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Résumé

Le transport des personnes et des marchandises représente plus de 25% de la consom-
mation d’énergie et est I'une des principales sources de pollution dans le monde. Plusieurs
efforts doivent étre faits pour réduire la dépendance du pétrole, la consommation d’énergie
et 'impact environnemental des systémes de transport. Dans cette perspective, la Direction
Générale de I’Armement a soutenu la conception et la réalisation du banc d’Evaluation de
Composantes de la Chaine Electrique (ECCE). 1l s’agit d’un laboratoire mobile qui permet
d’évaluer dans des conditions d’utilisation réelles, les différentes composantes énergétiques

utilisées dans les véhicules électriques.

Les travaux de cette Thése de Doctorat s’inscrivent dans le contexte du projet ECCE.
Le principal objectif est de concevoir, d’implanter et de valider expérimentalement un
systeme temps réel de gestion d’énergie pour véhicule électrique hybride. L’architecture
énergétique retenue pour cette étude comporte un banc de batteries au plomb, un systéme

pile & combustible et un banc de supercondensateurs.

Nous proposons un systéme de gestion d’énergie qui permet de prendre en compte
I'expertise de plusieurs spécialistes sur ces sujets. La conception du systéme de gestion
d’énergie est ainsi réalisée en utilisant une enquéte congue pour extraire la connaissance
des experts du domaine (10 experts de différentes affiliations). La logique floue de type 2
permet d’intégrer de l'incertitude dans les réponses et ainsi de considérer simultanément

les différents avis des experts.

Ce travail présente dans une premiére partie I’étude des modéles des sources énergétiques
et de la structure de commande du véhicule. Cette structure est basée sur la Représen-
tation Energétique Macroscopique (REM). Des résultats de simulation et de validation
expérimentale d’une méthodologie pour paramétrer le modéle équivalent des superconden-

sateurs sont également présentés.

La deuxiéme partie est consacrée a 1’étude des systémes logique floue de type 2. Ces
systémes sont étudiés et présentés en utilisant un exemple numérique. En complément des
travaux menés sur I'implantation logicielle de la logique floue de type 2, une application a
été concue, implantée et validée expérimentalement : il s’agit du controle de la tension de
sortie d’un hacheur dévolteur. L’objectif principal de cette application était de permettre
une pré-validation de 'application de la logique floue de type 2 dans le cas d’applications

industrielles.
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Finalement, le systéme de gestion d’énergie proposé a été validé successivement par des
simulations, des essais statiques expérimentaux, des essais de roulage en mode d’opération
normale et en mode d’opération dégradée. Nous avons mis en évidence que la logique
floue de type 2 est particuliérement bien adaptée pour des applications temps réel dans le

domaine du génie électrique.

Mots clés
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e Gestion d’énergie

e Logique floue de type 2

e Traitement de l'incertitude

o Modélisation de I'expertise humaine

e Piles a combustible, supercondensateurs, batteries
e Simulation, validation expérimentale

e Représentation énergétique macroscopique, structure de commande
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Introduction

One of the effects of the globalisation of our society is that people travel more covering
longer distances, live far from their work place and consume goods from all around the
world. Therefore, it is no coincidence that the transport of people and goods represents
more than 25% of the energy consumption and is one of the principal sources of pollu-
tion worldwide. Several efforts must be done to reduce the oil dependence, the energy

consumption and the environmental impact of transport systems.

In this perspective, the French Army (DGA) has designed and constructed the Electrical
Chain Components Evaluation vehicle (ECCE). It is a mobile laboratory to evaluate under
real conditions the electric components of Hybrid Electrical Vehicles (HEVs) that reduce
the energy consumption and the pollution emission of conventional vehicles. ECCE permits
evaluating different energy sources such as batteries, fuel cells, internal combustion engines,

ultracapacitors or flywheels.

The ECCE project, nowadays in a second phase' is developed in joint cooperation with
the FEMTO-ST laboratory of the University of Franche-Comté and two industrial partners,
HELION and PANHARD General Defense. It aims to study the implementation, control

and energy management of different hybrid sources.

As a research developed along the second phase of the ECCE project, the principal
objective of this thesis is to design, to implement and to evaluate an energy management
supervision system in the ECCE HEV. This thesis proposes an original energy management
strategy based on expert knowledge and type-2 fuzzy logic. The design of the fuzzy logic
controller is done by using knowledge engineering. This technique allows extracting knowl-
edge from several experts using surveys. The consideration of type-2 fuzzy logic systems

enables modelling the uncertainty in the answers of the experts.

This thesis presents a second application of type-2 fuzzy logic: the voltage regulation of
a DC/DC power converter. The principal motivation for developing this application is that
it is easier to implement in laboratory at a relatively low cost and it permits a viability
evaluation of type-2 fuzzy logic before an implementation in the ECCE mobile laboratory.

This is useful because one of the main challenges of this thesis is to reduce the time to

!The first phase of the ECCE project is explained in Chapter 1



Introduction

experimentally validate the energy management system. This is required to respect the
time schedule constraints and to reduce the costs associated to gather the partners of the
project at PANHARD locations in Saint-Germain Laval.

This thesis is structured in four chapters in the main body and two chapters in the

appendix organised as follows:

Chapter 1 presents the research background and related state of the art.

Firstly, this chapter introduces the context of the research and presents the ECCE
research project. Then, it introduces the hybrid electrical vehicles and presents a liter-
ature review about the techniques and methodologies used in their energy management,
at the meantime it exposes the motivations to prefer fuzzy logic to perform the energy
management in ECCE HEV. After that, the chapter presents the Energetic Macroscopic
Representation (EMR) technique used to represent the vehicle and to identify its control
structure. Finally, the chapter introduces the motivations to consider using type-2 fuzzy
logic in engineering applications and particularly the energy management of the ECCE
HEV. Finally, it presents a literature review about former applications based on type-2

fuzzy logic systems.

Chapter 2 is devoted to study the energy sources evaluated on the ECCE mobile

laboratory, to wit: lead-acid batteries, a fuel cell system and an ultracapacitor system.

For each of the sources available in ECCE mobile laboratory, this chapter studies their
characteristics, their modelling, their EMR and their control structure. The knowledge and
understanding of the advantages and drawbacks of each of the sources is fundamental to
study their implementation and to define their energy management strategies. Modelling
and parameter identification is useful to simulate the vehicle and its energy management, a
compulsory step before performing any experimental implementation. The EMR is useful
to identify the measurements and estimations, and to define a practical control structure
of the vehicle.

This chapter also presents an original procedure to identify the equivalent electric circuit

of an ultracapacitor. This approach is experimentally implemented and validated.

Chapter 3 introduces type-2 fuzzy logic sets and systems. It also presents the first
application of type-2 fuzzy logic control developed in this research: the voltage regulation

of a DC/DC buck power converter.

After presenting the concept of uncertainty and type-2 fuzzy logic systems, this chapter
introduces in detail the interval type-2 fuzzy logic systems (IT2-FLS) considered in this
research. The chapter explains by using numerical examples the subsystems of an IT2-FLS
(i.e. the fuzzy sets creator, the fuzzifier, the inference engine and the output processor). A

toolbox is developed to implement I'T2-FLS, however it is presented in Appendix A.
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To introduce the applications of type-2 fuzzy logic, this chapter presents a fuzzy logic
system used to control the output voltage of a buck converter. A classical structure of
fuzzy logic controller is implemented to compare the performance of type-2 and type-1
fuzzy logic systems. The validation of the voltage controller is performed by simulation

and by experimentation.

Chapter 4 is devoted to the design, implementation and validation by simulation and

experimentation of the energy management system considered in the ECCE HEV.

This chapter presents the definition and the global Energy Management Strategy (EMS)
implemented in the ECCE vehicle. This EMS considers the advantages and drawbacks of
the different sources as explained in Chapter 2. As each source is independently controlled,
the global EMS is divided in local EMSs for each of the sources. The local EMS for the
fuel cell system is based on a survey-based type-2 logic system. To facilitate the lecture of
this chapter, the design of this IT2-FLS is presented in Appendix B.

The proposed EMS is validated by simulations and by experimentation. The simulations
are based on the EMR model of the vehicle developed in Chapter 2. Experimentally, the
EMS is evaluated in two steps. Firstly, by connecting a variable resistance to the DC bus

of the vehicle, secondly, by driving the vehicle in a driving cycle.

Appendix A presents the software developed to create the type-2 fuzzy logic control

surfaces.

This software is used to map off-line the interval type-2 fuzzy logic systems used in
Chapters 3 and 4. The software is presented by using flowcharts and structured program-
ming. This appendix also proposes a toolbox to implement interval-type-2 fuzzy logic
systems in Matlab. As an advantage, regarding other toolboxes presented in literature,

our code does not require the use of the Matlab fuzzy logic toolbox.

Appendix B presents the design of fuzzy logic system used in Chapter 4.

The type-2 fuzzy logic system used in ECCE energy management system is designed by
using human knowledge. An energy management survey was conducted among experts in
hybrid electrical vehicles, the survey allows extracting expertise in the form of IF-THEN
rules. The survey was mainly performed among the participants of the IEEE Vehicle Power

and Propulsion Conference, September 2010 in Lille, France.
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Chapter 1

Background and Motivation

This chapter presents the research background and related state of the art.

The research presented in this dissertation focuses on the study of energy management
of Hybrid Electrical Vehicles (HEV) and type-2 fuzzy logic. After introducing the context
of the research, this chapter presents and compares the techniques and methodologies used
in HEV representation, modelling and energy management. This is done to identify the
most adapted techniques to be used in next stages of the research. Finally, type-2 fuzzy

logic is presented as a well adapted technique to perform energy management in HEV.

This chapter is organised as follows: Section 1.1 presents the research group where the
research is performed. The ECCE vehicle is presented in Section 1.2. Section 1.3 introduces
some basic concepts of Hybrid Electrical Vehicles (HEV) and their energy sources. A
literature review about HEV energy management techniques is presented in Section 1.4.
Section 1.5 presents the Energetic Macroscopic Representation (EMR), formalism used to
study multiphysical systems as HEV. Section 1.6 presents soft computing and introduces

the type-2 fuzzy logic. Finally, Section 1.7 presents the conclusions of the chapter.

1.1 Research overview

This research was performed in the Hybrid systems and fuel cell systems (SHPAC)
research group (Systémes hybrides et systémes PAC), ENERGY research department of
the FEMTO-ST Laboratory, Belfort, France. A part of this research was conducted as joint
cooperation with the Centre for Computational Intelligence (CCI), De Montfort University
at Leicester, United Kingdom.

The research was supported by the University of Franche-Comté under the ECCE-2
contract with the French Army General Direction (DGA). The training at the CCI was
partially financed by the Doctoral School of Engineering Sciences and Microtechniques
(SPIM) of the University of Franche-Comté.
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1.1.1 FEMTO-ST Laboratory

FEMTO-ST (Franche-Comté Electronique Mécanique Thermique et Optique - Sciences
et Technologies) is a joint research unit which is affiliated with the French Centre of Sci-
entific Research (CNRS), the University of Franche-Comté (UFC), the National School
of Mechanical Engineering and Microtechnology (ENSMM), and the Belfort-Montbéliard
University of Technology (UTBM).

FEMTO-ST is organised according to the 6 following research departments: Automatic
control & Micro-Mechatronic Systems department (AS2M), Energy department, Applied
Mechanics department, Micro Nano department (MN2S), Optics department and Time

Frequency department.

1.1.2 ENERGY research department

The ENERGY department of FEMTO-ST is involved in applied research, mainly around

the following four axes:
1. Thermal flows and complex fluids
2. Unconventional thermal and electrical machines
3. Fuel cell systems

4. Hybrid energy systems (and hybrid electrical vehicles)

ENERGY department is located in the north of the Franche-Comté region and many
of the research developed in this department is performed in cooperation with regional

industrial partners as Alstom or PSA (Peugeot-Citroén group) among others.

1.1.3 SHPAC research group

The scientific aim of the SHPAC research group is around a systematic approach of
multiphysics systems such as fuel cell systems or hybrid electrical vehicles. The group looks
forward to develop original modelling approaches, real-time and less-expensive diagnostic
and control systems. The aim of the research presented in this dissertation is clearly
identified with the objectives of the SHPAC research group (multiphysics systems modelling

and control, electrical vehicles and energy sources).

1.1.3.1 Former related research

The research developed in this project is the natural continuation of the line of research
and development realised at ENERGY department from the last years. From the study of
fuel cell systems control structure to optimisation of electrical machines used in electrical
vehicles, a list of a few exemplary publications related with this research and developed in
FEMTO-ST are listed in Table 1.1


http://www.femto-st.fr/en/
http://www.femto-st.fr/fr/Departements-de-recherche/ENISYS/
http://www.femto-st.fr/fr/Departements-de-recherche/ENISYS/Equipes-de-recherche/Modelisation-multiphysique-et-multiechelle-de-phenomenes-energetiques/index.php

ECCE test bed hybrid electrical vehicle

Table 1.1: FEMTO-ST Energy department related research

Domain Application References

HEV design, ECCE test bench Pusc02], [Espa06], [E1 K06], [Jeuv09], [Mulo10]
Asenll], [Bienlla], [Bienllb]

Wu09], [Wul0],[Boull0a]

Sougl0], [Baerlla], [Baerllb]

Gran07], [Gran08], [Mai09], [Mai10], [Louk10]

energy Hybrid helicopters
management Military and heavy-duty vehicles
& control Railway vehicles

Urban vehicles

Energy Batteries Narj08|
Ultracapacitors Bien09], [Louk10], [Devill]

Stirling motor Sari08|, [Gay10], [Gayllb|

[
[
[
[
|
[
sources Source hybridisation [Agbll1]
[
|
|
[
[
[

Fuel cell Diagnosis Hern06], [Narj08], [Wast10], [Yousllal, [Yousl1b]
systems PEMFCS modelling and control  [Chre08], [Jemi04]|, [Hiss08], [Laff08], [Boull0b], [Cuenll]
SOFC modelling and control Chna08], [Gaylla], [Wangll]
Ancillaries Teki04], [Duba06], [Sari08], [Chrel0], [Bech10)]

1.1.4 Centre for Computational Intelligence (CCI)

The CCIT develops fundamental theoretical and practical solutions to real world problems
using a variety of computational intelligence paradigms. Research carried out within the
centre is conducted by three main teams of researchers: bio-health informatics, fuzzy logic,
and intelligent mobile robots and creative computing. The Fuzzy Logic Group is interested

in uncertainty models, including fuzzy sets and particularly in type-2 fuzzy logic.

1.2 ECCE test bed hybrid electrical vehicle

The Electrical Chain Components Evaluation vehicle (ECCE) is a research project sup-
ported by the French Army General Direction (DGA), (Direction Générale de I’Armement).
This mobile laboratory is used for researches under real conditions on technological solu-
tions for hybrid electrical vehicles. The ECCE vehicle, which was driven for the first time
on 2003, is presented in Figure 1.1.

Figure 1.1: ECCE test bed


http://www.cci.dmu.ac.uk/
http://www.defense.gouv.fr/dga/actualite-dga/2010/dix-huit-tonnes-ont-roule-a-la-pile-a-combustible
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ECCE is a HEV specifically designed for real-world evaluation of electrical components
such as electrical machines, power converters, energy sources or energy management sys-
tems. Its traction chain is composed by four independently controlled electrical machines
which drive the vehicle (acting as motors) or recuperate the braking energy (acting as gen-
erators). To design different hybrid configurations, ECCE modular vehicle can be equipped
with various energy sources such as Fuel Cell Systems (FCS), Internal Combustion Engines
(ICE), Ultracapacitors (UCS), batteries and/or Flywheel Systems (FWS).

Phase I of ECCE project (1997-2005) was devoted to design, construction and evaluation
of the vehicle (See Figures 1.2 and 1.3). This phase focused on the configuration shown in
Figure 1.4, the study of energy management of the traction chain [Pusc02] and the energy
sources [Diop04], and the evaluation of the batteries, vehicle electrical safety [El K06] and

electrical machines [Espa06].

Figure 1.3: ECCE test bench construction (electrical machines)

Phase II of ECCE project (2008-2012) focuses on the integration, control and manage-
ment of different energy sources available for transport applications (FCS, UCS, batter-
ies, ICE and FWS). The Phase II of the ECCE project is managed by the University of
Franche-Comté and counts with the participation of the following industrial partners: 1)
Panhard General Defense (Saint Germain-Laval, Loire, France) supplier of military vehi-
cles in charge of the mechanical integration and the flywheel system development and 2)
Helion Hydrogen Power (Aix-en-Provence, France) subsidiary of Areva group, supplier of
the FCS.

Figures 1.5, 1.6 and 1.7 presents the different hybrid configurations evaluated on phase
IT of ECCE (this dissertation focuses on the study of the second configuration). Figure
1.8 presents a time-line which resumes some of the research developed in ECCE mobile

laboratory.


http://www.panhard.fr/francais/index.htm
http://www.helion-hydrogen.com/
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1.3 Hybrid electrical vehicles

Vehicle applications require a power supply with high autonomy and output power, fast
dynamic response and, if possible, energy recovery and fast to recharge. However, it is not
easy to find an energy source which fulfils all these requirements by itself (at a reasonable
cost). Hybrid Electrical Vehicles (HEV) combine two or more energy sources (at least one
electrical) to benefit from their different characteristics improving autonomy, reversibility
and dynamic response. However, hybridisation imposes new technical difficulties such as

energy management.
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1.3.1 HEYV classification

HEV are generally classified according their powertrain architecture in series, parallel
and series-parallel [Magg00, Chan07, Cera08|:

e Series HEV: all traction power is converted from electricity. The balance of energy
is done in terms of electrical power, generally in a DC bus as is the case in ECCE. In
HEV that includes an ICE, the ICE is not mechanically coupled to the powertrain as
in conventional vehicles and instead it is used to drive an electrical generator which
supplies energy to the DC bus. ECCE is a series HEV and the balance of power is

done in a DC bus. The series architecture is presented in Figure 1.9.

e Parallel HEV: the electrical machines and the ICE are both coupled to the pow-
ertrain using mechanical transmissions. As a consequence, the balance of power is

done in terms of mechanical power. This architecture is presented in Figure 1.10

e Series-parallel or combined HEV: this architecture is a combination between
series and parallel, here the ICE could be used either to drive the powertrain or to

supply energy to the DC bus. This architecture is illustrated in Figure 1.11.

Power &

Electronics
Electric | |
Sources [
Electric
=S| Machine porros i
PRI Electric
Lo l— AN .
' LIJ Sources {:} ATATAY
ALY,

Electric

X0qJean

ICE Electric Power i
Generator Electronics Machine
Figure 1.9: HEV series architecture Figure 1.10: HEV parallel architecture

Electric | |
Sources

XoqJean

Figure 1.11: HEV series-parallel architecture

1.3.2 HEYV energy sources

Hybrid vehicles can be equipped with a variety of power and energy sources such as
batteries, Fuel Cell Systems (FCS), Internal Combustion Engines (ICE), Ultracapacitor
Systems (UCS) or Flywheel Systems (FWS). These sources have different characteristics

and functions and are classified according to the way they get the electrical energy:

10
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Energy Conversion Sources (ECS): take chemical energy from a fuel e.g. diesel
(ICE) or hydrogen (FCS) and convert it into electrical energy. They provide the whole
amount of energy required to propel the vehicle. They are not reversible i.e. they can

supply electrical energy but they cannot receive it.

Energy Storage Sources (ESS): take electrical energy from the ECS and when they
are charged, provide energy to the system. Generally, the mean energy provided by an
ESS tends to zero, however in plug-in electrical vehicles the ESS take the energy from an

external electrical source and provide the whole amount of energy required by the vehicle.

Chapter 2 of this dissertation is devoted to the study of the energy sources used in ECCE.

1.3.2.1 Hybridisation of sources

Hybridisation of sources consists of combining two or more energy sources to benefit from
their different characteristics (reversibility, autonomy, dynamic answer). Ragone diagram
|[Rago68|] in Figure 1.12 compares the energy sources regarding their specific energy (the
ability to supply energy for relative long periods of time) and specific power (the ability to
supply high amounts of power in short periods of time as required in acceleration). It can be
inferred from this chart that in a UCS-FCS hybrid source, the UCS allows fast dynamics and
the FCS allows an extended autonomy (e.g. [Pala07, Ferr08, Eren09, Thou09, Caux10]).
On the contrary, UCS and FWS present similar characteristics and there could be fewer

advantages in integrating both in the same HEV.

I0x

Specific Ucs
Power
[Wikg] o
ICE* * Typical values are considered, however
2 the ICE and FCS specific energies are
= strongly related to the size of the fuel tank
= 10y
& l
Lead-Acid | prge
Batteries
Iuln-' 1 1¥ P 3%100
4 i Specific Energy
Autonomy [Whlig]

Figure 1.12: Ragone plot [Rago68| including ECCE hybrid electric vehicle energy sources

1.4 HEV Energy management

Unlike conventional vehicles where only the ICE supplies the whole amount of energy,
hybrid vehicles have multiple energy sources to fulfil the energy supply. The new challenge
of energy management consists in proposing a power distribution between the different
sources to meet the demand whilst meeting design requirements such as comfort or min-
imising energy consumption or pollutant emissions. Energy Management is realised using
several different techniques classified in two groups: a first group that requires previous

knowledge of the driving cycle and a second group that only use real-time information.

11
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1.4.1 Off-line strategies

Off-line methods use efficient techniques (genetic algorithms, dynamic programming,
swarm particle optimisation) to minimise the energy consumption or polluting emission in
pre-established driving cycles. These techniques are appropriate when the driving cycle is
relatively easy to know in advance like in rail-road applications [AkliO8] or public transport

applications [Xu09].

Normalised driving cycles aim to represent real driving conditions and are used to assess
the performance or to homologate vehicles. Among these driving cycles, the Normalised
European Driving Cycle (NEDC) illustrated in Figure 1.13 is performed to measure the
pollution emission and to grant COy labels: high pollution emissions are punished with
a tax or low emissions are rewarded with a reduction in the price of new vehicles. The
French COj label (éco-bonus/malus) is illustrated in Figure 1.13. Off-line techniques are
here used to minimise these emissions and then to obtain a reduction on the price (or the

tax) and to attract more clients.

Lessthan 100 g/km A
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ﬂ From101to 120g/km B
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From121to 140g/km
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§ 40 I I il From 161 to 200 g/km E
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LT 1 S N moetan2soghn G
time [s]
Figure 1.14: French CO3 label for
Figure 1.13: NEDC driving cycle new vehicles

The main drawback of this approach is that the consumption is optimised only for a
particular vehicle in particular conditions which will probably never be repeated in real
use (e.g. in NEDC cycle the acceleration from 0 to 50 km/h takes more than 20 s !) and
the vehicle will perform less than claimed. Among this group, dynamic programming and

frequency-based management strategies are now presented:

1.4.1.1 Dynamic programming

Dynamic Programming (DP) is a technique used to find optimal solutions to non-linear
and constrained problems using recursive equations. This technique has been presented
to minimise fuel and emissions in HEVs [Lin04, Pere06, Vinol10]. Some drawbacks of this
technique are that DP is difficult to implement [Pere06|, and is not suitable in complex
models [Lin04].
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1.4.1.2 Frequency-based energy management strategies

Chapoulie [Chap99| proposed to filtrate the power profile using a Fourier frequency anal-
ysis (FFT). The power distribution is based on the characteristics of the sources and on a
filtering frequency: the energy sources with high specific energy supply the low frequencie
harmonics, the energy sources with high specific power supply the high frequency harmon-

ics.

AKkli [AkliO8] presents a frequency-based strategy for energy management in a locomotive
including an internal combustion engine, a flywheel system and batteries. The internal
combustion engine works at a constant point, the FWS supplies the high frequency and
the batteries supply the low frequency power. A schema for this frequency approach energy

management is shown in Figure 1.15.

[Akli2008]
Power
Power Ref.
Ref. FWS
o Load > N\ ] >
Power
Power Lowpass Filter Ref.
Ref. batteries

ICE

Figure 1.15: Frequency approach for energy management [AkliO8]

A similar strategy presented in [Cera08] considers the propulsion power as the addition
of a mean power and a ripple power (this could be done only for predetermined cycles).

The mean power is supplied by the ECS and the ripple power is supplied by the ESS.

