locomotive is running slowly inside a station or making a stop,
battery output should be mainly used, and the fuel cell should not be
operated unless necessary.

Fuzzy Logic EMS adapts the behaviour of the system according to the real
physical state of the vehicle in order to control the power �ows of the system.
The FLC (�gure 1.24) has two inputs (Batteries' SOC and power demand)
and one output (the fuel cell power reference to be delivered). The control
aims at maintaining the batteries' SOC to a de�ned level and using the
considered primary source as optimal as possible.
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Figure 1.24: Energy management principle diagram based on fuzzy logic
[Jian10].

For instance:

• IF the power requirement is low or the locomotive is braking AND IF
the battery's SOC is low THEN the most part of the fuel cell power is
used to charge the battery.

• IF the required power is high AND IF the battery SOC is high THEN
the fuel cell and the battery jointly provide the required power.

The obtained fuzzy map (�gure 1.25) represents the evolution of the FLC's
output according to its two inputs.

Figure 1.25: The relationship curve of SOC, power demand and DC/DC
output power [Jian10].

In [Mogh03], the global control of a combined fuel cell with battery/UCs
or �ywheel/UCs locomotive architecture is also tackled. Conceptually, the

39



fuel cells supplies the power for constant speed driving. The secondary
sources (batteries/UCs or �ywheel/UCs) supplies the peaking power (acceler-
ation, grade climbing) and recovers the braking energy instead of dissipating
it in brakes. In other words, the secondary sources supply whatever the trac-
tion motors require and the fuel cells recharges them when needed (�gure
1.26).

fuel
storage

fuel cell
system

peaking power
source

power
couplier

power output

Figure 1.26: Concept of the fuel cell powered hybrid drive train [Mogh03].

However, apart from the EMS purpose, in [Mill07], another fuel cell and
battery hybrid switcher locomotive prototype is presented. Even if it com-
bines the environmental bene�ts of a catenary-electric locomotive with the
higher overall energy e�ciency and lower infrastructure costs of a diesel-
electric, it also underlines the technical challenges not found in the devel-
opment of smaller HEVs arise when designing and developing such a large
and heavy vehicle (weight, center of gravity, packaging, safety...). Indeed, a
fuel cell provides a limited power which does not meet the energy storage
requirements with compressed hydrogen ([Guo11]). Therefore, Solid Oxide
Fuel Cells (SOFCs) compared to the PEMFCs allow more �exible fuels, such
as bio-diesel, presenting higher energy density than hydrogen. In such a case,
the fuel cell is still supplied with hydrogen produced from the hydrocarbon
reforming.

To open up this overview, it is interesting to note that some research
works try to solve the environment pollution problem (exhaust gases, noise...)
focusing on the improvement of the performances of the diesel engine of a
railway traction system ([Bont06]). A control strategy based on a model of
the diesel engine and the injection control and monitoring are developed.
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The HELs' architectures and con�gurations solutions usually propose the
coupling of a primary source (ICE or fuel cell) with secondary sources (UCs,
batteries, �ywheel). Today, even if these solutions aim at solving the met
diesel electric propulsion e�ciency issues, this e�ciency greatly depends on
the designed EMS. Indeed, for a common con�guration, there are as much
possible EMSs' solutions as designers.

1.3 Chapter conclusion

Even if ICEs have proven their e�ciency for over a century and a half, en-
vironmental and transportation energetic challenges are now essential. The
pollution and the greenhouse gas emissions, the resources' rarefaction plus
the cost to access and exploit them, the congestion of the urban areas lead
societies to bring new solutions. HEVs combine at least two sources. One
or several electric machines and an energy storage system are associated to
a conventional primary source (fuel cell or ICE). Series, Parallel and Series-
Parallel are the most famous architectures. Thus, to split the power into the
system, an EMS must be implemented to provide:

• required functioning of the system,

• pollutant emissions and fuel consumption reductions,

• power and energy sources increased life time.

Even if o�-line optimization algorithms provide an optimal solution, they
don't meet the project demand. In relation to the speci�cations and the
constraints of the railway application, on-line optimization techniques and
especially fuzzy logic appears to be the best approach. It considers:

• real-time information,

• the driving conditions uncertainties,

• the ignorance of the road pro�le,

• the reach of a realistic solution.

However, the de�nition of the FLC's rules directly impact the global e�ciency
of the EMS. These rules must be precisely and optimally de�ned using a
GA. Thus, the method su�ers from an increasing implementation complexity.
The optimization of a Type-2 FLC using a GA to perform the HEL's EMS
is the new research direction of the partners. The next chapter presents

41



the improvements from a conventional locomotive toward a hybrid electric
architecture. Then, the determination of the most di�cult road pro�le and a
tool to observe the tendency of the sizing evolution of the secondary sources
are developed.

42



43



44



Chapter 2

Locomotive topology and sizing of

the secondary sources

As described in chapter 1, in a series architecture, all traction power is sup-
plied from electricity and a DC bus ensures the electrical energy balance of
the system. Thus, the ICE can continuously operate in its most e�cient
region but it requires large and heavy secondary sources banks.

First, section 2.1 presents the topology of a conventional electric locomo-
tive and the expected improvements toward a series hybrid electric architec-
ture. It also justi�es the choice to couple the diesel driven generator set with
batteries and UCs contrary to other studies (the German Hybrid loco - page
19) coupling it with batteries only.

Section 2.2 is dedicated to the estimation and the evaluation of the sizing
of the batteries and the UCs' banks. The determination of the most di�-
cult driving cycle, which is by de�nition the worst case in terms of power
and energy requirements, constitutes the �rst step. Then, a method is pro-
posed to perform the sizing calculation. This algorithm takes into account
the driving cycles requirements (power, energy) and the secondary sources'
characteristics (nominal voltage, power, lifespan...). The study starts with
the determination of the total number of cells to be used and then, the elab-
oration of a series-parallel con�guration is presented. Finally, section 2.3
presents the conclusions of the chapter.

2.1 Locomotive topology

In diesel-electric transmission systems, the mechanical energy produced by
the diesel engine is converted into electricity. The conversion is performed
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thanks to a generator and the electrical power is transferred to an electric
traction drive and also to auxiliaries (lighting, heating...). In a diesel-electric
propulsion, the ICE is optimally used in a limited speed range. Diesel-electric
locomotives do not need a catenary. A conventional diesel-electric propulsion
system layout is depicted in �gure 2.1. The driver controls the power �ow
from the diesel driven generator set to the wheels by selecting the position
of the throttle handle.

Traction
motor

Auxiliaries

Diesel driven generator set

Rheostat

Figure 2.1: A typical diesel-electric propulsion system

As explained in the previous chapter, the local French freight activities are
performed by diesel electric/shunting locomotives. The on-board ICE mainly
operates on low loads as depicted on �gure 2.2. Low loads correspond to the
worst e�ciencies of the engines.

The hybridization of a shunting locomotive consists in deporting a part
of the power required by the freight activity on other energy sources. Here,
the developed HEL is a series HEV. The architecture and its bene�ts have
already been presented in the chapter 1. The on-board primary source (an
ICE) is coupled with batteries and UCs. Even if the �rst chapter states about
HEVs using fuel cells like a primary source, in our case they can't provide
the power range requirements of the studied shunting activities contrary to
an ICE. The Ragone plot depicted on �gure 2.3 shows that the coupling of
an ICE (according to the fuel tank dimensions which is used) with batteries
and UCs permits to cover large speci�c energy and speci�c power ranges.

This study aims at evaluating the hybridization bene�ts by considering
only the ICE, batteries and UCs. The use of UCs in the locomotive is
motivated by the need to protect the batteries from premature deterioration.
Indeed, UCs present:

• high charging and discharging currents (hundreds of Amperes),

• quick charging and discharging times (1 to 10 s),
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Figure 2.2: Diesel driven generator set use for a typical freight driving cycle
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Figure 2.3: Ragone plot

• a high lifespan and a high number of charging/discharging cycles (more
than 100 000 cycles).

UCs have much higher power density than batteries which are based on the
movement of charge carriers in a liquid electrolyte and present relatively slow
charge and discharge times. Thus, UCs are mainly used to provide fast and
important power demands and limit the stress applied to the batteries. The
latter typically presents about 1000 charging/discharging electrical cycles.
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The studied hybrid electric propulsion system layout is depicted on �gure
2.4. The driver still controls the power �ow that comes from the diesel driven
generator set, the batteries and the UCs and is provided to the traction
motors.

Batteries

Ultra-capacitors

Traction
motor

Auxiliaries

Diesel driven generator set

Rheostat

Figure 2.4: Electric structure of the considered system

Figures 2.5 and 2.6 represent the conventional diesel electric and new
hybrid electric locomotives.

Figure 2.5: Freight diesel-electric lo-
comotive

Figure 2.6: Freight Hybrid Electric lo-
comotive
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2.2 Sizing of the secondary sources

Considering a sizing problem, it clearly appears that the number of cells to
be used depends on:

• their own physical characteristics (capacity, voltage, resistance...),

• the driving cycle characteristics (average and maximum powers, energy,
speed of the locomotive...)

Thus, the proposed method, which is based on the approach developed in
[Akli08], must take into account these parameters. It consists in two main
steps:

• The determination of the most restricting driving cycle. Indeed, the
future HEL will perform shunting activities. Figures 2.7 and 2.8 rep-
resent the evolution of the power requested by a diesel locomotive to
perform a freight activity. Data are provided by Alstom Transport and
are based on real measurements of the power delivered by the diesel
engine to supply traction and auxiliaries powers of a conventional lo-
comotive for 30 di�erent shunting missions. However, it is certainly
easier to focus the work on only one driving cycle to size the secondary
sources. The most di�cult driving cycle, in terms of power and energy
for instance, among the 30 di�erent ones must be considered. To de-
termine it, two indicators are used (Power Hybridization Potential and
Energetic Hybridization Potential). They respectively aim at evaluat-
ing the "di�culty" of the driving cycle in terms of power and energy.
These indicators are developed in details in the subsection 2.2.1.

• The calculation of the number of batteries and UCs' cells to be set up
in series and in parallel into the system. First, the method consists
in using a low pass �lter to dedicate the high (respectively low) fre-
quencies of the power mission to the UCs (respectively batteries and
diesel engine) [Jaaf09, Jaaf10]. Based on these two signals, the di�er-
ent algorithms which are presented in this chapter permit to calculate
the number of cells to be set in series and in parallel into the system
according to the power and the energy requested by the driving cycle,
the energy stored by the sources and the power they can provide.

2.2.1 Determination of the most restricting mission

To �nd the most restricting driving cycle among the 30 available ones, two
indicators are considered. They provide information on the need to hybridize
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Figure 2.7: First example of the evo-
lution of the power requested by a
driving cycle according to time.
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Figure 2.8: Second example of the
evolution of the power requested by
a driving cycle according to time.

or not the system. They are de�ned and presented in details on the next pages
below.

Power Hybridization Potential - [Akli08]

The �rst indicator to be considered is the Power Hybridization Potential
(PHP). It informs about the possible reduction of the primary source (ICE)
and about the need to hybridize the system thanks to secondary or storage
sources. Using the average power (Paverage) and the maximum power (Pmax)
of a driving cycle, the PHP is de�ned equation 2.1. Restrictions were applied
to avoid some particular cases such as negative average and maximum powers.

PHP =

 1− Paverage
Pmax

if Paverage ≥ 0 and Pmax > 0

1 otherwise

(2.1)

Figures 2.9 and 2.10 illustrate theoretical examples for evaluating the
indicator contribution. Higher is the indicator (almost equal to 1) and better
will be the results obtained with an hybridized system for the considered
driving cycle. Indeed, a high PHP value implies that average and maximum
powers have very di�erent values (�gure 2.9) whereas a low PHP value implies
a near equality between them (�gure 2.10). In the second case, there is no
need to hybridize because the power source will work at maximum level.

Figure 2.9 presents a theoretical mission which PHP value is higher than
the PHP value of the theoretical mission depicted �gure 2.10. The maximum
power of the mission "b" is very close to the average power (PHP almost
equals to 0). In such a case, the considered primary source would always
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Figure 2.9: First theoretical mission
with the associated PHP (PHP =
50%)
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Figure 2.10: Second theoretical
mission with the associated PHP
(PHP = 20%)

work on high loads. However, the maximum power of the mission "a" is
very di�erent from its average power (PHP almost equals 1). Thus, the
hybridization is really obvious.

However, the PHP indicator presents some limits. Considering two power
missions having the same PHP values (�gures 2.11 and 2.12), it appears that
energetically speaking, the two missions present some di�erences. These
di�erences are due to the frequency and the regularity of the driving cycle.
Thus, the PHP indicator limits and a second indicator principle are described
afterwards.
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Figure 2.11: First theoretical mission
with PHP = 50%
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Figure 2.12: Second theoretical mis-
sion with PHP = 50%

Energetic Hybridization Potential - [Akli08]

The second indicator is the Energetic Hybridization Potential (EHP) which
is comparable to the PHP indicator in terms of energy. It corresponds to
the characterization of the frequency and the regularity of a mission. For
instance, �gures 2.13 and 2.14 give the evolution of the energy for missions
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"a" and "c" (same PHP values) and the determination of the useful energy.
The useful energy corresponds to the energy to be stored into the secondary
sources to ensure the considered driving cycle. The energy evolution into
the storage devices (Es) is de�ned by equation 2.2. The used convention
considers a negative (respectively positive) power for a charging (respectively
discharging) power. Thus, the equations dealing with the calculation of the
energy to be stored into the elements present a negative sign. Indeed, a
negative (charging) power corresponds to an energy accumulation into the
elements and a positive (discharging) power corresponds to an energy released
from the storage system.

Es(t) = −
t∫

0

(P (t)− Paverage) dt (2.2)

Paverage represents the average power of the considered driving cycle and
P (t) is the power required by the driving cycle. The average power is sub-
tracted from the total power because we focus on the energy relative to the
secondary sources. Then, equation 2.3 calculates the useful energy (di�er-
ence between the maximum and the minimum energy throughout the driving
cycle).

Eu = max(Es(t))−min(Es(t)) (2.3)

Mathematically speaking, the EHP indicator is homogeneous to a fre-
quency. It corresponds to the ratio between the maximum power (Pmax) of
the mission and the useful energy (Eu) - equation 2.4.

EHP =


Pmax
Eu

if Eu 6= 0 and Pmax ≥ 0

+∞ otherwise

(2.4)

From an energetic point of view, the PHP is an indicator informing about
the average power required by a mission and the EHP informs about the
useful energy. For instance, the mission "a" (�gure 2.13) requires more useful
energy than the mission "c" (�gure 2.14). However, they have the same
maximum power. The EHP value of the mission "a" is lower than the EHP
value of the mission "c". Thus, the lowest EHP value corresponds to the
most di�cult driving cycle because it requires more useful energy.

The association of the two indicators informs about the di�culty of the
studied driving cycle in terms of power and energy.
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Figure 2.13: First theoretical mission
with PHP = 50% and its associated
useful energy.
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Figure 2.14: Second theoretical mis-
sion with PHP = 50% and its asso-
ciated useful energy.

Results

The calculation of the two indicators is performed for the 30 di�erent driving
cycles provided by Alstom Transport. Results are depicted on �gures 2.15
and 2.16.
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Figure 2.15: EHP and PHP calcula-
tion applied to the 30 missions
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Figure 2.16: Zoom around the most
restricting mission (bullet)
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They represent 30 di�erent markers in the EHP-PHP plane. The marker
at the bottom of the �gures (the bullet) corresponds to the lowest obtained
EHP value and deals with the mission number 28. This driving cycle is the
one presenting the highest power peak value, the highest speed of the locomo-
tive and the longest distance among all the available driving cycles. Figures
2.17 and 2.18 represent the power mission and the speed of the locomotive
for the mission number 28.
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Figure 2.17: Power required by the
driving cycle number 28.
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Figure 2.18: Speed of the locomotive
(mission number 28).

Contrary to this marker, on the �gure 2.15, the higher cross marker cor-
responds to the mission number 3. The locomotive is here parked in a shed.
Figures 2.19 and 2.20 represent the power mission and the speed of the loco-
motive for the mission number 3.
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Figure 2.19: Power required by the
driving cycle number 3.
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Figure 2.20: Speed of the locomotive
(mission number 3).

Thus, our knowledge con�rms the theoretical indicators. The lowest EHP
value corresponds to the most restricting driving cycle and the highest value
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to the less restricting one. Now, considering the PHP indicator, it appears
that all missions are favourable to hybridization. Indeed, all the PHP results
are nearly equal to one. Moreover, it con�rms that the shunting activities
targeted by Alstom Transport in this study are e�ectively chosen to be per-
formed by a HEL.

2.2.2 Batteries and ultra-capacitors sizing - [Akli08]

The considered sizing methodology is based on a frequency approach of the
driving cycle and of the constraints of the on-board power sources. Figure
2.21 presents the principle of this methodology.

+-

+-

Figure 2.21: Frenquency approach principle

The power mission 1 (Pmission) is �ltered thanks to a low pass �lter charac-
terized by its cuto� frequency (fuc). Low and high frequencies of the driving
cycle signal Pmission are obtained from this �lter (�gure 2.22). The negative
values of the high frequencies signal are due to the dynamics of the low pass
�lter. Indeed, the low frequencies signal variations have a lower dynamic
than those of the original signal. Thus, the high frequencies signal variations
correspond to the di�erence between the original and the low pass �ltered
signals.

High frequencies are dedicated to the UCs' bank and low ones are sub-
tracted from the power delivered by the ICE to be dedicated to the batteries'
bank. In the next parts, the algorithms implemented in the blocks named
"Ultra-capacitors pack" and "Batteries pack" of the �gure 2.21 which aim at
performing the calculation of the total number of UCs' and batteries' cells
(Nuc and Nbt), are developed. The algorithms take into account the e�ciency
of the elements and permit to:

1Power required over the driving cycle
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Figure 2.22: Frequency decomposition of the mission power signal into low
and high frequencies power signals

• calculate the total number of cells (batteries and UCs to be set up into
the system),

• perform the series-parallel organization of the cells.

For the �rst point, algorithms are applied to all the driving cycles. It aims at
con�rming the previous results obtained with the PHP and EHP indicators.
Then, the series-parallel con�guration is performed only based on the mission
number 28. The results are presented like an evolution of the number of cells
according to the working cuto� frequency of the low pass �lter and the con-
sidered driving cycle. As a reminder the used convention considers a negative
(respectively positive) power like a charging (respectively discharging) power
for the storage devices. Thus, the equations dealing with the calculation of
the energy to be stored into the elements present a negative sign. Indeed,
a negative (charging) power corresponds to an energy accumulation into the
elements and a positive (discharging) power corresponds to an energy release
out of the elements.
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Sizing of the ultra-capacitors' bank - [Akli08]

Determination of the total number of cells UCs present the same
behaviour and power limitations for charging and discharging phases. Thus,
their sizing only depends on the operating cuto� frequency (fuc). To calculate
the total number of UCs' cells - Nuc, the �rst step consists in calculating the
energy to be stored by UCs thanks to the equation 2.5.

Euc(t) = −
t∫

0

P ′uc(τ)dτ (2.5)

with P ′uc the high frequencies of the power mission signal. To calculate the
useful energy to be stored into the UCs, equation 2.6 is used. The principle
is exactly the same as explained previously with the equation 2.3 and �gures
2.13 and 2.14.

Euuc = max (Euc(t))−min (Euc(t)) (2.6)

Their Depth Of Discharge (DODuc) is included in the calculation [Uno11].
Thus, the real capacity of the pack is given by equation 2.7.

Erealuc =
Euuc

DODuc

(2.7)

The total number of UCs' cells depends on:

• energy (NucE - equation 2.8),

• power (NucP - equation 2.9).

NucE =
Erealuc
E0uc

(2.8)

NucP =
max (P ′uc)

P0uc

(2.9)

where E0uc and P0uc are respectively the nominal energy and power of a
single UC cell.

Finally, Nuc is determined with equation 2.10.

Nuc = max (NucE, NucP ) (2.10)
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Series-Parallel con�guration The series/parallel sizing is reduced to a
single (battery/UC) cell study. The same method is indi�erently applied to
batteries and UCs. Thus, it is only going to be detailed for the UCs' case.
In theory, the total number of UCs' cells (Nuc) corresponds to the number
of cells in series (Nsuc) multiplied by the number of cells in parallel (Npuc)
(equation 2.11).

Nuc = Nsuc ×Npuc (2.11)

Thus, UCs' bank current (Iuc) and voltage (Vuc) are de�ned by equation
2.12. {

Iuc = Npuc × iuc
Vuc = Nsuc × vuc

(2.12)

with (vuc) and (iuc) UCs' cells' voltage and current. UCs' bank is linked
to the central DC bus thanks to a chopper. Its minimum and maximum duty
cycles are de�ned by (αmin) and (αmax) - equations 2.13 and 2.14.

αminVbus ≤ Vuc ≤ αmaxVbus (2.13)

αmin
Vbus
vucmin

≤ Nsuc ≤ αmax
Vbus

vucmax
(2.14)

From equation 2.11, minimum and maximum of UCs' cells' in series and
in parallel are deduced (equation 2.15).

Nsucmin
= αmin

Vbus
vucmin

Nsucmax = αmax
Vbus

vucmax

(2.15)

Minimum (vucmin) and maximum (vucmax) voltages that can be applied
to a cell are determined using the electrical model represented on �gure 2.23.

An equivalent circuit as shown in �gure 2.23 may be used to represent
the operating characteristics of an UC's cell. CR is an ideal capacitor, which
is connected to the resistor ruc for emulating the series resistance. It would
have been possible to emulate the self discharging of the element thanks to
another resistance in parallel with the capacitor. However, since this parallel
resistance is very large, this parallel branch may be ignored in modelling
and simulation without much in�uence on the results [Chen09]. However,
it will be used to predict the self discharge behaviour of the element when
developing the EMS of the vehicle.
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Figure 2.23: Electric model adopted for ultra-capacitors representation

The �ltered power dedicated to the whole bank of UCs (Puc) is reduced
to a single battery cell power (puc - equation 2.16)

puc =
Puc
Nuc

(2.16)

Thus, the current applied to a single cell is the ratio between this power
(puc) and the voltage of the same considered cell (vuc) (equation 2.17).

iuc =
puc
vuc

(2.17)

Minimum and maximum currents (iucmin and iucmax) are then extracted
(equation 2.18). {

iucmin = min (iuc)

iucmax = max (iuc)
(2.18)

The voltage vuc is deduced from equations 2.19 and 2.20.

vc(t) = v0 −
1

CR

t∫
0

iuc(τ)dτ (2.19)

vuc = vc(t)− ruciuc (2.20)

Nsucmin
and Nsucmax are deduced using equation 2.15 and Npucmin

-
Npucmax thanks to equation 2.11.
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Sizing of the bank of batteries - [Akli08]

Determination of the total number of cells Contrary to UCs, bat-
teries do not have the same power limitation for charging and discharging
phases. The sizing method is based on three algorithms. In this study, we
will consider a positive (respectively negative) power like a discharging (re-
spectively charging) power for all the three on-board sources and the power
mission. The rheostat only dissipates power which corresponds to a negative
power. Considering discharging/charging powers (Pdch; Pch) and constant
discharging/charging times (tdch; tch), the batteries' energy Ebatt must cover
the considered discharging and charging requirements (equation 2.21). The
constant times correspond to the time necessary to fully charge/discharge
the batteries. {

Ebatt ≥ tdch × Pdch
Ebatt ≥ −tch × Pch

(2.21)

These inequalities de�ne the area limits of the energy - power plan which
represents the batteries sizing domain (�gure 2.24). These technological con-
straints graphs constitute the common basis of the study to explain the met
problems and the developed solutions.

