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General introduction

With the development of society, global warming, environmental pollution and the ex-
haustion of petroleum energies have risen their attention to human. Electric vehicle (EV),
hybrid electric vehicle (HEV) and plug-in hybrid electric vehicle (P-HEV) are thought as
the best way to solve these problems in the aspect of the transportation system. Fuel
cell hybrid electric vehicle (FCHEV), as one kind of HEV, has many advantages such as
zero emission, using the hydrogen as fuel and not relying on oil. A number of automobile
manufacturers and various government agencies put forward many projects to develop
fuel cell hybrid electric vehicles. Energy management strategy (EMS) plays a key role
for FCHEV due to their multiple energy sources composition. Much research is devoted
to developing optimal, reliable and applicable control strategies. This PhD dissertation
considers a FCHEV with three power sources: fuel cell, battery and supercapacitor, which
increases the difficulty to design an energy management strategy to split the power among
different power sources. Energy consumption minimization strategy for fuel cell hybrid
electric vehicles is designed.

The dissertation is organized in six chapters as follows. In chapter 1, the development
history of fuel cell hybrid eclectic vehicles is introduced. The power sources and the
architectures of fuel cell hybrid electric vehicles are also summarized up. The laboratories
and universities in Belfort also did much research on fuel cell hybrid electric vehicles and
these research projects are introduced. Finally, the future development trends and policy
supports of American, European, Japan and China are reviewed.

In chapter 2, a detailed state of the art review is presented for the energy management
strategy of FCHEV. The chapter starts by analyzing the characteristics of fuel cell and
energy storage sources, which is helpful for the design of energy management strategy to
ensure the normal operation of power sources, increase their lifetime and play their full
potential. After that, energy management strategies of FCHEV categorized into three
kinds: rule based, frequency based and optimization based strategies to analyze the char-
acteristics of every kind of energy management strategy. After that, the objectives and
corresponding methods to fulfill these objectives are summarized.

In chapter 3, sequential quadratic programming (SQP) based equivalent consumption
minimum strategy (SECMS) is designed for the FCHEV powered by three power sources:
fuel cell, battery and supercapacitor. In order to decrease hydrogen consumption and
increase the durability of power sources, the fuel cell is chosen as the main power source
and supplies steady current, the battery is designed as the main energy buffer and the
replacement of fuel cell failure and the supercapacitor is operated to supply peak power.
Precise fuel cell stack model and efficiency model of fuel cell system are built to calcu-
late the maximum efficiency point and define its high efficiency zone. By applying the
SQP algorithm, the instantaneous equivalent hydrogen consumption is minimized. A rule
based control strategy (RBCS) is also designed to compare with SECMS. Power following
control strategy (PFCS) as the first part of RBCS to calculate fuel cell reference current
and operating mode control strategy (OMCS) as the second part is used to calculate su-
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percapacitor reference current. Considering low energy density of supercapacitor, much
research neglects supercapacitor equivalent hydrogen consumption in the ECMS objective
function where the whole hydrogen consumption including fuel cell hydrogen consumption
and equivalent hydrogen consumption of battery and supercapacitor is defined. In order to
prove that this simplification can lead to sub-optimal results, a hybrid ECMS and OMCS
strategy (HEOS) is designed.

During the lifetime of FCHEV, power sources degradation appears. As the main power
source of FCHEV, the output power of fuel cell stack at corresponding current decreases
along with degradation and its maximum efficiency point of operation also changes. The
capacity of battery decreases and its resistance increases along with its degradation, which
decreases the output voltage of battery. In chapter 4, fuel cell and battery aging models are
built to monitor their state of health (SOH) to ensure the performance, safety, availability
and reliability of power sources. The effects of their degradation on ECMS are analyzed.
On the basis of ECMS, adaptive ECMS (AECMS) is designed to adjust equivalent factors
and fuel cell dynamical current change rate to ensure the charge sustenance of battery and
prolong the lifetime of fuel cell.