1.4.2 On-line strategies

The second group of energy management strategies does not require information about
the future. These strategies only consider real-time information (speed or acceleration of
the vehicle; power, voltage, current or state-of-charge of the energy sources or loads). These

techniques are generally based on rules which enable on-line optimisation.

Real-drive conditions are highly random depending on the traffic, type of road, the
driver style (see [Lin06, Murp09, Dosh10, Ryul0]) or the weather conditions. Moreover,
in military application the driving cycle is not known a priori and pollution emission
reduction is not a priority. On-line techniques, without previous knowledge of future drive
conditions, appears to be more adequate to perform energy management in road vehicles

and particularly in military applications.

The drawback of these techniques is that they propose a solution which is not necessarily
the optimal. Among on-line techniques, DC voltage or state-of-charge regulation and fuzzy

logic energy management strategies are now presented:

13
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1.4.2.1 DC voltage regulation

Energy management strategies based on DC voltage regulation focus on the management
of transient power peaks and regenerative breaking by regulating the DC voltage using the
energy stored in the energy storage sources (UCS, FWS or batteries). This technique ex-
ploits the fast dynamic responses of the ESS to reinforce the relatively slow FCS dynamics.
More detailed studies on these strategies are presented in [Paym08| and [Thou09] .

1.4.2.2 Predictive energy management

The energy to propel the HEV is optimised within a predicted driving cycle. This
requires information or hypotheses formulation about the future. However, this information
is generally limited and does not consider different driving strategies or conditions leading

to unpredictable modifications from the original driving cycle.

A real-time predictive strategy to reduce fuel consumption using global optimisation
has been presented by Kermani et al. [Kerm08]. This approach does not require predicting
the temporal evolution of the driving conditions, contrary, previous values are used within

a predictive control scheme.

An off-line predictive strategy for a FCS-battery HEV has been developed and evalu-
ated by Bubna et al. [Bubnl0]. This EMS aims to minimise the hydrogen consumption.
They conclude that inaccurate predictions may lead to higher fuel consumptions than

non-predictive strategies.

1.4.2.3 Global position based energy management systems

In real-world applications, the position information and the driving cycle can be partially
predicted using Global Position Systems (GPS) or information transmitted for surround-
ing vehicles (e.g. [Haji07], [JohaO7] or [Ambu09]). Hajimiri et al. [Haji07] presented a
predictive EMS based on fuzzy logic. The controller, presented in Figure 1.16, control the
charge and discharge of the battery.

Current Traffic
Flow

Hajimiri et al. 2006

Future Traffic
Flow Power Ref.

Battery

Future Road
Elevation

Current Road
Elevation H

Figure 1.16: Traffic prediction controller for energy management [Haji07]
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1.4.2.4 Stochastic dynamic programming

The EMS presented on [Joha07], [Li08] and [Romal0] uses collected records to predict
the future (only on a short horizon). They constantly optimise the fuel consumption for
these short periods of time. This technique is based on the Markov property i.e. it does not
rely upon prior knowledge of future driving conditions but only upon the current system

operation.

1.4.2.5 State-of-charge regulation

The State-of-Charge (SOC) is an indicator of the energy stored in the energy storage
sources. A high SOC indicates available energy but less capacity to recover energy and a
low SOC suggests low energy but more capacity for recovery. The SOC must be maintained

within a pre-established range to avoid operation under extremes of charge.

The energy management of a FCS-UCS-batteries hybrid source using a strategy based
on maintaining the state-of-charge on both the UCS and the batteries is presented in
[Pala07]. Won et al. [Won05| studied the optimal torque distribution between an internal
combustion engine and an electrical motor supplied by lead-acid batteries in a parallel

architecture.

Most of the works in literature propose to maintain the UC state-of-charge between
static or fuzzy bounds [Pala07]|, [Ferr08], [Caux10] or [Ryul0]. However, some authors
propose to define dynamic references for the SOC based on the speed of the vehicle. At
low speeds the electrical energy stored in the UC has to be high enough to permet the
acceleration, at high speeds the UC must be discharged enough to enable regenerative
braking e.g. [Schi05], [Fagg99] or [Kohl09].

1.4.2.6 Acceleration based strategy

Allegre [Allg10], presents an original approach to energy management using the acceler-
ation of the vehicle, an UCS-batteries microbus. This is one of the first works (also does
this dissertation) which develops an EMS based on the characteristics of the sources and
not on normalised driving conditions. In her particular application, UCS has less Joule
losses (considering its internal resistance) and is most efficient than batteries. The strategy
privilege the UCS to supply the peaks of power (i.e. the power to accelerate the vehicle

and the power in regenerative braking), and the batteries supply the mean energy.

1.4.3 Fuzzy logic based strategies

Fuzzy logic controllers are widely used to perform energy management in hybrid electric
vehicles. These controllers does not require complex mathematical models as required in
classic control and it has been demonstrated that this kind of controllers works in real-world

applications. Fuzzy logic is presented in detail on Section 1.6.1.
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As a general rule, the fuzzy controller output is a power reference for the energy con-
version source (FCS is here considered). This output is calculated to supply the power to
propel the vehicle while maintaining the battery and/or UC state-of-charge between pre-
determined bounds (e.g.[Teki07, Ferr08, Gao08, Eren09, Li09, Li09b, Caux10, Ryul0]).

In this dissertation the fuzzy logic controllers are classified based on their output:

1.4.3.1 Fuzzy system output : absolute output reference

The output of the fuzzy logic controller is the absolute reference power of the FCS (i.e.
output in W, kW). The computation of the reference value does not consider the previous
value of the FCS output power. The principal drawback is that the reference can vary

much faster than the real output and this can originate stability problems.

Caux et al. |Caux10] presented a fuzzy logic controller for energy management in a
UCS-FCS HEV hybrid source where the inputs are the UCS SOC and the demand power.
Li et al. [Li09a] and Li et al. [Li09b] present a similar controller for a FCS-battery HEV.
However, in [Li09b] an estimation of the battery SOC is used as a third input.

Gao et al. [Gao08] presented an EMS for a FCS-UCS-battery hybrid source. This
strategy uses a three-input two-output fuzzy logic controller to maintain the battery and

ultracapacitor state-of-charge.

Eren et al. [Eren09] presented a fuzzy logic controller for a FCS-UCS hybrid source. In
this strategy the load reference power is filtered using a wavelet transform and only the
low frequency power is used as input in the fuzzy logic controller. Figure 1.17 illustrate

the fuzzy controllers which has an absolute output reference.
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Figure 1.17: Fuzzy logic controllers used in hybrid electrical vehicles energy management
(a) [Caux10], (b) [Li09b], (c) [Eren09], (d) [Gao08]
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1.4.3.2 Fuzzy output: variation on the absolute output reference

The output of the fuzzy logic controller is a relative change in the reference of the FCS
output power (i.e. output in W/s, kW/s). The definition of the absolute reference power
requires then integrating the output value. This is an easy way to handle the problem
of the fuel cell system slow dynamics: it avoids reference difficult (or even impossible) to
follow by the real system. These controllers consider the dynamic of the FCS as well as it

previous output value.

Ferreira et al. |[Ferr08| study the energy management in a FCS-UCS-battery HEV. It
proposes a three-input two-output fuzzy logic controller with rule-base that changes with

the drive condition (acceleration, hilly roads).

Ryu et al. [Ryul0| presented an energy management strategy based on driving mode
recognition using a fuzzy logic controller for a FCS-battery HEV. It is interesting to high-
light that the structure of the proposed fuzzy logic controller is very similar to those used in
power electronics where dynamic is a very important issue [Hiss98, Lin05, Elma09]. Figure

1.18 illustrate the fuzzy controllers which its output is a variation on the absolute reference.
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Figure 1.18: Fuzzy logic controllers used in HEV energy management:
(a) [Ferr08], (b) [Ryul0]

To improve the performance of fuzzy logic controllers, fuzzy logic is frequently combined
with another technique (hybridisation). A fuzzy logic-wavelet and a fuzzy logic-predictive
EMS are presented respectively in [Eren09] and [Haji07]. A technique to optimise the fuzzy

logic systems using dynamical programming is studied in [Caux10].

1.4.3.3 Fuzzy logic controllers design

Fuzzy logic controllers are generally designed either using human experience or data from

the system:

The use of data from the system permits designing the fuzzy sets and rules using op-
timisation techniques as simulated annealing or genetic algorithms [Mart09], [Almal0],
[Caux10], [Oniell]. These optimisations are performed for specific drive cycles in specific
vehicles. However, nothing guarantees that the calculated set of parameters is still appro-
priate in different vehicles or in variable drive conditions. Additionally, accurate models to

represent the vehicle and to calculate the fuzzy system parameters are required.
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As an alternative to design the fuzzy systems the use of human experience can be con-
sidered. Survey-based fuzzy logic systems permit to combine the knowledge from different
experts to design the MFs [Mend01]|, [Lian02], [Auep02], [Chri09]. However, different ex-
perts will define different FLS with different MFs and different rules [Mend01]. Type-2
fuzzy systems permit to combine the knowledge from the different experts handling the
uncertainty associated with the meaning of the words. A survey-based type-2 fuzzy logic
system has been developed to perform FCS energy management in ECCE and is presented

in detail in Appendix B.

1.5 Energetic Macroscopic Representation based control

The study of the control of multiphysics complex systems requires defining an adapted
tool. Boulon [Boul09] has studied different approaches to study energy management in
HEV: Bond graphs [Payn61|, VEHLIB software [Irig04|, power flow diagrams [Geit09] or
Energetic Macroscopic Representation (EMR) |Bous03| among others. As a conclusion of
this work developed at FEMTO-ST, the EMR is the most adapted technique to analyse

the energy management problem in HEV.

The EMR is a synthetic graphic tool for the systematic analysis of all interactions be-
tween the elements (subsystems) of a multi-physics system. This technique was developed
in the Laboratory of Electrical Engineering and Power Electronics (L2EP), University of
Lille, France, to facilitate the study of electromechanical systems as electrical machines
or HEV |Bous03|. After different works realised in FEMTO-ST this formalism was actu-
alised to enable an easier extension to other physical fields (thermal, thermodynamics) as

demonstrated in the works around Fuel-Cell Systems (See Table 1.1).

The EMR formalism has several advantages: representation of multiphysics systems,
systematic deduction of control structures, and the implementation can be easily performed
under common commercial software environments, such as Matlab Simulink. EMR based-

control is generally developed in the following 4 steps as illustrated in Figure 1.19:
1. Organisation of the model according to EMR rules
2. Analysis of the EMR and inversion-based control
3. Simplifications and estimations

4. Development of control strategies

1.5.1 Step 1: Energetic Macroscopic representation (EMR)

The model of the system is organised according to EMR rules [Bous03]. The EMR
uses pictograms which are interconnected using exchange variables (arrows), following the

action-reaction principle and respecting the integral causality. The product of action and
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Figure 1.19: EMR-based control methodology. Adapted from [Chenl10]

reaction variables between two elements leads to the instantaneous power exchanged. Ba-

sically, EMR uses different pictograms to represent:

e Energy sources The terminal elements which supplies or receive energy such as

batteries or electric loads

e Energy conversions The elements which converts different nature energy as elec-
tromechanical conversion in electrical machines and the elements which converts same

nature energy as electrical transformers

e Energy accumulators The elements which store energy such as inductors or me-

chanical shafts

e Energy distributions The coupling elements for energy distribution as DC bus or

mechanical differentials

1.5.2 Step 2: Maximal control structure (MCS)

The MCS considers all the theoretical calculations and measurements required by the
EMR. Although these calculations are not always technically or financially feasible; this
step is necessary to understand how to adapt the structure to achieve a practical, less
expensive and perhaps a more realistic structure. To deduce the MCS, the different control
objectives have to be identified. Then the EMR blocks are inverted regardless of practical
issues: the conversion blocks are directly inverted and the accumulation blocks are inverted

using controllers in order to respect physical causality.

1.5.3 Step 3: Practical control structure

The PCS is the final step in the EMR based methodology to find the control structure

of a given system. It allows a technically and financially viable control system. The
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PCS could require modifications of the MCS using simplification hypotheses. To go from
the MCS to the PCS the measurements that are physically or economically infeasible are
suppressed. Obviously, they can sometimes also be replaced by so-called software sensors

(in automation, these could be also called observers or estimators).

The basic and some complementary pictograms in EMR formalism are illustrated in
Tables 1.2, 1.3 and 1.4.

Table 1.2: Basic EMR elements - physical elements
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reference reference
@ Tummg
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1 1
A, Reacﬂonz Acnon Reactlom
Monophysical CUOL,I:'—D reference reference DC/"DC converter
1 2
Conversion Reecton TT Acion Tuniﬂg Transformer
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measurement reference
. . Al Reacﬂon2 ‘D . .
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Conversion 1 A2 Aston Reacton
Reactlom Actlon reference reference

1.5.4 Step 4: Global control strategy

The last step is to define the control strategy regarding the global control objectives and

the practical control structure.

The objectives of the energy management in ECCE are presented in Chapter 2. As
energy management of this HEV is one of the principal objectives of this Ph.D. dissertation,

this step is widely discussed on Chapter 4.

1.5.5 Related works

More details about EMR can be found on the following dissertations realised on L2EP or
FEMTO-ST: The HDR! of Pr. Alain Bouscayrol (L2EP) which presents the fundamentals

LA qualification required for supervising PhD students in France
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Table 1.3: Complementary EMR elements - coupling and selectors
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of EMR |Bous03|, the Ph.D. of Mr. W. Lhomme (L2EP) which develops EMR-based
control structures for different HEVs [Lhom07|, the Ph.D of Ms. D. Chrenko (FEMTO-
ST) devoted to fuel cell systems [Chre08|, the Ph.D of Mr. L. Boulon (FEMTO-ST -
L2EP) which study the EMR of energy sources [Boul09|, the Ph.D of Ms K. Chen (L2EP
- FEMTO-ST) about EMR of powertrains of HEV [Chenl0| and the Ph.D of Ms. A-L.
Allegre (L2EP) devoted to the study of sizing and energy management of the sources in
HEV [Allgl0].

While this research was conducted, 4 more Ph.D students at FEMTO-ST were working
around EMR: Mr. K-S. Agbli (FEMTO-ST - University of Abidjan) [Agblll] for sta-
tionary hybrid sources (Fuel Cell - photovoltaic systems), Mr D. Bienaimé (FEMTO-ST -
Eurocopter) for hybrid helicopter control and energy management [Bienllb|, Mr. C. Gay
(FEMTO-ST) for cogeneration of high temperature fuel-cell and Stirling motor [Gay11b]
and Mr. J. Baert (FEMTO-ST - Alstom Transport) for energy management in hybrid

locomotives [Baerlla).
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Table 1.4: Complementary EMR elements - measurement, estimators and control

Element EMR Pictogram Example

Measurement 4%_ Sensors
Measuremenl1 E z
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Eshmauon1 |V|ef;1st.|remenl2 ( 4 P )
Outpu15
Energy
Control Management

(L g (L lyps Strategy

1.6 Soft computing and type-2 fuzzy logic

Soft computing techniques study real-world problems difficult to model and which so-
lutions cannot be precisely accurate (such as energy management in hybrid electrical ve-
hicles). The objective of this branch of computer science is to find almost-exact solutions
to complex problems; as a consequence, soft computing is characterised for its imprecision

and uncertainty.

The three principal branches of soft computing are fuzzy logic [Zade65], probabilis-
tic reasoning [Pear88| and neurocomputing (neural networks) [Hayk94]. Other examples
are wavelet theory [Youn93|, fractals and chaos theory [Peit04], and Bayesian networks
[Heck08]. All of these techniques are widely used not only in engineering but also in other

disciplines such as medicine [Yard09] or even in humanities [Leon10].

1.6.1 Fuzzy logic

In the last 20 years "Fuzzy Logic Inside" products has become very popular worldwide,
however fuzzy logic is not such a new concept; L. Zadeh, an electrical engineer, introduced
the theoretical concepts of Fuzzy Logic almost fifty years ago in 1965 [Zade65]. This
technique does not require complex mathematical models as used in classic control and
it has been widely demonstrated that it works in industrial applications since 1974 when

Mamdami presents a fuzzy controller for a steam engine [Mamd74].

FEMTO-ST previous experience working with fuzzy-logic in domains such as fuzzy con-
trol of electrical converters and machines [Hiss98]?, energy management [Pusc04], [Teki07],
[Caux10]?® or diagnosis [Hiss07], presents evidence that fuzzy logic is a very powerful tool
in electrical engineering applications. The natural continuation of the works developed at
ENERGY department of FEMTO-ST takes this research to consider the study of type-2

2Ph.D performed at National Polytechnic Institute of Toulouse (INPT) by Mr. D. Hissel now with
FEMTO-ST
3Joint cooperation with the INPT
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fuzzy logic systems, which appears to be more performing than classical fuzzy logic as it

shown in next subsection.

1.6.2 Type-2 fuzzy logic

The concept of Type-2 Fuzzy Logic Sets was also introduced by Lofti Zadeh in 1975
|[Zade75]. Nevertheless, the first type-2 logic system was developed and presented only
23 years later by N. Karnik and J. Mendel [Karn98|. As J. Mendel defines, type-2 is an
expanded and richer fuzzy logic which enables to better handle the uncertainty [Mend01].
The strength of type-2 fuzzy logic is that it takes us one more step toward the goal of

"Computing with Words" or the use of computers to represent human perception [John07].

Type-2 Fuzzy Logic (T2-FL) is a relatively new field of research and there are less
authors working on it that on Type-1 Fuzzy Logic (T1-FL). Anyway, in last years T2-FL
has begun to interest researchers around the world, the number of publications increases at
a high rate*. Most of the authors working in T2 FSs consider that T2-FL can outperform
their counterpart because they can model complex processes and T2-FL controllers are
usually more robust and better able to eliminate oscillations than their counterpart T1-
FLS. Table 1.5 presents a short list of different published applications based on T2-FL.

This dissertation presents the first works about T2-FL performed at FEMTO-ST. The
first natural objective was to understand, to learn how to use and implement this technique,
this is presented on Chapter 3 and on the Appendix. Two different applications based on
T2-FL will be presented in this dissertation: the control of a DC/DC converter on Chapter

3 and the energy management of a hybrid electric vehicle on Chapter 4.

1.7 Chapter conclusion

The energy management study of a hybrid electrical vehicle is here considered. It is a
heavy-duty mobile laboratory designed to evaluate under real conditions different electric

components. This complex application requires the definition of appropriate tools:

e Energetic Macroscopic Representation is identified as the most appropriate formalism
to represent and modelling the vehicle and its energy sources. This is a natural choice

taking in account the know-how of the laboratory

e Considering the characteristics of the vehicle (difficult to model and without previous
knowledge of the driving cycles), on-line techniques are retained to perform the energy

management

e Type-2 fuzzy logic has been selected as a technique to perform the energy manage-

ment. This is a new direction in research performed at FEMTO-ST

4J. Mendel website http://sipi.usc.edu/ mendel presents a complete list of references about T2-FL
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Table 1.5: Some type-2 fuzzy logic-based applications

Domain Application References
Automobile  Controller for vehicle active suspensions [Cao08]
& transport Fuel consumption prediction Zhou09]

Real-time speed control of diesel engines

Traffic management & forecasting

Image processing
Signal processing

Speech recognition

[
[
[
[
Vehicle classification [Wu07]
Route choice [Shaf10]
Electrical Electrical machines control [Bark08], [Bark11], [Kayall]
engineering  Fault current analysis [Rome07]
Power electronics [Lin05], [Bark08§]
Power system stabiliser [Roba08]
Transformer diagnostics [Flor08]
Photovoltaic array modelling [Jafal0], [Fadal0]
Industrial Hardware implementation [Melg07], [Coup08]
& control Liquid-level control [Wu04]
Plant monitoring and diagnostics [Cast04], [Tan06]
Quality control [Meli07]
Robotics [Coup03], [Hagr04], [Figu05], [Birk09], [Mart09]
Steel desulphurisation [Celi0g]
Temperature estimation [Gupt07], [Mend10]
Vibration and pressure estimation [Homa01], [Pare06]
Marketing ~ Human resource selection [Doct08]
& decision ~ Management studies [Auep02]
support Risk estimation [Kaur04], [Reha05], [Pras05]
Stock Market Analysis [Huar05], [Bagu06], [Faze09]
Supply chain modelling [Mill10]
Urban water management [Makr03]
Medical Diagnosis [Inno01], [Inno02], [Di LO5], [Bart09], [Faze09]
Radiology [John97], [Ozen03]
Treatment [JohnO1], [Leel0]
Software Connection admission [Lian02]
Global position systems [Fish07]
[
[
[
[

Weather forecasting
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Chapter 2

ECCE energy sources: modelling and

control

This chapter is devoted to study the energy sources available on ECCE vehicle.

The knowledge and understanding of the advantages and drawbacks of the different
energy sources is fundamental to study their implementation in Hybrid Electrical Vehicles
(HEV). ECCE HEV permits the real-world evaluation of the following energy sources: bat-
teries, fuel cell systems, ultracapacitor systems, internal combustion engines and flywheel
systems. This chapter presents the characteristics, modelling, representation and control

structure of these energy sources.

Simulation is a necessary step before performing any experimental implementation of
energy sources. It aims to define their control structure or their energy management. It
requires to develop theoretical models and to experimentally identify their parameters.
ECCE energy sources’ models are based on those given in literature. Their control struc-
tures are developed using Energetic Macroscopic Representation (EMR) technique. Most
of this part of the research is based on previous research work developed in FEMTO-ST

laboratory:
o Lead-acid batteries model and parameter identification done by El Kadri [El K06].
e Ultracapacitor experimental setup developed by Bienaimé and Harel [Bien09|

e Air compressor model and parameter identification adapted from the works of Tekin

[Teki04] and Genre-Grandpierre [Genr08] respectively.
o Fuel cell parameters identification from the work presented by Hissel et al. [Hiss08|
e Fuel cell system model and control structure developed by Boulon [Boul09].

As it can be seen, an additional motivation for using the EMR approach is its ability
to use directly previous research works and to enable the capitalisation of the research

developments preliminary obtained in the laboratory.
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This chapter is organised as follows: Section 2.1 is devoted to the batteries. Ultraca-
pacitors and fuel cell systems are studied in Sections 2.2 and 2.3 respectively. Flywheel
systems are introduced in Section 2.4. Section 2.5 presents the traction chain and ancil-
laries modelling. The integration of the different energy sources in ECCE is presented in

Section 2.6. Finally, Section 2.7 presents the conclusions and outlooks.

2.1 Batteries and DC bus

Batteries are electrochemical accumulators that store chemical energy which can be
converted into electrical energy and as it is a bidirectional source, electrical energy can be
converted into chemical energy. Because of their specific energy and power, reversibility and
relatively low cost (regarding other technologies), batteries are one of the most attractive
sources to be used in electrical and hybrid electrical vehicles. However they still require
deep research on issues as fabrication, security or recycling. Batteries technologies are
commonly based on metals as lead and more recently lithium or nickel, however, at the
time ECCE HEV was designed and constructed, lead-acid was the most common technology
(and the most interesting regarding the price) in batteries and then retained (also see
[Holm03, Larm03, El K06]).

Lead-acid batteries are composed of two electrodes in an electrolyte: a lead (Pb) plate
and a lead dioxide (PbO2) plate suspended in sulphuric acid (H250,) as illustrated in
Figure 2.1. When an electric load is connected through their terminals (discharge), the
electrodes reacts with the sulphuric acid, this reaction releases electrons (electrical current)
and produces lead sulphate in the electrodes (PbS0O4) and water (H20) in the electrolyte.
The reversible reaction requires a supply of electrical energy (recharge). This operation

principle is similar but the reactions are obviously not the same in other kind of batteries.

Degassin% system Electric

S

terminal

i —— Seal
| ~___ Positive
Charged battery = | Plate
= = | ———  Separator
oo
H2504 + H20 ~ Negative
| plate

Container l]ﬂ |

Figure 2.1: Lead-acid batteries schematic diagram (left) and construction [Hawk05] (right)

Lead-acid batteries have many drawbacks and seem quite far from the state-of-art:
their efficiency, specific energy and power are much lower than lithium-based or nickel-
based batteries. Nevertheless, batteries in general are still an intermediate technology

regarding its specifics power and energy: it can be observed from Ragone plot in Figure
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1.12 that batteries present less specific power than ultracapacitors or flywheels and less
specific energy than fuel cells. For this reason battery energy management solutions do

not vary much with their different technologies.