Power0

Ebatt

Pchbatt Pdchbatt

-tch .P
ch

t dch
.P dch

Energy

Figure 2.24: Batteries technological constraints graph

Considering maximum batteries' discharging/charging powers Pdchbatt and
Pchbatt , the �gure 2.24 shows the necessary batteries' energy Ebatt to respect
the equation 2.21.

Like for the UCs' sizing method (equations 2.5 and 2.6), the useful energy
is also used to perform the batteries' sizing. However, a simple integration
is not adequate in this new problem.
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Calculation of the useful energy based on a saturated integration
Lets consider a theoretical power mission (Pth) applied to the batteries (�gure
2.25) and the corresponding evolution of the energy (equation 2.22).

E(t) = −
t∫

0

Pth(τ)dτ (2.22)

Time 

P
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0 E(t) 

E
nergy

Eu

Figure 2.25: Conventional energy calculation

Considering this theoretical power, the energy level is higher at the end
of the mission than at its beginning. In other words, the energy balance is
positive and the batteries are more charged at the end of the mission than
at its beginning. This energy drives to an over-sizing. Indeed, the most im-
portant thing is the determination of the energy to be stored in the batteries
in regard to the discharging phases requirements (positive powers). Then, it
is not necessary to cover all the charging phases of the mission. If the point
0 of the �gure 2.25 corresponds to the maximum batteries' SOC level, the
energy can not exceed this maximum. In practice, batteries would be over-
charged which is not recommended. This is the reason why all the batteries'
energy is not used and this energy calculation (equation 2.22) drives to an
over-sizing. The solution consists in calculating the energy di�erently. The
batteries are considered to be fully charged at the beginning. Then, the cal-
culated energy can not exceed this value when recharging (�gure 2.26). That
kind of integration aims at ignoring charging phases if energy level reaches a
de�ned maximum. According to the UCs' SOC and the implemented EMS,
this energy is stored into UCs or dissipated thanks to the rheostat.
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Figure 2.26: Saturated energy calculation

Thus, the new useful energy is lower than the previous calculated one.
The equation 2.23 deals with the new saturated integration.

Esat(t) = −

 t∫
0

Pth(τ)dτ


sat

(2.23)

with Esat(t), the saturated energy of the signal Pth(t). To perform this
saturated integration, the power mission is sampled. dmission, the mission
duration is sampled such as dmission = NTe thanks to the sampling period Te
(Te = 1s) - equation 2.24.

∀n ∈ [0, ..., N ],

{
Pth(n) = Pth(nTe)

E(n) = E(nTe)
(2.24)

Lets consider δe(n), the exchanged quantity of energy between (n− 1)Te
and (n)Te instants (equation 2.25).

 e(0) = 0

∀n ∈ [1, ..., N ], δe(n) = −1

2
Te [Pth(n− 1) + Pth(n)]

(2.25)

Thus, the integrated saturation Esat(t) of the power mission Pth(t) is given
by equation 2.26.
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
Esat(0) = 0

∀n ∈ [1, ..., N ], Esat(n) =

{
0 ifEsat(n− 1) + δe(n) ≥ 0

Esat(n− 1) + δe(n) otherwise

(2.26)

The saturated energy (Esat(n)) is lower than the initial saturated energy
(Esat(0) = 0) which corresponds to the maximum acceptable saturated en-
ergy. Thus, Esat(n) ≤ 0.

If the exchanged energy decreases (δe(n) < 0) then the saturated energy
also decreases (Esat(n) = Esat(n − 1) + δe(n) ≤ 0) and the batteries deliver
power.

If the exchanged energy increases (δe(n) > 0) then the saturated en-
ergy (Esat(n)) also increases until it reaches its maximum acceptable value
(Esat(0)). The batteries recover power until they reach the saturation.

Finally, useful energy corresponds to the di�erence between the minimum
and the maximum of the previous calculated energy (equation 2.27).

∀n ∈ [1, ..., N ], Eu = max (Esat(n))−min (Esat(n)) (2.27)

Now, it is necessary to check that the calculated useful energy is enough
to cover the charging and discharging powers required by the mission. These
powers (Pchmission

and Pdchmission
) are represented on �gure 2.27.

Both evolutions of the batteries power missions (ideal power mission and
power mission taking into account batteries e�ciency) are depicted. The �g-
ure aims at determining which is the most suitable power mission to de�ne the
extreme charging and discharging powers values (Pchmission

and Pdchmission
).

It appears that the ideal power mission is a penalty for the charging phase
and the "real" power mission is a penalty for the discharging phase. Thus,
Pchmission

and Pdchmission
are de�ned by equation 2.28.{
Pdchmission

= max
(
P th
batt(t)

)
Pchmission

= min
(
P real
batt (t)

) (2.28)

When the useful energy is calculated, three cases are possible.

Case 1: The calculated useful energy (calculation of the useful energy
using the saturated integration - Eu(batt)sat) is enough to cover the charging
and discharging powers requirements of the mission. This case is depicted
on �gure 2.28 and |Pchbatt | > |Pchmission

|; Pdchbatt > Pdchmission
.
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Figure 2.27: Evolution of the power dedicated to the batteries.

Pchmission Pdchmission Power0

Eu(batt)sat

Pchbatt Pdchbatt

-tch .P
ch

t dch
.P dch

Energy

Figure 2.28: Batteries technological constraints graph (case 1).

Case 2: The calculated useful energy is not enough to cover the charging
and discharging powers requirements of the mission. This case is depicted
on �gure 2.29 and |Pchbatt | < |Pchmission

|; Pdchbatt < Pdchmission
.

In such a case, it is essential to ensure the discharging power mission.
Thus, to cover the discharging mission power peaks, the useful energy is
increased till obtaining a new useful energy Eu

′

(batt)sat in such a way that
Pdchbatt = Pdchmission

on the �gure 2.29. However, the charging power require-
ment of the mission is not necessarily solved (|Pchbatt | < |Pchmission

|).
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Figure 2.29: Batteries technological constraints graph (case 2).

Case 3: This case is an extension of the second case. The calculated
useful energy is enough to cover the discharging power requirement of the
mission but it is not enough to cover the charging power requirement of the
mission. It would also be possible to increase the useful energy Eu

′

(batt)sat in
such a way that Pchbatt = Pchmission

. However, this increase is estimated too
important (around 150% in [Akli08]) for the sizing problem (�gure 2.30).
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Pchbatt Pdchbatt
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E''u(batt)sat

X

X

Figure 2.30: Batteries technological constraints graph (case 3).

Moreover, the charging power is a lower requirement than the discharging
one. If the batteries' pack is downsized in regard to the charging phase, it
only means that the charging possibilities won't be totally used to recharge
the pack. In other words, charging power is available to recharge the batteries
but it can not be used because they are not sized to recover so much power.
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This case is less important than a pack of batteries which is not able to deliver
the necessary power to perform the driving cycle (discharging power).

Correction of the charging power mission requirement The so-
lution consists in directly changing the batteries power pro�le in reducing
the charging mission power. In other words, this power pro�le is corrected
in increasing the mission charging power minimum value of the �gure 2.27
(P
′

chmission
> Pchmission

) and in consequence the useful energy to be stored in
the batteries' pack increases to compensate the lost energy. This lost energy
was used to recharge the pack. To change this power, it is taking back to the
border line (−tch.Pch - �gure 2.30) by the equation 2.29.

Pchcorrected = −
Eu(batt)sat

tch
(2.29)

A subtle issue persists and is presented on �gure 2.31.
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Figure 2.31: Batteries technological constraints graph (optimal point).

• The point "B" corresponds to the obtained useful energy (Eu(b)sat) after
limiting the charging power of the mission Pchmission

to Pch(b)
. However,

it corresponds to a non-optimal energy. The useful energy Eu(b)sat is
su�cient to cover the charging phases but it is also over-sized.

• The point "A" corresponds to the obtained useful energy (Eu(a)sat)
when respecting the charging power of the mission such as Pchmission

=
Pch(a)

. However, it corresponds to a point which is out of the sizing do-
main. The useful energy (Eu(a)sat) is not su�cient to cover the charging
power mission requirement.
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• The point "X" corresponds to the obtained useful energy (Eu(x)sat) af-
ter limiting the charging power of the mission such as Pchmission

= Pch(x)

and belonging to the sizing domain. This point is the optimal point in
terms of power and useful energy. Eu(a)sat < Eu(x)sat < Eu(b)sat, the
point "X" belongs to the sizing domain and it is the closer point to the
border line (−tch.Pch).

Dichotomy algorithm To �nd the optimal point "X", a dichotomy
algorithm is implemented. Each iteration of the algorithm calculates Pcenter
de�ned by equation 2.30 and the corresponding useful energy Ecenter using
the saturated integration (equation 2.23).

Pcenter =
1

2

(
Pch(a)

+ Pch(b)

)
(2.30)

Then, the stopping criterion of the algorithm is checked. The "distance"
between the center point and the border line (−tch.Pch) is calculated and
compared to the error ε (equation 2.31).

|Ecenter − tch.Pcenter| ≤ ε (2.31)

If the the criterion is con�rmed, the algorithm stops else it checks if the
center point is on top (�gure 2.32) or below (�gure 2.33) the border line.
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PdchbattPch(b)Pcenter
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X
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Figure 2.32: Dichotomy algorithm - Top of the border line.

The next iteration of the dichotomy algorithm reallocates the new "B"
point (respectively the new "A" point) like the calculated center point if the
latter is located on top (respectively below) the border line.
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Figure 2.33: Dichotomy algorithm - Bottom of the border line.

The global sizing method of the batteries The �gure 2.34 presents
the global batteries' sizing method including the described algorithms.

From the considered mission k, the cuto� frequency of the low pass �lter
(fuc) and the power delivered by the ICE (PICE), the batteries theoretical and
real power missions (P th

batt and P
real
batt ) are calculated. From these two powers,

a �rst useful energy is calculated using the saturated integration (Eu(batt)sat
).

Then, from the mission charging/discharging powers (Pchmission
/Pdchmission

-
equation 2.28) and the time constants (tdch and tch) either the useful energy
covers the discharging power requirements of the mission:

• and covers the charging power requirements of the mission (case 1 -
�gure 2.28). Then, the algorithm stops.

• but does not cover the charging power requirements of the mission
(case 3 - �gures 2.30 and 2.31). The calculation of a corrected charging
power (equation 2.29) permits to de�ne a new useful energy (E

′
u(batt)sat

)
which is then optimised thanks to the dichotomy algorithm. Then, the
algorithm stops.

Or the useful energy does not cover the discharging power requirements of
the mission (it is increased till covering them (case 2 - �gure 2.29)):

• and covers the discharging power requirements of the mission. Then,
the algorithm stops.

• but does not cover the charging power requirements of the mission. As
previously, the charging power is corrected and the dichotomy algo-
rithm is also applied. Then, the algorithm stops.
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Figure 2.34: Sizing algorithm of the batteries

Finally, the total number of cells is the ratio of the calculated energy
(Eu(x)sat

) with the nominal energy of a single battery cell (E0
batt).
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Series-Parallel con�guration The method developed for the UCs is also
applied for the batteries (equations 2.32 to 2.35). In the same way, minimum
(vbtmin) and maximum (vbtmax) voltages are determined using the electrical
model represented on �gure 2.35.

Figure 2.35: Electric model adopted for batteries representation

It is made up of an internal resistance (rbt) and a nominal voltage (ebt).

pbt =
Pbt
Nbt

(2.32)

ibt =
pbt
vbt

(2.33)

{
ibtmin = min (ibt)

ibtmax = max (ibt)
(2.34)

vbt = ebt − rbtibt (2.35)

Results

Determination of the total number of cells Figures 2.36 and 2.37
present the evolution of the total number of batteries' and UCs' cells accord-
ing to the low pass �lter frequencies. The algorithm is applied to all the
available missions with a constant 200 kW power delivered by the ICE.

The results corresponding to the mission number 28 are represented with
lozenges (highest curve - �gure 2.36) and appear to be the driving cycle
requiring the highest number of batteries' and UCs' cells. It con�rms the
results obtained with the PHP and EHP indicators.
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Figure 2.36: Evolution of the total number of batteries' cells according to
the low pass �lter frequencies.

Figure 2.37: Evolution of the number of ultra-capacitors' cells according to
the low pass �lter frequencies.

Series-Parallel results The results are depicted on �gures 2.38 and 2.39.
They also represent the evolution of the number of batteries and UCs' cells
in series and in parallel according to the low pass �lter frequencies. The real
number of cells must be rounded to have an integer.
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Figure 2.38: Evolution of the number of battery cells in series (top) and in
parallel (bottom) according to the low pass �lter frequencies.
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Figure 2.39: Evolution of the number of ultra capacitors cells in series (top)
and in parallel (bottom) according to the low pass �lter frequencies.

Results are in accordance with �gures 2.36 and 2.37. Indeed, curves have
the same characteristic and the product of the parallel sizing and series sizing
values is equal to the total number of batteries and UCs elements.
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2.2.3 Volume and weight estimations

The obtained results are used to estimate the weight and the volume of the
secondary sources of the system. The characteristics (volume and weight) of
a single cell are:

• 7.05 kg and 4.34 l for battery - [Akli08],

• 0.26 kg and 0.21 l for UC - [Devi12].

They do not take into account the power electronics volume and weight char-
acteristics. Based on these parameters, the �gures 2.40 and 2.41 present the
evolution of the total (batteries plus UCs) volume and weight for increasing
constant powers delivered by the ICE. The used frequency range is from 1
mHz up to 100 mHz.

Figure 2.40: Evolution of the total
volume according to the power deliv-
ered by the diesel engine

Figure 2.41: Evolution of the total
weight according to the power deliv-
ered by the diesel engine

2.2.4 Arrangement of the elements

Con�guration of the packs of batteries and UCs is described on �gure 2.42.
This con�guration associates a chopper per parallel pack. Indeed, in order
to avoid imbalances problems, the assembly of the parallel packs under a
common chopper is not recommended. According to [Hija06], the assembly
in series of an important number of UCs' cells causes voltage imbalances be-
tween them. Indeed, their SOC depends on their voltage. Thus, UCs' voltage
have a fast and important band variation when using them during a mission.
Voltage imbalances accelerate their ageing and reduce their lifespan. This
problem is partially solved in associating power electronics in parallel to con-
trol voltages individually. Even if this con�guration improves the individual
control of the sources according to their physical state (SOC, degradation,
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failure...) and reduces imbalances, it remains more complex and the system
is heavier and larger. This choice is not optimal. A high bus voltage is a so-
lution to limit the number of parallel packs, to minimise the choppers' losses
and to reduce their weight/size. However, a high bus voltage presents some
drawbacks:

• security problems due to high voltages,

• maintenance speci�c precautions relating to the electric class protec-
tion.

Figure 2.42: Arrangement of the cells in the packs
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2.3 Chapter conclusion

The locomotive architecture is improved from a conventional diesel electric
propulsion to a Hybrid Electric one. An ICE is still set up on-board and
coupled with batteries' and UCs. The new con�guration (series HEV) aims
at deporting a part of the power required by the freight activity on other
sources and avoid operating the ICE on low loads. Moreover, this solution
permits to cover a large range of speci�c energy and power (Ragone plot -
�gure 2.3).

The new con�guration raises the sizing problem of the batteries and UCs'
banks. The use of the PHP and EHP indicators permits determining the most
constraining driving cycles among the thirty di�erent available in terms of
power and energy [Baer11a]. Then, according to the considered architec-
ture and the frequency approach of the on-board sources, algorithms aim at
proposing estimations of the requested number of batteries and UCs' cells to
assemble in series and in parallel in the locomotive. The obtained results ob-
viously depend on the working cuto� frequency of the low pass �lter, the con-
sidered driving cycle and the elements' characteristics/speci�cations. More-
over, the method takes into account the e�ciency of the secondary sources
and their di�erent behaviours during charging and discharging phases.
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Chapter 3

Modelling and control of the

Hybrid Electric Locomotive

Before developing an Energy Management Strategy, it is necessary to model
the available sources. A good modelling necessitates a precise knowledge
and understanding of the di�erent sources functioning and behaviour. This
simulation step is necessary to represent the bene�ts and drawbacks of the
considered sources as accurate as possible. To reach a good precision of the
control structures and EMSs of the sources, dynamical and experimentally
validated models must be developed. The appendix A sums up the theoreti-
cal basis of the EMR, the MCS and PCS design. The considered models are
mainly based on existing ones which are presented using the EMR. From a
laboratory expertise point of view, the use of the EMR also aims at capital-
ising the research developments.

The chapter is structured in seven sections. The �rst three sections
present the implemented models and control structures of the ICE, the UCs
and the batteries. Experimental characterisations of the batteries are also
described in this section. Sections 3.4 and 3.5 deal with the rheostat uses
in the HEL and the modeling of the DC bus. Section 3.6 depicts the global
energetic architecture of the HEL with the merging of all presented models.
Finally, section 3.7 presents the conclusions of the chapter.
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3.1 The diesel driven generator set

3.1.1 The naturally aspirated diesel engine

A diesel engine (also known as a compression-ignition engine) is an ICE that
uses the heat of compression to initiate ignition to burn the fuel, which is
injected into the combustion chamber. In compression stroke, when both
inlet and outlet valves are closed, the air is compressed. The compression
provokes the rising of the air temperature and before the piston reaches Top
Dead Centre 1 of the chamber, diesel oil is injected in it. When this atomized
spray comes in contact with hot compressed air, the ignition takes place.
Thus, in these engines, spark plugs for igniting the fuel are not provided.
The fuel which is in atomized form gets ignited due to the high temperature
of compressed air. The �gure 3.1 presents the steps of the process.

1. Induction Stroke: The induction stroke in a Diesel engine is used to
draw in a new volume of charge air into the cylinder.

2. Compression Stroke: The compression stroke begins as the inlet
valve closes and the piston is driven upwards in the cylinder bore.

3. Compression Ignition: Compression ignition takes place when fuel
directly injected into the cylinder with a high pressure fuel injector
spontaneously ignites.

4. Power Stroke: The power stroke begins as the injected fuel sponta-
neously ignites with the air in the cylinder and the pressure generated
by the combustion process forces the piston downwards in the cylinder.

5. Exhaust Stroke: During the exhaust stroke, the gases formed during
combustion are ejected from the cylinder.

6. Exhaust and inlet valve overlap: Exhaust and inlet valve overlap is
the transition between the exhaust and inlet strokes and is a practical
necessity for the e�cient running of any ICE. Given the constraints
imposed by the operation of mechanical valves and the inertia of the
air in the inlet manifold, it is necessary to begin opening the inlet
valve before the piston reaches top dead centre on the exhaust stroke.
Likewise, in order to e�ectively remove all of the combustion gases, the
exhaust valve remains open until after top dead centre.

1In a reciprocating engine, the top dead centre is the position of a piston in which it is
farthest from the crankshaft.
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(1)lInductionlstroke (2)lCompressionlstroke (3)lCompressionlignition

(4)lPowerlstroke (5)lExhaustlstroke (6)lExhaustlandlinlet
valveloverlap

Figure 3.1: Four stroke compression ignition engine steps [Heyw88].

In accordance with EMR literature, most of the ICE models are static
ones and do not provide information about the type of fuel injected in. For
instance, [Sola09] discusses about the di�culty to develop an EMR of such
a complete multi-physics system. The use of an engine map involves the as-
sumption that the dynamic behaviour of the engine is similar to a succession
of static points [Boul08]. [Lhom04] also proposes a static ICE model - �gure
3.2. This EMR pictogram is no more used today and it should be replaced
by a circle.
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Figure 3.2: EMR model of an ICE proposed in [Lhom04]

In other words, to implement the mechanical behaviour of an ICE (me-
chanical torque depending on velocity of the shaft), cartographies are used.
Thus, dynamics are neglected and this kind of model is generally associated
with dynamic components such as electric �lters. A new EMR of an ICE
is here proposed. It aims at including �uidic, mechanical dynamics, intro-
ducing the fuel characterization and proposing a speed control of the engine.
The naturally aspirated diesel engine (�gure 3.3) proposed in [Verd10] is the
considered structure for the study.

Figure 3.3: General structure of the naturally diesel aspirated engine [Verd10]

The models of the systems of a naturally diesel aspirated engine (�gure
3.3) are now presented one by one. They deal with:

• the ambient air,

• the intake manifold,

• the fuel tank,
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• the cylinders,

• the mechanical shaft.

Ambient air (intake part)

Ambient air is considered as a hydraulic source and characterised by a volume
�ow rate (ṁair) and a pressure (Pim).

Air

Figure 3.4: EMR of the ambient air

Throttle valve

A throttle valve is a mechanism which manages the �uid �ow by constriction
or obstruction. The engine's power can be increased or decreased by the
restriction of inlet gases using a throttle valve. In a fuel-injected engine, the
throttle valve is placed at the entrance of the intake manifold. The throttle
valve is not directly represented in the EMR. This element is indirectly taken
into account into the MCS of the system when controlling the air and fuel
�ows.