In chapter 5, a test bench is built to experimentally validate the presented comparative
study of three control strategies. The components of the test bench are introduced in detail.
The experimental comparison results show that fuel cell is operated at around maximum
efficiency, supercapacitor supplies peak power, battery works as the energy buffer. The
battery SOC and supercapacitor SOC are in the limited ranges, the final battery SOC is
almost equivalent to initial value. Compared with RBCS and HEOS, SECMS hydrogen
consumption decreases 2.16% and 1.47% respectively. SECMS also has the most stable
fuel cell current, so the degradation of fuel cell due to dynamical current change is the
least.

Lastly, the contributions of this work are overviewed, and the possible future works
are listed in chapter 6.
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1

Current context of fuel cell hybrid electric
vehicles

1.1 Introduction

Fossil fuels like oil, coal and natural gas support modernization and economic growth
of the world, but they also lead to the serious environmental problem. For the past decades,
global warming, ozone layer depletion and air pollution are getting more attention from all
over the world. A large amount of fossil fuel consumed by transportation sector accounts
for 55% of the world total energy consumption and lead to 30.9% carbon dioxide gas
emission in 2014[1l]. Reducing the carbon production and saving energy are sought by
the vehicle industry. Due to the consumption of gasoline or diesel and air pollution from
exhaust gas emission, traditional internal combustion engine based vehicles cannot meet
the present requirement any more[2]. Electric vehicle (EV) including pure electric vehicle,
hybrid electric vehicle (HEV) and plug-in hybrid electric vehicle (PHEV) is thought a
good way to solve these problems[3]. With increasing research on clean energy vehicles,
more and more cars, buses, tramway, and trains are designed into electric vehicles.

Regarding pure electric vehicle, the battery packs are the only energy source. Nev-
ertheless, the present energy density of battery technology cannot provide enough energy
to run the vehicle for a long trip and long charging time also brings inconvenience to
customers[d]. Increasing the number of battery stack or choosing higher energy density
batteries are used to solve the problem of short driving distance, but leading to an increase
of both weight and price of the vehicle. The present battery technology is still a barrier to
the widespread commercialization of pure electric vehicle. For the next following decades,
developing higher energy density, lighter, lower price, and faster-charging battery is still
an important topic for the researchers. To overcome these shortcomings of a pure electric
vehicle, HEV is used, which is composed of at least two power sources. Energy storage
source (ESS) as one of the power sources is responsible for supplying energy to the vehi-
cle and can absorb energy during braking phases. Internal combustion engine as another
power source cooperates with ESSs to solve the problem of driving distance. Compared to
HEV, PHEV also allows charging the vehicle from the public grid. Nevertheless, the use
of an internal combustion engine in the vehicle powertrain leads to a trade-off between
driving distance and air pollution.

Fuel cell vehicles (FCVs) take fuel cell as the only or one of the power sources of
vehicles. Fuel cell stack converts the chemical energy into electrical energy through the
reaction between hydrogen and oxygen. The process does not involve high temperature
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combustion, and the only production is pollution-free water. As long as hydrogen is
supplied, fuel cell can provide continuous electrical energy. In the field of mobile and
stationary applications, fuel cell is considered to be one of the future energy solutions.
Since the fuel cell system is only working in one way, it cannot recycle braking energy.
The starting time to its warm up is long and fuel cell also cannot stand high dynamic
power, which limits its usage as the only power source for vehicles. Adding ESSs to work
together with the fuel cell as the architecture of fuel cell hybrid electric vehicle (FCHEV)
is widely used to overcome these shortcomings. Plug-in fuel cell hybrid electric vehicles
(PFCHEV) and fuel cell range extended electric vehicle (FCREEV) are also used in some
vehicles[B, b, [7].

1.2 State of the art of fuel cell hybrid electric vehicles

Fuel cell was first invented by Sir William Grove in 1839, which ultimately proved that
electric current could be produced from an electrochemical reaction between hydrogen and
oxygen over a platinum catalyst[8]. In 1966, fuel cell is used as a power source of vehicle
named as GMC Electrovan by General Motors for the first time[9]. Liquid hydrogen and
liquid oxygen are used as the fuel. A large room of the Electrovan is taken placed by the
tanks containing oxygen and hydrogen, so the six seats van turns into 2 seats one. The
top speed of Electrovan is 70 mph and maximum range is 120 miles. Due to high financial
cost, heavy weight, large volume, lack of hydrogen infrastructure and low lifetime, the
project is stopped.