ECCE test bench is equipped with a bank of 46 valve-regulated lead-acid batteries in
series connection. As the 12V batteries are directly connected to the DC bus, the nominal
voltage of the DC bus is 552 V. Table 2.1 resumes the parameters of the lead acid batteries
and Figure 2.2 illustrates the batteries implemented in ECCE.

Table 2.1: ECCE batteries parameters

Description Value
Fabricant Hawker
Technology Lead-acid

Elements in series 46 (12[V])

Nominal voltage 552 [V]

Capacity 72 |Ah]

Figure 2.2: Lead-acid batteries implemented in ECCE

2.1.1 Modelling and parameter identification

The retained batteries model is the one presented by Ceraolo [Cera00|. The batteries
are represented by an equivalent electric circuit composed by electrical elements that not
only depends on the instantaneous values but also on its charge-discharge history which is
not always available (as is the case in ECCE). The experimental parameter identification is
presented in [El K06], a former Ph.D. research about ECCE. Ceraolo model is illustrated
in Figure 2.3.
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Figure 2.3: Ceraolo’s lead-acid batteries model [Cera00]

2.1.1.1 State-of-charge

The state-of-charge (SOC) is a dimensionless quantity defined as the ratio between the
residual capacity Qresidquar and rated capacity Qnominai Of the energy storage source as
defined in Equation 2.1. The SOC is an indicator of how many energy is available to
supply or can be recovered and its estimation is fundamental for energy management. In
batteries, the SOC depends on multiple factors as current, discharge history, age, self-

discharge or ambient temperature. For this reason, SOC estimation in batteries is a very
difficult task.

SOC = Qresidual (2 . 1)

Qnominal

When theoretical models are used to estimate the SOC, the results are based on estimated
parameters and/or simplification hypotheses. Ceraolo SOC model strongly depends on

the batteries’ history. Different approaches to estimate SOC value have been presented
[Pill01, Ng09, Urba09, Yanl0].

In ECCE, the Coulomb counting method (also known as current integration method)
is retained to estimate the SOC: the batteries open circuit voltage (OCV) is measured at
the start-up of the vehicle to estimate the initial SOC (Qq) using information from the
manufacturer [Hawk05]. Then the battery current is integrated to estimate the amount of
charge supplied (or recovered considering an efficiency 1) by the batteries. This method is

formally presented in Equation 2.2.

Qo(OCV) + n [ dpae dt
Qrated

SOCbatteM’es ~ (22)

The principal drawbacks of this simplified approach are: 1) imprecise measurements
of the current induce accumulating errors, 2) the losses during charging and discharging
are difficult to estimate and 3) it does not takes into account the effect of aging and the
decrease on the releasable capacity. Nevertheless, the interest of this method lies in their

simplicity and flexibility (it could be easily enhanced by considering the losses or the aging
effects) [Ng09|, [Pill01].
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2.1.2 Representation and control structure

In ECCE the batteries are directly connected to the DC bus. Then direct control of
this source is not possible and the DC bus voltage value is imposed by the batteries. As a
consequence, any source or load connected to the DC bus (fuel cell, flywheel system and/or

ultracapacitor systems, traction chain and ancillaries) acts as current source (is)-

Figure 2.4 illustrates the equivalent circuit of this configuration. Here, the batteries
impose the voltage to the sources and the sources impose the current to the batteries

respecting physical causality and Kirchhoff’s laws (Equations 2.3).

—
o

Ihatt

Batteries Source1 Source2 Source3

Figure 2.4: Batteries and DC bus EMR

Tpatt = 151 + 152 + 153

(2.3)
%us = %att

In Energetic Macroscopic Representation (EMR) formalism, batteries are represented
using a source element and the DC bus is represented using a mono-physical coupling
element. The different current sources coupled to the DC bus are represented by source
elements (see EMR synoptic in Tables 1.2, 1.3 and 1.4). Figure 2.5 presents the EMR of
the batteries, the DC bus and three generic current sources. In Section 2.5 these generic

sources are replaced by their respective EMR.

Source 1
Goeremmasennaes e SOUFCG 2

< >

Batteries

>

DCbus Source 3

Figure 2.5: Batteries and DC bus EMR
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2.2 Ultracapacitor system

Ultracapacitors (also known as electric double-layer capacitors or supercapacitors) are
electrochemical sources that store electrical energy that can be directly used without con-
version and so with high efficiency. This source has a very high specific power but a
low specific energy. Ultracapacitors (UC) are widely considered in transport applications

because of this high specific power and also because of this high efficiency.

As batteries, ultracapacitors are composed of two electrodes immersed in an electrolyte.
The electrodes are made of activated carbon and recovered by a dielectric, the electrolyte
could be aqueous such acids (H250,) or alkalis (KOH) or non-aqueous such as propylene
carbonate or acetonitrile [Pand06]. UC profits from the double-layer capacitance princi-
ple: this enables to highly increase the capacitance by reducing the distance between the
electrodes d and increasing the active electrodes surface S (see Equation 2.4). Figure 2.6
presents the UC schematics as well as the representation of a pore in a carbon electrode

active layer.

C =c¢
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carbon active layer
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electralyte

positive [+ + T TF + T FE Rt H+d

electrode
carbon active laver

charge collector

L | Activated Carbon Electrode

Figure 2.6: UC schematic (left) and electrode active layer pore representation (right) [Sign09]

The capacitance value of UC is several orders higher than in conventional electrical ca-
pacitors (e.g. the ultracapacitors used in ECCE presents a capacitance of 3500F"). However
the use of an electrolyte to increase the capacitance has also its consequence: the maximal
voltage in UC is highly reduced (limited to about 2.5V'). To increase the terminal voltage,
UC are connected in series, this originates a voltage imbalance due to the mismatch in the
characteristics of the different UC and thus a balance circuit has to be designed to do this

connection.

ECCE is equipped with 2 ultracapacitor banks; each bank is composed of 18 modules of
6 UC. All the 216 UC are connected in series. The UC was developed by SAFT (Bordeaux,
France) and its voltage balancing system was developed by SAFT in cooperation with the
GREEN research laboratory (Nancy, France) [Desp03]. The UCS is composed by the two

UC banks and the power electronic device to boost the voltage and to permit the connection
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to the ECCE DC bus. The DC/DC converter has been specially developed for ECCE by
the CIRTEM society (Toulouse, France).

In the following, UC is used to refer the ultracapacitors exclusively, Ultracapacitor
system (UCS) will refers to the UC and the power converter. Figure 2.7 shows the UC
implemented in ECCE test bench and Table 2.2 resumes the UCS characteristics.

Figure 2.7: SAFT ultracapacitors implemented in ECCE

Table 2.2: ECCE ultracapacitor system parameters

Description Value

UC Fabricant SAFT
DC/DC Converter supplier CIRTEM

UC in series 216 (2.5 [V] - 3500 [F])
UC Rated current 600 [A]
DC/DC converter rated current 200 [A]

UC Rated voltage - capacitance 540 [V] - 16 [F]

2.2.1 Modelling

Zubieta et al. [Zubi00] observed that electrochemical ultracapacitors behave quite similar
to electrical capacitors but they also observed a new phenomenon: an internal charge
redistribution. They proposed to model the UC with an equivalent electric circuit composed
by passive components. This model presents a principal branch representing the energy
accumulation, and multiple secondary branches to represent the charge redistribution and

the self-discharge. This UC equivalent circuit is represented in Figure 2.8.

Rafik et al. [Rafi07] proposed to improve Zubieta model by considering the frequency
and temperature effect in the UC. The equivalent circuit is illustrated in Figure 2.8. Pa-
rameter identification in this approach is relatively complicated as studied by Bienaimé in
his Master internship at FEMTO-ST [Bien09].

In HEV applications the UC operates at relatively low electrical frequencies, moreover
in ECCE a cooling system regulates the temperature in the UCS. For these reasons, fre-

quency and temperature variations are not considered and the model of Zubieta is retained.
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Figure 2.8: Different ultracapacitor models: Zubieta [Zubi00] (left), Rafik [Rafi07] (right)
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However, this model uses multiple secondary branches which can be represented by only

one Thévenin-equivalent branch (low frequencies hypotheses).

The principal branch represents the internal resistance R;, and the energy accumulation
by considering a constant capacitor Cjo and a non-linear capacitor Cj; Vieq (please note
that Cj; is presented in [F'/V]). The secondary branch represents the charge redistribution
by considering a constant capacitor Cy and the self-discharge by considering a resistance

Ry. The retained equivalent circuit is illustrated in Figure 2.9.

Figure 2.9: Retained UC equivalent circuit model

2.2.2 Parameter identification

Zubieta [Zubi00], proposed a procedure to find the parameters of the UC equivalent
circuit. A predetermined current (a step of current as presented on Figure 2.12) is imposed
to the UC, then the output voltage is analysed to find the parameters. However, the current

used in this approach does not represent real operation conditions.

In this work, a novel approach to automatically find the parameters of the UC’s equiv-
alent circuit is proposed. The procedure is resumed in two steps: 1) to impose a non-
predetermined current to the UC (e.g. HEV’s UC current in normal operation as illustrated

in Figure 2.13) and 2) to analyse the output voltage.

2.2.2.1 Experimental measurements

Experimentally a variable current is imposed to the UC. The objective is to measure
the voltage variation regarding the variation of the current. The experimental data (time,

current iegp, and voltage Vegp) is used to find the parameters using an iterative procedure:
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2.2.2.2 Minimisation function: constraints and initialisation parameters

Multivariable function minimisation is used to find a set of parameters (R;, Ci, Ci1, C2
and Ry) which represent the behaviour of the UC. The set of values has to respect physical
conditions (mathematical constraints of the variables) as: 1) all the parameters must be
positive 2) the capacitances cannot be greater than the nominal capacitance (supplier data

sheet values). These physical conditions are presented as mathematical constraints:

R;, Cio, Ci1, C3, Ry > 0 (2.5)
CiOa Cila C12 < Cnominal (26)

The iterative procedure requires the definition of a set of parameters which can ‘rea-
sonably’ represent the physical values. This set of initialisation values is used in the first
iteration and define the way the algorithm will converge (or not). The choice of these
values is then fundamental for the convergence of the solution. The following assumptions

and initialisation values are retained:

1. The value of the capacitance in the main branch is near from the value of the nominal
capacitance. It can be assumed (from typical values in literature such as [Zubi00], [Gual07],
|Rafi07| or [Bien09]) that the total capacitance is equally distributed between the two

capacitances of the branch:

Cof0) = Crated 2.7)
CT'(Z@
Cin(0) = ﬁ (2.8)

2. The value of the capacitance of the secondary branch is expected to be much lower
than the capacitance of the first branch. The secondary branch capacitance is defined as
a fraction of the first branch capacitance (based on typical results in literature, Cy is not
far from 10% of Cjg:

C2(0) =

- (2.9)

3. The value of the main branch resistance is expected to be the nominal value of the

internal resistance, the secondary branch resistance is expected to be much bigger than the

primary and typically their ratio is not far from 20:

Ri(0) = Ryrated (2.10)

R2(0) = 20 Ryated (2.11)
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2.2.2.3 Minimisation function: iterative procedure

The last step of parameter identification consists into an iterative procedure based on
the simulation of the UC response to i¢,, (the current experimentally imposed to the real
UC). The simulated Vg, and experimental V,, difference is compared (mean square).

The parameters R;, Cjo, C;1, Co and Re which minimises this difference are retained.

An application has been developed in Matlab and Matlab Simulink to automatically
find the parameters. The application is based on the fmincon' function. The iterative
procedure is illustrated in Figure 2.10. The application developed in Matlab Simulink is
illustrated in Figure 2.11.

Define Parameters (0) Impose iy, | '+ Experimentally
(initialization) Measure V,,
; ______ . — === F-=-=- —_—r = = |
. IMPOoSe igim = iexp I
! Use set Parameters(0) First iteration
I simulate Vg, |
. iter=1 I
I
I . I
! | % =.-» fmincon
! _Impose Tgim= lexe diff = Ve - Vi . iterative
I Deflne_ ne\;v tpa:j\meters I
. simulate Vg, .
' iter=iter+1 Yes

iter <
itermax

Figure 2.10: UC equivalent circuit parameters identification flowchart
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Figure 2.11: UC equivalent circuit parameter identification - Simulink application

!This function find minimum of constrained nonlinear multivariable function and is explained in detail

at http://www.mathworks.com /help/toolbox/optim/ug/fmincon.html (Mathworks website)
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2.2.2.4 Experimental validation

To validate the proposed procedure, experimental evaluations were performed. The
first evaluation is realised in the Laboratory under controlled conditions as proposed by
Zubieta. The second evaluation is performed with the UC implemented in the ECCE
mobile laboratory. As the UC are used to drive the vehicle, this is an evaluation under

real-utilisation.

Figure 2.12 presents the obtained results for the predetermined current (only one UC
bank). Figure 2.13 presents the obtained results for the real current profile (both UC
banks). These results are considered satisfactory for simulation applications. Tables 2.3
and 2.4 present the values for the parameters of the equivalent UC circuit model in each

case.
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Figure 2.12: UC equivalent circuit parameter identification - Validation results I

Table 2.3: UC parameters (single bank) Table 2.4: UC parameters (both banks)
Parameter Value Parameter Value
Chrated 32 [F] Crated 16 [F]
Ci 19.77 [F] Ci 11.36 [F]
o 77.5 [mF/V] Ci 7.8 [mF/V]
Cy 0.9 [F] Cy 0.09 [F]
R; 337 [mQ] R; 602 [mq]
Ry 8.1 9] Ry 13.53 [Q]
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Figure 2.13: UC equivalent circuit parameter identification - Validation results IT

2.2.3 State-of-charge

The charge in an ultracapacitor is directly related to its terminal voltage; as a conse-
quence UC SOC estimation is a much easier task than in batteries. Equation 2.12 presents
one method to estimate it using the values of the UC voltage [Alle09]. However, this
approach has two significant problems: 1) it does not consider the voltage drop in the
internal UC resistance and 2) this estimation is represented by a discontinuous function
(the voltage in a UC is discontinous because of its internal resistance), while the SOC is
by definition continuous (law of conservation of energy).

Vu C

rated

UCsoc =~

(2.12)

In this dissertation, an improved method to estimate the UC SOC is proposed. It is
based on two hypotheses:

1. All the charge in the UC is stored in the principal branch of the circuit which has a

much higher capacitance than the secondary

2. All the current in the UC flows through the principal branch which presents a much

lower impedance than the secondary

The estimation of the SOC considers the ohmic drop voltage in the internal resistance of the
UC (the voltage in the capacitor is by definition continuous). The UC SOC is estimated
using the equivalent circuit parameters, the current and voltage values as proposed in
Equation 2.13. Here the numerator represents the stored charge in the first branch (see

Figure 2.9); the denominator represents the UC charge at rated voltage.

‘/ceqz (O’LO + Cz'l ‘/ceq)
Viated> (Cio + Cit Vyated)

UCSOC =~ (213)
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where

‘/ceq = Vuc — lye Rz (214)

2.2.4 Representation and control structure

In ECCE, the UCS acts as a current source supplying (or receiving) current to (from)
the DC bus, its voltage is imposed by the batteries. The UC are represented using a
source element, the power converter is represented as an ideal conversion element and an

accumulation element is used to represent the converter equivalent impedance.

The UCS EMR presents only one control input (the power converter duty-cycle). The
control objective is identified as the power delivered by this source (as the voltage is

imposed, then a current controller is implemented).

The Maximal Control Structure (MCS) of the UCS is obtained from direct inversion
of the EMR. As the considered MCS only requires voltage and current measurements,
the Practical Control Structure (PCS) in this case remains the MCS without any change.
Figure 2.14 presents the EMR and control structure (MCS and PCS) of the UCS, this
figure also illustrates how the MCS blocks look inside (the study of the controllers is not

considered in this thesis).
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Figure 2.14: UCS EMR and control structure: MCS and PCS (left) detail (right)

2.3 Fuel cell system

The Fuel cell system (FCS) is a multi-physical source that converts hydrogen (and oxy-
gen) into electrical energy (and heat and water), its reverse process is the electrolysis of
water. It becomes a more and more interesting and promising energy source to fight against
oil- dependence in automotive industry and stationary power plants [Pera07]. However, as
it is not classically a reversible source, the fuel cell cannot be considered alone for electrical
vehicles (EV) unless electrical energy cannot be recovered during breaking. UC or batteries

have then to be associated.
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The fuel cell is an electrochemical source composed by two electrodes separated by an
electrolyte (as batteries and ultracapacitors!). The electrodes are recovered with a catalyst
which enables the chemical reactions. The type of electrolyte defines the operation and
temperature: low temperature fuel cells as the Proton Exchange Membrane Fuel Cell
(PEMFC) work at about 70°C, high temperature fuel cells as the Solid Oxide Fuel Cell
(SOFC) operate at temperatures about 800°C.

The operation of low temperature fuel cell requires several ancillaries (compressor, hu-
midifier, power converter), for this reason the efficiency of the FCS is highly reduced
regarding the fuel cell stack itself. Moreover, the dynamic response of the FCS is highly
limited by the gas supply and then the fuel cell system is very constrained to supply high
frequency power (time constants in gas flow are much higher than in electrical). Figure

2.15 presents the fuel cell stack basic working principle and the FCS schematic.
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Figure 2.15: Fuel cell stack schematic (left) FCS multidomain aspects (right) [Chre08]

ECCE test bench is equipped with an 80 [kW]| PEMFC stack. The FCS was developed
by HELION, (Aix-en-Provence, France), for the SPACT-80 project which aimed to de-
velop FCS suitable for high power transport applications: the LHyDIE hybrid locomotive
[AkliO8] and the ECCE hybrid vehicle. It is the most powerful FCS developed in France
for transportation applications and is illustrated in Figure 2.16, their characteristics are

resumed in Table 2.5.

A rigorous study of the fuel cell system modelling and representation with control pur-
poses has been developed in the Ph.D. dissertation realised by Mr. Loic Boulon in the
FEMTO-ST laboratory [Boul09]. To facilitate the study of the fuel cell system, the re-
tained FCS model is divided in four parts: the motor-compressor group to compress the
air, the hydrogen and oxygen supply channels, the fuel cell stack itself and the DC/DC

power converter.
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Figure 2.16: Fuel cell system implemented in ECCE

Table 2.5: ECCE fuel cell system parameters

Description Value
Supplier HELION (Areva)
Elements in series 2*%110
Maximal gross power 80 [kW]
Maximal voltage 190 [V]
Power rate change 5 [A/s]

2.3.1 Motor-compressor group

The air supplied to the stack is compressed using a motor-compressor group: a rotary
screw compressor coupled to a Permanent Magnet Synchronous Machine (PMSM). The
compressor model was developed in the Ph.D. dissertation realised by Tekin [Teki04]|. The
retained PMSM model is that presented by Meibody [Meib00]. The air compressor and
PMSM parameter identification is presented in |Genr08|.

The EMR of the PMSM has been presented by Bouscayrol et al. [Bous05]. The electrical
machine is represented by two accumulation elements representing the inductance of the
electrical side and the shaft in the mechanical side. The electromechanical conversion is

represented by a multi-physics conversion element.

In EMR formalism, the compression head is represented by a multi physics domain
coupling device. For both fluid sides, the air input pressure P;, and the fuel cell stack
pressure Ppo are imposed to the compressor and the volume flows qyy, and qyou are
considered as outputs. On the mechanical side, the input is the rotation speed of the

motor and the output is the mechanical torque Ty applied to the shaft [BoullOc].

Figure 2.17 presents the EMR of the motor-compressor group including the power con-
verter represented by a mono-physical conversion element. This representation highlights
the fact that in the ECCE test bench, the energy required by the motor-compressor group
is directly supplied from the DC bus.
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Figure 2.17: Motocompressor group EMR

2.3.2 Gas supply

In the considered model of the FCS, the hydrogen is fed to the fuel cell stack by a
tank which is supposed to be perfectly controlled, the oxygen is fed by the air compressor
presented in previous subsection. Figure 2.18 presents the EMR of the gas supply, this is
used for both the Oy and the Hs gas supply. The monophysical conversion blocks represents
the input and output pressure drops in the circuit gas between the tank (or compressor) and
the electrodes of the stack. The accumulation block represents the hydraulic capacitance

of the circuit.

Regarding the original EMR (|Boull0c|), two normalisation blocks are included to nor-
malise the gas flow. The total flow input of the stack ggstqcr is divided in the number of
cells of the stack N and in the surface of the cell S. This is equivalent to supply a single
cell with a surface of 1em?. Normalisation blocks 1 and 2 are defined by Equations 2.15
and 2.16 respectively. The gas supply EMR is represented in Figure 2.18, here the index x
represent the gas (this EMR is valid in the anode and in the cathode).

q
Azcell = ]\;—CSZ(;C‘I; (215)
ce

Gz outstack = 9routcell Ncell S (216)

2.3.2.1 Fuel cell stack

The fuel cell model presented in [Boul09] is retained in this thesis (stack and gas supply).
The EMR of the FCS stack is based on that presented in [Boul09]. However, to simplify the
study, it has been slightly modified by using normalisation blocks to perform normalised

simulations.
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Figure 2.18: Stack gaz supply EMR (O3 and H>)

Figure 2.19 presents the EMR of the fuel cell stack. The thermodynamics potential
block includes the reversible cell potential plus the voltage drop at the considered pressure
and temperature (multi-physical coupling block). Finally a normalisation block is used to
work with normalised current densities A/cm?. The current is normalised by the surface
of the cell (Equation 2.17), and the output voltage is denormalised using the number of
cells (Equation 2.18).
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Figure 2.19: Fuel cell stack EMR
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2.3.3 Power Electronics

A DC/DC boost converter is used to couple the fuel cell to the DC bus. The power
converter is modelled as an ideal DC/DC converter represented by a conversion block and
its electrical impedance represented by an accumulation block. The EMR of the power

converter presented in Figure 2.20.
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Figure 2.20: Fuel cell system DC/DC power converter EMR

2.3.4 Fuel cell system

Figure 2.21 presents the proposed EMR to represent the whole fuel cell system.

2.3.5 Maximal control structure

Two control objectives are identified in the FCS: the delivered power and the stack volt-
age. As batteries impose the DC voltage, the power of the FCS is managed by controlling
its current via the duty cycle of the DC/DC converter (mpcs in Figure 2.21). The stack
voltage is controlled by controlling the air and hydrogen supply (mgare and qm, stack re ¥
in Figure 2.21). The MCS of the FCS is done by direct inversion of the EMR blocks as
shown in Figure 2.22. This figure also highlights the considered control chains.

2.3.6 Practical control structure

The control of the FCS power output has no constraints (only requires current and
voltage measurements), this control structure could be directly implemented without mod-
ifications. However, the structure to control the fuel cell stack voltage is highly constrained

and has to be simplified:
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Based on the MCS approach, the FCS control requires the sixteen measurements listed
in Table 2.6). Among them, there are non physical measurements such as the electromotive
force (EMF), the hydrogen and oxygen catalytic partial pressures and the fuel cell over-
potentials. There are also relatively expensive measurements (air and hydrogen output
flows, and PMSM torque). Therefore, it could be interesting to consider only the other
physical quantities to establish a Practical Control Structure of the hybrid electrical vehicle.

2.3.6.1 MCS Simplifications

A simplification of the MCS is made on the basis that the time delay of the gas in the
supply channels can be neglected. This hypothesis is justified because the time constants of
the gas flow can be neglected regarding the (relatively slow-) energetic demand on the DC
bus and also linked to the fact that the UCS guarantees the DC bus power fastest dynamics.
As a consequence of this simplification, the references of the gas flows are defined without

considering the gas delay in the supply channels. This is represented in Figure 2.23.
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2 Qerz | (1ot
Ozstackret N\ \_\celref \ %
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cell ref cell ref

Figure 2.23: From a complicated MCS to a feasible PCS - Fuel Cell system gas supplies

2.3.6.2 Estimated Variables

For the non measurable physical quantities it is important to estimate those that permit

inverting the control chain. The estimators in the open loop control are:

1. Compressor torque. The compressor head torque is estimated from the rotor speed

using mappings |Genr08|.