Intake manifold

The simulation models the intake manifold as a di�erential equation on the
pressure. The di�erence in the incoming and outgoing mass �ow rates repre-
sents the net rate of change of air mass with respect to time. This quantity,
according to the ideal gas law, is proportional to the time derivative of the
manifold pressure. Thus, it corresponds to an accumulation element using
the EMR formalism. With this approach the di�erential equation for the
pressure Pim in the volume Vim is:

dPim
dt

=
RTim
Vim

(ṁair − ṁcyl) (3.1)

where R is the ideal gas constant, ṁair and ṁcyl represent the in- and
out- mass �ows respectively. In this model, the temperature of the air �owing
into the intake manifold Tim is assumed to be constant.
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Figure 3.5: EMR of the intake manifold

As explained in [Erik07], even if this model gives good agreement with
measured pressures, it would be possible to consider the intake manifold air
temperature (Tim) as a state variable thanks to the mass and the energy
balances - equation 3.2.



m =
PimVim
RTim

dTim
dt

=
1

mcv

[
ṁaircv(Tair − Tim) +R(Tairṁair − Timṁcyl) + Q̇

]
dP

dt
=
RTim
Vim

(ṁair − ṁcyl) +
mR

V

dTim
dt

(3.2)

where cv is the speci�c heat at constant volume, Tair is the ambient air
temperature and Q̇ is the heat transfer between the intake manifold inlet-
outlet. The temperature of the out-�ow from this component is the same as
the temperature in the control volume (Tim = Tcyl). However, the EMR use
in such a case remains di�cult. Indeed, state variables are interdependent
and inseparable. As described in [Chre08], a gas �ow presents at the same
time a thermal energy and a pneumatic energy. A separation between the
thermal and pneumatic domains can not be done. Indeed a change in the
gas composition due to a chemical reaction changes the internal energy. This
internal energy evolution also has an impact on the temperature variation.
If the choice of the variables does not comply to the general EMR approach
using two variables, its application on EMR might be called pseudo-EMR
and it would bring more than two variables. This topic is part of another
study fully dedicated to the modelling of such a system.

Fuel tank

The fuel is considered as a hydraulic source too - �gure 3.6. In order to
characterise the nature of the fuel which is injected in cylinders, its heating
value2 and more speci�cally its exergy rate in J/kg is coupled with a mass

2The heating value or energy value of a substance, usually a fuel, is the amount of
heat released during the combustion of a speci�ed amount of it. The energy value is
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�ow rate (ṁfuel).

Fuel

Figure 3.6: EMR of the fuel

Cylinders

Cylinders mix the intake manifold air (Pim and ṁcyl variables) and the fuel
(ṁfuel and Exfuel variables) provided by the fuel tank. The reaction of com-
bustion produces exhaust gases (ṁexh and Pair variables) and a mechanical
power (Γcyl and Ωshaft variables). As a hydraulic power is converted into a
mechanical power, the cylinders are represented by a multi-physics conversion
element - �gure 3.7.

Figure 3.7: EMR of the cylinders

Equations 3.3 and 3.4 give respectively the mathematical expressions of
the mechanical torque and the intake volume �ow rate.

a characteristic for each substance. It is measured in units of energy per unit of the
substance.
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Γcyl =
1

Ωshaft

(
ηindṁfuelExfuel −

Ωshaft

4π
Ved(Pair − Pim)

)
(3.3)

ṁcyl =
Pim
RTim

ηv
Ωshaft

4π
Ved (3.4)

with:

• Ved the engine displacement,

• ηind the global (fuel-torque) e�ciency,

• ηv the volumetric e�ciency.

The volume �ow rate of exhaust gases (ṁexh) is considered as the sum of
the intake volume �ow rate (ṁcyl) with the fuel volume �ow rate (initial fuel
mass �ow rate ṁfuel converted in volume �ow rate using the density of the
considered fuel).

Ambient air (exhaust part)

Ambient air is also considered as a hydraulic source and is represented on
�gure 3.8.

Air

Figure 3.8: EMR of the exhaust part

Mechanical Shaft

To �nish, a mechanical shaft is required for transmitting the mechanical
power to the synchronous salient pole machine on our application. Its EMR
modelling is represented by an accumulation element (�gure 3.9 and equation
3.5).

J
dΩshaft

dt
= Γcyl − Γload − fshaftΩshaft (3.5)

with:

• J the inertia of the shaft,

• fshaft the friction forces.
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Figure 3.9: EMR of the mechanical shaft

Energetic Macroscopic Representation of the naturally aspirated
diesel engine

The �gure 3.10 regroups all the EMR elements of the naturally aspirated
diesel engine which were presented previously (the ambient air, the intake
manifold, the fuel tank, the cylinders and the mechanical shaft).

Air

Fuel Air

Figure 3.10: EMR of the ICE

Now, the MCS and PCS of the ICE must be developed to perform the
control of the system.

Maximum Control Structure of the naturally aspirated diesel en-
gine

The MCS of the naturally aspirated diesel engine aims at controlling the
rotational speed of the mechanical shaft. Thus, the use of a �rst controller
permits to control the torque produced by the cylinders giving a reference of
the shaft speed. The di�culty of this tuning chain lies in the mathematical
inversion of the cylinders' equations. This kind of block combines at least
two inputs in a single output. In terms of control, a single reference has to
induce two output references. In such a case, a repartition factor krep shares
out the input reference (Γcylref ) between the two output references (Pimref

and ṁfuelref ).
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Pimref
= Pair +

4π

Ved
(1− krep) Γcylref (3.6)

ṁfuelref =
1

ηindExfuel
ΩshaftkrepΓcylref (3.7)

The distribution factor value is set to 1. In a naturally aspirated diesel
engine, the intake manifold pressure is controlled to the air pressure value or
1 bar. With krep = 1, equation 3.6 implies Pimref

= Pair and equation 3.8.

ṁfuelref =
1

ηindExfuel
ΩshaftΓcylref (3.8)

Finally, a second controller controls the air �ow to impose (ṁairref ). The
�gure 3.11 presents the obtained MCS.

Air

Fuel Air

Figure 3.11: EMR and MCS of the ICE

As the equations and models of the ICE are now de�ned, the modelling
and control of the salient pole synchronous machine can be developed in
the next section. The machine aims at converting the mechanical power
produced by the ICE into electrical power delivered to the DC bus.
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3.1.2 The salient pole synchronous machine

The equations of the salient pole synchronous machine are fully detailed in
the appendix B. This part presents the EMR, the MCS and the PCS of this
machine.

Energetic Macroscopic Representation of the machine

The salient pole synchronous machine EMR is made up of two parts. The
main branch is composed of a circle (electromechanical conversion of the
machine) and of an accumulation element (windings of the machine - equation
B.18). The second branch in parallel, which also includes an accumulation
element, models the separated excitation of the machine. Figure 3.12 gives
the EMR of this part.

Figure 3.12: EMR of the salient pole synchronous machine

Remark: Variables in brackets represent a vector.
To complete the EMR of the synchronous machine, an inverter and a

chopper are added to the model of the �gure 3.12. The chopper of the sepa-
rated excitation chain permits to link the machine to an external DC source.
Working only on scalar variables, its transformation ratio is a scalar too
(βref ). However, the principal chain inverter admits a vector transforma-
tion ratio ([αref ]) and realises the link between the system and the DC bus.
Figure 3.13 represents the EMR of the complete system.

Maximum and Practical Control Structures of the machine

The implemented MCS aims at controlling the torque (Tload) using the two
available degrees of freedom (βref and [αref ]). Thus, MCS presents a repar-
tition element to share currents' references. The problem of this block is
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Bus

DC
source

Figure 3.13: EMR of the alternator

to obtain three references (currents) from one reference (torque). In reality,
the torque is not the only reference to be controlled. The magnetic �ux (φd
and φq) are also imposed and coupled with the torque to deduce the three
currents' references. The principle is to consider the de�uxing characteristic
of the machine and to work on its maximum �ux (φref , equation 3.9).

Iref =
Tloadref
pφref

(3.9)

The real �ux (φ, equation 3.10) is a combination of the magnetic �ux
along dq axis (equations B.7, B.8):

φ =
√
φd

2 + φq
2 (3.10)

δ, the load angle, is also calculated:
cos δ =

φd
φ

sin δ =
φq
φ

(3.11)

Windings' currents along d and q axis and inductor's current references
are deduced thanks to equations 3.12 to 3.14.

Idref = −Iref sin δ (3.12)

Iqref = Iref cos δ (3.13)

Ifref =

√
φref

2 − (LqIqref )2 − LqIdref
M

(3.14)
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Then, three controllers permit controlling the three voltages (Vd, Vq and
Vf ) from the currents (Id, Iq and If ). Finally, the inversion of inverters results
in the control of transformation ratios.

The estimation of the mechanical torque and of the electromotive forces
is performed (�gure 3.14 and equations 3.15, 3.16). Indeed, electromotive
forces are not directly measurable and a torque sensor is expensive.

 edest = −ωrmeasLqIqmeas +M
dIfmeas

dt
eqest = ωrmeas(LdIdmeas +MIfmeas)

(3.15)

Γloadest = p((LdIdmeas +MIfmeas)Iqmeas − LqIqmeasIdmeas) (3.16)

Equations deal with the measurement of currents and voltages expressed
in the dq frame. They are expressed in such a way for simpli�cation reasons.
In the estimation block, the Park transform is used to work with outputs
expressed in the three phase frame.

Figure 3.14: Estimation of the load torque and the electromotive forces
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DC
source

Figure 3.15: EMR and MCS of the alternator

3.1.3 The diesel driven generator set

Merging of the naturally aspirated diesel engine and the salient
pole synchronous machine models

The diesel driven generator set EMR is made up of the two previous presented
models developed on �gures 3.11 and 3.15. The control of the mechanical
power at the output of the crank shaft permits to control the electrical power
at the output of the machine, depending on its losses.
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BusAir

Fuel Air DC
source

Figure 3.16: Modelling of the diesel driven generator set [Baer12a]
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Simulation results
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Figure 3.17: Evolution of the power mission reference (red full line) and the
electric power (blue dotted line) versus time
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Figure 3.18: Evolution of the fuel volume �ow versus time

Presented results on �gures 3.17, 3.18, 3.19 and 3.20 were obtained using
the most restricting mission as an input. Figure 3.17 underlines that the
mechanical power reference is well converted into electrical power thanks to
the salient pole synchronous machine according to its e�ciency. Moreover,
�gures 3.18, 3.19 and 3.20 give an approximation of:

• the volume �ow of the fuel at the intake,
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Figure 3.19: Evolution of the fuel con-
sumption versus time

0 1 2 3 4 5 6 7
0

0.2

0.4

0.6

0.8

1

Time (h)

C
O

2 
m

as
s 

(p
u)

Figure 3.20: Evolution of the CO2

mass product versus time

• the corresponding volume of fuel used,

• the mass 3 of exhaust carbon dioxide gas during the mission.

The simulation results have also con�rmed the good control of the intake
manifold air pressure around the atmospheric pressure (1 bar). Finally, to
check the good e�ciency of the ICE control, mechanical torque and rotational
speed references are applied to the shaft. On �gures 3.21 and 3.22, references
and the model responses are represented. Further data about the ICE are
necessary to better model its mechanical dynamics.
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Figure 3.21: Control of the mechani-
cal torque of the shaft
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Figure 3.22: Control of the rotational
speed of the shaft

3One litre of fuel produces around 2.662 kg of CO2
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3.2 The Ultra-Capacitors

An electric double-layer capacitor or ultra capacitor is an electrochemical
capacitor with relatively high energy density. The energy density is typically
hundreds of times higher than conventional electrolytic capacitors. An ultra
capacitor has much higher power density than batteries. The modelling of
the UCs is now tackled. At �rst, an improved and easy-to-use ultra-capacitor
single cell dynamic model is presented. The idea is then to develop a generic
dynamic model based on a single cell. Then, the EMR and the MCS of a
bank of UCs with its relating power electronics are depicted.

3.2.1 Physical model of a cell

The adopted ultra-capacitor's cell model is based on [Zubi00]. The use of
a simple resistive capacitive equivalent circuit is insu�cient to characterize
the terminal behaviour of a double-layer capacitor for power applications.
Indeed, it does not take into account the non-linear rise and fall of the voltage
and the change in voltage after the charging and discharging stops. These
phenomena are due to the internal charge redistribution between di�erent
equivalent internal capacitors. Thus, an equivalent circuit is used (�gure
3.23 - equation 3.17).

i

i1

Figure 3.23: Equivalent circuit model for an ultra-capacitor's cell.

Each of the two branches has a distinct time constant. The �rst branch,
with the elements (Ri, Ci0) and the voltage-dependent capacitor Ci1 (in
F/V), dominates the behaviour of the element in the time range of seconds.
The second or delayed branch, with parameters Rd and Cd dominates the
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terminal behaviour in the range of minutes. To re�ect the voltage depen-
dence of the capacitance, the �rst branch is modelled as a voltage-dependent
di�erential capacitor. The di�erential capacitor consists of a �xed capaci-
tance Ci0 and a voltage-dependent capacitor. A leakage resistor, parallel to
the terminals, is added to represent the self discharge property. The third
branch is the long term one which determines the behaviour for times longer
than 10 minutes. This branch is neglected because its equivalent parameters
were not determined by the experimental characterization and its resistance
value is usually seven times higher than the resistance values of the �rst two
branches. Thus, the corresponding current is negligible when compared to
the two other branches' currents.

i1(s) = i(s)− Vt(s)

Rd + 1
Cds

Vt(s) = Rii1(s) +
i1(s)

(Ci0 + Ci1Vci(s)) s

(3.17)

3.2.2 Energetic Macroscopic Representation

The EMR of the UCs' bank takes into account the previous presented model
of an UC's single cell and the power electronics. The power electronics are
made up of a smoothing reactor and a DC chopper. The smoothing reactor
is composed of a RL circuit and performs a smoothing of the direct current
wave shape to reduce losses and improve the system performances (3.18).
The EMR corresponds to an element of accumulation (�gure 3.24).

Vuc(t)− Vh−uc(t) = RucIh−uc(t) + Luc
dIh−uc(t)

dt
(3.18)

Ruc and Luc are respectively the resistance and the inductance of the
smoothing reactor.

Ultracapacitors

Figure 3.24: EMR of the smoothing reactor.

The DC chopper controls the power �ow between the bank and the central
DC bus of the system (�gure 3.25 and equation 3.19).
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{
Iuc = αucIh−uc

Vh−uc = αucVbus
(3.19)

with αuc, the duty cycle of the chopper and Vbus, the bus voltage.

Ultracapacitors

Figure 3.25: EMR of the DC chopper.

3.2.3 Maximum and Practical Control Structures

Maximum Control Structure

To determine the MCS, the setting chain is inverted to obtain the control
chain. The MCS is made up of two mono-physical inverters and a controller.
The idea is to control the current applied to the bank of UCs (Iucref ). This
current is a bus current intended for UCs' bank. Thus, the �rst control block
aims at converting this bus current into a bank current reference (Ih−ucref ).

In other words, this block realises the adequacy of the power from the
DC bus to the bank (equation 3.20).

Ih−ucref = Iucref
Vbusmeas

Vh−ucmeas

(3.20)

A controller is used to control the current Ih−uc. The PI and IP con-
trollers' synthesis are detailed in appendix C.

The second mono-physical inverter block controls the duty cycle of the
DC chopper.

αucref =
Vh−ucref
Vbusmeas

(3.21)

The �gure 3.26 presents the considered MCS.
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Ultracapacitors

Figure 3.26: MCS of the ultra-capacitors' pack [Alle10]

Practical Control Structure

Contrary to the UCs' voltage, the SOC is not physically measurable. The
SOC is estimated (equation 3.22) thanks to the measure of the voltage of the
bank of UCs (Vucmeas) and the nominal voltage (V0).

SOCucest =
Vucmeas

V0
(3.22)

An estimation block is used to calculate the SOC (�gure 3.27).

3.2.4 Simulation results

Figure 3.28 presents the evolution of the voltage of an UC (top blue curve)
according to a typical current pro�le (bottom red curve). A negative (re-
spectively positive) current is a charging (respectively discharging) one.

3.3 The batteries

An electrochemical cell is a device which is able to either deriving electrical
energy from chemical reactions, or facilitating chemical reactions through
the introduction of electrical energy. The Nickel Cadmium (NiCd) battery
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Ultracapacitors

Figure 3.27: PCS of a pack of ultra-capacitors
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Figure 3.28: Characteristic of the ultra-capacitors

is a type of rechargeable battery using nickel oxide hydroxide and metallic
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cadmium as electrodes. The development of a batteries' bank model is at
�rst based on the implementation of the model of a single cell. This model
is based on [Trem07, Trem09] which is an improved and easy-to-use battery
cell dynamic model. The power electronics con�guration is the same as the
UCs' one (smoothing circuit and DC chopper).

3.3.1 Physical model of a cell

The discharge model

The proposed discharge model is similar to the Shepherd model [Shep65].
It accurately represents the voltage dynamics when the current varies and
takes into account the Open Circuit Voltage (OCV)4 as a function of SOC.
A term dealing with the polarisation voltage is added to better represent the
OCV behaviour. The obtained discharge model is given by equation 3.23.

Vbatt = E0 −Ri−K1
Q

Q− it
i∗ −K2

Q

Q− it
it+ f(t) (3.23)

where:

• Vbatt is the battery voltage (V),

• E0 is the battery constant voltage (V),

• K1 is the polarisation resistance (V/A),

• K2 is the polarisation constant (V/Ah),

• Q is the battery capacity (Ah),

• it =
∫
idt is the actual battery charge (Ah),

• R is the internal resistance (Ω),

• i is the battery current (A),

• i∗ = 1
Trbatt .s+1

i is the �ltered current �owing through the polarisation

resistance (A).

• Trbatt is the battery response time (s).

4OCV is the di�erence of electrical potential between the two terminals of a battery
when there is no external load connected.
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The K1
Q

Q−it term represents the polarisation resistance and K2
Q

Q−itit, the
polarisation voltage. The polarisation voltage term models the non linear
variations of the OCV with the SOC. The NiCd batteries hysteresis phe-
nomenon only occurs in the exponential area. This phenomenon is modelled
using the exponential term f(t) (equation 3.24). The term depends on A, the
exponential zone amplitude (V) and B, the exponential zone time constant
inverse (Ah−1). A and B are determined using the discharge characteristic
of the battery.

f(t) = Ae−Bit (3.24)

The charge model

The charge model is represented for a NiCd battery using equation 3.25.
Theoretically, when it = 0 (fully charged), the polarisation resistance is
in�nite. This is not exactly the case in practice. Indeed, experimental results
show that the contribution of the polarisation resistance is shifted by about
10% of the capacity of the battery (0.1Q).

Vbatt = E0 −Ri−K1
Q

|it| − 0.1Q
i∗ −K2

Q

it− 0.1Q
it+ f(t) (3.25)

3.3.2 Energetic Macroscopic Representation

The architecture, equations and the EMR of the bank of batteries with its
relating power electronics are the same as the bank of UCs (�gure 3.29).

Batteries

Figure 3.29: EMR of the pack of batteries and its relating power electronics.

3.3.3 Maximum and Practical Control Structure

Maximum Control Structure

The MCS of the bank of batteries is also the same as the MCS of the bank
of UCs (�gure 3.29).
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Batteries

Figure 3.30: MCS of a pack of batteries and its relating power electronics

Practical Control Structure

Before presenting the PCS of the bank of batteries, it is interesting to note
that the batteries' SOC is an important parameter to be known for HEV
applications. Indeed, the SOC informs about the remaining autonomy of the
vehicle and constitutes a key data to implement the future EMS. The prob-
lem emphasized by the literature is that the SOC is not directly measurable
using sensors. Two main categories of methods for determining a SOC exist
[McIn06]:

• physical methods based on the observation of physical and chemical
changes in the battery during a charge or a discharge. For instance,
the gravity (or speci�c density) measurement of the electrolyte is one
of the physical methods. These methods are invasive ones. In the case
of the gravity method, hydrometers 5 are usually used and necessitate
a physical contact with the electrolyte to perform the measurement.
This physical contact may be a source of pollution or physical state
modi�cation of the electrolyte.

• Electric methods based on the measurement of some electric parameters

5A hydrometer is an instrument used to measure the speci�c gravity (or relative density)
of liquids. It corresponds to the ratio of the density of the liquid to the density of water.
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such as current, voltage, internal resistance or impedance. These meth-
ods are non-invasive because they are based on mathematical models
describing the relationship between the quoted measurable quantities
and the SOC. However, their e�ciency greatly depends on the math-
ematical models and the quality of the electric parameters measure-
ments.

The selected method belongs to the electric methods category and is
based on the mathematical integration of the current applied to the battery
as explained in [Pei06] and [Pill01]. Thus, the problem of the determination of
the actual battery SOC is based on the Coulomb counter which is extremely
dependent of the initial SOC (SOC0) value. If the initial SOC is known, the
evolution of the SOC according to time can be estimated (equation 3.26).

SOC(t) = SOC0 −
∫
Ih−batt(t)dt

Q
(3.26)

To determine the initial SOC, a real time characterization of the impedance
of the battery can be performed [Bech12a]. A non-linear formula for the
determination of the initial SOC based on the measurement of the instanta-
neous battery impedance is proposed [Bech12b]. The other solution remains
in fully recharging the battery before using it [Xion13].

Estimation based on no-load voltage [Chia03] is also available. Kalman
�lters are widely used for SOC estimation [Urba07] but they require a Gaus-
sian distribution of the noise in the studied system. Other SOC estimation
techniques include the fuzzy logic [Zena10] and the neural network [A�a03]
based methods which necessitate a training phase of the system [Gao11].
Figure 3.31 presents the PCS of the bank of batteries.

3.3.4 Experimental characterization

NiCd cells characteristics

The tested batteries' cells are NiCd ones. Even if a European directive for-
bids the use of this kind of technology for portable applications (apart from
emergency, alarm systems and medical equipments), the NiCd batteries in-
tended for industrial and professional uses are not concerned by this directive.
The NiCd technology is able to stand extreme temperatures that is why Al-
stom Transport proposes it like a solution for the applications intended to
the continental climate countries. Indeed, the temperatures can vary be-
tween −50◦C and +50◦C. The known parameters and characteristics of the
considered cell are summarized in the table 3.1.
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Batteries

Figure 3.31: PCS of a pack of batteries and its power electronics.