Due to increasing concerns over energy security, energy efficiency, and carbon dioxide
emissions, attention has gradually turned once again to fuel cell as one of the potential
technologies capable of delivering high energy efficiency, carbon dioxide saving and reduc-
ing dependence on fossil fuels. The decade’s development of compressed hydrogen storages,
computer-based controllers and low platinum loading catalysts also increase the durabil-
ity of fuel cell stack and decreases its cost and complexity. The closure of the Apollo
program which makes many NASA researchers move to private companies also promote
the development of fuel cell technology[10]. A number of automobile manufacturers like
Honda, Ford, Toyota and GM take this chance to develop and demonstrate their own fuel
cell hybrid electric vehicles in Table@. But these fuel cell hybrid electric vehicles are
prototypes and only few vehicles are produced and demonstrated in the local region.

Toyota has started the research on fuel cell hybrid electric vehicles since about 1996
and many prototypes are designed such as the RAV 4 FCEV-hybrid (Metal hydride, 1996),
RAV 4 FCEV (Methanol, 1997), FCHV-3 (Metal hydride, 2001), FCHV-4 (Compressed
H2, 2001), and FCHV-5 (reformed gasoline, 2001)[12]. Through the efforts and develop-
ment for many years, Toyota FCHVs are finally limited sold in USA and Japan in 2002.
In 2015, Toyota Mirai shown in Figure is sold as the first commercial fuel cell hybrid
electric vehicle in the world, which means the development of fuel cell hybrid electric ve-
hicle enters into the early commercialization phase. Following that, Hyundai and Honda
also both introduce their fuel cell hybrid electric vehicles: Tucson and Clarity for commer-
cial sale respectively, and several auto manufacturers, including GM, Daimler, and BMW,
are working toward commercial production of fuel cell hybrid electric vehicles in the near
term[[13]. The comparison of three commercial vehicles is shown in Table]l.2.

Three commercial vehicles all chose fuel cell and battery as power sources. Fuel cell
is an electrochemical device which converts chemical energy into electrical energy. There
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(a) Body of Toyota Mirai

High-pressure S =tk

hydrogen tanks | Power control unit

Drive battery

FC boost converter

(b) Toyota Mirai drive train

Figure 1.1: Toyota Mirai

are several types of fuel cells available in the market today. Based on their electrolyte ma-
terial, they can be divided into polymer electrolyte membrane fuel cell (PEMFC), direct
methanol fuel cell (DMFC), alkaline fuel cell (AFC), phosphoric acid fuel cell (PAFC),
molten carbonate fuel cell (MCFC), and solid oxide fuel cell (SOFC)[@]. Different kinds
of fuel cells have different characteristics in the aspect of power outputs, operating tem-
peratures, electrical efficiencies, and typical applications and they are used in different
applications[]. The comparison of different kinds of fuel cells is shown in Tablell.3.
Compared to other kinds of fuel cells, PEMFC has many advantages like high power den-
sity, low weight and volume, low operation temperature and fast startup, which makes it
be high potential power source in passenger vehicles and is studied by almost all relevant
research on energy management strategy (EMS)[@] So in this dissertation, only PEMFC
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Table 1.2: Comparison of three commercial vehicles|[14]