2. PMSM EMF. This electromotive force is estimated using the measured PMSM cur-

rent and speed.

3. Air compressor input air pressure. The input pressure is considered as the standard

atmospheric pressure. Thus, no estimator is considered at this level.
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2.3.6.3 Motor-compressor group

The PCS of the motor compressor group can be developed from its MCS, considering
the simplifications and estimations: the torque is estimated using a cartography (speed -
torque). The EMF is estimated using the PMSM equations presented by Meibody |[Meib00)].

The motor-compressor group PCS is presented in Figure 2.24.
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Figure 2.24: From an expensive MCS to an affordable PCS - Air motocompressor group

2.3.6.4 Complete PCS

To summarise the transformation from the MCS to the PCS, the first step was to identify
the constraints, after that, simplifications were applied and the non-feasible measurements
were estimated. Based on the MCS, the control of the FCS requires 16 measurements;
based on the PCS it requires only 7 measurements. Seven measurements were avoided using
simplification hypotheses and two measurements are now estimated. Table 2.6 summarises
all the requested measurements for each control structure and Figure 2.25 presents the
complete PCS.

2.4 Flywheel system

The kinetic energy FEj stored in a mass rotating at angular speed of w with a moment
of inertia J is defined by Equation 2.19.

1
Ek: 5:]&]2

(2.19)

Flywheel systems (FWS) are electromechanical devices that store kinetic energy using
a flywheel coupled to a high speed electric machine (10000-40000 |rpm]). Because of its
extended lifetime and reliability, a flywheel system appear to be an attractive source to

be used in HEV and mainly in high power-energy applications as railroad electric traction
[Beno02, Holm03, Sougl0].
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Table 2.6: Fuel cell system control - required measurements

Element - Physical quantity MCS Simplified Estimated PCS
Motocompressor - Speed b'e X
Motocompressor - Torque b'e b'e

Motocompressor - Air input pressure x x
PMSM - EMF b'¢ b'q
Fuel Cell stack - H2 output flow X X
Fuel Cell stack - O2 output flow X X
Fuel Cell stack - O2 Catalytic Pressure X X
Fuel Cell stack - H2 Catalytic Pressure X X
Fuel Cell stack - Temperature e X
Fuel Cell stack - Overpotentials X X
DC Bus - Voltage b'e b 4
Fuel Cell stack - Output Voltage X X
Fuel Cell stack - Output Current X X
Motocompressor group - DC current X X
Fuel Cell System - Output Current X X
PMSM AC Current X X
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46



Flywheel system

Table 2.7: ECCE flywheel system parameters

Description Value

FWS nominal power 50 [kW]

Flywheel maximal speed 40000 [rpm]

Power autonomy 100 [KW] - 10 [s]

Speed reducer ratio 10

The ECCE test bench will be equipped in the last stage of the project with a flywheel
system. This FWS delivers a continuous power of 50 [kW] @ 40000 [rpm| and an over-
charge of 100 [kW] for 10 [s]. The FWS integrates an Internal Combustion Engine (ICE), a
mechanical transmission and two flywheels coupled electrical machines. To limit the gyro-
scopic effect, the flywheels are counter-rotating implemented and rotate at the same speed.
The flywheel system is illustrated in Figure 2.26 and it characteristics are resumed in Ta-

ble 2.7. Figure 2.27 shows the electrical machine developed by THALES AES company
(Chatou, France) [Mart05].

Drive Synchronous
shaft Machines
R S— L

O A

@
(1
@
ank e = B0 !
f S
R g e
c:ref T
PN <> L < >
ICE Clutch Flywheels  Excitation & armature

power electronics

Figure 2.26: Flywheel system implemented in ECCE

Figure 2.27: ECCE flwheel system homopolar synchronous machine [Mart05]

Designing and constructing a very-high speed system is a challenge in various aspects:
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Flywheel components have to be highly optimised to support high mechanical speeds and
electrical switching frequencies. The flywheel system containment must guarantee the
security of the vehicle and its passengers. The losses (such as friction) has to be minimised

to avoid self-discharge.

In FWS the rotational speed is used to estimate the SOC (Equation 2.20). Usually, in
FWS, the minimal operational speed is 50% of the rated speed and then only 75% of the

rated energy is available (as in UC see Subsection 2.2.3).

2
FWSsoo ~ —dw__ (2.20)

2
W fwmax

2.4.1 Representation

Neither the modelling nor the control of this source is considered in this thesis, however
an energetic macroscopic representation is proposed. To facilitate the EMR study, the

FWS is divided in an electric and a mechanical part.

2.4.1.1 Mechanical part

The mechanical part includes the ICE, the transmission and the flywheels. The ICE is
modelled with a cartography (torque, speed, fuel consumption) [El K06] and represented
by a source element [Boul09]. The clutch is represented with the two-states (locked and
slipping) EMR presented by Lhomme et al. |[LhomO8§]|.

The flywheels and the shaft of the diesel motor are represented using energy accumula-
tion elements: 1) when the clutch is locked, the flywheel system speed is directly dependent
to the diesel motor speed an only one accumulation element is considered, when the clutch
is slipping, the speed of the flywheel is independent from the motor speed and then two

accumulation elements are considered. This is presented in Figure 2.28
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Figure 2.28: Flywheel system - Mechanical part EMR
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2.4.1.2 Electrical part

The electrical part includes the synchronous machine with independent excitation and

the power converter. This is presented in Figure 2.29
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Figure 2.29: Flywheel system - Electrical part EMR

2.4.1.3 Flywheel system

The flywheel system EMR is presented in Figure 2.30
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Figure 2.30: Flywheel system implemented in ECCE

2.5 Traction chain and ancillaries

The ECCE traction chain is very difficult to model: different motors, converters and
mechanical transmissions technologies are implemented in each wheel. A simplified model-
representation is then considered. The traction chain is represented by a current source

which represents the equivalent power consumption supplied by the DC bus.

The ancillaries consumption (pumps, lights, power steering...) is also difficult to estimate

and for facility in this work, it is considered as a constant current source (iquz)-
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2.5.1 Modelling of the traction chain

The traction chain power consumption is estimated using classical dynamic equations
as presented by Larminie [Larm03]. To estimate the force to drive a vehicle the following

forces are considered:

e The force to accelerate the vehicle is proportional to its mass m and the magnitude
of the acceleration defined as the time derivative of the velocity v. This force which

became negative in braking is defined by Equation 2.21.

dv
F, = = — 2.21
ma m (2.21)

e The hill climbing force needed to drive the vehicle in a road with a slope angle of ©

is defined by Equation 2.22. Here, g represents the acceleration due to gravity.
Fpe = m g sin®© (2.22)

e The rolling resistance force due to the friction between the tyre and the road is nearly
independent of the velocity and considered as a constant. A friction coefficient .,
which depends on the road and tyre parameters permits to estimate this force which

is always opposed to the motion and is defined in Equation 2.23.
Fopo=pmmyg (2.23)

e The aerodynamic drag force is the friction due to the air resistance which opposes to
the movement of the vehicle and is defined by Equation 2.24. Here S represents the

frontal surface and Cy a shape constant of the vehicle and p the air density.

1
Foq= 3P S Cy v? (2.24)

Finally, the traction force to drive a vehicle (F},) on a sloped road is calculated using New-
ton’s second law of motion as defined in Equation 2.25. A free body diagram representing

the different forces acting in the vehicle dynamics is presented in Figure 2.31.

Fy = Fo + For +ic +Fad (225>

Figure 2.31: Road-vehicle free body diagram. Adapted from [Larm03]
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The mechanical power to drive the vehicle now can be computed as the traction force

and the velocity are known. This quantity is computed using Equation 2.26.

Prce = Fjp v (2.26)

The electrical power to drive the vehicle supplied by the DC bus P ), is estimated in
considering a global efficiency n (0 < n < 1). This efficiency represents the losses in the
mechanical transmission, power electronics and electrical machines. The electrical power

to drive the vehicle is then higher than the mechanical and is presented in Equation 2.27.

Pel sup — Pmec/n (227)

Obviously, this relation changes in regenerative braking and the recovered electrical

power is lowest than the mechanical. It is presented in Equation 2.28.

Py rec = Pree n (228)

Finally the current of the current source is calculated from the voltage in the DC bus.
(Equation 2.29)
. Pel
== 2.29
Urac ‘/bus ( )
Table 2.8 presents the values used for modelling in simulation the ECCE test bench.
The choice of the parameters to model the friction coefficient and the shape factor is based

on typical values presented in [Larm03].

Table 2.8: ECCE vehicle simulation parameters

Description Value
Mass 12000 [kg]
Friction coefficient 0.015
Frontal surface 8 [m?]
Shape constant 0.4

2.6 ECCE representation and control structure

The EMR of the batteries and DC Bus presented in Figure 2.5 is modified to include the
different sources (FCS and UCS) and loads (fuel cell air compressor, ancillaries and traction
chain). To complete the EMR of the vehicle, the pictograms representing these sources
are replaced by their developed EMRs. This is shown in Figure 2.32. This figure also

highlights the control chain for three control objectives explained in previous subsections.

Finally, the maximal and practical control structures of the vehicle are shown in Figures
2.33 and 2.34.
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2.7 Chapter conclusion

The energy sources of ECCE multi-physical multi-source were studied regarding their
advantages and drawbacks. This is useful to define how each source can be used in the

energy distribution of the vehicle.

An ultracapacitor circuit model (simplification of Zubieta model [Zubi00]) for hybrid
electrical vehicle simulation and the procedure to identify its parameters is proposed. This
is the first contribution presented in this thesis. The circuit model and parameter identifi-
cation was experimentally validated in laboratory and in a real hybrid electric vehicle: the
ECCE test bed. The UC model is well adapted to be used in HEV simulation.

EMR is selected as a tool to represent the vehicle and its sources, it permits the identi-
fication of the control structure and enables using directly previous research performed in
FEMTO-ST laboratory. The control structure of a configuration of ECCE including bat-
teries, ultracapacitor system and fuel cell system is developed and presented (the flywheel

system will be studied later in ECCE project).

Considering the energy management in ECCE it can be concluded that:

e Lead-acid batteries used in ECCE are not adequate to be used as a principal energy
source anymore. This is due to the facts that 1) this source presents the lowest effi-
ciency and cyclability of the available sources and 2) technically the voltage variation
of the ECCE DC bus is very restrained (i.e. voltage variations out of pre-established
limits will cause malfunctioning in the FCS or UCS power converters). The consid-

ered energy management strategy must aim to minimise the use of the batteries.

e Fuel cell system presents the highest specific energy of the considered sources, however
the dynamic of this source (linked to the ancillaries dynamic) is limited and then it
is difficult to use the FCS to supply high dynamic power. In ECCE the energy
management strategy should aim to use this source in low frequencies to extend its
lifetime. As this is the only energy conversion source, this source must regulate the

state-of-charge of the remaining energy sources.

e Regarding its cyclability, efficiency and dynamical response, the ultracapacitor sys-
tem is clearly the most interesting power source to be used in ECCE. The energy
management in ECCE must privilege the use of this source. However, as its specific
energy is not high enough, then other sources (particularly the FCS) have to regulate

its state-of-charge.
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Chapter 3

Type-2 fuzzy logic control of a
DC/DC buck converter

This chapter aims to introduce type-2 fuzzy logic as a powerful tool in electrical engineering.

In the second part of this thesis, two applications of type-2 fuzzy logic control are
presented. The first application is the output voltage regulation of a DC/DC buck power
converter, presented in this chapter. The second application is the energy management of
the ECCE mobile laboratory presented in Chapter 4.

This chapter introduces the type-2 fuzzy systems and their different subsystems. At
the meantime, numerical examples are presented to facilitate their understanding. Then,
a fuzzy logic controller is developed to perform the output voltage regulation of a DC/DC
buck power converter. As Type-1 Fuzzy Logic (T1-FL) controllers are well known in this
application, the objective is to consider type-2 fuzzy logic (T2-FL) controllers. The voltage
controller is implemented, evaluated and compared (using one T1-FL and T2-FL systems)

by simulation and by experimentation.

The principal motivations for developing this application, is that it is easy to implement
in laboratory at a relatively low cost. It permits a viability evaluation of type-2 fuzzy logic

in actual applications before an implementation in the ECCE mobile laboratory.

This chapter is organised as follows: Section 3.1 of this chapter introduces some motiva-
tions for using T2-FL instead of T1-FL control systems. Sections 3.2 to 3.6 are devoted to
present the type-2 fuzzy systems’ architectures as well as their differences and similarities
with type-1 fuzzy logic systems. Section 3.7 is devoted to the design of the voltage con-
troller. Section 3.8 presents the design of the different fuzzy systems used in the voltage
controller. Section 3.9 presents and discuss the validation results. Finally, Section 3.10

presents the conclusions of the chapter.

Complementary to this chapter, the software implementation of T2-FL systems is pre-

sented in Appendix A.
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3.1 Fuzzy logic control and uncertainty

From an electrical engineering point of view, fuzzy logic allows using linguistic labels and
human knowledge 1) to represent or model physical process and 2) to design their control
systems. Fuzzy control has been used in different applications such as voltage control in

power converters or speed control in electric machines .

Driving a bicycle illustrates the concept of fuzzy control: people does not need to
measure the speed or the acceleration to be able to control the speed while driving in safe
conditions. Human brain process linguistic labels as slow, fast, near or far and performs

control actions as accelerate or brake.

3.1.1 Uncertainty

Uncertainty is involved with any situation with some lack of information: 4t may be
incomplete, imprecise, fragmentary, not fully reliable, vague, contradictory or deficient in
some other way [Klir95]'. Different authors define and classify different types of uncer-
tainty. The classification proposed by Pr. B. Ioos fits to describe uncertainty in electrical

engineering [Ioos09]. This classification is illustrated in Figure 3.1.

Physics Mathematics Computer science
JrooToTTTT I Jr- - oTTTTTY
i : Simplification : I : Numeric : I : Numeric : Inputs
: : I hypotheses : : : I approximation | : : 1 noise : Stochastic
\\-I _________ \\-l. ......... \-l. _________ uncertainty
N \\ Statistics
. \ .
Physics \\ Physic \\ Numeric Studied
phenomena \ Model \, Model variable
Model Numeric . )
Uncertainty uncertainty UEP s tf”_"‘;
ncertainty
Parameters

Figure 3.1: Sources of uncertainty - Adapted from [Ioos09]

Uncertainty is also present in fuzzy logic systems as explained by Pr. J. Mendel [Mend01]:
e Uncertainty about the meaning of the words that are used in the rules
e Uncertainty about the consequence that is used in a rule
e Uncertainty about the measurements that activate the fuzzy logic systems
e Uncertainty about the data used to tune the fuzzy logic system parameters

Type-1 fuzzy sets as used in T1-FL does not represent the uncertainty. This is the reason
why Zadeh proposed to represent this uncertainty by using type-2 fuzzy sets [ZadeT75].
Type-2 fuzzy sets and systems are slightly different from those used in classical fuzzy logic
as presented in Figure 3.2. Next sections presents these differences by introducing the

subsystems of a T2-FL system as presented on Figure 3.3.

!This reference presents, in Chapter 9, a very interesting discussion about uncertainty
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Figure 3.2: Type-1 fuzzy logic systems architecture - Adapted from [Mend01]
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Figure 3.3: Type-2 fuzzy logic systems architecture - Adapted from [Mend01]

3.2 Rule-base

The rule base allows representation of human knowledge by using linguistic labels. A

classical fuzzy rule presents the same structure as below:
IF (some conditions are verified) THEN (do something) ELSE (do something different)

Generally, the fuzzy rules are organised using tables which objective is to represent all
the different combinations among the inputs of the system. The structure of the rule-base

does not vary between type-1 and type-2 fuzzy logic.

3.3 Membership functions

Membership functions (MFs) enable establishing a relationship between numerical values
and linguistic labels. Type-1 fuzzy MFs (T1-MF) are two dimensional and represent the
membership degree p for a variable z. Type-2 fuzzy MFs (T2-MF) are three dimensional:
they consider an uncertainty U of the membership degree. T1-MFs are a particular case

of T2-MFs where the uncertainty value is 0. Membership functions are classified as:
e Singleton MFs, if p value is 0 but in a single point of the domain y value is 1.

e Interval type-1 MFs, if o value is 0 except in the interval defined by its left and right
bounds [lp, 7| where u=1if [, < x <1

e Type-1 MFs if p is a crisp value which vary between 0 and 1

e Type-2 MFs if p is represented by a secondary degree MF p ;
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Type-2 MFs are classified in:

1. Interval type-2 MFs if p 7(u, ) is an interval type-1 MF

2. General type-2 MFs if p;(p, x) is a type-1 MF

Figures 3.4, 3.5, 3.6, 3.7 and 3.8 respectively illustrates singleton, interval, type-1, in-

terval type-2 and general type-2 membership functions.

3.3.1 Interval type-2 membership functions

Interval type-2 fuzzy membership functions are easy to implement and then have been
used in almost all the works about type-2 fuzzy logic (See Table 1.5). For simplicity reasons,

interval type-2 membership function has been also selected for this research.

H u U
A P b T . A TP
Hiliiernans {
X1 X lb )!(1 ry X Xy X
Figure 3.4: Singleton MF  Figure 3.5: Interval type-1 MF Figure 3.6: Type-1 MF

Figure 3.7: Interval type-2 MF Figure 3.8: General type-2 MF

Interval type-2 fuzzy membership functions can be created from two type-1 MFs. An
Upper Membership Function (UMF) which represents the maximum value and a Lower
Membership Function (LMF) which represents the minimum value of u for each x. The
uncertainty U is represented by the area between the UMF and the LMF. This region is
called Footprint of Uncertainty (FOU) and is illustrated in Figure 3.9.

Type-1 MFs are a particular case of T2-MFs which does not consider the uncertainty,
the same MF represents both the UMF and the LMF and the area of the FOU is zero.
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Figure 3.9: Interval type-2 fuzzy logic primary and secondary MFs

3.3.2 Membership functions creation

Triangular and trapezoidal membership functions retained in this work are defined using
4 linear functions, completely described by 5 points (a, b, ¢, d and e) as defined in Equations
3.1, 3.2 and 3.3, and illustrated in Figure 3.10. Triangular MFs are a particular case of
trapezoidal MFs where b=c as illustrated in Figure 3.11.

Trapezoid(x,a,b,c,d,e) = max (0, min (y1,y2,€) ) (3.1)
T —a
b 7b? = 3.2
y1(z,a,b,c) =e s (3.2)
d —
ya(x,c,d,e) =e ’ (3.3)
— C
y :Tralpezoid y= Tri‘angle
\ Yi—> Ty, 1 \ % <~V
0.8 )
\ ! y=e
y=0 y=¢€ \ y=
0 ‘L 0 \L
-0.8 -0.4 0.2 0.6 X -0.5 0 0.5 X
Figure 3.10: Trapezoidal MF example Figure 3.11: Triangular MF example
a=-0.8, b=-04, c=02, d=0.6, e=0.8 a=-05b=c=0,d=05e=1

3.3.3 Centroid of an interval type-2 fuzzy membership function

An interval type-2 membership function (IT2-MF), can be approximatively represented
for a set of p interval type 1 membership functions (IT1-MFs) located at the points x; and
with upper and lower bounds pparr(i) and pparp(i) as illustrated on Figure 3.12. The
centroid of the IT2-MF is then computed as the centroid of the p IT1-MFs. Obviously
the exactitude of the computation depends on the value of p. The exact centroid is found

when p — oo.
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w(i,2)
e)=[w(i, 1), w(i.2)]

wi1)

[P L1
x(1) x(1) X(p)

Figure 3.12: An interval type-2 MF discretised into p interval type-1 MFs

The centroid of a type-1-MF discretised in p points is located at x = ¢. This point is
defined by Equation 3.4

f:l ;) - 4

= (3.4)
i1 ()

Similarly, the centroid of an interval type-2 MF discretised in p intervals is located at

the interval [¢;, ¢;]. defined by Equation 3.5

f:l M*(fﬁi) * Ty le M**(l'i) “ T (3 5)
5:1 () ’ le (i)

[Cl’ CT] =

Where p*(z;) (and p**(x;))are either pyarr(x;) or pwrarr(x;), the values which minimise
(maximise) the weighted average in Equation 3.4 [Mend01]. To exemplify this, the centroid
of the IT2-MF in Figure 3.13 (discretised in 4 IT1-MFs) is presented.

Figure 3.13: Interval type-2 MF discretised into 4 interval type-1 MF
UMF=Trapezoid(x, -1, 0, 0, 1, 1), LMF=Trapezoid(x, -0.5, 0, 0, 0.5, 0.4)

The IT2-MF is discretised into the following 4 IT1-MFs:
1. © =10, 0.4] at z; = -0.6

2. ©y =[0.24, 0.8] at x5 = -0.2

3. ©3 = [0.24, 0.8] at 23 = 0.2

4. 04 =[0,04] at x4 = 0.6
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Table 3.1 summarises all the possible weighted averages defined in Equation 3.4. As
there are 4 (p) IT1-MFs and two bounds for MF, there are 16 (2P) weighted averages.

Table 3.1: Weighted averages of the 4 interval type-1 MF

E?:1 w(xi)-xi

v1 w2 @z @y pwn) ple) ples) p(r)  SEOES
06 -02 02 06 0 024 024 0 0.0000
06 -02 02 06 0 024 024 04 0.2727
06 -02 02 06 0 024 08 0 0.1077
06 -02 02 06 0 024 08 04 0.2444
06 -02 02 06 0 08 024 0 -0.1077
06 -02 02 06 0 08 024 04 0.0889
0.6 -02 02 06 0 08 08 0 0.0000
06 -02 02 06 0 08 08 04 0.1200
0.6 -02 02 06 04 024 024 0 -0.2727
0.6 -02 02 06 04 024 024 04 0.0000
06 -02 02 06 04 024 0.8 0 -0.0889
0.6 -02 02 06 04 024 08 04 0.0609
0.6 -02 02 06 04 08 024 0 -0.2444
0.6 -02 02 06 04 08 024 04  -0.0609
0.6 -02 02 06 04 08 08 0 -0.1200
0.6 -02 02 06 04 08 08 04 0.0000

It can be noticed that the values which minimise and maximise the weighted averages
are respectively [¢, ¢, = [-0.2727, 0.2727]. This is an approximation for the centroid of
the IT2-MF.

3.3.3.1 Karnik-Mendel algorithm

When the value of p is incremented to find better approximations of the centroid, the
number of weigthed averages increase exponentially, and the computing time is then pro-
hibitive. Karnik and Mendel proposed an iterative algorithm to find the bounds ¢; and
¢, which reduces the number of iterations to find the solutions (one weighted average for

iteration). The Karnik-Mendel algorithm is explained in detail in [Karn01].
The centroid of the IT2-MF shown in Figure 3.13 is computed using the KMA. Table 3.2

presents the results of the centroid when different values of discretisation p are considered.
The table presents the number of iterations to find the value of the centroid. As it can
be noticed, the KMA permits finding the centroid while using a large discretisation and

considerably reducing the computation time.
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Table 3.2: Centroids of the fuzzy MFs for AP

Discretisation p Centroid KMA Iterations 2P iterations
4 [-0.2727 0.2727] 7 16
8 [-0.2861 0.2861] 7 256
16 [-0.2885 0.2885] 7 65536
64 [-0.2908 0.2908] 9 1.84 -10%°
256 [-0.2910 0.2910] 9 1.158 -1077
2048 [-0.2910 0.2910] 11 2P > 1.8 -103%

Figure 3.14 shows the flowchart which describes the Karnik-Mendel algorithm when it
is used to compute the right point of the centroid of a type-2 fuzzy MF. The algorithm

used to compute the left point is very similar and is presented on Appendix A.

den=0
num=0

xx=0; tour=0
Cl(1)=den/num

’% end i= p (discretisation) >—

den=0 L

start

num=0 theta(i)=(w(i,1)+w(i,2))/2
tour=tour+1 num=num-+x(i)*theta(i)
¢ den=den+theta(i)
— i=p (discretisation)
/end v
Cl{tour+1)=num/den
Yes

-

theta(i)=w(i,1)

e

theta(i)=w(i,2)

den=den+thetal(i) end
num=num-+x(i)*theta(i) Jyi=Ci(tour)
L

Figure 3.14: KMA flow-chart to compute the left point of the centroid

3.4 Fuzzifier

The fuzzifier maps a crisp input (x1, 23 ... ) into the interval type-2 membership
functions to produce a set of interval type-1 fuzzy sets. The number of sets depends on

the number of inputs and the number of membership functions.
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3.4.1 Fuzzifier example

In order to illustrate the methodology to implement the fuzzifier and all the subsystems
of an interval type-2 fuzzy system, a numerical example is presented: the whole process
to compute a crisp output from a crisp input is considered step by step (fuzzification,

inference, type-reduction and defuzzification).