Electrolyte

1.2
34
170

Potassiumnhydroxiden(KOH)

Hoppecke FNC-A 170 XR2 – NiCd Accumulator
Nominalnvoltagen(V)
Nominalncurrentn(A)

Capacityn(Ah)

Table 3.1: NiCd cell characteristics

The experimental test bench - [Devi12]

The developed test bench (�gure 3.32) is made up of a power source to charge
the accumulator, an electronic load to discharge it (power source and elec-
tronic load characteristics are presented in appendix E), a thermal chamber
to control the operating temperature and a Human Interface Machine (HIM)
to record voltages, currents, temperature measures and de�ne references (�g-
ure 3.33). Contactors are used to electrically isolate the power source circuit
of the bench from the electronic load one.
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Figure 3.32: Batteries' test bench

HIM

Power source Electronic load

Tambient Tsurface T+/-

Vsource Isource

Isource-ref Iload-ref

Vload Iload

Vcell Icell

Tested cell

Figure 3.33: Batteries' test bench structure
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Charging/discharging protocol at ambient temperature and capac-
ity test

The accumulator is charged with a constant current. To measure the ca-
pacity at ambient temperature, the maximum limit charge voltage must be
respected and three cycles are necessary to obtain a reliable indication of the
nominal capacity. The nominal capacity is determined during the discharg-
ing phase. Firstly, the accumulator is charged till its maximum voltage value
applying a current equals to C5. The table 3.2 gives the necessary time to
fully charge an element according to the applied charging current.

Time (h)
10
5
2
1

0.5
0.33
0.25
0.25.0×C=C/0.2 = C0.2 = 850

Current (A)
0.1×C=C/10 = C10 = 17

0.2×C=C/5 = C5 = 34
0.5×C=C/2 = C2 = 85
1.0×C=C/1 = C1 = 170

2.0×C=C/0.5 = C0.5 = 340
3.0×C=C/0.33 = C0.33 = 510
4.0×C=C/0.25 = C0.25 = 680

Table 3.2: Theoretical time to fully charge one element depending on applied
currents

Once the maximum voltage value is reached, the voltage is controlled
around the maximum value and the current is decreased until 0A. Then, a
discharging current also equals to C5 is applied to the accumulator (�gure
3.34) until obtaining the minimum voltage value. Experiments prove that
the element is fully discharged after four hours and a half with a 34A so-
licitation. Compared to the manufacturer theoretical capacity of 170 Ah, it
experimentally corresponds to a 153 Ah one.

Internal resistance determination

The internal resistance of the cell is determined for a range of operating tem-
peratures and SOCs of the element. Indeed, the proposed Matlab/Simulink
dynamical model of a NiCd cell does not take into account the internal resis-
tance behaviour of the source with the temperature variations and the SOCs.
At �rst, the protocol consists in maintaining the stability of the cell's tem-
perature. The cell is tested between [−50◦C; +40◦C] with a step of 20◦C.
The evaluation of the internal resistance value is performed every 10% of the
SOC at constant temperature with the equation 3.27.
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Figure 3.34: Batteries' capacity test protocol [Devi12]

Rcell =
4V
4i

=
Vcell−max − Vcell−min

4i
(3.27)

4i is the applied discharging current and 4V is the drop voltage of the
element.

The �gure 3.35 represents the evolution of the value of a single cell in-
ternal resistance according to its SOC and the working temperature at C5.
The internal resistance clearly increases for the lowest temperatures and the
lowest SOCs. The non linearities of the last experimental points (about 25
mΩ at 50% SOC and −50◦C or 22 mΩ at 10% SOC and +40◦C) are due
to the important drop voltage of the NiCd cell when fully discharging it.
Indeed, the previous points are calculated for small voltage variations and
drops (between 0.25h and 2.25h instants for instance - �gure 3.36). How-
ever, around 2.5h, the voltage of the cell is dropping importantly (from 1V
to 0.45V). Thus, the numerator value of the equation 3.27 is higher than be-
fore, its denominator remains constant (C5) and the internal resistance value
is also higher.
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Figure 3.35: Evolution of the internal resistance value of the cell according
to its State Of Charge and the temperature (C5)

Model validation

The following �gures (3.36 to 3.41) aims at validating the implemented and
improved Matlab/Simulink model of a NiCd cell. Instead of using a single
resistance value, the improved model proposes a dependency of the internal
resistance of the cell according to its working temperature and its SOC. The
curves represent the numerical model behaviour and the recorded experimen-
tal data. For these results, a discharging nominal current (C5 = 34A) was
applied.
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Figure 3.36: NiCd's cell model vali-
dation for -50◦C (C5)
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Figure 3.37: NiCd's cell model vali-
dation for -40◦C (C5)
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Figure 3.38: NiCd's cell model vali-
dation for -20◦C (C5)
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Figure 3.39: NiCd's cell model vali-
dation for 0◦C (C5)
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Figure 3.40: NiCd's cell model vali-
dation for 20◦C (C5)
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Figure 3.41: NiCd's cell model vali-
dation for 40◦C (C5)

Considering the results obtained for a temperature of −50◦C, the element
only provides 50% of its global capacity. Indeed, instead of providing power
during four hours and a half (�gure 3.41), the cell only works during two
hours and a half (�gure 3.36). Once, the element is warmed up to the ambient
temperature (20◦C), the unfroze electrolyte is available again. Thus, a part
of the electrolyte is frozen during the experiment. Also, rather than freezing
solid, the electrolyte tends to become slushy at extremely low temperatures
and the battery is still able to work.

The table 3.3 presents the maximum (maximum of the equation 3.28
results) and the average (average of the equation 3.28 results) errors of the
Simulink model with the experimental data for the six temperatures.
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error(%) = 100×
|Vbattmodel

(t)− Vbattexperimental
(t)|

Vbattmodel
(t)

(3.28)

The di�erences between the maximum and the average errors is due to
the �nal drop voltage phenomenon. Indeed, it is necessary to measure more
resistances' values in this area (low SOC values) in order to improve the
model accuracy.

2,3841

Averageterrort(%)
3,2851
3,3113
3,7581
2,3548
2,7363

40°C

Maximumterrort(%)
19,3399
9,1647

15,2485
13,3742
11,6714
6,2758

Temperature
-50°C
-40°C
-20°C
0°C
20°C

Table 3.3: Maximum and average errors between the experimental data and
the Simulink model at C5 rate.

The tests' results performed using a C3 current are presented in the ap-
pendix D.

3.4 The rheostat

A rheostat is considered when the DC bus is not able to recover braking
energy like in the case of an autonomous powertrain. Its characteristic is its
ohmic value which determines the dissipated power. Two kinds of rheostat
exist:

• natural convection rheostats. Their working temperature is set between
400

◦
C and 600

◦
C. Suburban transports are the main application.

• Forced ventilation rheostats. They are set in caissons.

The rheostat is only composed of a DC chopper to link the DC bus to an
electric resistance. The chopper is governed by equation 3.29 and the electric
resistance by equation 3.30. {

Vrh = αrhVbus

Irh = αrhIh−rh
(3.29)
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Ih−rh =
Vrh
Rrh

(3.30)

The MCS permits to control the current requested from the DC bus (Irh)
using equation 3.31.

αrhref =
Irhref

Ih−rhmeas

(3.31)

Rheostat

Figure 3.42: EMR and MCS of the rheostat.

3.5 The Direct Current bus

The DC bus permits to link all the elements (batteries, ultra-capacitors,
diesel driven generator set, rheostat and load) together. The DC bus imposes
a voltage (Vbus) to the sources.

Figure 3.43 presents the EMR of the DC bus connected to the load. The
bus imposes a voltage which is controlled using a controller which is also
represented on �gure 3.43.

The Kirchho�'s current and voltage laws de�ned by the equations 3.32
are implemented in the coupling block and equation 3.33 models the bus
capacitance represented by the accumulation block.{

Vbus = Vbusrh = VbusICE
= Vbusbatt = Vbusuc

Ibus = Irh + Ibatt + Iuc + IICE
(3.32)

Ibus(t)− Iload(t) = Cbus
dVbus(t)

dt
(3.33)
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Load

Figure 3.43: EMR of the central DC bus.

A PI controller is used to control the bus voltage (equations 3.34 to 3.38
and appendix C).

RegVbus(s) = kpbus +
kibus
s

(3.34)

Vbus(s)

Vbusref (s)
=

(
kpbus + kibus

s

) (
1

Cbuss

)
1 +

(
kpbus + kibus

s

) (
1

Cbuss

) (3.35)

or

Vbus(s)

Vbusref (s)
=

1 + kpbus
kibus

s

1 + kpbus
kibus

s+ Cbus

kibus
s2

(3.36)

Identi�cation with a second order transfer function,
1

ω2
nbus

=
Cbus
kibus

2ζbus
ωnbus

=
kpbus
kibus

(3.37)

Thus, {
kibus = Cbusω

2
nbus

kpbus = 2ζbusCbusωnbus

(3.38)
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3.6 Global architecture

Figure 3.44 represents the whole electrical structure of the system [Baer12b].
It takes into account:

• the sources,

• the load,

• the rheostat,

• the local controls,

• the energy management strategy.
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Energy management strategy

Diesel driven generator set

Batteries

Ultra-capacitors

Rheostat

Diesel driven 
generator set 
local control

Batteries' 
local control

Ultra-
capacitors' 

local control

Rheostat 
local control

Traction
motor

Auxiliaries

Bus voltage
control

Figure 3.44: Electric structure of the whole system

113



The equivalent EMR architecture of the system is represented on �gure
3.45. It gathers all the previous described sources and elements (batteries,
ultra-capacitors, ICE, central DC bus, rheostat and load) with their EMR
and their local control. The strategy block has three inputs:

• the bus current reference (Ibusref ),

• the estimated batteries' SOC (SOCbattest),

• the estimated ultra-capacitors' SOC (SOCucest),

and �ve outputs:

• the power reference to be delivered by the diesel driven generator set
(Γloadref and Ωshaftref - PICEref

on the �gure 3.44),

• the ultra-capacitors' current reference (Iucref ),

• the batteries' current reference (Ibattref ),

• the rheostat's current reference (Irhref ).
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Figure 3.45: EMR and MCS of the whole system
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3.7 Chapter conclusion

The EMRs of the di�erent on-board sources were developed. Batteries, UCs
and more particularly the ICE models are dynamical ones. The multi-
physical representation is important regarding the design of the di�erent
MCSs. Indeed, its simpli�cation leads to the estimation of some variables
like the electromotive forces and the crank shaft torque for the salient pole
synchronous machine, the batteries and UCs' SOCs too. Thanks to its mod-
ular approach, the EMR also enables using existing models performed in the
laboratory.

• The diesel driven generator set is made up of a naturally aspirated
diesel engine and a salient pole synchronous machine. Their respective
EMRs and MCSs were developed. The exergy rate of the fuel is used
to characterize the type of fuel injected into the cylinders of the ICE.
The dynamics of the intake manifold are also taken into account. The
implemented MCSs permit to control the power delivered to the rest
of the system.

• The UCs model is based on a two RC branches equivalent circuit
[Zubi00]. The parameters were experimentally identi�ed.

• The NiCd battery cell physical model is based on [Trem07] and [Trem09].
The charging and discharging equations take into account the OCV as
a function of the SOC, the polarisation voltage and the hysteresis phe-
nomenon. The parameters were experimentally identi�ed. The internal
resistance variation of a cell according to its SOC and its working tem-
perature was also added to the existing models.

All the sources, the rheostat and the load are linked together using a DC
bus capacity.

Considering the EMS of the HEL, each source has its own speci�city and
function. The batteries and the ICE supply the low dynamics of the power in
order to increase the lifespan of the batteries and to limit the transient uses
of the ICE. UCs are the most interesting power source to supply the high
dynamics of the power regarding their cyclability, e�ciency and dynamical
response. They nevertheless present a limited energy storage capacity.

116



117



118



Chapter 4

Type-1 and Type-2 Fuzzy Logic

Controllers and Energy

Management Strategies

The chapter 1 of the manuscript stated about the basic concepts and the
bene�ts of the fuzzy logic in various applications. In this chapter, two ap-
plications of type-2 fuzzy logic control are presented. The �rst application is
the output voltage control of a DC/DC buck converter. It aims at evaluating
the performances of such a controller in real time conditions and at perform-
ing preliminary tests. The second application of the fuzzy logic control is
dedicated to the energy management of a multi-sources system. Thus, the
EMS of the HEL is presented. It also describes the �rst implemented EMS
which aims at checking the good development of the sources' models and
their control structures (chapter 3). Thus, the two applications address the
comparison issue of the Type-1 and Type-2 Fuzzy Logic Controls. The three
available Fuzzy Logic Controller categories are compared: the Type-1, the
Interval Type-2 and the General type-2 based on zSlices. Their e�ciencies
are experimentally (�rst application) and numerically (second application)
evaluated and compared. In the case of the HEL's EMS, the fuzzy logic
controller performs the management of the ICE. Its design is optimized
considering a genetic algorithm.

The section 4.1 is devoted to the design of the DC/DC buck converter
voltage controller and discusses the experimental results. The �rst imple-
mented fuzzy logic based EMS of the HEL is depicted in section 4.2. This
section also proposes a genetic algorithm approach to determine the param-
eters of the Fuzzy logic Controllers. Finally, section 4.3 presents the conclu-
sions of the study.
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4.1 Type-1 and Type-2 Fuzzy Logic Controllers

for DC/DC buck converter application

The DC/DC buck converter test bench represented on �gure 4.1 is used. The
proposed study will lead to the comparison of the general type-2 based on
zSlices against interval type-2 and type-1 fuzzy logic controllers in the control
of the output voltage of a buck converter.

Variable
load

Inductor

Capacitor

Buck
converter

Dspace

Host
computer

Figure 4.1: Direct Current buck converter test bench

4.1.1 Converter modelling and structure of the fuzzy
logic controller based Type-1 fuzzy logic

Converter modelling

A buck converter is a switched-mode power supply that uses a transistor and
a diode like switches, an inductor and a capacitor. The operation of the buck
converter is based on connecting/disconnecting alternatively the inductor
to the source voltage to store energy in the inductor and discharging the
inductor into the load. The circuit of the DC/DC buck converter is shown
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on �gure 4.2. C represents the capacitor, L is the inductor, R is the variable
load resistor, Vin is the input voltage and Vout, the output voltage to be
controlled.

D1

S1
S1

G1

Q1

Q2

L

C R

D2

S2
S2

G2

Vin

Vout

Control

Figure 4.2: Direct Current buck converter topology

Structure of the Type-1 Fuzzy Logic Controller

The considered fuzzy controller has two inputs (e(k), de(k)) and one output
(s(k)) (equation 4.1), where k is the sampling time:

• the error e(k): di�erence between the load voltage reference (Voutref (k))
and the measured load voltage (Voutmeas(k)),

• the variation of the error de(k): di�erence of error e(k) between two
sampling instants,

• the relative change in the duty cycle s(k).
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{
e(k) = Voutref (k)− Voutmeas(k)

de(k) = e(k)− e(k − 1)
(4.1)

with Tsamp, the value of the sampling period.
Inputs and outputs are normalised between [−1,+1]. The control surface

which represents the evolution of the output variables according to the inputs
variables is represented by a surface in the three dimensional space (e, de,
s). The rule base is represented on table 4.1, is anti-diagonal and takes into
account 7 di�erent Membership Functions (MFs):

• NH for Negative High,

• NM for Negative Medium,

• NL for Negative Low,

• Z for Zero,

• PL for Positive Low,

• PM for Positive Medium,

• PH for Positive High.

NH NM NL Z PL PM PH
NH NH NH NH NH NM NL Z
NM NH NH NH NM NL Z PL
NL NH NH NM NL Z PL PM
Z NH NM NL Z PL PM PH
PL NM NL Z PL PM PH PH
PM NL Z PL PM PH PH PH
PH Z PL PM PH PH PH PH

de

e

Table 4.1: Considered rule base for controlling the output voltage of the buck
converter

Example to use the table: IF (e is NL) AND (de is Z) THEN (s is NL).
Numerous MFs forms exist (triangle, trapezium, sigmoid, Gaussian, sin-

gleton...). The most used are triangle, trapezium and Gaussian.
Triangular MFs are used for the two inputs (e and de) and singletons are

used for the output (s) as in [Hiss01] �r real time implementation purposes.
MFs for inputs and outputs are considered as symmetrical (�gures 4.3, 4.4
and 4.5). The positions of these di�erent membership functions are obtained

122



(here for a T1-FL Controller - T1-FLC) based on an optimization procedure
presented in [Hiss01]. Interval T2 (IT2) and General T2 (GT2) Fuzzy Logic
Controllers (GT2-FLCs) will be described in the next section.
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The controller structure is represented on �gure 4.6.
The fuzzy logic part of the controller can be assimilated to a non linear

Proportional Derivative (PD) controller which output Spd is expressed thanks
to equation 4.2.

Spd(k) = kp(e(k), de(k)).e(k) + kd(e(k), de(k)).de(k) (4.2)
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Figure 4.6: Direct Current buck converter controller structure

The addition of the parallel branch equipped with an integrator and a gain
(Ki) permits to realize a complete Proportional-Integral-Derivative (PID)
controller. This structure presents the advantage to avoid the calculation
of the variation of the variation of the error (de2), to obtain a PID-type
nonlinear controller.

Normalisation, denormalisation coe�cients (em, dem and gm) and the
integral gain (Ki) must be tuned according to the considered application. In
electrical engineering, many actual systems can be approached in the form of
an open loop �rst order with a pure delay transfer function (equation 4.3).

TF (s) =
K.e−T.s

1 + τ.s
(4.3)

Numerous works have de�ned pre-established settings for conventional
controllers (P, PI, PID) [Zieg93]. These settings are directly applicable and
deductible thanks to a single open loop identi�cation test. Optimized coe�-
cients' expressions for T1-FLC are given using equation 4.4 [Hiss98].



em = c

dem =
1

Tτ
(τ + 0.4T ) .Tsamp.c

gm =
2.26

KT
(τ + 0.4T ) .c

Ki =
1.78

KT

(4.4)

with c, the output voltage reference (Voutref ).
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4.1.2 Interval and General Type-2 Fuzzy Logic Con-
trollers

In this section, the design of IT2 and GT2 maps are detailed. The di�erent
steps of the methodology have already been represented on the �gure 1.14.

Interval Type-2 Fuzzy Logic Controller design

The fuzzy map is a plot corresponding to the evolution of the output (s)
according to the inputs (e and de). To obtain the output from the inputs,
four steps are necessary:

• fuzzi�cation,

• inference,

• reduction,

• defuzi�cation.

The fuzzi�er converts an input into T2 fuzzy sets. The same fuzzi�er
as in T1 fuzzy MFs is used in interval T2 fuzzy MFs. Thus, fuzzi�cation is
performed twice (one for the Upper MF (UMF) and one for the Lower MF
(LMF)).

µ′a =

{
0

1
(4.5)

µ′a has already been de�ned in the chapter 1 - �gure 1.15 and represents
the secondary MF in the case of the Type-2 fuzzy logic.

Figure 4.7 illustrates the inference engine. It uses the product method
(equation 4.6). {

µ2 × µ′2 = ω̄

µ1 × µ′1 = ω
(4.6)

Contrary to the Type-1 fuzzy logic, this inference engine performs inter-
vals with ω ∈ [ω, ω̄] and z ∈ [z, z̄]. To come back to a crisp output z, a type
reducer is necessary. It type-reducer combines T2 fuzzy sets into a T1 fuzzy
MF called the type-reduced set. The type-reduced set is computed using the
Karnik-Mendel algorithm [Wu07]. Inputs of the algorithm are the sets ωi
and zi. The problem is the following one:
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Figure 4.7: Inference engine

{
zi ∈ Zi ≡ [zi, z̄i], i = 1, 2, ..., N with zi ≤ z̄i

ωi ∈ Wi ≡ [ωi, ω̄i], i = 1, 2, ..., N with ωi ≤ ω̄i
(4.7)

Compute:

Y =

∑N
i=1ZiWi∑N
i=1Wi

≡ [yl, yr] (4.8)

with 
yl = min

∀zi∈[zi,z̄i]

∀ωi∈[ωi,ω̄i]

∑N
i=1ziωi∑N
i=1ωi

yr = max
∀zi∈[zi,z̄i]

∀ωi∈[ωi,ω̄i]

∑N
i=1ziωi∑N
i=1ωi

(4.9)
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To compute yl, �rst zi(i = 1, 2, ...N) must be sorted in increasing order.
Thus, z1 ≤ z2 ≤ ... ≤ zN and weights ωi are matched and renumbered to
correspond to their zi.

ωi is then initialized by setting:

ωi =
ωi + ω̄i

2
(4.10)

and y is computed such as

y =

∑N
i=1ziωi∑N
i=1ωi

(4.11)

The switched point k corresponds to zk ≤ y ≤ zk+1.
Thus,

ωi =

{
ω̄i, i ≤ k

ωi, i > k
(4.12)

and

y′ =

∑N
i=1ziωi∑N
i=1ωi

(4.13)

If y′ = y, the algorithm stops and yl = y. If not, y′ = y and the switching
point k is calculated again.

To compute yr, the algorithm uses ω̄i and ¯zi,k instead of ωi and zi,k in
equations 4.11 to 4.13.

The defuzi�cation aims at obtaining a crisp output value y from the two
inputs yl and yr (equation 4.14).

y =
yl + yr

2
(4.14)

Figure 4.8 (respectively 4.9) represents the evolution of s according to e
and de with:

• a discretization of the mesh grid set to 21 points (respectively 301
points): two mesh grids are used in order to evaluate the in�uence of
this parameter in the control performances.

• an uncertainty (U - �gure 4.10) equal to 100% to de�ne the Lower
and Upper Membership Functions (LMF and UMF) from the Type-1
Membership Function.
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Figure 4.8: Fuzzy surface with a 21 points discretized grid

Figure 4.9: Fuzzy surface with a 301 points discretized grid

General Type-2 Fuzzy Logic Controller design

The GT2 provides a new degree of freedom for the uncertainty [Mend09,
Lou12]. The uncertainty of the IT2 in the plane primary MF according to
the input values is kept. The uncertainty linked to the third space dimension
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(the plane represented by the secondary MF according to the primary MF)
is represented in this case by a triangle (�gure 4.11). GT2 MFs are here
based on triangles. Nevertheless, lots of methods exist for determining the
type and the parameters of MFs according to the studied system. [Wagn09]
proposes a method to design the General Type-2 fuzzy Sets based on the
studied device characteristics. Also according to [Wagn09], even if triangular
MFs do not represent the best GT2 fuzzy sets, they remain to be a good �rst
approximation to start a study. The selection and the determination of a
more appropriate MF is discussed in the second application of this chapter.
Steps to implement GT2-FLC are the same as IT2-FLC (�gure 1.14). The
di�erence is that all these steps are repeated as many times as the number
of zslices [Wagn10].

The fuzzi�er converts an input into T2 fuzzy sets. An input value (e
or de) will not only correspond to one LMF value and one UMF value but
zslices LMF and zslices UMF values. The strength of the zslice approach
is to divide the third dimension into zslice parts associated with a zlevel zi
with their own triangle MFs. The calculation of the LMFs and UMFs values
is realised implementing an arithmetic sequence based on �gure 4.12.
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Figure 4.12: Third dimension representation based on 3 zslices

The �gure 4.13 gives a better representation of a triangular General Type-
2 Membership Function in the three dimensions. The third dimension is
discretized in three parts or three "zslices", three slices along the z-axis.