Vehicle 2018 Honda 2017 Hyundai 2018 Toyota
' Clarity Tucson Fuel Cell Mirai
Fuel Combined 66 50 66
Economy City 67 49 66
(mile/kg) | Highway 68 48 66
PEMEC
Fuel cell PEMFC (103kW) | PEMFC (100kW) (1131W)
Range (miles) 366 265 312
Annual Fuel
Cost (8) 1,250 1,700 1,250
Vehicle Class Midsize Car Small SUV S“b‘g:;pa“
AC Permanent
Motor Magnet AC Induction AC Induction
oo Synchronous (130 (100 kW) (113 kW)
kW)
346 V Lithium 180 V Lithium | 222 V Nickel
Battery Ton Ton Metal Hy-
dride(NiMH)

technology is investigated and "fuel cell” is referring as PEMFC. Hydrogen and oxygen are
the fuels of PEMFC. The hydrogen is compressed and stored in the tank. The oxygen from
air is compressed through the compressor_and imputed into the fuel cell. The schematic
diagram of a fuel cell is shown in Figure [L.2. The fuel cell is composed of two electrodes
(anode and cathode) and an electrolyte. The operating principle of the electrochemical
conversion is shown in equation (@)[18]

2H, + Oy — 2H,0 + energy (1.1)

The hydrogen is imputed into the anode side of the fuel cell and is separated into 2
protons of hydrogen and 2 electrons through catalyst, as shown in equation (|L.2).

Hy, — 2H" +2¢ (1.2)

If a load is connected to the anode and cathode, the electric current is created due to
the transportation of free electrons. The hydrogen protons go through the electrolyte to
reach the cathode and at the cathode side, the hydrogen protons and electrons merge to
create water in equation ([l.3)[19]. During the whole process, only water and heat as the
wastage of the conversation are produced.

1
502+2H+ +2¢” — H,O (1.3)

Lead acid battery, Ni-MH battery and the lithium ion battery are the most commonly
used energy storage sources and the Ni-MH battery and lithium battery are widely used
into electric vehicles due to their high energy density and specific energy [20, 21]. With
decades of research on battery and commercial usages, battery performances like capacity,
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Figure 1.2: The schematic diagram of fuel cell

cycle life, price and charging rate have got dramatic improvement, which allows satisfying
the great part of electric vehicle requirement, especially on a suitable driving range[22, 23].
Besides battery, supercapacitor is also chosen as the energy storage source of the vehicle in
much research. Because of the high specific active surface area of porous carbon electrodes,
supercapacitor has much higher energy storage density than the traditional capacitor,
which even can be up to 12 Wh/kg[24]. Compared to battery, supercapacitor has much
higher power density and much lower energy density. Supercapacitor also has a wide
operating temperature range, lower maintenance cost, high tolerate ability to overcharge
and over temperature, long durability and reasonable cost[25]. The comparison of battery
and supercapacitor are listed in Table[l.4.

Battery or supercapacitor working lonely as the ESS of FCHEV or hybridization of
battery and supercapacitor as hybrid energy storage system (HESS) are all well studied
by much research. According to the number and kind of power sources, the architecture of
FCHEYV can be divided into fuel cell-battery HEV, fuel cell-supercapacitor HEV and fuel
cell-battery-supercapacitor HEV([]. Three architectures of FCHEV are listed in Figure

In Figure (a), fuel cell is taken as the main power source. Battery supplies the
auxiliary power and recycles braking energy for fuel cell-battery HEV. The speed require-
ment from the driver is transformed into power demand through an electric motor. Due
to the low voltage of fuel cell, a unidirectional DC/DC converter is needed to boost its
low voltage into the high voltage of DC bus. Battery is also connected to DC bus through
a bidirectional DC/DC converter. The DC power supplied by fuel cell and battery is
converted to the AC power through DC/AC inverter to drive the AC motor. When the
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Figure 1.3: Three architectures of FCHEV [@]
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vehicle is in braking state, the AC motor is switched into the generator to recycle the
braking energy and the braking energy is stored in the energy storage sources. When fuel
cell is initially started, battery works solely as the power source until fuel cell is warm
up. The bidirectional DC/DC converter connected to the battery is not needed in some
research which is dependent on the battery voltage and DC bus voltage. High dynamical
power change rate on fuel cell accelerates its degradation and failure, therefore fuel cell
mostly works in steady state. The battery is responsible for the dynamical power due
to acceleration or braking in drive situation, which results in the negative effect on its
efficiency, internal resistance and durability[30].