The example consists into finding the output of the interval type-2 fuzzy logic system?
whose MFs are presented in Figures 3.15 and 3.16 and rule base is presented in Table 3.3.
A crisp input of (z1, x2) = (-0.6, -0.32) is considered.

NH NM NL z PL PM PH

05- X,

0 1
-1 -0.6 0 1

Figure 3.15: Membership Functions for input

NH NM NL YA PM PL PH

0.5 X;

0 [
-1 -0.32 0 1

Figure 3.16: Membership Functions for input x5

The first step is to fuzzify the input into the MFs. It can be viewed in Figures 3.15
and 3.16 that the first input is fuzzified in two MFs (NH and NM) and the second input is
fuzzified into three MFs (NM, NL and Z). This is illustrated in Figure 3.17 and summarised
in Figure 3.18.

0.705:3 \
o) B\
NH 7/
(a) (b)

NM 07727 \\
05355 0.5953 Z
02686 / / / \\\ NL

- -0.32\ 1 1 032 1 0-("3 - 0.32 1
(c) (d) (e)

Figure 3.17: Non-null fuzzified sets for 27 (a) and (b), and z2 (c), (d) and (e)

2This fuzzy system is explained in detail on Chapter 4, here the interest is on the numerical values of
their MFs and rules
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Crisp Input = Type-2 fuzzy Output
' [0.7058 — 1.0000] NH
x1 { [0.3571 — 0.5687] NM
106, -0.32 0.0000 — 0.0000] NL, Z, PL, PM, PH
0.6, -0.32] —| Fuzzifier —
[0.2686 — 0.5355) NM
o | (05953 -0.7727] NL
(0.0000 — 0.0190] Z

[0.0000 — 0.0000] NH, PL,PM,PH

Figure 3.18: The fuzzifier: maps crisps inputs into type-2 fuzzy sets outputs

Table 3.3: Fuzzy rules

Rule Ifz1is And 29 is Then Out is

2 NH NM [-0.7814, -0.6971]
3 NH NL [-0.6904, -0.6090]
4 NH / [-0.5387, -0.4662]
9 NM NM [-0.5691, -0.4915]
10 NM NL [-0.4983, -0.4100]
11 NM / [-0.4080, -0.3416]

3.5 Inference Engine

The inference engine maps the set of interval type-1 fuzzy MFs into the MFs used to
represent the rules. The output is a set of type-2 fuzzy MFs. The number of MFs is equal

to the number of active (or fired) rules.

3.5.1 Inference Engine example

Continuing with the example, there are 6 activated rules (2 and 3 activated MFs for
input 1 and 2 respectively). Table 3.3 summarises the 6 activated rules, in this example,
the rules are represented by interval type-1 MFs. (See complete list of rules on Tables 4.5
and 4.6). Figure 3.19 illustrates the inference engine for Rule 2. Here, Z represents the
rule MF and W its firing value. The six type-2 fuzzy sets (one for each activated rule) are
shown in Figure 3.20. Figure 3.21 summarises the results of the inference engine.

X2
NM Rule 2

0.5355 ] 1
0.2686 / / !

/ / \ roduc > — 10.5355
~032 m F w
product 1 01896
0.7058 -0.7814 —0.6971
X1 7
NH \

-0.6

Figure 3.19: Inference-engine: firing degree for Rule 2 (product inference)
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-0.6971 -0.609 05387  -0.4833 -0.41 -0.3416
. . ! ! ! ! !
Rule 2 : : : :
------------------------- oo 0 5355
Rule 10 |
0.4395 0.4202
0.3046 Rule 9
0.1896 - T 02128
L0 0959
i . | Rule 4 Rule 11
0'018 5 —— —— i..]00108
| | | ] |
-0.7814 -0.6904 -0.5691 0491504622 0408 7

Figure 3.20: Inference-engine: Firing degrees for all the activated rules

Type-2 fuzzy sets = Type-2 fuzzy sets
[0.7058 — 1.0000] NH z W,
x1{ [0.3571 — 0.5687] NM Rule2 [—0.7814 —0.6971] [0.1896 — 0.5355]
0.0000 — 0.0000] NL, Z, PL, PM, PH Rule3 [~0.6904 — 0.6090] [0.4202 — 0.7727]
_ ) — |, | Ruled [-0.5387 —0.4622] [0.0000 — 0.0190]
[0.2686 — 0.5355] NM Inference Rule9 [—0.5691 — 0.4915] [0.0959 — 0.3046]
2 { 105953 —0.7727] NL Rule10 [~0.4833 — 0.4100] [0.2126 — 0.4305]
[0.0000 — 0.0190] Z Rule11 [—0.4080 — 0.3416] [0.0000 — 0.0108

[0.0000 — 0.0000] NH, PL, PM, PH

Figure 3.21: The Inference engine: maps type-2 fuzzy sets inputs into type-2 fuzzy sets outputs

3.6 Output Processor

The output processor combines the type-2 fuzzy sets (one for each activated rule) to
obtain the crisp output of the fuzzy logic system. The output processor is the principal
difference between T1-FL and T2-FL systems. However, the output processor of a T2-FL
system can be used in T1-FL systems (not vice versa). The type-2 output processor is

divided into the type-reducer and the defuzzificator.

3.6.1 Type-reducer

The type-reducer combines type-2 fuzzy sets into an interval type-1 fuzzy MF called the
type-reduced set. The number of input fuzzy sets corresponds to the number of activated
rules. There is only one output, the type-reduced fuzzy MF. This MF is computed by using
the Karnik-Mendel algorithm. The input to the algorithm are the sets W; and Z; which
are the output of the inference engine. Figure 3.22 shows the flowchart which describes the
Karnik-Mendel algorithm when it is used to compute the right point of the type-reduced
set. The algorithm used to compute the left point is presented on Appendix A.
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xx=0; tour=0 :flr_% start
Cr(1)=den/num ¢_
;% end i=r (activated rules) >—
::;Z% theta(i)=(w(i,1)+w(i,2))/2
o our num=num+Z(i,2)*theta(i)
i den=den+theta(i)
E— i=r (activated rules)
’gnd v
Cr(tour+1)=num/den
Yes n
17 Yes
theta(i)=w(i,2) theta(i)=w(i,1)

den=den+theta(i) end
num=num+Z(i,2) *theta(i) @ I
S —— -

Figure 3.22: KMA flow-chart to compute the right point of the type-reduced set

3.6.2 Defuzzificator

The defuzzificator transforms the type-reduced fuzzy set into a crisp output. It is the
simplest subsystem, the crisp output value is computed as the average of the bounds of

the type-reduced set.

3.6.3 Output Processor example

The Karnik-Mendel algorithm is applied to combine the fuzzy sets in Figure 3.20. The

output processor results are shown in Figure 3.23 and summarised in Figure 3.24.

-0.5516 -0.5516

: e 3
i 1
—— Defuzzified output ! —Defu?zmed output
o  -0.5501 o ! 05501 !
-1 -0.5487 1 ( a) -0.5487 (b )
Figure 3.23: The output processor example (a), detail (b)
Type-2 fuzzy sets input = Type-1 fuzzy set output = Crisp output

Z; W,
Rule2 [—0.7814 — 0.6071] [0.1896 — 0.5355]
Rule3 [—0.6004 — 0.6000] [0.4202 — 0.7727]

[

%o 0000 — 0.0190]
Rule4 [-0.5387 — 0.4622]  [0.0000 — 0. —{Type-reducer |— [-0.5516, -0.5487] — ifier — 0.5501
Ruled [—0.5691 — 0.4015] [0.0050 — 0.3046]  |_YP [ || Defuzzifier °
|
[

Rulel0 [—0.4833 — 0.4100]  [0.2126 — 0.4305]
Rulel1 [~0.4080 — 0.3416]  [0.0000 — 0.0108]

Figure 3.24: The output processor: combines type-2 fuzzy sets into a crisp output
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3.7 Buck converter voltage controller

A DC/DC buck converter is an electrical device used to couple a DC voltage source to
a load, while controlling the quantity of energy supplied by the former by reducing the
voltage. The buck converter structure as presented on Figure 3.25 allows transit of energy

from the source to the load but not vice versa.

Source . |L Load
Transistor Inductor I
V| Diode Capacitor RL °

Figure 3.25: Buck converter

The output voltage of the buck converter depends on different parameters and operation
conditions as: the input voltage, the duty cycle, the switching frequency and, the induc-
tance, capacitance and load values. Generally, the switching frequency, the inductance and
the capacitance values are constant. The input voltage can be also considered as constant
or non controlled. As the load is imposed, the output voltage is controlled by controlling

the duty cycle.

3.7.1 Overview

The voltage controller requires one single input which is the error signal between the
reference and the measured voltage (V,..y and V). The output of the controller is the duty
cycle of the converter (J.). The controller computes an output for a sample time denoted
k. The sampling period T,., is constant. The PWM is performed at a constant switching

frequency fsu-

The objective is to evaluate different fuzzy logic systems (one T1-FL and two T2-FL

systems) using the same controller structure as shown in Figure 3.26.

Fuzzy Logic
Controller

DC/DC

Vref Converter

—P Vo

Figure 3.26: DC/DC buck output voltage controller
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3.7.2 Input
The error between the reference and measured voltage is defined in Equation 3.6.
e(k) = Vies(k) — Vo(k) (3.6)
The error variation is also considered and is defined in Equation 3.7 .

de(k) =e(k) — e(k—1) (3.7)

3.7.3 Input normalisation

The fuzzy logic controller handles normalised inputs (domain [-1, 1]) as defined in Equa-
tions 3.8 and 3.9. Generally, the value of e, is fixed and de, is used as an optimisation

parameter.

e*(k) = mazx (—1, min <€(k), 1)) (3.8)

de*(k) = maz (—1, mm< e 1)) (3.9)

3.7.4 Fuzzy logic controller

A FL controller defines the relative change in the duty cycle as defined in Equation 3.10.

The design of the fuzzy logic systems is presented in next section.
Ab.(k)* = f(e*(k), de*(k)) (3.10)

3.7.5 Fuzzy logic controller output denormalisation

The output of the fuzzy controller is denormalised using a denormalisation factor g, to
obtain the relative change in the duty cycle as defined by Equation 3.11. The denormali-

sation factor g,, is generally used as an optimisation variable.
AS(k) = A§(k) gm (3.11)

3.7.6 Controller Output - Duty cycle

Finally, the relative change is integrated to find the duty cycle of the converter by using
an integrator as defined by Equation 3.12.

0(k) = maz (0, min (1, 5(k—1) + A0(k) Tecn)) (3.12)

3.7.7 Fuzzy logic controller

Figure 3.27 presents the voltage converter explained in this section.
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Equation 3.10
. Equation 3.8 g
Equation 3.6 S,
(k) 1 e* (k)
Voltage el I »
Reference NS = Duty cycle
em
As(k)* AS(k) 1 reference
#» am LB f — d(k)
de(k) 1 de*(k) ; —
e de — L Equation 3.11 Equation 3.12
Voltage cem
measurement Equation3.7 Equation 3.9

T2-FL Controller

Figure 3.27: DC/DC power converter voltage controller

3.8 Fuzzy logic system design

Three different FL systems have been developed to perform the voltage regulation of the
buck converter. The difference between the FL systems is their uncertainty U. The first
FL has an uncertainty of 0% (T1-FL), the second and the third consider an uncertainty of
20% and 50% respectively (IT2-FL). The design of the type-1 fuzzy membership functions
is based on the approach presented in [Hiss98]. We propose an approach to consider the

uncertainty by using interval type-2 membership functions.

The objective of this work is to study the viability of the use of type-2 fuzzy logic in
real applications, and thus the optimisation of the fuzzy logic system is not considered.
Nevertheless, different levels of uncertainty in the membership functions are considered.
This choice permits to evaluate and compare type-2 and type-1 fuzzy controllers under

very similar conditions.

The input and output membership functions are defined as classically done in this
real-time application: triangular membership functions for the two input fuzzy sets and

singleton membership functions for the output fuzzy set.

3.8.1 Rule-base design

Table 3.4 presents the considered classical anti-diagonal rule base. The seven linguistic
labels are: (Negative High (NH), Negative Low (NL), Negative Very Low (NVL), Zero (2),
Positive Very Low (NVL), Positive Low (PL) and Positive High (PH))

3.8.2 Input membership functions design

The two input fuzzy sets (for e and de) are composed of seven membership functions .
The MFs are symmetric around the zero axis and are defined in two steps by using only

three parameters:

1. Seven type-1 membership functions (Uncertainty =0%) are defined by two parameters

as illustrated in Figure 3.28.
e The MF Z has its peak at = 0 and its right base at x = pvl,
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Table 3.4: Fuzzy controller rules

A§
elde— NH NL NVL Z PVL PL PH
NH NH NH NH NL NL NVL Z
NL NH NH NL NL NVL Z PVL
NVL NH NL NL NVL Z PVL PL
Z NL NL NVL Z PVL PL PL

PVL NL NVL Z PVL PL PL PH
PL NVL Z PVL PL PL PH PH
PH 7 PVL PL PL PH PH PH

e The MF PVL has its left base at x = 0, its peak at x = pvl, and its right base at
x = pl,

e The MF PL has its left base at x = puvly, its peak at x = pl, and its right base at

r=1
e The MF PH has its left base at x = pl,, its peak at z =1

NH NL NVL zZ PVL pL PH

I~ ¥ Y

-1 -pl,  -pvi, 0 pvl, pl, 1

Figure 3.28: Step 1: Definition of the type-1 fuzzy membership functions
MFs linguistic labels in uppercase and its parameters in Lowercase

2. The uncertainty U in the membership functions is the third considered parameter.
Fach type-1 membership function is modified as illustrated in Figure 3.29. Here,

three different uncertainties were chosen: 0%, 20% and 50%.

3.8.2.1 Parameters

The choice of the parameters (pl, and pvl,) defining the fuzzy sets is based on previous

works about fuzzy control of power converters [Hiss98|:

e To guarantee a fast convergence of the controller, the parameters pl. and pvl, which
define the error (e) membership functions are relatively close to zero. Values of

ple = 0.15 and pvl, = 0.3 are retained.

e To reduce the noise amplification of the controller, the parameters plg. and pvlge
which define the error differential (de) membership functions are relatively close to

one. Values of pl. = 0.4 and pvl, = 0.7 are retained.
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] X /'XZ\ X3
0 = |

| Axy | ax, —

max(-1+ Ax,*U, x,+ Ax,*U/2) min( x;+ Ax,*U/2, 1)
1
0
_ 1

max ( -1, x;- Ax;*U/2) min( 1 - Ax,*U, x;- Ax,*U/2)

— U —] —] Mx*U —

Figure 3.29: Step 2: Definition of the type-2 fuzzy membership functions

The selection of the values is obviously subjective but at least it permits to have a set of
parameters to evaluate and compare the considered type-2 fuzzy logic controllers. Figures
3.30, 3.31 and 3.32 illustrate the fuzzy sets for uncertainty values of 0%, 20% and 50%

respectively.

NH -0.3 0 0.3 PH

0.7 0 0.7

Figure 3.30: Type-1 fuzzy membership functions (U=0%) to represent e (a) and de (b)

093 0.315-0.23 0.135 0 0.135 023 0.315 0.93
1 = ]
- 0.37-0285 -0.165 -0.0150.015 0.165 0.285 0.37 1 (a)
-0.97 -0.67 0.37 0 0.37 0.67 0.97
1 A A A N
0
-1 0.73 043 -0.04 0.04 0.43 0.73 1 (b)

Figure 3.31: Type-2 fuzzy membership functions (U=20%) to represent e (a) and de (b)
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-0.825 -0.3375 -0.1875-01125 0 04125 01875 0.3375 0.825
//
91 0.475 -0.2625 -0.125-0.0370.0370.125 0.2625 0475 1 (a)
-0.925 0.625 -0.325 0 0.325 0.625 0.925

1O

1 0.775 -0.475 0.1 0.1 0.475 0.775 1 (b)

Figure 3.32: Type-2 fuzzy membership functions (U=50%) to represent e (a) and de (b)

3.8.3 Output membership functions design

For simplicity reasons, the output fuzzy set is composed by singleton membership func-
tions (not interval type-1 as in the example presented in precedent sections). The singletons

are uniformly distributed around the domain of the fuzzy sets as illustrated in Figure 3.33

NH NL NVL z PVL PL PH

Figure 3.33: Singleton membership functions

3.8.4 Fuzzy logic control surfaces

The fuzzy logic system is completely defined by its membership functions and fuzzy
rules. The three normalised control surfaces defined by Equation 3.10 are mapped off-line
and presented on Figure 3.34.

A8, !

Figure 3.34: Type-2 fuzzy logic control surfaces U=0% (a), U=20% (b), U=50% (c)
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3.9 Fuzzy controller evaluation and validation

The proposed voltage controller is evaluated by two methods: by computer simulations

and experimentally.

1. Simulation setup: The fuzzy controller and the buck converter are implemented in

Matlab Simulink using the Power Systems toolbox .

2. Experimental setup: The fuzzy controller is implemented in Matlab Simulink and
uploaded to a dSPACE programmable controller which generates the signal to drive
the MOSFET transistors. The experimental setup is illustrated in Figure 3.35.

Source Differential Probe +-15V /O dSPACE

Load Drivers DC/DC Converter  appjifier

Figure 3.35: Experimental setup

Tables 3.5 and 3.6 resume the parameters used in the validation of the voltage controller.

Table 3.5: Buck converter - Simulation and Experimental parameters

Description Parameter Value
Series Inductance L 1 [mH]
Parallel Capacitance c 1 [mF]
Fixed load resistance Ry 120[9]
Switchable load resistance R, 36 [Q]
PWM Switching frequency  fsu 15 |kHz|
Input voltage Vi 10.4 [V]
Reference output voltage — Viey 5 [V]
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Table 3.6: Type-2 fuzzy logic controller - Simulation and Experimental parameters

Description Parameter Value
Processor sampling time Teen 100 [us]
Error normalisation en 3 V]
Error differential normalisation de,, 5 [V]
Denormalisation factor Im 0.004

3.9.1 Evaluation of the controller

The evaluation of the controller response is performed by imposing an initial condition

and three different operation conditions:

1. Initialisation: The output voltage reference is initially fixed at 2.8 [V]

2. Start up: At ¢t = 0 [s] the voltage reference changes to 5[V]. The load is constant
during this period (27.69 €2).

3. Load regulation (-): At ¢ = 1 [s| The switchable load resistance is switched off.
(Load resistance from 27.69 Q to 120 )

4. Load regulation (+4): At ¢t = 1.5 [s| The switchable load resistance is switched on
again. (Load resistance from 120  to 27.69 )

To compare the three fuzzy controllers, the Integral Absolute Error (IAE) criterion is
retained. TAE is defined in Equation 3.13:

IAEAy = /Omef(t) — Vo(t)| dt. (3.13)

3.9.2 Validation results

Simulation and experimental results are resumed in Table 3.7 and illustrated in Figures
3.36 and 3.37. The voltage regulation is performed as expected but the results are not in
agreement with simulation (in simulation the best results were found with an uncertainty of
0.5, in experimental the best results were found with an uncertainty of 0.2). The difference
between simulation and experimentation results could be explained by the fact that in

simulation we do not model the noise, which is always present in experimentation.

It is nevertheless demonstrated that type-2 fuzzy logic controllers can be used to control
the voltage of buck converters. However, it is not possible (yet) to affirm that type-2 fuzzy
logic controllers are better performing than type-1 fuzzy logic controllers. This is not

unexpected, as we do not consider optimisation of the fuzzy controllers.
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Table 3.7: Validation results - IAE (Best result light background, worst result dark background)

Simulation Experimental

Type-1 fuzzy logic U=0% 0.2194 0.2086
Type-2 fuzzy logic U=20% 0.2201 0.2059
Type-2 fuzzy logic U=50% 0.2166 0.2581

3.10 Chapter conclusion

In this chapter we introduce type-2 fuzzy logic and explain each of their subsystem by
using numerical examples. The voltage control of a DC/DC buck converter, one of the
classical applications of fuzzy control in electrical engineering, was presented, developed
and validated using type-2 fuzzy logic. An original method to generate the 1T2 fuzzy sets

is proposed.

Simulation and experimental results suggest that T2-FL can be used in this particular
application. However, it is too early to affirm that T2-FL controllers are better than T1-FL
controllers. Future research at FEMTO-ST will be focused on the study of the tuning and
optimisation of the parameters of type-2 fuzzy logic systems. The results obtained are
an additional motivation to use type-2 fuzzy control in other applications such as energy

management in hybrid electrical vehicles.

The software considered to implement IT2-FL systems is given in Appendix A. It is
based on flowcharts and structured programming and does not require the use of the
Matlab Fuzzy Logic Toolbox.
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Chapter 4

ECCE energy management strategy
based on type-2 fuzzy logic

This chapter presents the energy management strategy implemented in the ECCE test bench

The second application of type-2 fuzzy logic presented in this research is the Energy
Management Strategy (EMS) of a Hybrid Electrical Vehicle (HEV). A real scale application
is presented here: the ECCE HEV with its predetermined architecture, constraints and
specifications (as presented in Section 1.2). The hybrid source implemented in the vehicle
is composed by a battery bank, an Ultracapacitor System (UCS) and a Fuel Cell System
(FCS).

This EMS is performed at two control levels. The first control level, namely the local
EMS, is realised in real time for each source. The second control level, that is the global
EMS, is insured at the system level to coordinate the power flow of each subsystem. The
local EMS is defined to control the sources while the global EMS is defined to supervise

the whole system.

A type-2 fuzzy logic controller is used to perform the local management of the FCS. The
design of the fuzzy logic controller 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.

The definition and global solution of the energy management problem are presented in
Section 4.1. Local management strategies for batteries, UCS and FCS are introduced in
Sections 4.2, 4.3 and 4.4 respectively. Energy management in degraded configurations of
ECCE is analysed in Section 4.5. Energy management strategy validation by simulation
and experimentation are respectively presented in Sections 4.6 and 4.7. Finally, Section
4.8 presents the conclusions and outlooks of this chapter. The design of the type-2 fuzzy

logic system (membership functions and fuzzy rules) is presented in detail in Appendix B.
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4.1 Global energy management strategy

In ECCE HEV, finding the UCS, FCS and batteries power references to supply the
vehicle power consumption (motor drives and ancillaries) seems to be the natural objective
of the energy management strategy (EMS) as defined by Equation 4.1. However, as the
batteries are directly connected to the DC bus (see Figure 1.4), the power flow of this
source cannot be directly controlled. The EMS is thus, in this case, limited to finding the
UCS and FCS power references.

Pmotor drives + Pcmcillary = Preference = PFCS + Pbatt + PUCS' (41)

We choose to develop an energy management strategy based on the power. The power
distribution in ECCE can be directly transformed into a current distribution because all
the sources are connected to the same DC bus. This is useful in experimental validation

where the references to the real control systems are in terms of current and not in power.

4.1.1 Global energy management strategy objectives

The first step to design the EMS is to define a global EMS regarding the characteristics
and constraints of both the vehicle and the hybrid source. The second control level of the
EMS is defined without considering the energy sources separately. The global objectives
of the EMS are listed by priority order:

e To maximise the durability of the power sources.

e To guarantee the general power balance and to recover the maximal amount of brak-

ing energy. (Equation 4.1 changes if mechanical braking is applied).

e Currents, states-of-charge, powers and/or voltages (and change rates) must remain

within predetermined and constrainted limits

e To minimise the battery (DC bus) voltage variation and to minimise the use of this

source because it is less efficient and presents a lower durability than the UCS.

e In steady state, the power is totally provided by the fuel cell system (fast and easy

to recharge). It’s also the only real ’energy’ source on the vehicle.

e The UCS ensures the dynamic answer and guarantee enough energy to accelerate the

vehicle and enough capacity to recover energy.

e The EMS enables degraded operation (i.e. failure of any of the power sources).