The inference engine is exactly the same as the IT2 one. Instead of apply-
ing it only on the z0-slice (�gure 4.12) which corresponds to the triangular
MF of the x-y plane, it is applied on z1, z2, z3, ..., zn-slices too in the case of
"n-zslices". In other words, the inference engine computes "n" (yl; yr) pairs,
one per discretization. Then, the defuzzi�er calculates the average of the
considered type-reduced set (yc - equation 4.15 in the case of 3-zSlices and
equation 4.16 in the case of n-zSlices).
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Figure 4.13: Side view of a general type-2 fuzzy set, indicating three zLevels
on the third dimension - [Wagn10].

yc =

(
1
3
(yl1+yr1

2
)
)

+
(
2
3
(yl2+yr2

2
)
)

+
(
3
3
(yl3+yr3

2
)
)

1
3

+ 2
3

+ 3
3

(4.15)

yc =

(
1
n
(yl1+yr1

2
)
)

+
(
2
n
(yl2+yr2

2
)
)

+ ...+
(
n
n
(yln+yrn

2
)
)

1
n

+ 2
n

+ ...+ n
n

(4.16)

Figure 4.14 (respectively 4.15) represents the evolution of s according to
e, de with:

• a discretization of the mesh grid set to 21 points (respectively 301
points),

• an uncertainty equal to 100%,

• a discretization of the third dimension set to 100 zslices.

Figure 4.16 (respectively �gure 4.17) represents the di�erences between
IT2 and GT2 fuzzy maps of �gures 4.8 and 4.14 (respectively �gures 4.9 and
4.15). According to these �gures, the GT2 fuzzy logic tends to reduce the
IT2 fuzzy logic irregularities of the surface. Indeed, as explained with the
equation 4.16, the GT2 fuzzy logic systems is a kind of combination of IT2
fuzzy logic systems.
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Figure 4.14: Fuzzy surface with a 21 points discretized grid and 100 zslices

Figure 4.15: Fuzzy surface with a 301 points discretized grid and 100 zslices

4.1.3 Experimental results

The structure of the experimental DC/DC converter test bench described in
the �rst part of the section is given on �gure 4.18. The converter runs at a
switching frequency of 100kHz and the sampling frequency is set to 10kHz.
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with a 21 points discretized grid

Figure 4.17: Interval Type-2 and General Type-2 fuzzy surfaces di�erences
with a 301 points discretized grid

The control problem consists in the control of the duty cycle so that
the output voltage remains controlled and constant. The experimental case
consists in changing �rstly the reference voltage from 6V to 60V . During
the 60V control phase, load resistance variation with step change was tested
from 47Ω to 140Ω. Firstly, �gure 4.19 permits con�rming the good operation
of the control.

The error in a control loop is usually de�ned as the deviation from set-
point. There are a variety of ways of quantifying the cumulative error such as
Integral Error (IE), Integral Absolute Error (IAE), Integral Squared Error
(ISE), Integral Time Weighted Absolute Error (ITAE) and Integral Time
Squared Error (ITSE). The IAE (equation 4.17) is used because all errors
are penalized equally regardless of direction.
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Figure 4.18: Direct Current test bench structure

Figure 4.19: T1 only

IAE =

∫
0

t

| Voutref − Voutmeas(t) | dt (4.17)

The table 4.2 presents the evolution of the IAE criteria according to
uncertainty. Five uncertainties, from 0% (T1-FL) to 100% (IT2-FL) for two
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di�erent mesh grid discretization values (21 and 301) were tested. In both
cases, IT2-FLCs have a lower IAE value than T1-FLCs. The best results
are obtained for the highest uncertainty values (100%). Indeed, using an
additional degree of freedom in the de�nition of MFs gives better performance
in the face of highly uncertain conditions. Moreover, the table 4.2 permits
to compare the in�uence of the precision of the implemented maps. A very
thin map (grid = 301) doesn't provide better results than the rougher one
(grid = 21).

100 2,5863

25 2,6691
50 2,6166
75 2.6068

Grid = 301

Uncertainty (%)
0 2,6868

Grid = 21

Uncertainty (%) IAE (V.s)
0

50
75
100

2.6698
2.6531
2.6108
2,5914
2,5783

25

IAE (V.s)

Table 4.2: T1 and IT2 comparison for two di�erent grids

The next two tables (4.3 and 4.4) permit to compare improvements pro-
vided by the GT2-FL. In this aim, IT2-FL (zslice = 1) was compared to
GT2-FL (from 2 to 1000 zslices) with the same uncertainties (50% and 100%).

Grid = 21

zslice IAE (V.s)
1 2.568
2 2.5645

1000 2.5683

5 2.5689
100 2.5629

Uncertainty = 50%

Table 4.3: IT2 and GT2 comparison for a 50% uncertainty
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Grid = 21

zslice IAE (V.s)
1
2

1000

5
100

Uncertainty = 100%

2.5648

2.5957
2.56

2.5551

2.5558

Table 4.4: IT2 and GT2 comparison for a 100% uncertainty

IAE results show that a high number of zslices (100 and 1000) seems to
improve the e�ciency of the control. However, the evolution of the IAE re-
sults is more "uncertain". For instance, table 4.4 shows that the "100-zslices
GT2-FLC" is less e�cient than the "5-zslices GT2-FLC". IAE values were all
calculated considering the evolution of the output load voltage represented
on �gure 4.20.

Figure 4.20: Experimental T1 and IT2 control results

To observe the contribution of the IT2-FLC compared to the T1-FLC,
a zoom around the step change load resistance instant is depicted on �gure
4.21.

The IT2-FLC permits to reduce signi�cantly the over shoot of the con-
trolled voltage during the step change of the load resistance value. The
performances of such a fuzzy logic controller in real time conditions have
been tested. Even if the controllers e�ectively compensate the over shoot,
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Figure 4.21: T1 and IT2 control zoom

the integral gain slows down the system and requires further study. More-
over, according to [Wagn09], it would be interesting to specify the GT2 MFs
based on data which is directly sampled from the device. It would follow from
a more accurate representation of the uncertainty associated with the device.

The second application of the fuzzy logic control is dedicated to the en-
ergy management of the HEL. Fuzzy logic provides a way to compute hu-
man knowledge easily and accommodates the real-world human knowledge
and logic. It provides both an intuitive method for describing systems in
human terms and automates the conversion of those system speci�cations
into e�ective models.

4.2 Energy Management Strategies

The establishment of the EMS of the HEL is now tackled. It consists in
determining the power references of the diesel driven generator set, the bat-
teries and the UCs banks to provide the power required by the driving cycle
and the control of the bus voltage.

4.2.1 Frequency Energy Management Strategy

To validate the good implementation of the previous presented models, a �rst
EMS based on a frequency approach [Baer12b], is used. The driving cycle
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power (�gure 4.22) is �ltered thanks to a low pass �lter (cut-o� frequency: 8
mHz). From this �lter, low and high frequencies of the power mission are ob-
tained. High frequencies de�ne the UCs power request (or reference) and low
frequencies, the batteries and the diesel driven generator set powers requests.
The use of a low pass �lter is an easy and e�ective way to solicited all the
on-board sources without considering a possible recharge of the batteries. On
the contrary, their full discharge permits to test the model under degraded
conditions and to check the good implementation of the SOCs' limitations.
Then, in a second step the optimal fuzzy logic EMS is an improvement of the
frequency EMS by adding a fuzzy logic controller to deal with the batteries'
recharge for instance.
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Figure 4.22: Power of the mission ac-
cording to time
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Figure 4.23: Power delivered by the
diesel engine set according to time
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Figure 4.24: Power delivered by the
batteries according to time
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Figure 4.25: Power delivered by the
UCs according to time

This EMS does not take into account a possible re-charge of the batteries.
Thus, when batteries are totally discharged (�gure 4.28), the elements are
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no more solicited and the diesel driven generator set (�gure 4.23) ful�ls the
power demand (�gure 4.22).
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Figure 4.26: Power dissipated by the
rheostat according to time
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Figure 4.27: Evolution of the bus
voltage according to time

Figure 4.27 also shows that the bus voltage remains stable. These simula-
tion results also prove that in the case of a degraded mode (batteries and/or
UCs totally discharged), the presented PCS insures the control of the bus
voltage only by using the diesel driven generator set.

0 1 2 3 4 5 6 7
65

70

75

80

85

90

Time (h)

S
ta

te
 O

f 
C

ha
rg

e 
of

 th
e 

ba
tt

er
ie

s 
(%

)

Figure 4.28: Evolution of the batter-
ies estimated SOC according to time
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Figure 4.29: Evolution of the UCs es-
timated SOC according to time

Batteries and UCs' SOCs are respectively limited between 70%-90% (�g-
ure 4.28) and 50%-100% (�gure 4.29). It avoids over-charging and deep
discharging of the elements.
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4.2.2 Optimal Fuzzy Logic Energy Management Strat-
egy

All the on-board sources (batteries, UCs and diesel driven generator set)
participate in providing the necessary power to respond to the power re-
quested by the HEL (powers requested by the driving cycle and the aux-
iliaries). Equation 4.18 is the mathematical relationship of the electrical
energy balance of the HEL. The power of the mission (Pmission) includes
the power required by the driving cycle (Pdriving−cycle) and by the auxiliaries
(Pauxiliaries).

{
Pmission = Pdriving−cycle = Pauxiliaries + Ptraction

Pmission = Pbatteries + Pultra−capacitors + PICE + Prheostat
(4.18)

with:

• Pbatteries, the power delivered or recovered by the batteries' bank,

• Pultra−capacitors, the power delivered or recovered by the UCs' bank,

• PICE, the power delivered by the ICE,

• Prheostat, the power dissipated by the rheostat.

Ultra-Capacitors' Sub Energy Management Strategy

UCs have a high dynamic response, a high power density and a high lifespan
(typically million of charge-discharge cycles can be considered). Generally,
they last for their entire lifetime which makes them an "environmentally
friendly" device. In order to reduce the stress on the batteries, UCs are
dedicated for providing the high frequencies of the power required by the
HEL. The power of the mission (Pmission) is �ltered thanks to a low pass
�lter characterized by its cut-o� frequency (ffilter). The principle has already
been presented in the manuscript previously on �gure 2.21.

ffilter is de�ned according to a linear function (�gure 4.30) linking the
estimated SOC of the UCs (SOCucest) and the vehicle speed (vveh). The
SOCucest is expressed through the equation 4.19 and the variable e∗SOCuc

.

e∗SOCuc
=

1

DODuc

(
SOCucref − SOCucest

)
(4.19)

with DODuc , the Depth Of Discharge (DOD) of the UCs. The DOD is
normally stated as a percentage of the nominal capacity and can be seen as
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Figure 4.30: Evolution of the cut-o� frequency of the �lter

the usable capacity of an UC or a battery. 0% DOD means no discharge
for instance. SOCucref is de�ned thanks to the equation 4.20 and represents
the UCs' SOC reference according to their maximum (SOCucmax), minimum
(SOCucmin

) SOCs and the vehicle speed (vveh).

SOCucref = SOCucmax −
vveh
vmax

(SOCucmax − SOCucmin
) (4.20)

This relationship takes into account the possibility of recovering energy
from braking of the HEL. Indeed, when the HEL is not in motion, in theory,
the UCs should be fully charged to be used during the next acceleration. On
the contrary, if the HEL reaches its maximum speed (vmax), the UCs should
be discharged to recover energy from future braking. To limit their SOC
between their maximum (SOCucmax) and minimum (SOCucmin

), a limitation
factor (�gure 4.31 - equation 4.21), is considered [Sola12b].

αSOCuc =


min

(
1,max

(
0,
SOCucmax − SOCucest
SOCucmax − SOCuchigh

))
ifPucref > 0

min

(
1,max

(
0,
SOCucest − SOCucmin

SOCuclow − SOCucmin

))
ifPucref < 0

(4.21)
with SOCuclow , the UCs' discharge limitation threshold and SOCuchigh , the
UCs' charge limitation threshold.
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Figure 4.31: Evolution of the limitation factor according to the estimated
UCs' SOC

Batteries' Sub Energy Management Strategy

The power to be delivered or recovered by the batteries (Pbattref ) is calculated
using the presented low frequency �ltering of the power pro�le mission. The
batteries' EMS is also made up of a limitation factor (αSOCbatt

) to limit their
SOC. However, the reference of the batteries' SOC is not calculated using
the speed but the acceleration of the locomotive (equation 4.22).

SOCbattref = SOCbattmax −
∣∣∣∣ v̇vehv̇max

∣∣∣∣ (SOCbattmax − SOCbattmin
) (4.22)

Indeed, the calculation of the batteries' SOC reference (SOCbattref ) using
the speed of the locomotive is not a good choice. Let's take the example of a
HEV such as a car running on a motorway at a relatively constant and high
speed. By controlling the batteries' SOC using the speed of the vehicle, they
would �rstly be used until fully discharging them. Then, the ICE would take
over. However, when leaving the motorway (city entrance for example), it
wouldn't be possible to use the batteries before recharging them. The choice
of maintaining the batteries' SOC as high as possible has been made possible
by the use of the acceleration. This case can also be met when the locomotive
is running at a cruise rhythm or constant speed. Thus, instead of using the
speed, the SOCbattref variable is de�ned according to the acceleration (v̇veh)
of the HEL.
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Diesel driven generator set and Rheostat Sub Energy Management
Strategies

The EMS of the diesel driven generator set is based on a fuzzy logic con-
troller. The developed controller has two inputs, one output and has the
same structure as in [Sola12b]. The �rst input (dP ) is the di�erence between
the reference load power (Pbus) and the actual power delivered by the diesel
driven generator set (PICEmeas) (equation 4.23). This input aims at providing
the whole amount of energy to drive the HEL. The second input is the error
between the batteries' SOC and their dynamic reference (SOCbattref ). This
input aims at controlling the batteries' SOC.

dP =
Pbusref − PICEmeas

Pbusmax

(4.23)

The output of the FLC (dPICE) is the relative power change of the diesel
driven generator set. The �gure 4.32 represents the implemented controller.

+-

+-

Figure 4.32: Sub-Energy Management Strategy of the diesel driven generator
set

The rheostat EMS is coupled with the diesel driven generator set one. All
sources supply energy to maintain the bus voltage level. However, the EMS
is a theoretical calculation of the powers to be provided by each on-board
source. If equation 4.18 is not veri�ed or in other words, if the sum of the
power references generated by the EMS is less than the actual power mission,
the bus voltage is collapsing and the system stops. Thus, the theoretical sum
of power sources must be at least equal or higher than the real required power
mission. Thus, a "security" is implemented into the EMS. This security aims
at adding the di�erent power references generated by the EMS (Pbattref , Pucref
and PICEref

) and then at comparing the sum result with the actual required
power mission (Pbusref ).
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Pbattref + Pucref + PICEref
− Pbusref 6 0

⇐⇒ eref 6 0

=⇒ Prheostatref = eref

(4.24)

Pbattref + Pucref + PICEref
− Pbusref > 0

⇐⇒ eref > 0

=⇒ P ′ICEref
= eref + PICEref

(4.25)

If the sum of the calculated powers is higher than the power requested
by the mission, the power di�erence is dissipated into the rheostat (equation
4.24), in order to avoid a sharp increase of the bus voltage level. If the sum
is lower than the power mission, the di�erence is completed by the diesel
driven generator set (equation 4.25). Figure 4.33 gives the representation of
the whole implemented EMS which has been described previously (equations
4.18 to 4.25).

Fuzzy Logic Controller design

Fuzzy sets and rule base design For generalization purposes, all
inputs and the output of the FLC (errors or rate changing variables) are
normalized between [−1; +1]. Each linguistic value is designated by a MF.
Seven trapezoidal and triangles-type MFs are used for each input over the
universe of discourse. For the output, singletons and/or intervals are used.
Inputs and output of the FLC are labelled as "NH - negative high", "NM
- negative medium", "NL - negative low", "Z - zero", "PL - positive low",
"PM - positive medium", and "PH - positive high". The inference system
is composed of 49 rules. Each rule presents a condition introduced by an
IF expression and an action expression introduced by the THEN expression.
The considered rule base is proposed in table 4.5.

NH NM NL Z PL PM PH
NH NH NH NH NH NM NL Z
NM NH NH NH NM NL Z PL
NS NH NH NM NL Z PL PM
Z NH NM NL Z PL PM PH
PS NM NL Z PL PM PH PH
PM NL Z PL PM PH PH PH
PH Z PL PM PH PH PH PH

dP

e*SOCbatt

Table 4.5: Rule base used in the Fuzzy Energy Management Strategy
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Figure 4.33: Global Energy Management Strategy

An example of the system rule is IF dP is NH AND e∗SOCbatt
is NH THEN

dPICE is NH. IF the power delivered by the diesel driven generator set is
higher than the power required by the mission AND if the batteries must be
discharged THEN the power delivered by the diesel driven generator set is
reduced.

Membership functions parameters optimization using a Genetic
Algorithm The GA optimization method ([Wagn07], [Gref86], [Kris88])
consists in selecting the best individuals of a population regarding a given
�tness function and applying them the crossover and mutation operators.
The new individuals are also evaluated regarding their �tness function in
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order to keep the best chromosomes. When the stop criterion is reached,
the GA stops. Here, the selected stop criterion is a given �xed number of
generations.

Interval Type-2 FLC synthesis using a Genetic Algorithm A
chromosome is composed of a set of parameters of the Type-2 FLC MFs.
The chromosome includes the Interval Type-2 MFs parameters of the inputs,
the output of the Type-2 FLC and the frequencies (fmin and fmax) de�ned
previously. To de�ne the inputs' interval Type-2 triangle MFs, 5 parameters
are needed (�gure 4.34). An interval MF for the output of the FLC is de�ned
using 2 parameters (�gure 4.35).
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Figure 4.34: Interval Type-2 MF def-
inition

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
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1

a1 a2

Figure 4.35: Output MF de�-
nition

Thus, the chromosome is made up of 7× 5 + 7× 5 + 7× 2 + 2 = 86 genes
(�gure 4.36).

gene

chromosome

Figure 4.36: Structure of the IT2 FLC chromosome used for optimization

Each GA population consists of 86 chromosomes. The GA uses a tour-
nament selection strategy [Alva04]. The GA based system procedure can be
summarized as follows:
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1. 88 chromosomes are generated randomly. In this step, the values of the
generated parameters must be compared and checked. Indeed, a lot of
special wrong cases are possible and must be treated. For instance, an
order relation exists like:

p1 ≤ p2

p3 ≤ p4

a1 ≤ a2

fmin ≤ fmax

(4.26)

These special cases are crippling. Thus, chromosomes presenting at
least one of those characteristics are deleted and replaced by a new
chromosome also generated randomly and respecting the equation 4.26.

2. The FLC is synthesized using the parameters of the considered chromo-
some and the �tness function is evaluated. The evaluation is performed
in loading the FLC in the EMR Simulink model of the HEL. The �tness
function value is calculated for each chromosome and permits evaluat-
ing its performance. In this study, the �tness function is directly linked
to the minimization of the global fuel consumption of the HEL. Ac-
cording to the considered power supply system, minimizing the use
of the diesel driven generator set leads reducing the primary energy
consumption, increasing autonomy, and reducing pollutant emissions.
Thus, the �tness function aims at maximizing the total amount of en-
ergy delivered and recovered by the batteries, the UCs and minimizing
the energy provided by the diesel driven generator set (equation 4.27).

max

(∫ tmission

0

|Pbatt(t)|dt
)

+max

(∫ tmission

0

|Puc(t)|dt
)

+

min

(∫ tmission

0

PICE(t)dt

)
(4.27)

It was observed that the only use of the term relating to the energy
provided by the diesel driven generator set to de�ne the �tness function
was not a good solution. Indeed, the optimal solution would be a full
solicitation of the batteries until they reach their minimum acceptable
SOC and then, the primary source would deliver the necessary power
to cover the rest of the mission without recharging the batteries. The
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integration of the batteries and UCs' terms into the �tness function
permits using them during all the mission.

3. While the value of the chromosome counter is less than 88, proceed the
previous step, otherwise proceed the next step.

4. Some methods such as the roulette wheel [Chan07], elite selection or
stochastic universal selection [Shar11] exist. Here, the selection step is
based on a biased tournament selection method. It consists in selecting
randomly the individuals or chromosomes of the initial population two
by two. Their respective �tness function values are compared. The
one having the highest �tness value is selected and the other one is
eliminated. A random variable is generated to bias the selection process
and to maintain the diversity of the individuals within the population.
Thus, 44 tournaments are performed and the selected population is
made up of the half of the population.

5. The crossover rule consists in recombining the genetic characteristics of
the selected population. Thanks to the crossover step the population,
which size is half reduced because of the selection step, is doubled
to complete the generation. The crossover step uses an arithmetic
mathematical relationship. For continuous problems, the crossover is
applied to a couple of chromosomes and is a weighted average of the
genes of the parents (selected population). If [ai, bi, ci] and [aj, bj, cj] are
two parents (randomly chosen to make a couple too) and p a random
weight in [0,1], 2 chromosomes or children are created (equation 4.28).{

chromosome1 = p× [ai, bi, ci] + (1− p)× [aj, bj, cj]

chromosome2 = p× [aj, bj, cj] + (1− p)× [ai, bi, ci]
(4.28)

6. The mutation step consists in randomly changing the value of a gene
with a very low probability (between 0.001 and 0.01). Thus, it ran-
domly modi�es the solutions' characteristics. It permits to introduce
diversity or noise in the population and also to provide a global solu-
tion.

7. This last population is saved like a new generation. The generation
counter is incremented and the algorithm starts a new generation with
the FLC creation step.

The �gure 4.37 sums up the described steps. In the study, the e�ciency of
the implemented FLCs is compared using the total amount of energy provided
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by the diesel driven generator set. Indeed, the main aim of the optimisation
step is to minimise the diesel driven generator use which is quanti�ed thanks
to the energy term.