In Figure B (b), fuel cell is still the main power source and supercapacitor replaces
battery as the auxiliary power source. Supercapacitor has high power density, which
can remedy the shortcoming of fuel cell on high dynamical power. The operation of fuel
cell-supercapacitor HEV is similar to fuel cell-battery HEV. Fuel cell and supercapacitor
supply power to the DC bus through respective DC/DC converters and the electric energy
is transformed into AC through DC/AC inverter to drive the AC motor. State of charge
(SOC) of supercapacitor has a linear relationship with its output voltage. If supercapac-
itor is directly connected to the DC bus without the corresponding bidirectional DC/DC
converter, the variation of supercapacitor SOC under its full exploitation condition leads
to the high variation of DC bus voltage. Therefore, supercapacitor is rarely connected to
the DC bus directly like battery. Supercapacitor has the low energy density, therefore,
compared to the battery, more numbers of supercapacitor are needed to keep the long
driving range of the vehicle and this also brings a challenge to the financial cost of the
whole vehicle.

In order to overcome the shortcoming of single ESS as the power source of FCHEV
except for fuel cell, in Figure E (c), battery and supercapacitor are combined as the
hybrid energy storage system, which can overcome the shortcoming of low lifetime of
battery and low energy density of supercapacitor and meets the dual requirements of high
specific energy capacities for long driving distances and high specific power capacities for
acceleration, braking and climbing[31]. But this topology also complicates the power-train
of the FCHEV and brings a challenge to the design of energy management strategy. The
retain or remove of bidirectional DC/DC converter connected to hybrid energy storage
system is similar to the above two architectures.

1.3 Fuel cell hybrid electric vehicles’ research in Belfort-France

FEMTO-ST laboratory of Université Bourgogne Franche-Comté and two industrial
partners, HELION and PANHARD General Defense cooperate to develop an Electrical
Chain Components Evaluation vehicle (ECCE). The project is financially fund by French
Directorate General of Armaments (DGA). The first prototypical vehicle is built and driven
in 2003, which is shown in Figure @

ECCE is a hybrid electric vehicle, which is designed to evaluate the components of
hybrid electrical vehicles under real operation. The components of its drive train include
electrical machines, power converters, energy sources and energy management systems.
Four independently controlled electrical machines drive the four wheels respectively which
act both as the motors and generators. The energy sources can be chosen from fuel
cell system, internal combustion engine, supercapacitor, battery and flywheel. Different
energy management strategies according to different hybrid configurations can be validated
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Figure 1.4: Electrical Chain Components Evaluation vehicle

using the ECCE. The project can be divided into two phases. From 1997 to 2005 is
the first phase of ECCE, which focuses on the design, construction and evaluation of
the vehicle. The second phase is from 2008 to 2012. All possible energy sources are
integrated into the vehicle and corresponding control systems are developed. In this period,
two other partners joined the project. Panhard General Defense (Saint Germain-Laval,
Loire, France) supplied military vehicles and was responsible for the mechanical integration
and the flywheel system development. Helion Hydrogen Power (Aix-en-Provence, France)
subsidiary of Areva group, supplied fuel cell systems.

F-CITY H2, a range extender vehicle, is developed by the French automotive producer
FAM Automobiles, EVE Systems, FC LAB and the Institute Pierre Vernier. F-CITY H2
takes the battery as the main power source. Fuel cell is taken as the range extender. It is
the first urban electric vehicle in France. Fifteen prototypes have already been produced
by FAM Automobiles and were tested in 2012. The rated power of fuel cell stack is 4 kW.
Lithium-ion batteries have 2.4 kWh energy density. The range of the F-City H2 is 150 km
(93 miles). The F-City H2 vehicle is shown in Figure [L.5.