4.1.2 Global energy management strategy inputs

The EMS is realised without knowledge of future driving conditions. It only uses real-

time information to compute the output power references:
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e Reference power: The power to drive the motors depends on the speed of the vehi-
cle and on the accelerator and brake pedals positions. The auxiliary power depends

on the ancillary implemented on-board (for example compressors or pumps).

e Fuel cell power: the value of the output power of the FCS (measured after power

electronics, because this is the net contribution of the FCS to the power sharing).
e Batteries SOC: estimated batteries state-of-charge.(See Subsection 2.1.1.1).
e UC SOC: estimated ultracapacitor state-of-charge. (See Subsection 2.2.3).
e UC voltage: measured voltage at the ultracapacitor bank (before power electronics).
e DC bus voltage: measured voltage of batteries.

e Vehicle speed: measured vehicle speed.

4.1.3 Global energy management strategy outputs

The EMS has the following two outputs:
e UCS output reference power: the power (or the current) supplied by the UCS.
e FCS output reference power: the power (or the current) supplied by the FCS.

The battery power reference could be also enumerated as an intermediate output, however
the power of this source is here not directly controlled. Figure 4.1 illustrates the EMS as

implemented in Matlab Simulink.

Reference
Power

FCS R
Power L pa Pues

Ba\qgttgges ECCE (UCS Power Reference)

Batteries

Voltage Energy

uc
soc Management
uc —»u Pres’

Voltage

(FCS Power Reference)
Vehicle
Speed

Figure 4.1: Global EMS as implemented in Matlab Simulink

4.1.4 Local energy management strategies overview

As the control of the sources is independently realised, the next step is to identify
local objectives for each source EMS (first level control). This is done by comparing the

characteristics of the sources with the global EMS objectives as presented in Table 4.1.
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Table 4.1: Global objectives of the EMS and it compatibility with the sources

Objective FCS UCS Batteries
To supply energy to the charge + 4+ -- +
To maximise the energy recovered in braking - - + + +

To minimise the DC bus voltage variation + ++ -

To regulate the UC and batteries SOC + + -- -

To supply high dynamic power - + 4+ +

By using table 4.1 it can be defined that: the UCS supplies the dynamic power required
by the load and is considered to recovery braking. The FCS ensures the autonomy of the
vehicle, and regulate the state of charge of the storage sources. The battery power flows
are minimised to reduce the voltage variations on the DC bus and also to increase the
durability of the battery.

4.2 Batteries energy management strategy

A challenge in ECCE EMS is that batteries are directly connected to the DC bus and
cannot be directly controlled (a power converter could be considered as a more expensive
solution). The proposed solution to handle this problem is to indirectly manage the battery
using the remaining sources (FCS and UCS). A state-of-charge control is implemented, this

control is based on that presented by Candusso et al. [Cand01].

4.2.1 Batteries local EMS parameters

Two groups of parameters are identified for the batteries EMS: imposed parameters that
depends on the specifications of the vehicle and/or the batteries and strategy parameters

that can be used for optimisation:

e Agimposed parameters the EMS considers: the DC bus nominal voltage, the maximal
and the minimal voltage values, not only for the batteries but also for all the devices

connected to the DC bus (such as the UCS or FCS power converters or the ancillary).

e The second group of parameters considers limitations in the state-of-charge and in
the power supplied by the battery. The limitation in power is done to indirectly limit
the rise (drop) of the DC bus voltage in charge (discharge) of the battery; this power

can be estimated using the value of the internal resistance of the battery.

The battery EMS presented on this section requires the definition of the parameters

enumerated in Table 4.2.
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Table 4.2: Batteries local energy management strategy parameters

Parameter Description Type

Vousref DC bus voltage reference Specifications parameter
Viattmin Batteries maximal voltage Specifications parameter
Viattmaz Batteries minimal voltage Specifications parameter
SOChpatthign ~ Batteries maximal state-of-charge Strategy parameter
SOChattion Batteries minimal state-of-charge Strategy parameter
APsattmaz Batteries maximal charge-discharge power Strategy parameter

4.2.2 Batteries additional power (state-of-charge control)

As the EMS only deals with the FCS and the UCS, Equation 4.1 could be redefined
to make appear the battery power in the load side. The combined FCS & UCS source
power reference (Pyosgros™) is calculated as the addition of the reference power and an
additional power to control the batteries SOC (dPyasreries)- This is defined in Equation 4.2.

PUC’S&FC’Sj< = reference + deatteries (42>

If the battery state-of-charge is greater than their reference value, dPpgtteries becomes
negative, i.e. the FCS & UCS combined source supplies less energy and then the battery
supplies that difference. The batteries discharge until meeting the SOC reference. The
additional power dPpygtteries is computed using Equations 4.3 and 4.4. This is illustrated in
Figure 4.2. A maximal value of dPytt,mqe 1 selected to avoid over or under voltages due

to the energy management.

dPpatteries” = APbattmex ASOCha (4.3)
where
SOChattygn F5OChattioy gy
asoc,...= min | 1, max | —1 2 batt (4.4)
patt ’ ’ SOCbatthigh —SOCbattlow -

2

4.2.3 Batteries additional power correction (voltage limitations)

The batteries SOC control as described in Equation 4.3, could bring the voltage out
of the considered limits (e.g. battery recharge simultaneously with recuperative braking
would cause an overvoltage). To avoid this situation, a correction of the additional power
is applied. If batteries voltage approaches the maximal (minimal) limits then a charge
(discharge) limitation is applied. These limitations are described by Equations 4.5 and 4.6

and are illustrated in Figure 4.3.
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dPpatteries = (deattem'es*) AV, (45)

where

min (1, max (0, (M>) ) if dPpagteries >0

Vbusref 7Vbattmax
avbatt: (46)
. Viate—Vbate, .
min (1, max (O, (M>> ) if dPpagteries ~<0

Vbusref _Vbattmin

Batteries additional power

Batteries
-dP max : ! :
0 S0C min S0C ref S0C high 1 SOC
Figure 4.2: Batteries state-of-charge control strategy
Batteries additional power limitation factor Q’Vbam
1 ] k
; . Charge
S T L A S —w— Decharge ] .
i g : Batteries
03 2o .. :
0 YV min Vref V max 1 SOC

Figure 4.3: Batteries additional power correction - ay pgu

As the batteries are directly connected to the DC bus, at any change in the DC bus power
the battery will be the first source to act. This is the reason why the real contribution
of this source can be different from the reference (mainly in transient), as constated in

simulation and experimental validation. The batteries EMS is illustrated in Figure 4.4.

4.3 UCS energy management strategy

The UCS is the most efficient source in ECCE, it allows also the recovery braking and
a high dynamic reponse, but it has a low specific energy. As the FCS is limited to handle
fast power dynamics, and the batteries power is aimed to be minimised, the UCS assures
the dynamic in the whole power supply system. The global EMS considers a control of the
UC SOC; however, this is indirectly done by the FCS (see Subsection 4.4.4).

4.3.1 UCS management strategy parameters

The local EMS of the UCS is defined by using specification and strategy parameters:
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Batteries Batteries
Voltage 4P
Energy .
Batteries Batteries
SOC Management
(a)
Batteries o ; 4P
Voltage vervoltage
d batteries
Batteries dP & Undervoltage ———p4-
SOC | State-of-charge | patteries* % Limitation
Regulation
Equations 4.3 & 4.4 Equations 4.5 & 4.6 (b)

Figure 4.4: Batteries local energy management strategy. (a) global view, (b) detail

e Asimposed parameters the EMS considers: limitations in current in the UC as well as
in the UCS (both sides of the power converter). A limitation in UC voltage indirectly
done by limiting the UC SOC (maximum SOC).

o As strategy parameters the EMS considers: A high and a low SOC levels are con-
sidered to trigger charge and discharge limitations respectively. A limitation on the

discharge (minimum SOC) to avoid operation in low efficiency regions [Gual07].
The UCS EMS requires the definition of the parameters in Table 4.3:

Table 4.3: Ultracapacitor system local energy management strategy parameters

Parameter Description Type

1UCSmaz UCS maximal current (discharge) Specifications parameter
LUCSmin UCS minimal current (charge) Specifications parameter
U Cmaz UC maximal current (discharge) Specifications parameter
LU Cmin UC minimal current (charge) Specifications parameter
SOCucmaz UC maximal state-of-charge Specifications parameter
SOCucmin UC minimal state-of-charge Strategy parameter

SOCuchigh UC charge limitation threshold Strategy parameter

SOCucion UC discharge limitation threshold Strategy parameter

4.3.2 UCS reference power

The reference power of this source (Pycg™) is computed as the difference between the
FCS & UCS combined source power reference (Equation 4.2) and the measured FCS power.
This is defined in Equation 4.7.

Pycs™ = Pycsercs™ — Pres (4.7)
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4.3.3 UCS power reference dynamic limitation

A limitation factor is considered to limit the charge or discharge in this source. Equations
4.8 and 4.9 define the limitation factor illustrated in Figure 4.5.

Pycs™ = Pyes™ asocye (4.8)

where

3 SOCUCmax_SOCUC : *okok
min (1, max <O, <SOCUCmaxSOCUChigh>> ) if Pygs™ >0

QSOCye= (4.9)

) SOCyc —SOCuc, . ) s
min (1, max (O, <SOCUCIOW_SOCUCmin)> > if Pyog™* < 0

UCS power reference limitation factor dSOCyc

15

0.5 ------------ —w—Charge |- ----------------- -
' Decharge '

_________________________________________________________________________________ uc
| |
0 SOC min SOC low SOC high SOC max 1 SOC

Figure 4.5: UCS reference power dynamic limitation

4.3.4 UCS reference power static limitation

Maximal values in current in the UCS (and in the UC) are considered. The current in the
UCS and in the UC are computed using the value of the power Pyog™ and Equations 4.10a
(UCS) and Equation 4.10b (UC). The latter adds the converter losses when a cartography

is available (losses vs ouput power Piosses(Pucs™))-

. e Pucs™

ipeg ** = 205 (4.10a)
Vbatt

ok PUC’S** + }Dlosses(PUCS**)

Vuc

iuc (4.10D)

The limitation in the magnitude of the current is applied as defined in Equations 4.11a
(UCS) and 4.11b (UC).

ivcs * = min (ucs,.., max (ivcs™, ivcs,.,) ) (4.11a)

iUC * = min (iUCmaX7 max (iUC**, iUCmin) ) (4.11b)
This reference in current can be directly used (e.g. as in experimental validation on

Section 4.7). The UCS power references is defined in Equation 4.12. The reference in the

power must respect the two limitations in current.
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Pucs * = min (ivcs™ Viatt, ivc™ Vue) (4.12)

The local UCS energy management system is shown in Figure 4.6.
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p e o L ues
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Equation 4.2 Equation 4.7
Equations 4.8 & 4.9

Equations 4.10,
4.11&4.12 (b)

Figure 4.6: Ultracapacitor local energy management strategy. (a) global view, (b) detail

4.4 FCS energy management strategy

The FCS supplies the whole amount of energy in ECCE. As a consequence, the FCS
must control the batteries and UC states-of-charge. The EMS must consider the fact that
FCS has limitations to handle high dynamics. Fuzzy logic is selected to manage the FCS.
The design of the fuzzy logic controller is done by using knowledge engineering, a technique

that allows extracting information from experts using surveys [Mend01].

4.4.1 Fuel cell system energy management parameters

The FCS EMS specification parameters are: the maximum and minimum output power
(minimum power to avoid works in low efficiency regions). The dynamic of the fuel cell
system is considered by limiting the rate of power variation. The maximum speed of the
vehicle is considered to control the UC SOC.

The FCS EMS strategy parameters are related with the UC SOC control: the UC
SOC reference at maximum speed (when the kinetic energy accumulated in the vehicle is
maximal) and the UC SOC reference at speed zero (when the kinetic energy accumulated in
the vehicle is zero). The FCS system EMS presented on this section requires the definition

of parameters in Table 4.4.
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Table 4.4: Fuel cell system local energy management strategy parameters

Parameter Description Type

Prespnnn FCS maximal power Specifications parameter
Pres,in FCS minimal power Specifications parameter
dPfespon FCS maximal power rate change Specifications parameter
speedmaz Vehicle maximal speed Specifications parameter

SOCycref, ., UC SOC reference at maximal speed Strategy parameter

SOCycref,,, UC SOC reference at speed zero Strategy parameter

4.4.2 Fuzzy logic controller inputs

The FCS supplies the propulsion power in steady state, this is the reason why the first
input of the fuzzy logic controller is the difference between the FCS & UCS combined
source reference power (Equation 4.2) and the measured FCS power (Equation 4.13). The
FCS also controls the UC SOC, for this reason the second input of the fuzzy controller is
the difference between the UCS state-of-charge and its dynamical reference presented in

next section (Equation 4.14).

AP* = Pycsgrcs” — Prcs (4.13)

ASOC* = UCgoc... — UCsoc (4.14)

ref

4.4.3 Input normalisation

The fuzzy logic controller handle normalised inputs (domain [-1, 1]) as defined in Equa-
tions 4.15, 4.16 and 4.17.

AP*

AP= —— 4.15
PFCSmax ( )

ASOC*
ASOC = 4.16
SOCUC""efmax o SOCUCT‘Efmin ( )

«  speed

speed” = specdn (4.17)

4.4.4 UC SOC dynamic reference (UC SOC control)

Different authors propose to define dynamical references for the UC SOC (See Subsection
1.4.2.5). We propose to use a reference which depends on the speed of the vehicle:

e When the vehicle is stopped there is no possibility to recover braking energy in the

UCS. A low state-of-charge means less available energy to accelerate. The reference
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for the UC SOC is "charged" (this is a parameter of the strategy and does not imply
that the UCS is completely charged).

e [f the vehicle is at maximal speed, no further acceleration will be required and braking
is the next state, a high UC SOC will limit the recovery of braking energy. The
reference for the UC state-of-charge is "discharged" (again this is a parameter of the

strategy and does not imply that the UC is completely discharged).

The proposed relation between the UC SOC dynamic reference and the vehicle speed is
defined in Equation 4.18 and is illustrated in Figure 4.7.

UCsocur = SOCuc, .~ speed” (SOCuc,,,,  ~ SOCuc,.,. ) (4.18)

1 [SOC ref/SOC max] Ultracapacitor system — SOC reference

Ref max

Ref min|

0 1 [speedf speed max]

Figure 4.7: UC state-of-charge dynamical reference

4.4.5 Fuzzy logic controller design

A type-2 fuzzy logic system is used to perform the FCS energy management. The fuzzy

logic controller maps two crisp inputs into a one crisp output as in Equation 4.19.

APpcs = f(AP, ASOC) (4.19)

An energy management survey was conducted among 10 experts in hybrid electrical
vehicles worldwide. The experts were asked to define fuzzy rules and fuzzy intervals by
using specified linguistic labels. The answers were used to create the fuzzy logic system
(survey-based fuzzy logic system). The use of type-2 fuzzy logic membership functions
permits to consider and reduce the effect of the uncertainty in the answers of the experts.

The methodology and results of the survey are presented in Appendix B.

4.4.5.1 Fuzzy rules

The inputs of the fuzzy system (AP and ASOC) are represented by seven linguistic
labels: Negative High (NH), Negative Medium (NM), Negative Low (NL), Zero (Z), Positive
Low (PL), Positive Medium (PM) and Positive High (PH).

89



ECCE energy management strategy based on type-2 fuzzy logic

The output of the fuzzy system (APpcg) is represented by seven linguistic labels:
High Decrease (DH), Medium Decrease (DM), Low Decrease (DL), Hold (H), Low Increase
(IL), Medium Increase (IM) and High Increase (IH).

The experts were asked to define the 49 (7-7) rules of the fuzzy logic system by using the
specified linguistic labels. The rules as defined by the experts are summarised in Table 4.5.
These answers are used to define the rules of the fuzzy system, as explained in Appendix

B. The rules are summarised in Table 4.6.

4.4.5.2 Fuzzy membership functions

The input MFs have been selected to be triangular for the labels NM, NL, Z, PL and
PM and trapezoidal for the labels NH and PH. The MFs are selected to be symmetrical
around the zero axis. The MFs that represent AP are presented in Figure 4.8. The MFs
that represent ASOC are shown in Figure 4.9.

4.4.5.3 Fuzzy logic controller - example

In Chapter 3, a numerical example was presented to illustrate how the fuzzy logic system
compute an output from a determined input. The analysis of the numerical example is

now presented to explain how the T2-FL controller works.
If [AP, ASOC| = [-0.6, -0.32] then APrcg = -0.5501.

This relationship could be explained using the linguistic labels as:

If the ultracapacitors are relatively overcharged (60% of rated charge)

and

If the fuel cell system provides more power than required (32% of rated power)
then

Decrease the power of the fuel cell (at 55% of maximal decrease rate)

Based on the operation conditions, this is a logical output: if the fuel cell is supplying
more power than required and additionally the ultracapacitors are overcharged, then it is

necessary to rapidly decrease the power supplied by the fuel cell.
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Table 4.5: Processed survey results: Fuzzy Rules
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Table 4.6: Fuzzy Rules MFs: Interval bounds

APrcs
ASOC | AP — NH NM NL VA PL PM PH

NH [-0,7814,-0,6971] | [-0,7511, -0,6678] | [-0,5691, -0,4915] | [-0,4028, -0,3351] | [-0,2661, -0,2073] | [-0,0628, -0,0101] | [0,0933, 0,1427]
NM -0,7814, -0,6971] | [-0,5691, -0,4915] | [-0,4582, -0,3872] | [-0,2773, -0,2211] | [-0,1084, -0,0603] | [0,06, 0,1087] | [0,2366, 0,2065]
NL [-0,6004, -0,609] | [-0,4833, -041] | [-0,2522, -0,1983] | [-0,1427, -0,0989] | [-0,0048, 0,0374] | [0,1845, 0,241] | [0,3242, 0,3929]

Z [:0,5387, -0,4622] | [-0,408, -0,3416] | [-0,1849, -0,1372] | [-0,016, 0,016] | [0,1372, 0,1849] | [0,3123, 0,3777] | [0,4622, 0,5387]
PL [-0,3566, -0,2931] | [-0,1657, -0,1161] | [-0,018, 0,018] | [0,0989, 0,1427] | [0,2211, 0,2773] | [0,3806, 0,453] | [0,5569, 0,635]
PM [-0,2463, -0,1911] | [-0,0853, -0,0431] | [0,0778, 0,1235] | [0,2439, 0,3024] | [0,3579, 0,4279] | [0,4915, 0,5691] | [0,6971, 0,7814]
PH [:0,1216, -0,0742] | [-0,0238, 0,0294] | [0,2073, 0,2661] | [0,3579, 0,4279] | [0,4915, 0,5691] | [0,6678, 0,7511] | [0,6971, 0,7814]

01301 Azznj g-odA) uo paseq A399eals JudmIdaSeURUW A3I0Ud DD



FCS energy management strategy

] 0.3099 0.65

PH
(-)1 0.48

0.0869 0.4275 0.8275

1

PM
0
-1 0.179 0.6958
1 0.0076 0.1787 0.451

PL
0
-1 0.0509 0.3403

-0.1691 0.121
1
Z

0
-1 -0.121 0.1691
1 -0.451 -0.1787 -0.0076

NM
0
-1 -0.3403 -0.0509

-0.8275 -0.4275 -0.0869

1

NL
0
-1 -0.6958 -0.179
1 -0.65 -0.3099

NH
0

-0.48

Figure 4.8: Interval type-2 fuzzy membership functions to represent e:
PH (a), PM (b), PL (c), Z (d), NL (e), NM (f), NH (g)
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The T2-FLC normalised control surface defined by Equation 4.19 is mapped off-line and

is presented on Figure 4.10.

fes
U= 50% 0.8
A 06

10.4
10.2

1-0.2

-0.4

-0.6
-0.8

Figure 4.10: FCS energy management: type-2 fuzzy logic normalised control surface

4.4.6 Fuzzy logic controller output

The fuzzy controller output (a relative change in the FCS output power reference) is

denormalised (domain [-1, 1]), using Equation 4.20.

The denormalised output is the rate of change in the FCS output power. This operation

implicitly filters the reference power by considering the dynamical limitation of the FCS

dPFCSmaa;'

APrcs® = APrcs dPros (4.20)

max

The rate change is integrated to find the FCS power reference. To limit the output
a limited integral is considered: the integration action is turned off when upper or lower

limits are reached (Equation 4.21).

Pres™ = / APrpcs™ dt (4.21)
limited

Finally, the whole local FCS EMS is presented in Figure 4.11.
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Figure 4.11: Fuel cell system local energy management strategy. (a) global view, (b) detail

4.4.7 Integration of the local EMS into the global strategy

Now that all the local strategies are defined, the final step is their integration on a global

strategy as illustrated on Figure 4.12

Batteries Batteries
sS0C Voltage
uce Ultracapacitor
Batteries Voltage System Energy |—»8 F’u::smr
>
Energy Management (UCS Power Reference)
uc
Management S0C
drP
Batteries Fuel Cell
Reference *
Power | System Energy |——»8 Pres
fes Management (FCS Power Reference)
Power Vehicle e——
Speed

Figure 4.12: Global EMS as implemented in Matlab Simulink - detail

4.5 Degraded operation strategies

The EMS must enable degraded operation if any of the sources fails (Subsection 4.1.1).
As the vehicle is not operational without batteries because they impose the DC bus voltage,
degraded operations are only considered for FCS or UCS failure. It is important to highlight
that the objective is not to develop a whole new EMS but to alter the already developed
EMS with slight modifications.
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4.5.1 Degraded operation without FCS

The first case considered is a fault in the FCS. Here, ECCE operates as a plug-in vehicle
(i.e. the batteries provide the whole amount of energy until discharge) and as a consequence
the SOC control in batteries is not possible anymore. Nevertheless, the UC SOC could be
still controlled via the batteries. The proposed solution is to use the batteries to supply the
power that the FCS cannot supply. As the batteries are directly connected and their power

cannot be directly controlled, this is done by modifying the UCS input power reference.

The EMS that permits degraded operation without FCS is graphically presented in
Figure 4.13. The blocks used in this strategy are the same used on normal operation (as

presented on Figure 4.12), however, the way the blocks are interconnected is not the same.

Batteries
Voltage .
uc Ultracapacitor
Voltage System Energy f———»8 Pycs-
——P (UCS Power Reference)
Management
uc
Fuel Cell
Reference Pres:
Power +_ P System Energy
Vehicle
Speed Management

Figure 4.13: Degraded operation strategy - FCS failure

4.5.2 Degraded operation without UCS

The second case considered is a fault in the UCS. In this case, the control of batteries SOC
is possible, however the UC SOC control is obviously not necessary anymore. The proposed
solution is to use the same fuzzy logic controller than in precedent section. However, as the
UC SOC control is not required, the input ASOC is imposed to be zero. This is equivalent
to say that the second objective is already achieved and then the only FCS objective is to
supply the whole amount of energy. The modified EMS for the FCS is illustrated in Figure
4.14(a). The EMS for this degraded operation is graphically presented in Figure 4.14(b).

4.6 Simulation validation

The proposed EMS is evaluated by computer simulations. The energetic macroscopic
representation and the energy management strategy are implemented in Matlab Simulink™
(See Sections 2.3 and Section 4.1). The EMS is evaluated by considering FLC uncertain-

ties of 50% and 0% (type-1 fuzzy logic). The simulation results are very similar (power
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Figure 4.14: Degraded operation strategy - UCS failure (a) Modified FCS EMS, (b) Global view

distribution, states-of-charge). The FCS dynamic is very slow regarding the other power
sources and the difference among the power distribution obtained with the two FLC is very

reduced. For this reason, only simulations with 50% uncertainty are presented.

Simulations are performed for a normalised cycle and for a real driving cycle:

e Normalised cycle A Normalised European Driving Cycle (NEDC) is here considered
(See Figure 1.13). However, only the urban semi-cycle is retained because the maxi-
mal speed of the 14 ton vehicle is less than 50[km /h].

e Real drive cycle This is a representative drive cycle of the ECCE vehicle measured
in real test drive circuit. This cycle represents with better accuracy the operation of

the vehicle (speed and energy consumption).
4.6.1 Simulation parameters
Simulations are performed using the parameters in Table 4.7. The choice of these pa-
rameters is based on the technical specifications of the vehicle and its sources.