General Type-2 FLC synthesis using a Genetic Algorithm In-
terval Type-2 (IT2) FLCs deal very well with the high levels of uncertainties
present in the studied application. However, General Type-2 (GT2) FLCs
are expected to further extend this capability in modelling the uncertainty in
the third dimension of the MFs. In theory, GT2 sets have the ability to model
uncertainties more accurately than IT2 sets. A superior control performance
in comparison to T1 and IT2 FLCs is expected. Even if the converter ex-
perimental results have proven the e�ectiveness of the fuzzy logic control, it
remains di�cult to conclude on a superior control performance of the Type-2
fuzzy logic compared to the Type-1. This new application is another opportu-
nity to study and discuss it. In a GT2 sets, the uncertainty can be modelled
for example by a triangular secondary MF as proposed in [Wagn10]. The
GT2 fuzzy logic theory has already been presented and applied in the pre-
vious study dedicated to the DC/DC converter. As described in [Wagn09],
even if a triangular MF is not the best shape to model the system uncertain-
ties (changing drivers, �uctuating environmental conditions, vehicle speed,
driving cycle, ageing of the on-board power sources and storage units), it re-
mains to be a �rst good approximation. Instead of using isoscele triangular
MFs, a new improved chromosome is implemented to optimize the parame-
ters of the triangular MFs of the third dimension of the FLC based on zSlices
(�gure 4.38). The same GA is used and the 86 parameters of the previous
described chromosome are kept. To model the triangular MFs of the third
dimension of the GT2-FLC, 21 parameters are added to the existing 86 ones.

The only available degree of freedom is the position of the summit of the
triangles. Thus, the 21 new parameters (2 inputs × 7 MFs + 1 output × 7
MFs = 21 MFs = 21 triangular MFs in the third dimension), represented on
�gure 4.39, are added.

It would have been possible to use a chromosome based on only 21 genes
and determine the GT2-FLC according to the results of the IT2-FLC best
individuals. However, such a solution doesn't guarantee a global optimum
result but a local optimum one. The use of 107 genes aims at determining
the global optimum for the GT2-FLC. Moreover, the size of the populations
is changed to 108 individuals instead of 88. The number of individuals or the
size of a population is chosen in order to have as many genes as individuals.
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Figure 4.37: Implemented Genetic Algorithm
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Figure 4.39: Modeling of the third dimension using a chromosome of 21
genes.

Simulation results

Four di�erent FLCs with the same structure (�gure 4.32) are simulated. Now,
their e�ciency is compared. The comparison criterion is the total amount of
energy delivered by the diesel driven generator set for the 30 di�erent driving
cycles. The four FLCs are based on:

• a survey-based type-2 fuzzy logic system for energy management in
HEV [Sola12b],

• an optimized Type-1 FLC using a GA,

• an optimized Interval Type-2 FLC using a GA,

• an optimized General Type-2 FLC based on 10 zSlices using a GA.

In this study, the GA is performed on only one driving cycle (the most
di�cult one determined in the chapter 2). In theory, each driving cycle has
its own set of optimized parameters. Thus, it would be necessary to create
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a macro controller able to recognize in real time the type of driving cycle.
However, this kind of work is the problematic of another study. For each
studied FLCs, corresponding �gures present the obtained and used MFs for
the inputs and the output, the corresponding fuzzy control map and results
of simulation. The evolution of the batteries and UCs' SOCs according to
time are also depicted. SOCs' �gures are superimposed to the evolution
of the vehicle speed/acceleration versus time. The evolution of the powers
delivered or consumed by the elements for the considered driving cycle are
given. A zoom is then realized on a part of the powers' �gure to study a
more accurate representation of the evolution of those powers. A last �gure
represents the evolution of the bus voltage according to time. Power values,
the bus voltage, the vehicle speed and acceleration are normalized on the
�gures.

Comparison of the fuzzy maps

Survey based Type-2 Fuzzy Logic Controller This FLC has been
designed in [Sola12b] using human expertise. As a �rst approach, the opti-
mization of the FLC's parameters had not been considered. The survey using
linguistic labels was conducted among ten experts on HEVs. Figures 4.40
to 4.43 present the obtained MFs and fuzzy map using the human expertise
method. IT2 MFs were implemented for the FLC inputs and centroids for
the output.

Figure 4.40: dP Membership Func-
tions implemented in [Sola12b]

Figure 4.41: e∗SOCbatt
Membership

Functions implemented in [Sola12b]

The �gure 4.43 is a representation of the evolution of the output of the
FLC (dPICE) according to the two inputs (dP and e∗SOCbatt

).

Optimized Type-1 Fuzzy Logic Controller using a Genetic Al-
gorithm The MFs' parameters of the optimized T1-FLC are determined
using the presented GA (the chromosome is made up of 51 genes or param-
eters). Triangular and trapezoid MFs are also used for inputs (�gures 4.44
and 4.45) and singletons for the output (�gure 4.46). The obtained fuzzy
map is represented on �gure 4.47.
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Figure 4.42: dPICE Membership
Functions implemented in [Sola12b]

Figure 4.43: Fuzzy map controller im-
plemented in [Sola12b]
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Figure 4.44: dP Membership Func-
tions implemented for optimized T1-
Fuzzy Logic Controller
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Figure 4.45: e∗SOCbatt
Membership

Functions implemented for optimized
T1-Fuzzy Logic Controller
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Figure 4.46: dPICE Membership Functions implemented for optimized T1-
Fuzzy Logic Controller

Optimized Interval Type-2-Fuzzy Logic Controller using a Ge-
netic Algorithm The optimized IT2-FLC has its MFs' parameters deter-
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Figure 4.47: Fuzzy map controller implemented for optimized T1-Fuzzy Logic
Controller

mined using the presented GA with 86 genes to represent one individual.
Triangular MFs are used for inputs (�gures 4.48 and 4.49) and interval MFs
for the output (�gure 4.50). The obtained fuzzy map is represented on �gure
4.51. The Footprint Of Uncertainty (FOU) is the shaded area on �gures 4.48
and 4.49.
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Figure 4.48: dP Membership Func-
tions implemented for optimized IT2-
Fuzzy Logic Controller
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Figure 4.52 presents the di�erences between the two fuzzy maps describ-
ing the optimized T1 and IT2-FLCs.
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Figure 4.50: dPICE Membership Functions implemented for optimized IT2-
Fuzzy Logic Controller

Figure 4.51: Fuzzy map controller implemented for optimized IT2-Fuzzy
Logic Controller

Optimized General Type-2 Fuzzy Logic Controller using a Ge-
netic Algorithm A possible way to improve the GT2-FLC e�ciency based
on triangular MFs is to use the same GA but with a di�erent chromosome.
Thus, a new optimized set of parameters describing the summits of the trian-
gular MFs (�gure 4.38) is obtained. The �gure 4.56 represents the new fuzzy
map of this optimized GT2-FLC generated by the new MFs for inputs (�g-
ures 4.53 and 4.54) and the output (�gure 4.55) and the �gure 4.57 presents
the di�erences between this optimized GT2-FLC and the previous optimized
IT2-FLC.
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Figure 4.52: Di�erences between the optimized T1 (�gure 4.47) and opti-
mized IT2 (�gure 4.51) fuzzy map controllers
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Figure 4.53: dP Membership Func-
tions implemented for optimized
GT2-Fuzzy Logic Controller
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Figure 4.54: e∗SOCbatt
Membership

Functions implemented for optimized
GT2-Fuzzy Logic Controller

Comparison of the e�ciency of the implemented Fuzzy Logic Con-
trollers To check if the presented di�erences between the 4 implemented
FLCs have a signi�cant impact on the studied system, di�erent simulation
results are now presented. Simulation results are based on:

• the evolution of the power delivered by the sources and dissipated by
the rheostat,

• the evolution of the batteries and UCs' SOCs according to the vehicle's
speed and acceleration,

156



-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
0

1
NH NM NL Z PL PM PH

Figure 4.55: dPICE Membership Functions implemented for optimized GT2-
Fuzzy Logic Controller

Figure 4.56: Fuzzy map controller implemented for optimized GT2-Fuzzy
Logic Controller

• the bus voltage control to guarantee the system stability,

• the total amount of energy delivered by the diesel driven generator set
according to the considered synthesized FLC and to the driving cycle.

Power distribution The �gure 4.58 aims at proving the good working
of the implemented intelligent EMS in terms of powers' repartition between
the di�erent on-board sources. Indeed, the total power required by the mis-
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Figure 4.57: Di�erences between the optimized IT2 (�gure 4.51) and opti-
mized GT2 (�gure 4.56) fuzzy map controllers

sion is provided by the sum of all the power sources (equation 4.18). In the
case of a conventional diesel-electric vehicle, the primary source (diesel driven
generator set) had to ensure the totality of the mission by itself. In other
words, according to �gure 4.58, it had to ensure 100% of the power peaks of
the mission (1 on the ordinate axis of the graph). Now, the hybridization of
the system and the implemented intelligent EMS permits to reduce by 40%
the use of the diesel driven generator set thanks to the batteries and UCs (at
time = 2h). This power peak reduction makes it possible to downsize also
the primary source of about 40%.

The �gure 4.59 is a zoom of the �gure 4.58. This �gure con�rms the
good working of the sub-EMSs. Indeed, UCs (respectively batteries) provide
the high frequencies (respectively the low frequencies) of the power mission
thanks to the implemented low pass �lter and batteries are recharged when
necessary.

Batteries and Ultra-Capacitors' States Of Charge The �gure 4.60
represents the evolution of the batteries' SOC and the acceleration of the
vehicle according to time. In accordance to equation 4.20, batteries are
solicited (for charging and discharging) during acceleration phases of the
vehicle. Moreover, the implemented EMS limits their SOC between 70% and
90%. The batteries are fully charged (90%) when starting and �nishing the
driving cycle. Indeed, it permits considering the start of the locomotive in
good conditions without wasting time by recharging them if necessary for
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Figure 4.58: Evolution of the di�erent powers (driving cycle, batteries, In-
ternal Combustion Engine, UCs and rheostat) according to time

the next freight activity.
Figure 4.61 represents the evolution of the UCs' SOC and the speed of

the vehicle according to time. In accordance with the equation 4.22, UCs
are used when the vehicle is in motion and are charged when it is stopped.
Their SOC is also limited between 50% and 100% (equation 4.21).

Bus voltage control It is important to verify the good control of the
bus voltage in order to have a stability of the whole system. Figure 4.62
con�rms that the implemented EMS also permits controlling it during all
the driving cycle (around 7h in this case).

Comparison of the 4 Fuzzy Logic Controllers for the 30 driv-
ing cycles of the vehicle The previous remarks and results show the
e�ectiveness of the intelligent EMS which has been implemented. Some con-
siderations about powers were also underlined. Thus, energetic comparisons
are now realized. Comparisons aim at determining the e�ciencies of the 4
di�erent FLCs in reducing the use of the diesel engine.

The table 4.6 presents the total amount of energy delivered by the primary
source for the 30 di�erent driving cycles and the 4 FLCs. According to the
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Figure 4.59: Zoom on the evolution of the di�erent powers (driving cycle,
batteries, Internal Combustion Engine, UCs and rheostat) according to time
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Figure 4.60: Evolution of the estimated batteries' SOC (a) and evolution of
the acceleration of the vehicle (b) according to time
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Figure 4.61: Evolution of the estimated UCs' SOC (a) and evolution of the
speed of the vehicle (b) according to time
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Figure 4.62: Evolution of the bus voltage according to time
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Table 4.6: Energy provided by the diesel driven generator set according to
the 4 implemented FLCs

results:

• the survey based IT2 FLC gives better results for 2 driving cycles,

• the optimized T1-FLC gives better results for 7 driving cycles,

• the optimized IT2-FLC gives better results for 14 driving cycles,

• the optimized GT2-FLC gives better results for 7 driving cycles.
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As a result, for 93.3% of the driving cycles, optimized controllers give
better results than the FLC based on a survey. Among the optimized FLCs,
Type-2 optimized FLCs present better results than the optimized T1 one for
75% of the considered driving cycles. Thus, the GA permits to reduce the use
of the ICE (or increase the use of the batteries and UCs) and Type-2 Fuzzy
Logic better takes into account the discussed uncertainties inherent to the
system. However, among the optimized Type-2 FLCs, the optimized GT2-
FLC only gives better results than the IT2-FLC for 50% of the considered
driving cycles. The GT2-FLC best results only concern 23.3% of the 30
missions. Comparing the survey based on FLC and the optimized T1-FLC,
the best improvement is obtained for the mission 14 with 131% (100× 96.8

74.004
)

improvement. In the same way, the mission 12 presents the best improvement
between the optimized IT2 and survey based FLCs with 136% and 133% for
the mission 29 between the optimized GT2 and the survey based FLCs.

Figure 4.63: Evolution of the energy delivered by the diesel driven genera-
tor set according to the implemented controllers and the considered power
mission

The �gure 4.63 presents the results of the table in a di�erent way. The
total amount of energy provided by the ICE is represented according to
the FLCs and the considered driving cycle. The limited improvement of
the optimized GT2-FLS could be explained by the choice of the secondary
membership function based on triangular MFs. Even if the summits of the
triangles are parameters of the GA, this approximation seems to be insu�-
cient to model this third dimension and obtain better results compared to
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the other FLCs. Moreover, this limited improvement is also explained by the
optimization process which is performed on a speci�c driving cycle which is
characterized by important power peaks, fast power variations and impor-
tant time duration. These characteristics are equally the same for most of the
driving cycles presenting better results with the GT2-FLCs (mission number
22 for instance). However, the driving cycles presenting characteristics con-
trary to the previous ones (poor time duration, low power peaks and slow
power variations), like the mission number 2, do not present improvement in
the energy minimization.

4.3 Chapter conclusion

The �rst application presented the control of the output voltage of a DC/DC
buck converter test bench using a fuzzy logic controller. It has the same
structure as a Proportional-Integral-Derivative controller with a non-linear
behaviour. The Proportional-Derivative part is represented by the imple-
mented fuzzy map. The comparison between T1 and IT2-FLCs, based on
the Integral Absolute Error (IAE) criteria, has proven that the IT2 approach
gives better performance in the face of highly uncertain conditions. How-
ever, a thinner mesh grid is not more accurate than a "rougher" one. Even
if, a high number of zslices provides better results in favour of the GT2-FL
approach compared to the IT2-FL approach, a high number of zslices do
not necessarily improve the control performances. A more accurate repre-
sentation of the GT2-MFs based on data directly sampled from the device is
another possible approach.

The second application dealt with the design of the HEL's EMS. A �rst
EMS only based on the SOCs' limitation and the frequency repartition of
the power permitted to validate the good implementation of the on-board
sources' models and controls. Another EMS, based on Type-1 and Type-
2 Fuzzy Logic control, was also implemented. Due to the complexity of
the structure of the HEL, the dynamical behaviours and the characteristics
of the on-board sources, the fuel consumption minimization problem get
complicated. To address it, optimized T1, IT2 and GT2 FLSs were employed
for fuel economy purpose. The simulation results have shown that:

• the 4 proposed FLSs are able to manage the energy distribution,

• the SOCs' limitations are respected,

• the dynamics of the power are shared between the ICE-batteries and
the UCs,
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• the bus voltage remains well controlled.

According to the aim of the GA, optimized T2-FLSs are more e�ective than
the optimized T1-FLS which is also more e�ective than the survey based
IT2-FLS. However, because of the results of the GT2-FLS, the future ongoing
research would probably focus on a more accurate determination of the third
dimension MFs. Moreover, the determination of a new hybrid driving cycle
including the speci�cities of all the missions and the improvement of the GA
are also of high interest. Moreover, to be fully independent from the �ltering
cuto� frequency, a wavelet transform algorithm can be implemented. Indeed,
wavelets are recent tools in signal processing. They permit the analysis of
local properties in a non stationary signal, and for di�erent scales of time
[Ibra11]. Moreover, the use of other real time methods such as a wavelet
non linear autoregressive neural network permits both separating high and
low frequency components from a real power demand signal and predicting
future values of this power demand signal [Ibra13].
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Conclusion and outlooks

Nowadays, the ecological, environmental and economical contexts relative to
the transport are important sociological issues. Even if the railway transport
is more e�cient than other transport means, the sector is also submitted to
the same problems. The European freight activities are mainly performed
thanks to shunting locomotives powered by diesel-electric propulsions. To
save money, reduce pollution and noise, limit fuel consumption and meet
the energetic needs, it is necessary to develop new solutions in order to ef-
�ciently generate, store, convert and deliver the electrical energy. Thus,
these challenges to be faced by human societies in energy and transportation
presented in chapter 1 can be resolved through hybrid electric vehicles and
e�cient energy management strategies. This thesis comes within this con-
text. It takes part of the FEMTO-ST Laboratory and the Alstom Transport
research works in electrical engineering. Here, the research work proposes
new scienti�c contributions in the modelling of a hybrid electric locomotive
using the EMR and the development of the system's energy management
strategy partly based on the optimisation of a type-2 FLC.

Having discussed the topology of a conventional electric locomotive and
the expected improvements toward a hybrid electric architecture and the
secondary sources' sizing according to the most constraining driving cycle
in the chapter 2, the modelling of the locomotive's on-board sources is pre-
sented in the chapter 3. The hybrid electric locomotive presents a series
architecture and it is made up of a bank of batteries, UCs, a diesel driven
generator set and a rheostat. A bus capacity ensures the electrical energy
balance of the system. The diesel driven generator set supplies energy to the
system and permits recharging the batteries and the ultra-capacitors. The
rheostat dissipates energy if necessary. A �rst dynamical EMR of the diesel
engine is developed, the modelling and the parameter identi�cation of the
ultra-capacitors was performed in previous researches in the laboratory and
experimental characterization of the batteries contributed to the improve-
ment of their modelling. The batteries' experimental characterizations aim
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at improving the original model's insu�ciencies and assumptions relative to
the thermal behaviour. Complementary experimental results (C3 rate) are
available appendix D. The MCS and then the PCS identi�cations (appen-
dices A and C) emphasize the physical and virtual sensors to be set up and
consider the technical and economical constraints of the locomotive. For in-
stance, they estimate the batteries and ultra-capacitors SOCs.

These innovative solutions in the modelling, the design and the imple-
mentation of a hybrid electric locomotive get ahead of the implementation of
a new energy management strategy. It remains to be a crucial research sub-
ject which is addressed in chapter 4. This chapter focuses on the application
of the fuzzy logic control through two applications:

• the control of the output voltage of a converter using type-1 and type-
2 FLCs. This �rst application aims at evaluating the performances of
the type-1 and type-2 fuzzy logic controllers in real time conditions and
at performing preliminary tests. The test bench is easy to implement,
to use, relatively economical and the evaluation is performed under
controlled conditions in Laboratory.

• the design, the implementation and the validation by simulation of the
EMS partly based on the optimisation of the used FLC's parameters
using a GA.

Strategies' designs (second application) are decisive in the global e�ciency
of the hybrid electric system. This design obviously depends on the architec-
ture of the system but its e�ciency greatly depends also on the "designer"
who is above all human. Thus, as much energy management strategies exist
as designers. The developed EMS takes into account the sources' speci�-
cations, dynamics and limitations using real-time information (SOCs, bus
voltage, speed of the locomotive...). The batteries are used with the diesel
engine to provide the power's low frequencies of the driving cycle and the
UCs, the high frequencies. Previous knowledge of the driving cycle is not
known. Thus, the fuzzy logic which belongs to the on-line techniques has
been identi�ed to manage the global control of the diesel driven generator
set. However, contrary to the o�-line techniques, the on-line methods do not
necessarily reach an optimal solution. Thus, the discussed e�ciency of the
EMS greatly depends on the parameters of the FLC. A previous work of
the FEMTO-ST laboratory proposed a human expertise to design the FLC.
This approach which was based on the "designer"'s knowledge was not op-
timal. Even if the use of the type-2 fuzzy logic permitted better considering
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the uncertainty in the answers of the experts, it still remained to be a non-
optimal solution. Here, to ful�l the requirements, the EMS is implemented
in Matlab Simulink. The control surface is based on fuzzy logic controllers
which parameters have been optimised using a GA in order to minimise the
fuel consumption of the locomotive.

Finally, the simulation results of the EMS con�rm the respect of the
speci�cations and the reduction of the fuel consumption of the system thanks
to the optimisation of the FLC using a GA. However, the solutions do not
present enough evidence to a�rm that optimised type-2 FLCs are always
better performing than the optimised type-1 FLC. Indeed, performing the
optimisation process on a speci�c driving cycle remains to be a limitation
when applying it to the overall driving cycles.

Research outlooks

The presented research works open up interesting perspectives:

• the improvement of the modelling of the ICE. The exhaust manifold
dynamics, the integration of an exhaust gas recirculation valve, the
temperature variation in the system are interesting points to be de-
veloped. They are also necessary in order to improve the dynamical
behaviour of the model compared to static models like cartographies.

• The improvement of the modelling of the batteries. Indeed, the EMS is
built in order to limit the batteries' stress (limitation of their SOC and
use of a low pass �lter) and avoid premature degradation. Long time
experimental tests will be interesting to better take into account the
batteries ageing according to their DOD, the operating temperature...

• The improvement of the optimisation process. Instead of performing
it on the most constraining driving cycle, using a generic driving cycle
regrouping all their characteristics may permit to improve the fuzzy
logic controller performances [Jaaf12a, Jaaf12b].

• The extension of the optimisation problem to the sizing problem. In-
deed, a very precise EMS improves the e�ciency of the studied hybrid
electric system and in consequence, the number of secondary sources'
cells to be used on-board can be limited or reduced. However, a more
basic EMS driving to a least e�ciency would impose an over-sizing of
the secondary sources. In other words, the sizing depends of the EMS
and the EMS depends of the sizing too. This global problem may be
solved by introducing into the existing GA both the FLC and sizing
problem parameters.
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• The replacement of the low pass �lter by a wavelet transform. The cut-
o� frequency of the low pass �lter is an important parameter to share
the batteries and ultra-capacitors powers. Nevertheless, it induces a
phase di�erence. The wavelet transform is able to perform the sig-
nal decomposition into high and low frequencies without introducing a
phase di�erence.

• In real world applications physical devices such as sensors and actu-
ators are susceptible to a wide range of uncertainties (environmental
conditions, signal noise...). The improvement of the general type-2 FLC
membership functions with experimental tests to determine the system
sensibility to the noise and environmental conditions is necessary.
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Appendix A

The Energetic Macroscopic

Representation

A.1 Energetic Macroscopic Representation

The EMR is a synthetic representation for complex systems. The formalism
aims at modelling interactions between systems and sub-systems. The repre-
sentation is based on the integral causality and graphically shows the action
and reaction phenomena between a system and its environment [Lhom08].
The di�erent used pictograms and colors permit a quick identi�cation of the
di�erent elements of a system. The formalism is made up of four categories
of elements:

• The sources. They are characterised by a light green oval and a dark
green outline. Energy receiver or generator, they present only one input
and output.