MobyPost is a Furopean project aimed at developing a sustainable mobility concept by
delivering a solar-to-wheel solution. The first core element of this environmentally friendly
and novel project is developing and instrumenting a fleet of ten hybrid hydrogen vehicles
powered by fuel cell for postal delivery applications. The powertrain is designed using
series architecture by operating the fuel cell as a range extender. The nominal power of
the fuel cell is 1kW. The battery pack is composed of four modules (U24— 12XP) connected
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FURL COLL

Figure 1.5: F-CITY H2

in series and manufactured by Valence. Those modules present a nominal voltage of 12.8V
and a nominal capacity of 110Ah. The MobyPost vehicles are shown in Figure

Figure 1.6: 3 vehicles of the Mobypost fleet
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The second core element of MobyPost project is the development of two hydrogen
production and refueling stations. These stations are built in the French region Franche-
Comté. Photovoltaic generators were installed on two buildings owned by project partner
La Poste. One station is composed of one photovoltaic generator which feeds an elec-
trolyzer where hydrogen is produced. Hydrogen is then stored on site in gaseous form in
a low-pressure tank where vehicles can directly be refilled. Vehicles are then ready for
postal delivery. The whole hydrogen production chain and the vehicles equipped during
a testing phase in real working conditions are shown in Figure [1.7.

Daily on-site hydrogen

* Postman friendly vehicle production

* Anthropomorphic design
¢ Stable

* Agile

* Secured

* Autonomy range: 50km :
* Max. speed > 45km/h —
* 100 kg postal load

* No carbon emission

¢ Exhausting releases water

* Safe thanks to low
pressure tank

¢ Fuel cell powered

Figure 1.7: Mobypost project

The project is carried out by 9 partners coming from four different European coun-
tries (Germany, France, Switzerland and Italy). The role of each partner is clearly defined
and the complementaries are evident. Institut Pierre Vernier, Université de Technologie
Belfort-Montbéliard, European Institute for Energy Research are academia-research part-
ners and are recognized players in their respective field of expertise. DUCATI Energia,
Mahytec Sarl, H2Nitidor and MES are responsible for the development of vehicles and
infrastructures. Institut Pierre Vernier and Steinbeis-Europa-Zentrum are regional insti-
tutes for transfer of technology. DUCATI Energia and La Poste are mainly responsible for
demonstration, field test and training activities as well as raising awareness of the usage
of hydrogen-propelled vehicles.

MobyPost follows a global approach by taking a wide range of aspects into considera-
tion to develop a unique autonomous system. The aims of the project can be summarized
as follows:

Enable a sustainable mobility concept based on a solar-to-wheel solution by developing
ten fuel cell electric vehicles meeting ecological requirements for the future.

Develop a concept for fuel cell electric vehicles aimed at improving the ergonomics of
postal delivery vehicles.

Design and build two autonomous stationary hydrogen production and refueling in-
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frastructure sites. Each of them is able to feed 5 fuel cell electric vehicles all year round.

Demonstrate the relevance and reliability of the system, improve the lifetime of the
developed solution in real working conditions.

Reducing the carbon footprint of postal delivery.

1.4 Policy supports for fuel cell hybrid electric vehicles

In more recent years, a number of automobile manufacturers and various government
agencies put forward many projects to develop fuel cell technology for use in the trans-
portation system and other applications. Since hydrogen has attracted global attention
as next-generation energy, not only western developed countries but also China and other
emerging countries with continually increasing energy demands are promoting hydrogen
use initiatives.

Current fuel cell hybrid electric vehicle development shows major international au-
tomakers generally have completed fuel cell hybrid electric vehicle functional and perfor-
mance development. Major technical issues identified during the demonstration stage have
been solved. Future research and development will focus on fuel cell power density and
lifespan, cold start performance, fuel cell system cost reduction, hydrogen infrastructure
scale up, and fuel cell application expansion and commercialization. Technical targets of
integrated transportation fuel cell power systems from Department of energy (DOE), New
Energy and Industrial Technology Development Organization (NEDO), Fuel Cells and
Hydrogen Joint Undertaking (FCU JU) and Ministry of Science and Technology (MOST)
in American, Japan, Europe and China respectively are listed as Tablell.§.