4.6.2 Simulation results

Figures 4.15 and 4.16 presents the simulation results for the normalised and the real
driving cycle respectively. In the EMS as described in Equation 4.1, the power supplied by

a source is positive as well as the power consumption in the load side.
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Table 4.7: Simulation parameters

Parameter (references) Value
FCS maximal power 15000{W]
FCS minimal power 5000[W]
FCS maximal power rate change 2500[W/s|
SC SOC reference at maximal speed 0.25
SC SOC reference at speed zero 0.97
Vehicle maximal speed 50[km/h]|
UC maximal state-of-charge 0.97
UC charge limitation threshold 0.9
UC minimal state-of-charge 0.25
UC discharge limitation threshold 0.3
UCS maximal current (discharge) 400 [A]
UCS minimal current (charge) -400 |A]
Batteries maximal state-of-charge 0.91
Batteries minimal state-of-charge 0.89

Batteries maximal charge-discharge power 5000 [W]
Batteries voltage range 500-600[V]
Batteries reference voltage 540 [V]

e Vehicle speed: Figures 4.15(a) and 4.16(a) show the considered drive cycles. A
recharge period for the SC and batteries is considered at the end of each cycle (the
final SOC meets the initial). This recharge period permits to objectively compare

the fuel consumption (here all the energy was supplied by the FCS Hs).

e Reference Power: the reference power is evaluated at the dc bus, and includes the
power of the electrical traction motors and all the ancillary of the vehicle (pumps,
compressors). In NEDC, it is calculated in Matlab Simulink using the vehicle model.
In the real drive cycle the power was measured at the DC bus (it includes the motor

drives and ancillaries consumption).

e Battery power: as expected, the battery is the first element which acts when
any change in the reference is applied. The battery output power remains almost
constant during low variations of the speed. In acceleration or braking a rise in the

contribution of the battery is observed.

e Ultracapacitor system power: The UCS supplies most of the dynamic response
even if there is a delay (associated to the current controller) between the reference

power and the ultracapacitor response.

e Fuel cell system power: the FCS supplies the mean energy and controls the UC

and batteries SOC. The output power presents a low frequency evolution (the fuzzy
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logic system acts as a low-pass filter because of the consideration of the maximal
power rate change dPjcs, ). Finally, when the vehicle is stopped, the fuel cell

power increases to charge the ultracapacitor system and the batteries.

e Battery voltage: the battery voltage varies with the battery output power, but

stays in assigned limits.

e Battery state-of-charge: the battery state-of-charge does not varies much and
stay in the assigned limits. In the NEDC cycle the minimal batteries SOC reference

was 0.9.

e Ultracapacitor state-of-charge: the ultracapacitor system state-of-charge stay in

the assigned limits. It also varies inversely with the vehicle speed.

As simulation results are in agreement with expectations the next step is now to validate
the EMS in real conditions.

4.7 Experimental validation

This section presents the implementation and validation of the EMS developed in the
previous sections. The experimental conditions are quite different from those in simulation
and particularly regarding the control of the energy sources. In ECCE, the FCS and the
UCS are controlled by their own control system (provided by their suppliers) and the

control structure proposed in Section 2.6 cannot be directly experimentally validated.

The energy management system (software & hardware) is implemented using a dSPACE
AutoBox programmable controller. This system generates current references for the UCS
and FCS as required by their control systems. ECCE control software (start-up, security,
EMS...) is implemented in Matlab Simulink and then uploaded to the dSPACE (the

Simulink blocks are the same than used in simulation).

The experimental validation was performed in two steps: firstly, static validation (i.e.
without moving the vehicle) and secondly, driving validation.
4.7.1 Static validation

Static evaluation presents very interesting characteristics to evaluate the EMS: the ex-
perimentation is easy to control (and to stop if any problem occurs) and the load power

consumption can be easily imposed and controlled.

4.7.1.1 Experimental setup

A variable resistive load (adjustable power resistor) is directly connected to the DC bus
as illustrated in Figure 4.17. The nominal value of the load is 100kW @500V (in steps of
5kW). Figure 4.17 illustrates the experimental setup.
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Figure 4.15: EMS simulations results - NEDC driving cycle
Vehicle speed (a), Power distribution (b), DC bus voltage (c), UC SOC (d),
Batteries SOC (e), Power distribution detail (f)
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Figure 4.17: Static validation schema (left) - experimental setup (right)

4.7.1.2 Static validation parameters

The EMS is uploaded into the dSPACE Autobox using the parameters given in Table 4.8.
As the dynamic control of the UC SOC based on the speed is not possible, the reference
value for the UC SOC control is then imposed by the software. The batteries SOC control
is not considered. Here, it is important to highlight that the objective is to evaluate the
different local strategies. For this reason, the reference in the UC SOC is very low (an

undesirable condition). In real operation a high SOC must be considered.

Table 4.8: Experimental static validation EMS parameters

Parameter (references) Value
FCS maximal current 40[A]
FCS minimal current 4 [A]
FCS maximal current rate change 40[A/s]
UC SOC reference 0.5
UC maximal state-of-charge 0.85
UC charge limitation threshold 0.8
UC minimal state-of-charge 0.25
UC discharge limitation threshold 0.3

UCS maximal current (charge & discharge) 200 [A]
UC maximal current (charge & discharge) 400 [A]

4.7.1.3 Static validation results - global EMS

The first evaluation performed consist into imposing different variations of the charge
and analysing the global power distribution between the different sources. The principal
interest of performing this test is the fact than the the load can change from zero to the

nominal value much faster than in driving conditions.

Figure 4.18 presents the results of the first evaluation: a load reference increasing or
decreasing in variable steps (from 5/kW] to 75[kW]). The figure presents the power distri-
bution between the different sources, the current in FCS and UCS and the DC bus voltage.
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Figure 4.18: Experimental results - Static validation I - Global Strategy

Power distribution (a), DC bus voltage (b), UC current (c), FCS current(d), UC SOC (e)
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The FCS power regulates the UC state-of-charge and has relatively low frequencies.

Maximum and minimum limitation values of FCS current are validated as well as the

maximum value of the UCS current.
The output currents of the sources follow their references.

The UCS supplies the transient power to the load (high dynamics) and enables energy

recovery (in this case from the FCS).

The power contribution as well as the voltage variation of the batteries is highly

minimised. The batteries reinforces the UCS when required (e.g. from time 345 to
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355 [s] or from 425 to 438 [s| when a high load is applied and the UCS current reaches

its maximum value.

4.7.1.4 Static validation results - UCS local EMS

The second evaluation performed consist into 1) verifying the operation of the overcharge
and discharge limits in the UC as defined in Section 4.3 and 2) verifying the operation of
the UC SOC control by the FCS as defined in Section 4.4.

Figure 4.19(a) illustrates the evaluation of the power reference dynamic limitation for

the UCS. To evaluate this limitation two different tests are performed:

1. The load resistor power was selected to be higher than the maximal output power
of the FCS, then the UCS power reference is always positive (Pycs™™ in Equation
4.7). Tt can be observed (from time 170 to 210 [s]) that the UC SOC remains in
the predetermined limits (discharge protection validation). As a consequence, the

batteries descharge while supplying the charge consommed by the resistor.

2. The load resistor is switched off, the FCS is manually operated in order to supply
a maximal power. It can be observed (from time 600 to 800 [s|) that the UC SOC
remains in the predetermined limits (overcharge protection). The batteries charge in

this operation conditions.

Figure 4.19(b) illustrates the evaluation of the UC SOC control. The dynamic reference
is temporarily modified to study how the UC SOC follows the reference. It is important
to highlight that the speed of the UC SOC controller can vary drastically regarding the

operating conditions:

e The UC can be relatively fast discharged when the requested load power is high or

relatively fast charged when the requested load power is low.

e If the requested load power is low or null, the discharge is only possible by charging
the batteries. This operation is however very limited by the EMS (limits in DC
bus voltage, limits in FCS minimal current, limits in battery power). This is the

operation mode illustrated in Figure 4.19(b).

e If the load power is high (higher than the FCS nominal power), the charge is only
possible by discharging the batteries. This operation is also very limited by the EMS.

4.7.1.5 Static validation results - FCS local EMS

The third evaluation consists into verifying the operation of the limits in maximal current
rate change of the FCS. The evaluation consists into applying a high load when the FCS
power is low and the UC relatively discharged. The FCS EMS imposes a maximal variation

of the reference power to supply the power and to recharge the UC.
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Figure 4.19: Experimental results - Static validation IT - UCS local strategy
UC SOC (a), UC SOC detail (b)

Figure 4.20 shows that when the power load is applied, the FCS power increases at a
maximum rate until the FCS reaches the limit in maximal power as defined in Equations
4.20 and 4.21).
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Figure 4.20: Experimental results - Static validation III - FCS local strategy

Power distribution (a), FCS current reference variation - Fuzzy logic controller output (b)

4.7.2 Driving validation

Driving validation is performed on a drive circuit located in PANHARD at Saint-Germain
Laval, Loire, France. The evaluation of the EMS is performed to analyse it operation in the
vehicle under real-world situations. The EMS was evaluated by considering uncertainties of
50% and 0% (type-1 fuzzy logic). The experimental results are similar (power distribution,
states-of-charge variation) but very difficult to compare objectively. This is because in
real experimentation, it is almost impossible to repeat exactly the same conditions (initial
states-of-charge, speeed profile...). For this reason, only the 50% uncertainty results are

presented.
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Figure 4.21: ECCE EMS driving validation at PANHARD (Saint-Germain Laval)

4.7.2.1 Driving validation parameters
The EMS is uploaded into the dSPACE Autobox using the parameters given in Table 4.9.

Table 4.9: Experimental validation EMS parameters

Parameter (references) Value
FCS minimal-maximal current 4-40[A]
FCS maximal current rate change 40[A/s]
UC SOC reference 0.5
UC maximal state-of-charge 0.85
UC charge limitation threshold 0.8
UC minimal state-of-charge 0.25
UC discharge limitation threshold 0.3
UCS maximal current (charge & discharge) 200 [A]
UC maximal current (charge & discharge) 400 [A]
Batteries minimal-maximal state-of-charge 0.64-0.88

Batteries maximal charge-discharge power 5000 [W]
Batteries minimal-maximal voltage 500-600[V]

Batteries reference voltage 540 [V]

4.7.2.2 Nominal operation conditions with UCS-FCS and batteries results

Figures 4.22 and 4.23 present experimental results. They are satisfactory and in agreement
with the simulation results. The objectives of the EMS as defined in Section 4.1.1 are
fulfilled. Figure 4.22 presents the power distribution between the energy sources. Figure
4.23 additionally presents the speed, the UC and battery SOC and the DC bus voltage.

e Vehicle speed: it is limited to low values in order to limit the load power. When
higher speeds were considered, the UC discharges fast and the FCS output was not
enough to propel the vehicle and the batteries SOC drops fast as the DC bus voltage.
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Figure 4.22: Experimental results - Drive validation I
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Reference Power: The amount of available braking energy was lower than expected
because the driving circuit was very constrained in terms of slope and curves. More-
over, when driving in negative slopes (where the energy is expected to be recovered)

the circuit is very curved and the energy is used to supply the power steering.

Battery power: The battery output power remains almost constant, except when

the UC are relatively discharged and the battery reinforces it.

Ultracapacitor system power: The UCS supplies most of the dynamic power

solicitations.

Fuel cell system power: the FCS supplies the mean energy and controls the UC

and batteries SOC. The output power remains into determined limits.

Battery voltage: the battery voltage varies with the battery output power, but

stays in assigned limits.

Battery state-of-charge: The battery SOC control is verified: a contribution of
5kW is observed almost all the time because the SOC is higher than the reference.

Ultracapacitor state-of-charge: The UC SOC control is verified: at low speeds
the UC is charged by the FCS, at high speeds the UC discharges.
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Figure 4.23: Experimental results - Drive validation II
Speed (a), Power sharing (b), DC bus voltage (c), UC SOC (d), battery SOC (e)

4.7.2.3 Degraded operation without UCS

Experimental results are presented in Figure 4.24. To emulate the UCS fail, the output
of this element is imposed to be zero. Additionally, the EMS is modified as explained in
Subsection 4.5.2 and shown in Figure 4.14. In this degraded operation the batteries supply
the dynamic response and the the output voltage is not stable as in the configuration
including the UCS. The batteries SOC is nevertheless controlled by the FCS.

4.7.2.4 Degraded operation without FCS

To emulate the FCS fail, the output of this element is imposed to be zero. The strategy
is modified as explained in Subsection 4.5.1 and shown in Figure 4.13. Experimental results
are presented in Figure 4.25. In this configuration the UCS supplies the dynamic response
and the output voltage variation is much lower than in the degraded configuration without
UCS (this element minimises the DC bus voltage variation). The batteries controls the UC
SOC, however, the batteries SOC cannot be controlled and then a progressive decrease in

the batteries voltage can be noticed.
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Power distribution (a), DC bus voltage (b)

4.8 Chapter conclusion

A novel energy management strategy (EMS) was presented in this chapter. It is based
on the embedded energy sources characteristics without any previous knowledge of driving
conditions (only real-time information is used). The principal contribution is the use of

type-2 fuzzy logic systems and human expertise in energy management of hybrid sources:

e As far as we know, it is the first industrial application of type-2 fuzzy logic in France
and the first experimental validation of an energy management system on a hybrid
electrical vehicle using 1) type-2 fuzzy logic and 2) using experience of multiple

experts
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e It is an application for a military application but it could be used in civil appli-
cations (the parameters of the energy management strategy depends only on the

characteristics of the sources and not on the vehicle)

e In this EMS the priority source is the UCS because it is the most performing source in
terms of efficiency, power and dynamic response. Moreover, the bounds of operation
are not limited as classically in the literature, the strategy considers the vehicle speed
to find a dynamic reference for the UC SOC.

e The strategy permits an easy operation in degraded mode, using only one software
application. Additionally the fuzzy logic controller structure is used either to find a
power reference (simulation) or to find a current reference (experimentation). The

EMS structure itself does not change.

Not all the ideas to improve the energy management strategy were neither evaluated on

ECCE vehicle nor presented in this dissertation. Further research are identified:

e To redefine the dynamical references of the state-of-charge of UC and batteries re-

garding the road slope and/or the traffic (e.g. using GPS information).

e The ECCE test bench operation is very constrained in terms of voltage variation.
Moreover, the batteries used on this vehicle (lead-acid) are relatively inefficient and
also presents a relatively low durability . For these reasons the use of batteries in
ECCE is minimised. However, if different batteries were considered (such as lithium
or nickel-based), it could be interesting to redefine the batteries EMS.

e When the energy management survey was presented to the experts, not all the in-
formation about the vehicle constraints (confidentiality reasons) nor the whole man-
agement strategy were presented (not before publication) and not all the ECCE
constraints were clearly identified (before experimental validation). It could be in-

teresting to conduct a new survey presenting more information about the vehicle.

e The investigation of adaptive energy management strategy with driving style recog-

nition.
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Conclusion

This thesis presents a research work developed around two axes in electrical engineering:

energy management in hybrid electrical vehicles and type-2 fuzzy logic controllers.

This work takes part of the research developed in FEMTO-ST Laboratory about the
modelling and control of multi-physics systems. It is a natural continuation of previ-
ous research developed in subjects such as Energetic Macroscopic Representation (EMR),
modelling and control of electrical sources or type-1 fuzzy logic controllers. In the same per-
spective, this thesis aims to present a contribution to the research developed in FEMTO-ST
Laboratory around energy management in Hybrid Electrical Vehicles (HEV) and type-2

fuzzy logic control.
Overview

The research presented in this thesis is realised in the framework of the ECCE project.
ECCE is a hybrid electrical vehicle that can be used as a mobile laboratory. Here, the
interest is to develop and to evaluate an energy management system for a hybrid source
composed by a bank of batteries, an Ultracapacitor System (UCS) and a Fuel Cell System
(FCS).

EMR formalism is selected to represent the ECCE HEV and to identify its Practical
Control Structure (PCS). The modelling and the parameter identification of the batteries
and the FCS have been developed in previous research at FEMTO-ST Laboratory. This
thesis propose a new procedure to identify the equivalent electrical parameters of the UCS.

This procedure is experimentally validated.

As previous knowledge of the driving cycles is not considered, on-line techniques are
identified as the most adapted to perform the energy management in ECCE. The proposed
Energy Management Strategy (EMS) only considers real-time information such as electrical
power, current or voltage, the state of charge of the storage sources or the speed of the
vehicle. The EMS is developing considering the advantages and drawbacks of each of
the sources. The batteries are directly connected to the DC bus and then their power is
indirectly controlled by the FCS and UCS. The UCS is the most efficient source and then
is considered as the priority source to supply the power. A fuzzy logic controller is selected

to perform the local energy management of the FCS.
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As (again) previous knowledge of the driving cycles is not considered, human expertise
is used to design the Fuzzy Logic Controller (FLC) which control the FCS. A fuzzy logic
system is designed from human experience, it permits using human knowledge to define
the fuzzy rules and membership functions of the fuzzy system. The energy management
survey was performed among experts in energy management of HEV. Type-2 fuzzy logic
controllers (T2-FLC) are retained because they consider the uncertainty in the answers
and the fact that different experts thinks different and define different rules.

A toolbox is developed in Matlab to map T2-FLC into control surfaces (interval type-2
fuzzy logic controllers are considered in this thesis). The control surface and the EMS are
implemented in Matlab Simulink and computer simulations are performed using the EMR
and the PCS of the vehicle. Simulation results shown an EMS which fulfills all the imposed
requirements. This is interpreted as satisfactory enough to continue with the experimental

validation.

A secondary application is considered to experimentally validate the T2-FLC before
its implementation in the real vehicle. A T2-FLC is used to control the voltage in a
DC/DC power converter. The principal motivation to perform this intermediary validation
is its relatively easy implementation and economical experimental setup. Moreover, the
evaluation of this T2-FLC is done under controlled conditions in Laboratory. The T2-FLC
is developed, implemented and experimentally validated with satisfactory results. This
secondary validation of T2-FLC is considered (together with the simulation results) as
strong motivation to continue to the last stage of the project: the implementation of the

T2-FLC in the ECCE energy management system.

Finally, experimental validation of the energy management system is performed in the
ECCE mobile laboratory. As expected in simulation, we observe an energy management
system which fulfil the control objectives. The experimental results (the voltage controller
and the energy management system) can be seen as strong evidence that T2-FLC are well
adapted for use in electrical engineering applications. However, as the research presented
in thesis does not consider optimisation of the fuzzy controllers, it does not present enough
evidence to affirm that T2-FLC are better performing than T1-FLC. Nevertheless, thanks
to the proposed survey and the use of type-2 FLC, the knowledge of different experts

among the world can easily be integrated into one single fuzzy controller.
Research summary

Chapters 1 introduces the research group, the context and motivations of the ECCE
project and to present the background of the thesis: hybrid electrical vehicles, energy

management techniques, and type-2 fuzzy logic.

Chapter 2 describes the different sources used in the vehicle: from their EMR it de-

velops their practical control structure (PCS) by considering the technical and economical
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constraints. It also introduce the modelling and parameter identification of the sources.

Chapter 3 introduces type-2 fuzzy logic systems (FLS) and present in detail the in-
terval type-2 fuzzy logic systems retained in this research. This chapter present the first

experimental validation of T2-FLC control, the output voltage control in a buck converter.

Chapter 4 presents the design, implementation an validation by simulation and experi-

mentation of the ECCE energy management system.

Appendix A presents the software developed to map interval-type-2 fuzzy systems into
control surfaces. Appendix B presents the energy management survey performed to design
the I'T2-FLC implemented in ECCE.

Chapters 3 and 4 present two applications of type-2 fuzzy logic in electrical engineering.

These applications present very different scenarios to evaluate type-2 fuzzy logic controllers:

The output voltage T2-FLC presented in Chapter 3 requires a relatively easy to im-
plement and economical experimental setup. Their evaluation is done under controlled
conditions in Laboratory. The control of the DC/DC converter is exclusively performed
by the T2-FLC. This application is well adapted to evaluate different fuzzy logic systems

and even is useful to study optimisation as a perspective of future research.

The energy management application presented on Chapter 4 requires a very complex
and very expensive experimental setup. Evaluation of this application is done under re-
strained and less controllable conditions (real-drive conditions). The EMS response not
only depends on the T2-FLC but also on the control systems of the other sources imple-
mented in the vehicle. Experimental evaluation of the FLS is much more complicated and

optimisation is prohibitive for the moment.
Research contributions

As contributions of this thesis we list:

An ultracapacitor circuit model for hybrid electrical vehicle simulation and the proce-
dure to identify its parameters is proposed. The circuit model and parameter identification

was experimentally validated in laboratory and in a real hybrid electric vehicle.

A software to implement interval type-2 fuzzy logic systems is proposed. This software
is based on flowcharts and structured programming and does not require the use of the

Matlab Fuzzy Logic Toolbox as the software proposed by other authors.

A novel energy management strategy (EMS) was presented in this thesis. The EMS is
based on the embedded energy sources characteristics without any previous knowledge of
driving conditions. It considers the vehicle speed to find a dynamic reference for the UC

SOC. The strategy permits operation in degraded mode i.e. failure of one of the sources.
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The principal contribution is the use of type-2 fuzzy logic systems and human expertise in

energy management in HEV.

The research developed in this thesis has been presented in national ([Sola09d],
[Solalla]!) and international conferences ([Sola09a], [Solal0b], [Mulo11], [Solal2a]), in sci-
entific journals with lecture committee ([Solal2d], [Solallc], [Sola12b]? and [Solal2c]), as a
part of a research contract, in deliverable technical reports ([Sola09¢|, [Sola09b|, [SolalOal
and [Solallb]).

Research outlooks

As perspectives of this thesis it can be identified:

In the subject of energy management, it could be interesting to redefine the dynamical
references of the state-of-charge of the UC and the batteries by considering the road slope
and/or forecasting of the traffic (e.g. using GPS information). It is considered to alter
the proposed EMS and use it in the different configurations of the ECCE HEV (including
flywheel systems or internal combustion engines). The strategies in degraded configurations
must be improved. It could be also interesting to consider energy management of hybrid
sources where the load profile can be partially known in advance (such as in stationary

applications or in railroad transport).

In the field of type-2 fuzzy logic control, non-optimised interval T2-FL membership func-
tions were retained in this thesis. Further research at FEMTO-ST will consider different
topics such as the implementation of general type-2 FLC, the influence of the uncertainty
in the operation and in the stability of the control systems, the definition of the parameters
of the T2-FLC. Finally, it is interesting to study the optimisation of the type-2 fuzzy logic

controllers.

!Conférence jeunes chercheurs en génie électrique JCGE 2011 - Best paper award - Industrial innovation
2Prix A’doc de la jeune recherche en Franche-Comté - Award of the Priz A’doc - Open competition for

young researchers of the region of Franche-Comté
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Appendix A

Interval type-2 fuzzy logic system

software implementation

This appendiz presents the software to implement interval type-2 fuzzy logic systems

This software is used to map interval type-2 fuzzy logic systems from their membership
functions and their fuzzy rules as presented in Appendix B. The application (i.e. the
program) is structured into the following subprograms: the membership function and the
fuzzy sets creators, the fuzzifier, the inference engine, the type-reducer and the defuzzifier.

Each subprogram is presented and explained using examples.

To facilitate the implementation in any computational language, the subprograms are
developed using flowcharts and structured programming (Matlab code is also presented).
Complementary approaches to implement type-2 fuzzy systems using Matlab can be found
in [Mend01]!, [Cast08] or [Ozek08].

A.1 Membership functions creation

The first subprogram is used to create triangular and trapezoidal membership functions.

The domain of the fuzzy sets is z = [—1, 1]

%Definition of the domaine for the normalised fuzzy set discretised into p points
Xd=linspace(-1, 1, p)

%Function to create linear membership functions
function [Trapezoid]| = Trapezoid(Xd, a, b, ¢, d, e)
for k=1:length(Xd)
Trapezoid(k)=max(0, min([e*(Xd(k)-a)/(b-a), e, e*(d-Xd(k))/(d-c)]));

end

1Software available as freeware at http://sipi.usc.edu/ mendel /software
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A.2 Fuzzy sets creation

This subprogram is used to create the fuzzy sets of the fuzzy system. It requires the

previous definition of the parameters which define all the membership functions.

e The inputs of the subprogram are: the domain of the set x, and the parameters that
define the MFs

e The output of the subprogram is a fuzzy set of 2 -n MFs for each input. Here, n
represents the number of MFs per input and the factor 2 allows considering that each
interval type-2 MF is defined by one UMF and one LMF.