• The conversion elements. They are represented by an orange square or
circle with a red outline. They realize an energetic conversion between
two sources with no accumulation of energy. They present action and
reaction inputs/outputs. If necessary a third input called adjustment
input is available.

• The coupling elements. They are characterised by an orange square or
circle superposition with red outlines. It explicitly traduces a power
�ow sharing out. An upstream coupling element distributes energy
whereas a downstream coupling element collects it.

• The accumulation elements are represented by a rectangle with an or-
ange oblique line and a red outline. They represent the energy accumu-
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Source

Accumulation

Mono-physical converter

Multi-physical converter

X

Y

X

Yi

Yj

X

Mono-physical coupling

X

Y

X

Yi

Yj

X

Multi-physical coupling

Table A.1: Energetic Macroscopic Representation blocks [Boul10b]

lation between two energy sources. They respect the integral causality
principle.

The table A.1 presents the four categories of elements [Chen09].

All elements intervene in di�erent physical �elds (electrical, thermal, me-
chanical, chemical...). The product of the action and reaction variables is
always homogeneous to a power [Bous05]. The table A.2 presents the kinetic
and corresponding potential variables for di�erent physical �elds.

A.2 Maximum Control Structure

The MCS is deduced from the EMR and it is based on the mathematical
reversal principle supposing all variables are measurable [Bous03]. The MCS
design is performed in:

174



E�ort (e) Flow (f)
Electric Voltage (V) Current (A)

Mechanics Strength (N) Speed (m/s)
Rotation Torque (N.m) Radial speed (rad/s)
Hydraulics Pressure (N/m2) Flow (m3/s)
Thermal Temperature (K) Entropy �ow (W/K)
Chemical Gibbs energy (J/mol) Molar �ow (mol/s)

Table A.2: Kinetic and potential variables [Lhom06]

• determining the EMR of the studied system. The MCS quality de-
pends on the choices and the formulated hypothesis for the system's
modelling,

• determining the setting chain which depends on the system and the
speci�cations (from the control variable to the global output to be
controlled),

• reversing each element in accordance with the setting chain. The ob-
tained chain corresponds to the control path.

The energetic transfer doesn't intervene in the MCS design.

The output of an element of accumulation is a state variable. The intern
relationship is causal (integral) and can't directly be reversed. In accordance
with the reversal principle, the output is controlled thanks to an indirect
reversal. In the MCS version of the element, a controller is used. To high-
light the causal characteristic of the controller, a blue parallelogram with a
reversed oblique stroke is also used (�gure A.1).

Figure A.1: Maximum Control Structure of an element of accumulation

The inversion of the equations doesn't rise problem for the conversion
and the coupling elements if the considered equations and relationships are
well known, stationary and linear or bilinear (�gures A.2 and A.3).
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Figure A.2: Maximum Control Structure of an element of conversion

Figure A.3: Maximum Control Structure of a coupling element (upstream -
left and downstream - right)

A.3 Practical Control Structure

The MCS is a theoretical structure which maximises the system's operations
and measures [Lhom11]. Simpli�cations are possible. They can deteriorate
the control's performances in aid of a lower cost or easiness implementation.
The PCS's deduction from the MCS is a compromise. Moreover, the control
design is based on the following hypothesis: all variables are measurable.
Thus, the control design approach aims at simplifying the control structure.
In general, the method consists in making more complex the control structure
as problems occur. The simpli�cation bene�t resides in the justi�cation of all
the performed simpli�cations. The PCS design is performed in simplifying
the MCS (cost, calculating time, speci�cations...) and in estimating the
non-measurable variables. For instance, electromotive forces are information
required by the MCS of a machine. They are non measurable variables. Even
if torque sensors exist, they remain to be expensive. Thus, the preferred
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solution is not to measure it neither. The blocks have the same form like for
the MCS ones (�gures A.1, A.2 and A.3) but with a purple color.
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Appendix B

The salient pole synchronous

machine modelling

B.1 The d-q synchronous reference frame

Equations that govern a three phase alternative machine depend on resis-
tances, inductances and mutual inductances of its rotor and its stator. Those
mutual inductances are linked to the relative position of the rotor with the
stator. Thus, to simplify di�erential equations, it is easier to work in the d-q
frame than in the three phase one.

Considering voltages, currents and �ux three phase components as Xa,
Xb, Xc and as Xd, Xq in the dq frame, Park (equation B.1) and Concordia
transformations permit to pass from one frame to the other one.

[
Xd

Xq

]
=

√
2

3
×
[

cos(θ) cos
(
θ − 2π

3

)
cos
(
θ + 2π

3

)
− sin(θ) − sin

(
θ − 2π

3

)
− sin

(
θ + 2π

3

)]Xa

Xb

Xc

 (B.1)

This operation can be done using Concordia transformation too (equa-
tions B.2, B.3).

[
Xα

Xβ

]
=

√
2

3
×
[
1 −1

2
−1

2

0
√
3
2
−
√
3
2

]Xa

Xb

Xc

 (B.2)

[
Xd

Xq

]
=

√
2

3
×
[

cos(θ) sin(θ)
− sin(θ) cos(θ)

] [
Xα

Xβ

]
(B.3)

with θ the angle between the rotor and the stator.
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B.2 The salient pole synchronous machine model

The mathematical model of the salient pole synchronous machine is presented
here. The machine corresponds to the �gure B.1 in the three phase frame
and �gure B.2 in the Park frame.

Figure B.1: Model of the synchronous machine in the three phase frame

The following convention is adopted:

• Ld: equivalent inductance of the armature along d axis (H).

• Lq: equivalent inductance of the armature along q axis (H).

• Rs: equivalent resistance of the stator windings (Ω).

• Lf : inductance of the inductor (H).

• Msf : mutual inductance between the stator and the rotor (H).

• Rf : resistance of the inductor (Ω).

• p: pole pair number,

• f : friction coe�cient,

• J : rotor inertia.

To simplify equations, parameter M is de�ned as M =
√

3
2
Msf .
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Figure B.2: Model of the synchronous machine in the three phase frame

B.2.1 Parks' equations of the machine

Voltages

Vd = RsId +
dφd
dt
− ωrφq (B.4)

Vq = RsIq +
dφq
dt

+ ωrφd (B.5)

Vf = RfIf +
dφf
dt

(B.6)

Flux

φd = LdId +MIf (B.7)

φq = LqIq (B.8)

φf = LfIf +MId (B.9)

Electromechanical torque

Γload = p(φdIq − φqId) (B.10)
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B.2.2 dq currents decoupling

Di�erential equations (B.4 to B.6) are developed thanks to equations B.7 to
B.9.

Vd = RsId + Ld
dId
dt
− ωrφq +M

dIf
dt

(B.11)

Vq = RsIq + Lq
dIq
dt

+ ωr(LdId +MIf ) (B.12)

Vf = RfIf + Lf
dIf
dt

+M
dId
dt

(B.13)

An interdependence between d and q axis variables clearly appears. To
express transfer functions between Vd, Vq and Id, Iq, from equation B.11,

dIf
dt

is replaced thanks to equation B.9.

Vd = RsId +
dId
dt

(
Ld −

M2

Lf

)
− ωrφq +

M

Lf

dφf
dt

(B.14)

To solve the equation B.14 interdependence, the voltages V ′d-V
′
q (equation

B.15) and electromotive forces ed-eq (equation B.16) are de�ned.
V ′d = RsId + Ld

dId
dt

V ′q = RsIq + Lq
dIq
dt

(B.15)

 ed = −ωrφq +M
dIf
dt

eq = ωrφd

(B.16)

Thus, equations B.11, B.12 can be simpli�ed as:{
Vd = V ′d + ed

Vq = V ′q + eq
(B.17)

and transfer functions modelling currents' dynamics are deduced:

Id(s)

V ′d(s)
=

1

Rs

1

1 + Ld

Rs
s

Iq(s)

V ′q (s)
=

1

Rs

1

1 + Lq

Rs
s

(B.18)
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B.2.3 Inductor current decoupling

Because of equation B.13, it appears that another coupling with dq voltages
exists. 

dIf
dt

=
1

Lf
(Lf −RfIf )−

M

Lf

dId
dt

⇐⇒ dIf
dt

=
1

Lf
Vf −

Rf

Lf
If −

M

Lf

dId
dt

(B.19)

Transfer function appears to be:



If (s) =

1
Rf

1 +
Lf

Rf
s
Vf (s)−

M
Rf
s

1 +
Lf

Rf
s
Id(s)

⇐⇒ If (s) =

1
Rf

1 +
Lf

Rf
s

(V ′f (s) +MsId(s))−
M
Rf

1 +
Lf

Rf
s
Id(s)

⇐⇒ If (s) =

1
Rf

1 +
Lf

Rf
s
V ′f (s)

(B.20)
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Appendix C

PI and IP controllers synthesis

C.1 PI controller synthesis

Figure C.1: PI controller structure

S(s) =

(
k

1 + τs

)(
Kp +

Ki

s

)
(Sref (s)− S(s))

⇐⇒ S(s)

Sref (s)

[
1 +

(
k

1 + τs

)(
Kp +

Ki

s

)]
=

(
k

1 + τs

)(
Kp +

Ki

s

)

⇐⇒ S(s)

Sref (s)
=

(
k

1+τs

) (
Kp + Ki

s

)
1 +

(
k

1+τs

) (
Kp + Ki

s

)
⇐⇒ S(s)

Sref (s)
=

k
(
Kp + Ki

s

)
1 + τs+ k

(
Kp + Ki

s

)
⇐⇒ S(s)

Sref (s)
=

kKps+ kKi

s+ τs2 + kKps+ kKi

⇐⇒ S(s)

Sref (s)
=

kKi + kKps

kKi + s (1 + kKp) + τs2
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⇐⇒ S(s)

Sref (s)
=

1 + Kp

Ki
s

1 +
(
Kp

Ki
+ 1

kKi

)
s+ τ

kKi
s2

Identi�cation with a second order transfer function.
2ε

ωn
=

1

Ki

(
1

k
+Kp

)
1

ω2
n

=
τ

kKi

(C.1)

⇐⇒


2ε

ωn
=

k

τω2
n

(
Kp +

1

k

)
Ki =

τω2
n

k

(C.2)

⇐⇒


Kp =

(
2ε

ωn

τω2
n

k

)
− 1

k

Ki =
τω2

n

k

(C.3)

⇐⇒


Kp =

1

k
(2ετωn − 1)

Ki =
τω2

n

k

(C.4)

⇐⇒


Ki =

τω2
n

k

Kp =
2εKi

ωn
− 1

k

(C.5)

C.2 IP controller synthesis

Figure C.2: IP controller structure

S(s) =

(
kKp

1 + τs

)
[S ′(s)− S(s)]
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⇐⇒ S(s) =

(
kKp

1 + τs

)[
Ki

s
(Sref (s)− S(s))− S(s)

]

⇐⇒ S(s) =

(
kKp

1 + τs

)[
Ki

s
Sref (s)−

Ki

s
S(s)− S(s)

]

⇐⇒ S(s) =
kKiKp

(1 + τs) s
Sref (s)− S(s)

[
kKiKp

(1 + τs) s
+

kKp

1 + τs

]

⇐⇒ S(s)

[
1 +

kKiKp

(1 + τs) s
+

kKp

1 + τs

]
=

kKiKp

(1 + τs) s

⇐⇒ S(s)

Sref (s)

[
(1 + τs) s+ kKiKp + kKps

s (1 + τs)

]
=

kKiKp

s (1 + τs)

⇐⇒ S(s)

Sref (s)
=

kKiKp

kKiKp + s (1 + kKp) + τs2

⇐⇒ S(s)

Sref (s)
=

1

1 + s
(

1
Ki

+ 1
kKiKp

)
+ s2

(
τ

kKiKp

)
Identi�cation with a second order transfer function.

2ε

ωn
=

1

Ki

(
1 +

1

kKp

)
1

ω2
n

=
τ

kKiKp

(C.6)

⇐⇒


Ki =

τω2
n

kKp

Kp =
2ετωn − 1

k

(C.7)
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Appendix D

Experimental characterization of

the NiCd cell at C3 rate

Tests are performed using a 57A (C3) discharging current. The �gure D.1
represents the evolution of the value of a single cell internal resistance ac-
cording to its SOC and the working temperature at C3.
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Figure D.1: Evolution of the internal resistance value of the cell according
to its State Of Charge and the temperature (C3)

Figures D.2 to D.7 also represent the evolution of the voltage of a NiCd
single cell for di�erent temperatures (from −50◦C to 40◦C), considering this
C3 discharging current.

The table D.1 presents the maximum and the average errors of the Simulink
model with the experimental data for the six temperatures.
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Figure D.2: NiCd's cell model valida-
tion for -50◦C (C3)
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Figure D.3: NiCd's cell model valida-
tion for -40◦C (C3)
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Figure D.4: NiCd's cell model valida-
tion for -20◦C (C3)
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Figure D.5: NiCd's cell model valida-
tion for 0◦C (C3)

40°C 5,2387 1,9556

0°C 7,2812 2,4279
20°C 25,5802 2,6638

-40°C 11,7556 3,3504
-20°C 28,5586 2,9219

Temperature Maximumverrorv(%) Averageverrorv(%)
-50°C 31,4785 3,6235

Table D.1: Maximum and average errors between the experimental data and
the Simulink model at C3 rate.
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Figure D.6: NiCd's cell model valida-
tion for 20◦C (C3)
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Figure D.7: NiCd's cell model valida-
tion for 40◦C (C3)
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Appendix E

Batteries' characterization test

bench speci�cations
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INNOVATIVE TEST SYSTEMS... GLOBAL TEST SOLUTIONS

RBL SERIES 800 WATTS

OPERATION
Constant Current:0 to selected full scale current
Prog. Accuracy 
(Range): (high/med) ranges: ±0.25%

(low) range: ±0.5%
Regulation: ±0.1% of selected full scale
Constant Resistance: Constant Resistance mode 

operates in Amps/Volt, IEEE 
units entered in ohms or A/V

Prog. Accuracy: ±3% of selected full scale
Regulation: ±3% of selected full scale
Constant Voltage: 0 to selected selected full scale
Prog. Accuracy
(Range):
(high/med) ranges:±0.25%
(low): ± 0.5%
Regulation: ±0.15% of selected full scale
Constant Power: 0 to full scale power
Prog. Accuracy: ±3% of full scale
Regulation: ±3% of full scale
ANALOG MODE
Ext. Prog: 0 to 10 Volts input yields 0 to selected full 

scale loading in all
operating modes.

Input Impedance: 330k Ohms
Prog. Response: Limited by internal

adjustable slew rate limiter
PULSE MODE
Frequency: 0.06Hz to 20kHz
Accuracy: 0.1%
Duty Cycle: 10 - 90%(Analog)
Accuracy: 0.1%

Adjustable Slew Rate:
Max: 0 to full scale in 10µS
Min: 0 to full scale in 10mS
OUTPUT SIGNALS
Current Sample Output:
Scaling: 10 Volts = selected full scale
Accuracy: ±0.5% of selected full scale
Sync Output:
Timing: Synchronous with pulse generator.
Output: Sink with 10k pull up to +15V
PROTECTION
Current Limit:
Analog Models: Approximately 105% of selected full

scale current
Voltage Limit:
Analog Models: Load disconnect at 105% of 

selected full scale voltage
Power Limit:
Analog Models: Approximately 4250 Watts
Thermal: Load disconnect at internal 

temperature of 105°C
Undervoltage: Load inhibited at less than1 

Volt, when enabled
MISCELLANEOUS
AC Input: User Selectable 100VAC,

120VAC, 200VAC, 240VAC,
±10%, 48 - 62 Hz @ 350W

Ambient Temp: 0°C to 40°C

GENERAL SPECIFICATIONS



0.1 1 10010 1000
0.1

1

10

100

1000

V
O

LT
S

0.1 1 10010 1000
0.1

1

10

100

1000

V
O

LT
S

0.1 1 10010 1000
0.1

1

10

100

1000

AMPERES

V
O

LT
S

www.tdipower.com

Transistor	Devices,	Inc.	•	36	Newburgh	Rd.,	Hackettstown	NJ	07840	•	Phone:	908.850.5088	•	Fax:	908.850.5731              2

SAFE OPERATING AREA & SPECIFICATIONS

OPERATING RANGES (FULL SCALES)

Voltage: 10 Volts, 50 Volts, 100 Volts

Current: 2 Amps, 20 Amps, 120 Amps

Power: 800 Watts

Short Circuit: 0.007 Ohms max.

CONSTANT RESISTANCE RANGES

High Ohms Mode

Range 2A 20A 120A

10V 0-.1 A/V 0-1 A/V 0-6 A/V

50V 0-.02 A/V 0-.2 A/V 0-1.2 A/V

100V 0-.01 A/V 0-.1 A/V 0-.6 A/V

Low Ohms Mode

Range 2A 20A 120A

10V 0-1 A/V 0-10A/V 0-60 A/V

50V 0-.2 A/V 0-2 A/V 0-12 A/V

100V 0-.1 A/V 0-1 A/V 0-6 A/V

INPUT CHARACTERISTICS: 

OPERATING RANGES (FULL SCALES)

Voltage: 20 Volts, 200 Volts, 400 Volts

Current: 2 Amps, 20 Amps, 120 Amps

Power: 800 Watts

Short Circuit: 0.03 Ohms max.

CONSTANT RESISTANCE RANGES

High Ohms Mode

Range 2A 20A 120A

20V 0-.05 A/V 0-.5 A/V 0-3 A/V

200V 0-.005 A/V 0-.05 A/V 0-.3 A/V

400V 0-.0025 A/V 0-.025 A/V 0-.15 A/V

Low Ohms Mode

Range 2A 20A 120A

20V 0-.5 A/V 0-5 A/V 0-30 A/V

200V 0-.05 A/V 0-.5 A/V 0-3 A/V

400V 0-.025 A/V 0-.25 A/V 0-1.5 A/V

INPUT CHARACTERISTICS: 

RBL 100-120-800 RBL 400-120-800

OPERATING RANGES (FULL SCALES)

Voltage: 20 Volts, 200 Volts, 600 Volts

Current: 2 Amps, 20 Amps, 40 Amps

Power: 800 Watts

Short Circuit: 0.035 Ohms max.

CONSTANT RESISTANCE RANGES

High Ohms Mode

Range 2A 20A 40A

20V 0-.05 A/V 0-.5 A/V 0-1 A/V

200V 0-.005 A/V 0-.05 A/V 0-.1 A/V

400V 0-.0025 A/V 0-.025 A/V 0-.05 A/V

Low Ohms Mode

Range 2A 20A 40A

20V 0-.5 A/V 0-5 A/V 0-10 A/V

200V 0-.05 A/V 0-.5 A/V 0-1 A/V

400V 0-.025 A/V 0-.25 A/V 0-.5 A/V

INPUT CHARACTERISTICS: 

RBL 600-40-800

• High Speed Adjustable Slew Rate

• Front Panel or Remote Control

• Pulse Load Shaping

• Full Range Switching

Like the 2000W analog model, the RBL 800 watt analog programmable series has no compromise

on performance, while adding a simple analog interface. Sleek and compact, the 800W model is

ready to address all low-to-mid power load and test requirements. The analog programmable RBL

800W series provides all modes of operation, all functions, full scale range switching and

master/slave paralleling standard. The 800W RBL model allows the customer the ultimate in

flexibility when it comes to decision time!  Stand alone or 19 inch rack mountable (see accessories

page 33) unit will meet or exceed all your performance, reliability and quality expectations.

AMPERES AMPERES
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The Sorensen SG series (hereafter SG Series) 
represents the next generation of high power 
programmable DC power supplies. The SG 
Series is designed for exceptional load transient 
response, low noise and the highest power 
density in the industry.  With a full 15 kW 
available down to 20VDC output in a 3u package 
the SG leads the industry in power density. The 
power density is enhanced by a stylish front air 
intake allowing supplies to be stacked without 
any required clearance between units.

At the heart of the SG series is a 5 kW power 
module. Depending on the output voltage, one 
to six modules can be configured in a single  
chassis to deliver 5 kW to 30 kW of power.  
Combinations of these chassis can then be 
easily paralleled to achieve power levels up to 
150 kW.  Paralleled units operate like one single 
supply providing total system current. Available 
in two control versions, the SGA has basic analog 
controls, while the SGI provides intelligent control 
features.

SGI: Advanced Intelligent Control
(Sorensen General purpose Intelligent) The SGI 
combines onboard intelligent controls with 
the outstanding power electronics common to 
all SG family supplies. These controls enable 
sophisticated sequencing, constant power mode 
and save/recall of instrument settings. Looping 
of sequences makes the SGI ideal for repetitive 
testing. An impressive vacuum fluorescent 
graphical display in eight languages, context 
sensitive “soft” keys and front panel keyboard 
simplify programming of the SGI.

SGA: Outstanding Value - Analog Control
(Sorensen General purpose Analog) The SGA, 
with its industry leading price performance, is 
available for customers requiring simple front 
panel analog controls or external control. With 
the same high performance power electronics as 
the SGI, the SGA provides essential features like 
10- turn potentiometers for setting voltage and 
current, 3 ½ digit LED readout plus front panel  
over-voltage protection (OVP) preview/adjustment 
and reset.

Sorensen SG Series 4–150 kW

• High Power Density:  up to 15 kW in 3U, 30 kW in a 
6U chassis

• Wide Voltage Range:  0-10V up to 0-800V, in  
increments of 5 kW from 5 to 30 kW

• Fast Load Transient Response:  Protection from 
undesired voltage excursions

• Low Ripple and Noise

• Hardware Trigger (Ethernet Option)

• Parallelable up to 150 kW

• Sequencing:  Free system controller & speed up test

• Low audible noise:  Temperature controlled variable 
speed fans

Programmable Precision High Power DC Power Supply 10–800 V

6–6000 A

208 400 480
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SG Series : Product Specifications
Common

Remote Sense Terminals are provided to sense output voltage at point of load. Maximum line drop 5% of rated voltage per line for 40-100V models, 
line drop 1V of rated voltage per line for 10-20V models, 1.5V for 30V models, 2% of rated voltage per line for models 160V and 
greater. (Greater line drop is allowed, but output regulation specifications no longer apply).

Parallel Operation Up to 5 units may be paralleled for additional current within the power supply single-unit specifications, with exception of the  
DC output current set accuracy. Additional paralleled SG units will add 0.3% inaccuracy per unit. To parallel more than 5 units, 
contact factory.