Table 1.5: Technical targets of integrated transportation fuel cell power systems[32]

Characteristi USA Japan EU FCU China
ATACTERSHE DOE NEDO JU MOST
Peak power efficiency (%) 65 60 55 55
Rated power efficiency (%) - - (NE4(I)) Q) 50
Power density (WL™T) 650 - - 60
Specific power (Wkg™") 650 - - -
Cold start-up time (seconds) 30 30 - -
Cold start-up temperature (°C) -30 —40 —25 —30
Durability in automotive drive 5000 5000 5000 5000
cycle (hours)
Start-up/shutdown durability 5000 B B B
(cycles)
Top operation temperature (°C) 90 95 - -
Storage hydrogen pressure
MPa) 70 70 70 70
Cost (/kW) $ 40 $ 97 €100 —
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1.4.1 US Department of Energy Fuel Cells Program

The United States is striving to continue to be a global leader in hydrogen and fuel
cell technology development and commercialization. So the U.S.DOE Hydrogen and Fuel
Cells Program is formed to integrate the DOE’s efforts in hydrogen and fuel cells to enable
the widespread commercialization of hydrogen and fuel cell technologies across diverse
applications[[13]. The Program is coordinated across the DOE, incorporating activities
in the offices of Energy Efficiency and Renewable Energy (EERE)—Iled through the Fuel
Cell Technologies Office —Science, Nuclear Energy, and Fossil Energy[@]. The Program
works with partners in state and federal agencies, foreign governments, industry, academia,
non-profit institutions, and national laboratories[34]. In order to achieve the goal of the
program, a robust, comprehensive research and development portfolio that balances short-
term objectives with long-term needs and sustainability is designed and every year a large
number of budget is set.

The EERE has spent an average of about $139 million per year (about 0.5% of the
average DOE budget) since 2004 on fuel cell and hydrogen research, development, and
demonstration. This investment has led to more than 650 U.S. patents, approximately
30 commercial technologies being developed by industry and being introduced into the
market, and more than 75 emerging technologies that are anticipated by industry to be in
the market within the next several years[35]. Budget information for hydrogen and fuel
cell research, development, and other activities at the U.S. Department of Energy (DOE)
is provided in Figure including budgets from DOE’s offices of Energy Efficiency and
Renewable Energy, Fossil Energy, Nuclear Energy, and Science[@].

Hydrogen and fuel cell budget

Energy/Science
300,000

266,267 267,283 261,640 Energy/Nuclear Energy
250,000 291 155 231,044 227,320 M Energy/Fossil Energy (Coal)
e | B Energy/Energy Efficiency and Renewable Energy
3 ||
2 ||
3 200,000 [ |
z 155061 || 144,652
5 150,000 | E= ’ 128,553
= 121,614 109440 113,329 123,165 122,115
[ 0 ’
< 100,000
o

50,000

0

FYO4 FYO5 FY06 FYO7 FYO8 FY09 FY10 FY11 FY12 FY13 FY14 FY15 FY1l6 FY17
year

Figure 1.8: Hydrogen and fuel cell budget

Developing a 65% peak-efficient, direct hydrogen fuel cell power system for trans-
portation that can achieve 5,000-hour durability (ultimate 8,000 hours) and be mass pro-
duced at a cost of $40/kW by 2020 (ultimate $30/kW) are the technical objectives of fuel
cell section for Multi-Year Research, Development, and Demonstration Plan of DOE[37].
According to the Plan, fuel cell research and development (R&D) emphasizes activities
aimed at achieving high efficiency and durability along with low material and manufactur-
ing costs for the fuel cell stack. Developing lower cost, better performing system balance
of plant components such as air compressors, fuel processors, sensors, and water and heat
management systems are also included in R&D activities.