A.2.1 Fuzzy sets implementation using Matlab

for i=1:inputs % Number of inputs
for j=1:MFs(i) %Number of membership functions of input i
for k=1:2 %k=1:LMF, k=2:UMF
ME(i, j, k, :)=Trapezoid(Xd, a(i, j, k), b(i, j, k), ¢, j, k), d(, j, k), e, j, k));
end
end

end

A.3 Centroid of a type-2 fuzzy MF

This subprogram computes the centroid of an interval type-2 fuzzy MF discretised into p
interval type-1 MFs, as illustrated on Figure 3.12. This is computed by using the Karnik-
Mendel algorithm. The KMA used to compute the left point of the centroid is shown in
Figure 3.14, the algorithm to compute the right point is shown in Figure A.1.

A.3.1 Centroid computation using Matlab

centroid=0;

for i=1:inputs;

for j=1:MF;
for k=1:p;
x1=Xd(k);

wl=MF(i,j,1,k); w2=MF(i,j,2,k);
W(ik,:)=[wl,w2]; Z(ik,:)=[x1,x1];
end
km %Calls Karnik-Mendel Algorithm (KMA).
centroid(k,:)=[yl,yr|;
end

end
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A.3.1.1 Left point of the centroid: KMA

xx=0;
tour=0;
while xx==0
den=0;
num=0;
tour=tour—+1;
for i=L:p
if x(i) > Cl(tour); %Or Cr(tour) to compute the rigth point
theta(i)=W(i,1); %Or W(i,2) to compute the rigth point
else
theta(i)=W(i,2); %Or W(i,1) to compute the rigth point
end
num=num-+x(i)*theta(i);
den—den+theta(i);
end
Cl(tour+1)=num/den;%Or Cr(tour+1) to compute the rigth point
if Cl(tour)==Cl(tour+1);%Or Cr(tour) and Cr(tour+1) to compute the rigth point
xx=1;
end
end
yl=Cl(tour);%Or yr and Cr(tour) to compute the rigth point

A.3.2 Centroid example

Figure A.2 shows an example of the centroid of a type-2 MF using and a discretisation of
p = 501 points.
Table A.1 presents the result of the KMA for the fuzzy membership functions presented

in Figure 4.8, when different discretisations are considered.

A.4 Fuzzifier

The fuzzifier converts a crisp input into type-2 fuzzy sets. The same fuzzifier used in
type-1 fuzzy MFs is used in interval type-2 fuzzy MFs. However, fuzzification is performed
two times (one for the UMF and one for the LMF).

Figure A.3 shows the flowchart of the fuzzifier which allows an easy implementation in

any computer language.
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xx=0; tour=0 den=0
. start
Cr(1)=den/num num=0
’% end i=p (discretisation) > -
den=0 :
hum=0 theta(i)=(w(i,1)+w(i,2))/2
tour=tour+1 num=num-+x(i)*theta(i)
¢ den=den+theta(i)
. i=p (discretisation) P L
end

Cr(tour+1)=num/den

Yes -

-

theta(i)=w(i,2) theta(i)=w(i,1) i

e

Yes

xx=1

den=den+theta(i) end
num=num-+x(i)*theta(i) yr=Cr(tour)
- g

Figure A.1: KMA flow-chart to compute the right point of the centroid

‘ 0.179 0.4275 0.6958 1
1 = Type-2 MF —_—
=—Type-2 Centroid_
0.0869 0.403 0.478 0.8275

Figure A.2: A type-2 membership functions and its centroid

Table A.1: Centroids of the fuzzy MFs for AP
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» Z PL PM PH
21 [-0.0148 0.0148] [0.1825 0.2273]  [0.4013 0.4782]  [0.7216 0.8049)]
51 [-0.0168 0.0168] [0.1760 0.2273]  [0.4037 0.4780]  [0.7051 0.7903]
101 [-0.0163 0.0163] 0.1753 0.2270]  [0.4034 0.4782]  [0.7004 0.7849)]
201 [-0.0160 0.0160] [0.1755 0.2271]  [0.4034 0.4781]  [0.6980 0.7823]
501 [-0.0160 0.0160] [0.1756 0.2271]  [0.4034 0.4781]  [0.6965 0.7807]
1001 [-0.0160 0.0160] [0.1756 0.2271]  [0.4034 0.4781]  [0.6960 0.7802]
10001 [-0.0160 0.0160] 0.1756 0.2271]  [0.4034 0.4781]  [0.6955 0.7798]|
20001 [-0.0160 0.0160] [0.1756 0.2271]  [0.4034 0.4781]  [0.6955 0.7798]




Inference engine

A.4.1 Fuzzifier implementation using Matlab

for i=1:inputs
for k=1:MFs(i)
mu(i,k,1)=LMF (input(i) k,i);
mu(i,k,2)=UMF (input(i) k.i);
end

end
With the following functions:

function [LMF| = LMF(x,k,i)
av(l,:)=MF(ik,2,:);
LMF=interpl(Xd,av,x);%Linear interpolation

function [UMF] = UMF(x.k.i)

av(l,:)=MF(ik,1,);
LMF=interpl(Xd,av,x);%Linear interpolation

—» inputs (i)

u(i,k,1)=LMF(input(i),k)
u(i,k,2)=UMF(input(i),k)

]

Figure A.3: Fuzzification flow-chart

A.5 Inference engine

The inference engine maps type-2 fuzzy sets into type-2 fuzzy sets. The same inference

engine used in type-1 fuzzy logic is used for interval type-2 fuzzy logic.

Figure A.4 shows the flowchart which describes the inference engine. Two loops are

used one for each input to create a vector containing the firing degree for each rule.
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A.5.1 Inference engine implementation using Matlab

for i=1:MFs(1)
for k=1:MFs(2)
f(ik,1)=mu(1,i,1)*mu(2k,1);
f(i,k,2)=mu(1,i,2)*mu(2,k,2)

end

?

end

) Output
—» MFs Input 1 (i)
¢ rocessor
— MFs Input 2 (k)

fli,k,1)=t-norm (u(1,i,1), u(2,k, 1))
fi,k,2)=t-norm (l(1,i,2), u(2,k,2))

L ]

Figure A.4: Inference-engine flow-chart

A.6 Output processor

The output processor combines type-2 fuzzy sets to obtain the crisp output of the fuzzy
logic system. It is the principal difference between T1-FL and T2-FL systems. However,

the output processor of a T2-FL system can be used in T1-FL systems (not vice versa).

A.6.1 Output processor implementation using Matlab

Rules=0;
for i=1:MFs(1)
for k=1:MFs(2)
if £(3,k,1)~=0]||£(i,k,2)~=0
Rules=Rules—+1;
W(Rules,:)=|f(i,k,1),{(i,k,2)];
Z(Rules,:)=[Y(i,k,1),Y(i,k,2)|; %Y contains the values of the fuzzy rules as in Table 4.6
end
end
end km %Calls Karnik-Mendel subprogram
centroid=|yl,yr|;output=(yl + yr)/2; %Defuzzification
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A.6.1.1 Left point of the type-reductor: KMA

xx=0;tour=0;
while xx==
den=0; num=0; tour=tour+1;
for i=1:Rule %Or the value of discretisation p of the MF in Type-2 MF centroid calcul
if Z(i,1) > Cr(tour); %Or Z(i,2) to compute the rigth point
theta(i)=W(i,1); %Or W(i,2) to compute the rigth point
else
theta(i)=W(i,2); %Or W(i,1) to compute the rigth point
end
num=num-+7(i,1)*theta(i); %Or Z(i,2) to compute the rigth point
den—=den+theta(i);
end
Cr(tour+1)=num/den;
if Cr(tour)==Cr(tour+1);
xx=1;
end
end

yr=Cr(tour);

xx=0; tour=0 ::]:1:_% start
Cl(1)=den/num J_
=¢, i=r (activated rules) P
(I end ;
den b theta(i)=(w{i,1)+w(i,2))/2
num=0 it :
o num=num+Z(i,1)*theta(i)
L den=den+theta(i)
end
=\ i=r (activated rules) P 2
Cl(tour+1)=num/den
Yes .
f . Yes
theta(i)=w(i,1) theta(i)=w(i,2)

L.f@

den=den+theta(i) end
num=num+Z(i,1) *theta(i) Viogltour)
T

Figure A.5: KMA flow-chart to compute the left point of the type-reduced set
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A.7 Fuzzy logic control software implementation

Type-2 fuzzy logic defuzzification is well known as the botleneck in type-2 fuzzy systems.
The computational cost of this subsystem is related with the difficulty to implement a real-
time type-2 fuzzy controller. Here, we choose not to implement a real-time fuzzy controller

but to do off-line mapping of the system as also proposed by [Matt97].

A.7.1 Software implementation - Validation

To validate the software implementation two different evaluations are performed:

1. The interval type-2 fuzzy logic systems presented in [Mend01] and [Lian02] present all
the parameters which completely define the fuzzy logic systems. These fuzzy system
are implemented in our application. The input-output results of our application

meets those in the publications.

2. Fuzzy logic systems with identical membership functions and rules are created in the
Matlab fuzzy toolbox and in our application. Both fuzzy logic systems are mapped
and it difference is computed. The same results are obtained in the Matlab toolbox
and in our application. This evaluation also validates that our application can be used
either to create type-2 or type-1 fuzzy logic systems. Obviously, the uncertainty is

selected to be zero (the matlab toolbox only enable work with type-1 fuzzy systems).

A.7.2 Matlab graphic user interfaces - Fuel cell fuzzy logic controller

Applications in Matlab has been developed to automatically map a fuzzy logic controller
surface from their fuzzy membership functions and rules parameters (e.g. the results of

the survey as presented in Appendix B).

The application requires:
1. The number of points to create the MFs (resolution)
2. The uncertainty in the MFs

3. The output map discretisation or grid size (an small grid size improves the resolution

of the map, but could cause problems in memory of the controller)

A.7.2.1 Matlab graphic user interfaces - Fuel cell fuzzy logic controller

Figure A.6 presents the graphical user interface developed in Matlab to map the FLSs
used in the ECCE energy management (see Chapter 4. and Appendix B.). The fuzzy
systems are mapped onto a 3D control surfaces. Here, a grid of 51*51 points is selected to
have a homogeneus surface that can be easily handled by the dSPACE in terms of memory.

As a complementary exemple of the application, Figure A.7 illustrates the difference

between the type-2 and the type-1 FLS designed from the survey.
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Appendix B

Survey-based fuzzy logic system for

ECCE energy management

This appendiz presents the design of the type-2 fuzzy logic controller used in Chapter IV

A type-2 fuzzy logic controller is used to perform the energy management in the ECCE
hybrid electric vehicle. The controller is used to define a reference for the power delivered
by the fuel cell system. The design of the fuzzy system (rules and membership functions)
is done using the knowledge-mining (or knowledge engineering) technique proposed by
Mendel [Mend01]. This technique, based on surveys, allows extracting information from
experts in the form of IF-THEN rules.

B.1 Energy management survey

An energy management survey was conducted among 10 experts in hybrid electrical ve-
hicles worldwide. The survey was mainly performed among the participants of the IEEE
Vehicle Power and Propulsion Conference, September 2010 in Lille, France. The par-
ticipants of this survey are affiliated with: the University of Franche-Comte, the French
Network on Hybrid Electric Vehicles (MEGEVH) and the French Institute for Transport
and Safety Research (IFSTTAR) in France, the Foundation for the Development of New
Hydrogen Technologies in Spain, the University of Porto in Portugal, the University of
Harbin in China, the PSA Peugeot Citréen group in France, the University of Paderborn
in Germany and the University of Trois-Riviéres in Canada. The survey was designed at

the Centre for Computational Intelligence at Leicester, UK.

B.1.1 Energy management survey sample

The experts were asked to answer a fuzzy energy management survey divided in three
sections. Each section presented examples to explain how to answer the questionnaire.

Figures B.1, B.2, B.3 and B.4 present a sample of the survey as presented to the experts.
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EmELYE

UIFC fenite! st

UNIVERSITE sciences & techfologies
DE FRANCHE-COMTE

HEV Fuzzy Energy Management Survey

My name is Javier Solano and | am a Ph.D. studefesaito Laboratory - University of Franche ComteBielfort,
France. My current research focuses onueeof human expert knowledge in energy managemiehtybrid Electrica
Vehicles (HEVs). This is a joint project betweee fremto Laboratory and the Centoe €Computational Intelligencat
De Montfort University in Leicester, Kl

As an expert in HEVs you have been selected to [jaatie in this survey that aims to design a Fuzzgit.®yster
(FLS) for energy management in a HEAMI the information you provide will be treated datentially and you will b
notified of the results of this research as soopaassible. If you have any question or commentgeldael free to conte
me at:

Email: jsolanom@univ-fcomte.fr
Address: FC LAB Belfort, 90000 France
Tel: +33 384 58 36 25

Section |. Contact details

Name
Affiliation
Email

Section II. Expert knowledge

Section Il aim to extract expert knowledge to dedfge energy management system for the HEV showigure 1.

Fuel Cell Supercapacito
System System

Power | Power
Electronics Electronics

1
1 Pscs

DC

Bus
I Pbatteries Preference

z

.
Prrac Paux
[ Traction ] [ Ancillary ]

Figure 1. Energy configuration of the Vehicle

The objectives of the management strategy forHEY are:

In steady state the reference power is providethéyuel Cell System (FCS)
In transitory the Supercapacitor System (SCS) oedefs the FCS

The battery regulates the bus voltage and reinéatee SCS if required

The SCS State of Charge(SOC) is maintaisemptimal levels

Figure B.1: HEV Fuzzy Energy Management Survey - Page 1/4

128



Energy management survey

LEICESTER

- dmu.ac.uk
% DE MONTFORT
'AS UNIVERSITY

Centre
for Computational
Intelligence

A fuzzy controller is used to find the FCS outpatyer. Figure 2 presents the fuzzy logic controlder Table 1 explai

its inputs and outputs.

AP '

Asoc

Ap
FCS |

Figure 2. Fuzzy logic controller

ASOC ASOC(t) = SOCyef () — SOC(E)

Definition Description
Pt is the reference power and
AP AP(t) = Pper(t) — P, t
(6) = Prep () = Pres(8) Pecsis the actual FCS power
SOG, is the reference value and

SOC is the actual value in the SCS

APecs APrcs(t) = f(AP(),4S0C (1))

APgcsis an increment inRg

Table 1.FLS inputoutput description

Section II.1 Linguistic label localisation

The purpose of this part of the sunieyo locate linguistic labelt® determine intervals. This information will be uge
construct the fuzzy sets. The following example destrates how to complete this section.

Example 1

Table 2 summarises the assigned values to founiBtig labels representing the speed of a vehidle maximum spee
of 150 (km/h). Obviously these values could beetéht for different people.

Speed (km/h) Start | End
Zero to Very Slow |0 20
Slow 15 50
Medium 35 85
Fast 70 150

Table 2. Linguistic labels to describe speed

It can be inferred from Table 2 that the person mleting this table thinks that:

e Aslow speed is between 15 and 50 (km/h)

e A speed of 40 (km/h) could be consid®stow as well as medium

Figure B.2: HEV Fuzzy Energy Management Survey - Page 2/4
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ylrc fefillet

UNIVERSITE ; Y /
DE FRANCHE-COMTE sciences & techfologies

o Question 1 Power of the Fuel Cell System
Please use your own experience, thoughts and prefes to complete Table 3 using percentage valuglseoFC:!
nominal power to represeAP as defined in Table 1.

AP Start End
Almost Zero 0%
Low
Medium
High 100 %

Table 3. Linguistic labels to describ&P

Question 2.state of Charge of the Supercapacitor System
Please use your own experience, thoughts and pnefes to complete Table 4 using percentage of thénmal SOC t
represent ASOC in the SCS as defined in Table 1.

ASOC Start End
Almost Zero 0%
Low
Medium
High 100 %

Table 4. Linguistic labels to describeSOC
Sectionll .2 Rules definition

The FLS presented on Figure 3 and described ineThlhkes the inputs and processes them to pradipats using tt
fuzzy rules and the linguistic labels in Table 5e3e rules are summarized in Table 6.

AP — ASOC APrcs

Linguistic Label Abbreviation Linguistic Label Abbreviation
Negative High NH High Decrease in output power DH
Negative Medium | NM Medium Decresein output power DM
Negative Low NL Low Decrease in output power DL

Zero z Hold the output power H

Positive Low PL Low Increase in output power IL

Positive Medium | PM Medium Increase in output power IM

Positive High PH High Increase in output power IH

Table 5. Linguistic labels to locate the speed

Figure B.3: HEV Fuzzy Energy Management Survey - Page 3/4
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The following examples demonstrate how to complatesection. However, they are only examples.deléeel free to
modify your answers.

Example 2: If AP is NH and ASOC is NH then APgcsis ?

e The FCS system supplies more power than requirédrenSCS are relatively overcharged.
e |tis necessary to rapidly decrease the FCS opuwer:

If ASOC is NH and AP is NH then APgcsis DH
Example 3: If AP is Z and ASOC is Z then APgcsiS ?
The actual values meet the reference

It is necessary to hold the output power in the FCS
If ASOC is Z and AP is Z then APfc is H

Question 3. Fuzzy rules definition
Please use your own experience, thoughts and prefes to complete Table 6 using the linguisticlaleTable 5.

Please remember!
e A positive ASOC is less charge than required.
e A negative AP is more power than required.

APrcs

ASOC | AP— NH NM NL 4 PL PM PH

NH

NM

NL

PL

PM

PH

Table 6. Fuzzy rules

This is the end of the survey. fiank you very much

Figure B.4: HEV Fuzzy Energy Management Survey - Page 4/4
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B.2 Survey processing

The procesed results of the survey are used to define the fuzzy sets (two inputs, seven

MFs per input) and the forty-nine rules (one MF per rule):

Tables B.1 and B.2 present the processed results for Questions 1 and 2 of the survey
(mean values and standard deviation of the answers). This information is used to define
the parameters required to create the membership functions for the inputs of the fuzzy
system. Table 4.5 presents the processed results for Question 3 of the survey (summarises

the rules defined by the experts). This information is used to define the 49 fuzzy rules.

Table B.1: Processed survey results: AP Linguistic labels

Mean Std. deviation
Range label | start (a) | end (b) | start (o,) | end (o)
Zero 0,00 9,70 0,00 481
Low 7,25 28,50 4,33 11,07
Medium 22,50 63,00 9,20 13,17
High 56,50 100,00 17,00 0,00

Table B.2: Processed survey results: ASOC Linguistic labels

Mean Std. deviation
Range label | start (a) | end (b) | start (o,) | end (o)
Zero 0,00 15,50 0,00 11,41
Low 12,20 36,00 11,13 15,24
Medium 32,50 70,50 15,32 14,03
High 66,00 100,00 17,76 0,00

B.2.1 Fuzzy sets design (membership functions)

As generally done in literature, the MFs has been selected to be triangular for the labels
Negative Medium (NM), Negative Low (NL), Zero (Z), Positive Low (PL) and Positive
Medium (PM) and trapezoidal for the labels Negative High (NH) and Positive High (PH).
The MFs are selected to be symmetrical around zero, (i.e. NL, NM and NH MFs are
completely defined by the PL, PM and PH MFs respectively).

B.2.1.1 Trapezoidal membership functions definition (NH, PH)

The MFs are defined using the following relations ([Mend01] in Section 10.12.):

e The upper trapezoids (UMF) are defined for the breakpoints:
((Z - (1 +p)0’a, 0)7 (CL — P Oas 1)7 (b—|—p Ob, 1) and (b+ (1 + P)O'b, O)

e The lower trapezoids (LMF) are defined for the following breakpoints:
(CL - (1 - p)aaa 0)7 (a+p Oa, 1)7 (bi P Ob, 1) and (b+ (1 - p)gba 0)
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The creation of type-2 MFs (with p = 0.5) for the label AP PH is presented as example:

1. The results of the survey are summarised in Table B.1:
a=0.565b=1,0,=0.17, 0, = 0.

2. The breakpoints of the upper triangle are located at:
a—(14p)o,=0.3099,a—po, =048, b+pop=1and b+ (14 p)o, = 1.

3. The breakpoints of the lower triangle are located at:
a—(1—plog=048,a+p o, =065b—pop=1and b+ (1 —p)op = 1.

The MFs representing AP PH are shown in Figure 4.8(a).

The MFs representing AP NH, illustrated in Figure 4.8(g), are constructed using the
negative values of the breakpoints of the MF AP PH.
B.2.1.2 Triangular membership functions definition (NM, NL, Z, PL, PM)

e The upper triangles (UMF) are defined for the breakpoints:
(a — (14 p)og, 0), ((a+0b)/2,1) and (b+ (1 + p)op, 0).

e The lower triangles (LMF) are defined for the breakpoints:
(a+ (14 p)aa, 0), ((a+1b)/2, 1) and (b — (1 4 p)oy, 0).

The creation of type-2 MFs (with p = 0.5) for the label AP PM is presented as example:

1. The results of the survey are summarised in Table B.1:
a=0.225, b= 0.63, 0, = 0.092, o, = 0.137.

2. The breakpoints of the upper triangle are located at:
a— (14 p)o, =0.0869, (a+b)/2 = 0.4275 and b + (1 + p)o, = 0.8275.

3. The breakpoints of the lower triangle are located at:
a—(1—p)og, =0.1790, (a +b)/2 = 0.4275 and b+ (1 — p)op, = 0.6958.

The MFs representing AP PM are shown in Figure 4.8(b).

The MFs representing AP NM, illustrated in Figure 4.8(f), are constructed using the
negative values of the breakpoints of the MF AP PM.
B.2.1.3 Membership functions - Results
The MFs that represent AP are presented in Figure 4.8. The MFs that represents ASOC
are shown in Figure 4.9.
B.2.1.4 Membership functions - Centroids

The centroids of the MFs AP are calculated using the Karnik-Mendel algorithm. They
are associated to the label A Prcg or the desired change in the fuel cell power, as illustrated

in Figure B.5.
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As defined in the survey, the linguistic labels are: High Decrease (DH), Medium Decrease
(DM), Low Decrease (DL), Hold (H), Low Increase (IL), Medium Increase (IM) and High
Increase (IH).

—0.6?71 -0.4034 -0. 1755 0.916 0.2?71 0.4?81 0.7?14
T

DH DM DL H I M IH

-0.7814 -0.4781 -0.2271 -0.016 0.1755 0.4034 0.6971

Figure B.5: Centroids of the interval type-2 fuzzy MFs representing AP

B.2.2 Fuzzy rules design

The survey asked the experts to associate labels to each rule as summarised in Table 4.5.

Each of these labels is now associated with a MF: APpcg as presented on Figure B.5.

As different experts defined different rules, an ‘average’ rule is retained. Fach rule is
then associated with a MF which is the average of the MFs defined by the experts.

B.2.2.1 Fuzzy rules design - Exemple

To explain how the procedure works, the creation of the MF for the rule 5 is explained:
‘If AP is NH and ASOC is PL then do’ six experts preferred a medium decrease, three
a low decrease and one expert preferred to hold the FCS power as summarised in Table

4.5. The average centroid is calculated:

6[—0.4781, —0.4034] 4 3[—0.2271, —0.1755] + [—0.0160,0.0160
Covg = | : I+ 0 I+ ’ I _ [—0.3566, —0.2931]

The MFs which represents the fuzzy rule 5 is illustrated in Figure B.6.

-0.3566

91 -0.2931 1

Figure B.6: Rule 5: If AP is NH and ASOC is PL then APr¢g is [-0.3566, -0.2931]

Table 4.6 resumes the parameters that define the MFs used to represent the 49 rules.

B.2.3 Fuzzy logic control surface

The fuzzy logic system is completely defined by its membership functions and fuzzy rules.
An uncertainty value of p = 0.5 is retained as a first approach. Figure 4.10 shows the fuzzy

logic surface representing the fuzzy logic controller designed from the survey.
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