Series Operation Up to 2 units (see Output Float Voltage)

Input

Nominal Voltage 
3 phase, 3 wire + ground

208/220 VAC (operating range 187 - 242 VAC)
380/400 VAC (operating range 342 - 440 VAC)
440/480 VAC (operating range 396 - 528 VAC)

Frequency 47 – 63Hz , 400Hz ( 400Hz @ 208VAC, for 6U units is optional modification and does not carry CE, UL or CSA markings )

Power Factor >0.9 typical for 208/220 VAC input (10V - 800V)
>0.78 typical for 380/400 VAC input (40V, 60V - 800V, 0.9 available with modification “pf”)
>0.9 typical for 380/480 VAC input (10V - 30V, 50V)
>0.7 typical for 440/480 VAC input (40V, 60V - 800V, 0.9 available with modification “pf”)
>0.9 typical for 440/480 VAC input (10V - 30V, 50V)

Protection ( typical ) ½ cycle ride-though on all three phases, 3 cycle ride through on single phase; missing phase shutdown 
( 800V model 6.4 msec on all 3 phases )

Physical 3U Models (10V-30V) 3U Models (40V-800V) 6U Models (40V-600V)

Width 19.00 in (48.3 cm) 19.00 in (48.3 cm) 19.00 in (48.3 cm)

Depth 28.09 in (71.4 cm) 26.4 in (67.1 cm) 27.06 in (68.8 cm)

Height 5.25 in (13.3 cm) 5.25 in (13.3 cm) 10.5 in (26.7 cm)

Weight (4kW, 10V 15V) ≈<65 lbs (29 kg)
(5kW, 20V 30V) ≈<65 lbs (29 kg)
(8kW, 10V 15V) ≈<85 lbs (39 kg)
(10kW, 20V 30V) ≈<85 lbs (39 kg)
(12kW, 10V 15V) ≈<110 lbs (50 kg)
(15kW, 20V 30V) ≈<110 lbs (50 kg)

(5kW) ≈ 40 lbs (18 kg)
(10kW) ≈ 60 lbs (27 kg)
(15kW) ≈ 80 lbs (36 kg)

(20kW) ≈ 120 lbs (54 kg)
(25kW) ≈ 140 lbs (64 kg)
(30kW) ≈ 160 lbs (73 kg)

Shipping Weight Contact factory for more product & shipping weights

Programming & Read-back Specifications ( with sense wires used )

Programming Read-Back / Monitoring

Accuracy Resolution Accuracy Resolution

Front panel Display

SGA: +/- (0.5%fs + 1 digit)
SGI (40-800V) +/- 0.1% of voltage 

at full scale
SGI (40-800V) +/- 0.4% of current 

at full scale SGA: 3.5 digits
SGI: 4.0 digits

SGA: +/- (0.5%fs + 1 digit)
SGI, Voltage: +/- 0.1% of full scale
SGI, Current: +/- 0.4% of full scale

SGA: 3.5 digits
SGI: 4.0 digits

Knob control & Display read-back

SGI (10-30V) 0.1% of actual 
+0.15% voltage rating

SGI (10-30V) 0.1% of set point 
+0.1% of voltage rating

SGI (10-30V) 0.1% of set point 
+0.4% of current rating

Remote Analog  
Interface

Voltage +/-0.25% of full scale
Current (40-800V) 0.8% of full 

scale , (10-30V) 1.0% of full 
scale

NA
(40-800V) +/-1.0% of full scale

NA 25-pin D-sub connector (0~5 V or 0~10 V)

(10-30V) +/-0.5% of full scale

Remote Digital  
Interface

Voltage: +/- 0.1% of full scale, 
Current: +/- 0.4% of full scale

+/-0.002% of 
full scale

Voltage: +/- 0.1% of full scale
Current: +/- 0.4% of full scale

+/-0.002% of 
full scale

RS-232C (Standard on SGI), Optional 
IEEE-488.2 and Optional LXI 
Compliant 10/100 base-T Ethernet (see 
Options)

OVP +/- 1% of full scale
+/-0.002% of 

full scale

Programming range: 5-110% Configured 
from front panel, remote analog or via 
optional digital inputs

User I/O Disconnect & Polarity-reversal relay control ( Only available with Ethernet Option )
Digital 10-pin Molex type connector
See www.programmablepower.com

Software IVI & CVI drivers available under SUPPORT at: www.ProgrammablePower.com
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Output:  Voltage and Current Ranges

  3U 6U Ripple & Noise

Power 4/5 kW 8/10 kW 12/15 kW 16/20 kW 20/25 kW 24/30 kW rms 
(20 Hz-300 kHz)

p-p 
(20 Hz-20 MHz)Voltage Current

10 400 800 1200 1600* 2000* 2400* 20 mV 50 mV

15 267 534 801 1068* 1335* 1602* 20 mV 50 mV

20 250 500 750 1000* 1250* 1500* 20 mV 60 mV

30 167 334 501 668* 835* 1002* 20 mV 60 mV

40 125 250 375 500* 625* 750* 20 mV 75 mV

50 100 200 300 400* 500* 600* 20 mV 75 mV

60 83 167 250 333 417 500 20 mV 75 mV

80 63 125 188 250 313 375 20 mV 100 mV

100 50 100 150 200 250 300 20 mV 100 mV

160 31 63 94 125 156 188 25 mV 150 mV

200 25 50 75 100 125 150 25 mV 175 mV

250 20 40 60 80 100 120 30 mV 200 mV

330 15 30 45 61 76 91 30 mV 200 mV

400 12 25 38 50 63 75 40 mV 300 mV

600 8 17 25 33 42 50 60 mV 350 mV

800 6.2 12.5 18.7 25* 31.2* 37.5* 80 mV 500 mV

* By way of paralleling 3U supplies

Output

Ripple & Noise (Voltage Mode, Typical) See Output: Voltage & Current Ranges Chart below. Ripple and noise specified at full load, nominal AC input.  Noise measured with 6 
ft. cable, 1μf at load

Ripple (Current Mode) <+/- 0.04% of full scale rms current

DC Voltage Slew Rate (40-800V) ≈< 100 ms 5-95% of full scale typical - resistive load (Contact factory for model specific slew rates)

Output Voltage Rise Time (10-30V)
Rise Time, ms, max Condition

10 Measured from 10% to 90% of the output voltage change - resistive load, typical

Output Voltage Fall Time (10-30V)

Fall Time, ms max Condition

No Load 1 100% CC Load 100% CR Load Measured from 90% to 10% of the output voltage change. - resistive 
load, typical

50 10 10

Output Current Rise Time (10-30V)
Rise Time, ms max Condition

20 Measured from 10% to 90% of the output current change - resistive load, typical

Output Current Fall Time (10-30V)
Fall Time, ms max Condition

10 Measured from 90% to 10% of the output current change - resistive load, typical

DC Current Slew Rate 45A / ms typical - resistive load

Line Regulation ( with sense wires used ) (±10% of nominal AC input, constant load) 
Voltage Mode: +/- 0.01% of full scale (40-800V) 
Current Mode: +/- 0.05% of full scale (40-800V) 
Voltage Mode and Current Mode: +/- 0.05% of full scale (10-30V)

Load Regulation (with sense wires used) (no load to full load, nominal AC input) 
Voltage Mode: +/- 0.02% of full scale (40-800V) 
Current Mode: +/- 0.1% of full scale 
Voltage Mode: +/- 0.05% of full scale (10-30V)

Load Transient Response Recovers within 1ms to +/-0.75% of full-scale of steadystate output for a 50% to 100% or 100% to 50% load change

Efficiency 87% typical at nominal line and max load

Stability ±0.05% of set point after 30 minute warm-up and over 8 hours at fixed line, load and temperature, typical

Temperature Coefficient 0.02%/ C of maximum output voltage rating for voltage set point, typical 
0.03%/ C of maximum output current rating for current set point, typical

Output Float Voltage Negative terminal within +/- 300 V of chassis potential.  ( We recommend the use of optional isolated analog Interface (IAI). )  
Supplies in “series” should be the same output voltage/current, in not system current is limited to lower of the two supplies.

4-150 kWSG Series : Product Specifications
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SG Series : Product Diagram
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SG Series

SGI / SGA Comparison Chart

Feature SGA SGI

Modular Design • •

Fast Load Transient • •

Parallelable • •

Analog & Digital Summing Optional •

Direct Front Panel V/I Control • •

3½ Digit LED Readout •

Graphics Display •

Sequencing •

Save/Recall Setups •

System Power Readouts •

Constant Power Mode •

IEEE-488.2/RS-232C Optional RS-232C Std, IEEE-488.2 Optional

LXI Class C Ethernet/ RS-232 Optional RS-232C Std, Ethernet Optional

Front Panel Dust Filter Optional  (3U unit only) Optional  (3U unit only)

Advanced Power Simulation

SGI model provides constant power mode allowing independent setting of the max voltage, current and power

4–150 kW

Environmental

Operating Temperature 0 to 50º C

Storage Temperature -25º C to 65º C

Humidity Range Relative humidity up to 95% non-condensing, 0º C – 50º C

Altitude Operating full power available up to 5,000 ft. (~1,500 m), derate 10% of full power for every 1,000 feet higher; non-operating  
to 40,000 ft. (~12,000 m)

Cooling Front and side air inlet, rear exhaust.  Temperature controlled, variable speed fans.  Units may be stacked without spacing.

Regulatory Certified to UL/CSA 61010 and IEC/EN 61010-1 by a NRTL, CE Compliant, Semi-F47 Compliant.
LVD Categories: Installation Category II: Pollution Degree 2; Class II Equipment: for Indoor Use Only.
EMC Directive, EN 61326:1998

Front Panel Dust Filter 30 PPI (Pores Per Inch) - must ensure adequate airflow and / or derate max. temperature.  3U unit only.
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SG Series

-ASG

Control Designation

100

Voltage

1A AA

Remote Control Options

Process Options

100/

Current

C

Input Voltage Options

A = Analog
I = Intelligent

4 - 15kW = “ X ”
20 - 30kW = “ / ”

AA

Modifications

(For units up to 999A, Current is represented in numeric format  (rounded to whole Amp), e.g., above “100” represents 100A.
For units at 1000A and above, the current is represented by the format “XKX”, e.g, 1K2 represents 1200A)

Options and Accessories

Control Options A: Analog 
I: Intelligent

Input Options C: Input Voltage 187 / 242VAC, 3 Phase
D: Input Voltage 342 / 440VAC, 3 Phase
E: Input Voltage 396 / 528VAC, 3 Phase

Remote Control Options 0A: No Option
1A: IEEE-488.2 + RS-232C (Note: SGI comes standard with RS-232C)
1C: Ethernet + RS-232C
1D: Isolated Analog Control
1E: Shaft Locks (SGA series only)

Process Options AA: No option
AB: Certificate of Calibration (includes Test Data)

Modifications AJ: Front panel dust filter - factory installed - 3U unit only
CV: 400Hz AC input @ 208 VAC ( does not carry CE, CSA or UL marks ) ( 6U only ) STD on 3U
PF: Passive power factor correction to 0.9 (Only applicable to 40V, 60V to 800V.  Included in 10V-30V and 50V.)

Accessories 890-453-03: Paralleling Cable (for up to 5 units, requires one cable  per unit placed in parallel)
K550212-01: 3U Rack Slides (for 5kW, 10kW and 15kW models)
K550213-01: 6U Rack Slides (for 20kW, 25kW and 30kW models)
5550568-01: Front panel dust filter - field installation kit - 3U unit only
5551082-01: Optional AC input cover kit - 3U unit only

Contact factory for other combinations

© 2011 AMETEK Programmable Power All rights reserved. AMETEK Programmable Power is the trademark of AMETEK Inc., registered in the U.S. and other countries.   

Elgar, Sorensen, California Instruments, and Power Ten are trademarks of AMETEK Inc., registered in the U.S. 
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Sorensen SGA Series Operation 

3.3.6 ANALOG CONTROL CONNECTOR (J1) 

The ANALOG CONTROL connector on the rear panel allows the unit to 
be configured for different operating configurations:  local and remote 
current programming, local and remote voltage programming, current and 
voltage output monitoring, output enable/disable, etc. The setup and 
operating requirements of each configuration are provided in Sections 3.4 
through 3.9. 

ISOLATED ANALOG CONTROL (OPTION) 
The Isolated Analog Control uses the same Analog Control connector 
(J1).  This option fully isolates remote control signals and allows control of 
units not connected to a common ground.  Control ground is isolated from 
power ground, which protects against potential damage from systems 
with high electrical noise or large ground loop currents. 

Note:  Some standard analog programming signals may not be available 
with this option.  See Table 1.2.2 for details. 

 

 

CAUTION! 
This option is not intended to allow operation of the power supply at 
excessive voltages.  Refer to Section 2 INSTALLATION for maximum 
terminal voltages. 

 
 

Following are Figure 3-8 with the connector's pin-out diagram, and Table 
3–1 with ANALOG CONTROL connector designations and functions: 

 

 

Figure 3-8.  ANALOG CONTROL Connector (J1) Pin-out 
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Operation Sorensen SGA Series 
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Schematic 
Symbol 

Electrical 
Chars. Functional Description 

1 ISO ON/OFF Zin ~ 6 kΩ 

Isolated remote output on/off.  Externally supplied AC/DC 
voltage source for on/off control.  A positive (+) 12 to 240 
VAC or 6 to 120 VDC voltage will enable the output, i.e., 
turn on the output of the supply.  This input control is 
optically isolated from the power supply circuit up to 500 
VDC. Circuit return Pin 2 (ISO RTN). 
See Section 3.7. 

2 ISO RTN — Isolated circuit return used with isolated on/off control  
J1-1 and J1-14. 

3 REM OV 
SET 

Zin ~  
20 kΩ 

Remote overvoltage set.  A remote signal sets the over-
voltage trip level.  0.25-5.5 VDC = 5-110%.  Apply a 10.5 
VDC to 13.3 VDC signal for 7 seconds to reset an OVP 
condition. Circuit return Pin 6 (COM).  
See Section 3.8. 

4 VP RTN Zin ~    
10 kΩ 

Voltage programming return.  Used with J1-9, J1-15 or 
J1-21 and must be referenced to Pin 6 (COM) circuit 
common. 

5 ON/OFF 
Must sink 
~1mA to 
enable 

Remote output on/off.  Switch/relay contacts or a direct 
short between this terminal and Pin 6 (COM) circuit 
common, enables the output, i.e., turns on the output of the 
supply. See Section 3.7. 

6 COM † - Circuit common. Electrically equal to Pin 24. Same 
potential as the negative output terminal. 

7 I MON Zout ~   
100Ω 

Output current monitor.  0-10 VDC equals 0-100% rated 
current. Minimum load resistance 10kΩ. Circuit return Pin 6 
(COM). 

8 V SET * Zout ~   
100Ω 

0-5 VDC (0-100%) front panel voltage potentiometer set 
point monitor output. Minimum load resistance 
10kΩ. Circuit return Pin 6 (COM). 

9 VP 5V Zin ~   10kΩ 
Remote voltage programming using a 0-5 VDC source.  
Do not exceed 13.3 VDC. Circuit return Pin 4 or Pin 20 (VP 
RTN). See Section 3.5. 

10 IP 5V Zin ~   10kΩ 
Remote current programming using a 0-5 VDC source.  
Do not exceed 13.3 VDC. Circuit return Pin 23 or Pin 25 
(IP RTN). See Section 3.4. 
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11 ISET * Zout ~   
100Ω 

0-5 VDC (0-100%) front panel current potentiometer set 
point monitor output. Minimum load resistance 
10kΩ. Circuit return Pin 6 (COM). 

12 
Not Used 

13 

14 ISO 
TTL/CMOS Zin ~   2.2kΩ 

Isolated TTL/CMOS on/off control.  A high state 
TTL/CMOS voltage enables the output, i.e., turns on the 
output of the supply, and a low state or open connection 
disables the output, i.e., turns off the output of the supply.. 
Circuit return Pin 2 (ISO RTN). See Section 3.7. 

15 VP 10V Zin ~   20kΩ 
Remote voltage programming using a 0-10 VDC source.  
Do not exceed 25 VDC. Circuit return Pin 4 or Pin 20 (VP 
RTN). See Section 3.5. 

16 IP 10V Zin ~   20kΩ 
Remote current programming using a 0-10 VDC source.  
Do not exceed 25 VDC. Circuit return Pin 23 or Pin 25 (IP 
RTN). See Section 3.4. 

17 FAULT Zout ~   
100Ω 

Fault state output. A high state (approximately +10 VDC) 
indicates a converter, temperature or bias supply fault, and 
the LED on the front panel will illuminate. Circuit return Pin 
6 (COM).  

18 S/D FAULT Zout ~   
100Ω 

Shutdown fault.  This terminal goes to high state in the 
event of converter, temperature, overvoltage or bias supply 
fault.  A 7 VDC to 13.3 VDC signal can be applied to this 
pin to shutdown the output of the unit. An 8 VDC minimum 
output signal is provided into a 10 kΩ minimum load, in the 
event of an internally generated shutdown. Circuit return 
Pin 6 (COM). See Section 3.9. 

19 V MON Zout ~   
100Ω 

Output voltage monitor.  0-10 VDC equals to 0-100% rated 
voltage. Minimum load resistance 10kΩ. Circuit return Pin 
6 (COM). 

20 VP RTN Zin ~    10Ω 
Voltage programming return.  Used with J1-9, J1-15 or 
J1-21 and must be referenced to Pin 6 (COM) circuit 
common. 

21 VP RES * ~ 10.8V 
compliance 

1 milliamp current source for remote voltage programming 
using resistance.  0-5k ohm resistor referenced to Pin 4 or 
Pin 20 (VP RTN) will program the output voltage from 0-
100%.  See Section 3.5. 
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22 IP RES * ~ 10.8V 
compliance 

1 milliamp current source for remote current programming 
using resistance.  0-5k ohm resistor referenced to Circuit 
return Pin 23 or Pin 25 (IP RTN) will program the output 
current from 0-100%. See Section 3.4. 

23 IP RTN Zin ~   10kΩ 
Current programming return.  Used with J1-10, J1-16 or 
J1-22 and must be referenced to Pin 6 (COM) circuit 
common. 

24 COM † - Circuit common.  Electrically equal to Pin 6. Same potential 
as the negative output terminal. 

25 IP RTN Zin ~   10kΩ 
Current programming return.  Used with J1-10, J1-16 or 
J1-22 and must be referenced to Pin 6 (COM) circuit 
common. 

Table 3–1.  ANALOG CONTROL Connector (J1), Designations and Functions 
†

  Control ground is isolated from power ground with the isolated analog control (option).  See 
Section 3.3.1 

*
  Signals not available with isolated analog control (option). 

 

 

CAUTION! 
If standard analog programming is used, note the programming return (J1-6 & 
J1-24) is at the same potential as the negative output terminal of the power 
supply.  Observance of return connections should be made with respect to input 
programming signal equipment.  Improper connection may result in ground loops 
and as a result internal power supply damage may occur.  (Output current then 
flows to chassis by means of external connection to the J1 common (J1-6 & 
J1-24)). 
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Résumé :
Dans le cadre du transport de marchandises par voie ferroviairex un certain nombre de verrous lik
mitent les efforts consentis pour un fret plus ”propre”2 Des améliorations doivent être faites afin
de limiter le nombre de locotracteurs assurant les charges(décharges de marchandises en bout
de ligne2 Dans cette perspectivex FEMTOkST et Alstom Transport ont pour objectif de concevoir et
développer un système de gestion d’énergie pour locomotive électrique hybride2 Composée d’un
groupe électrogène couplé à des accumulateurs électrochimiques et des superkcondensateursx la
locomotive électrique hybride permet d’accroı̂tre la souplesse et l’efficacité du transport ferroviaire
électriquex tout en réduisant encore son impact environnemental2 Cette étude a consisté dans un
premier temps à développer une modélisation macroscopique de la chaı̂ne de traction électrique hyk
bride et à proposer une structuration de la commande avec l’identification des capteurs matériels et
logiciels nécessaires au contrôle optimal de la chaı̂ne de traction2 La caractérisation expérimentale
des moyens de stockage a permis l’amélioration comportementale et dynamique des modèles cork
respondant2 Dans un second tempsx le contrôle de la tension de sortie d’un hacheur dévolteur a
permis d’étudier l’application de la logique floue de typekw ’intervalle et généraleq dans le cas d’applik
cations industrielles ’relativement simplesq2 Enfinx une gestion innovante des flux d’énergie au sein
d’un système plus complexe: locomotive électrique hybridex a été développée2 Mettant en oeuvre
la logique floue de typekw et des algorithmes s’inspirant de la théorie de l’évolutionx cette gestion
d’énergie optimale opère en temps réel et sans connaissance à priori du cycle de conduite2 La gesk
tion fréquentielle ainsi que le contrôle des états de charge des sources secondaires du véhicule
contribuent également à leur bon fonctionnement2

Motskclés : Locomotives électriques hybridesx accumulateurs électrochimiquesx superkcondensateursx cak
ractérisation expérimentalex stratégie de gestion d’énergiex logique floue de typekwx algorithme
génétiquex représentation énergétique macroscopiquex dimensionnement fréquentiel2

Abstract:
To achieve a ”greener” freight transportx efforts are still needed to overcome some technological bark
riers2 New improvements must be carried at to limit the shunting locomotives’ use intended for the
goods’ load(unload2 Considering this aimx FEMTOkST and Alstom Transport decided to conceive and
develop an energy management strategy system for hybrid electric locomotives2 Such locomotives
include a diesel driven generator set which is coupled with batteries and ultrakcapacitors2 The ark
chitecture aims at improving the flexibilityx the effectiveness of the electrical railway transport and
at reducing the environmental impact of these activities again2 Firstlyx the study consists in implek
menting a macroscopic modelling of the hybrid electric powertrain2 Thenx the control is optimally
designed by identifying the hardware and software sensors of the powertrain2 The dynamics and the
behaviour of the secondary sources’ models are improved thanks to their experimental characterik
zations2 Secondlyx the use of Typekw Fuzzy Logic ’interval and generalq controllers permits to study
their efficiency in the control of a very simple industrial system: the output voltage of a buck converk
ter2 Lastlyx based on the obtained resultsx an innovative management of the system’s energy flows
is developed in the case of the hybrid electrical locomotive2 The use of the typekw fuzzy logic and
evolutionary algorithms permit to optimally perform a real time energy management strategy without
a priori knowledge of the duty cycle2 The frequency approach and the secondary sources’ state of
charge control contribute to their efficient use2

Keywords: Hybrid Electric Locomotivesx batteriesx ultrakcapacitorsx experimental characterizationx energy
management strategyx Typekw fuzzy logicx genetic algorithmx Energetic Macroscopic Represenk
tationx frequency sizing2
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