National Hydrogen Fuel Cell Electric Vehicle Learning Demonstration project was
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initiated in 2004 to implement complete integrated systems including hydrogen produc-
tion facilities and FCEVs and collect data to determine whether the technical targets have
been met under real-world conditions. The project brought together teams of automotive
and energy companies that worked to address FCEV and hydrogen infrastructure interface
issues and to identify future research needs. Fuel cell bus development and demonstra-
tion activities have been primarily funded by the Department of Transportation’s Federal
Transit Administration through the National Fuel Cell Bus Program as well as a number
of congressionally directed fuel cell bus (FCB) projects. Through the activities, the FCB
data including operational, maintenance, reliability, and cost are compared to data from
conventional buses (diesel or compressed natural gas) to track progress over time. The re-
sults are used to identify key areas of R&D focus to speed the progress toward full market
introduction.

1.4.2 European hydrogen and fuel cell technology platform

The potential of fuel cell and hydrogen to enhance energy security and mitigate cli-
mate change was recognized in 2003 with the creation of the Hydrogen and Fuel Cell
Technology Platform in Europe. The platform brings together key stakeholders in the
fuel cell and hydrogen fields who jointly develop an implementation plan. Published in
2007, the plan addressed the technological and non-technological barriers to deployment
of these disruptive technologies. It has identified key issues and priorities for accelerat-
ing deployment of portable, stationary and transport applications. The platform leads to
the formation of a Public Private Partnership - the 'Fuel Cells and Hydrogen Joint Un-
dertaking’ (FCH JU). In future, the European Commission will channel support for fuel
cell and hydrogen research and demonstration through the JU. For the period 2007-2013,
European Commission supports amounts to €470 million[3§].

The JU is a unique public private partnership supporting research, technological de-
velopment and demonstration activities in fuel cell and hydrogen energy technologies in
Europe. Its aim is to accelerate the market introduction of these technologies, realizing
their potential as an instrument in achieving a carbon-clean energy system. The three
members of the FCH JU are the European Commission, fuel cell and hydrogen industries
represented by Hydrogen Europe and the research community represented by Hydrogen
Europe Research. On 6th May 2014, the Council of the European Union formally agreed
to continue the Fuel Cells and Hydrogen Joint Technology Initiative under the EU Horizon
2020 Framework[39].

The phase (from 2014 to 2020) will have a total budget of €1.33 billion, provided
on a matched basis between the EU represented by the European Commission, industry,
and research. The second phase of the FCH JU (though the "FCH 2 JU”) will reinforce
this commitment to a real, strong, reliable European platform on fuel cells and hydrogen
in which Industry, Research, and Local, National and European officials act together to
address major socio-economic and environmental challenges through the technology. The
projects under FCH 2 JU will improve performance and reduce the cost of products as well
as demonstrate on a large scale the readiness of the technology to enter the market in the
fields of transport (cars, buses and refueling infrastructure) and energy (hydrogen produc-
tion and distribution, energy storage and stationary power generation). The FCH 2 JU is
set up for a period lasting until 31 December 2024. It brings public and private interests
together in a new, industry-led implementation structure, ensuring that the jointly defined
research program better matches industry’s needs and expectations, while focusing on the
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objective of accelerating the commercialization of fuel cell and hydrogen technologies.

1.4.3 Japanese New Energy and Industrial Technology Development Organization
Fuel Cell Programs

Japan has strong global competitiveness in the field of fuel cells. For example, Japan
has filed the world’s largest number of patent applications for the technology: five times
the number of those filed by second or lower-placed countries, leaving other countries far
behind. In addition, Japan’s regional resources and renewable energy, can be utilized to
manufacture hydrogen for fuel cells[@]. In June 2014, Japanese Ministry of Economy,
Trade and Industry compiled the “Strategic Road Map for Hydrogen and Fuel Cells”
toward the realization of a “hydrogen society.” This road map states how Japan would be
able to make use of hydrogen, what are goals to be achieved in each step of production,
transportation, storage and utilization of hydrogen, and what kind of collaborative efforts
could be possible among industry, academia and government for achieving these goals.

To realize a "hydrogen society”, related systems will be formulated on a large scale,
which may be accompanied by changes in the current social structure, and long-term,
continuous measures for realizing such a society will be taken. In addition, the imbal-
ance between the supply side and demand side issues will be resolved, while academia,
government and industry will collaborate to protectively engage in measure for utilizing
hydrogen. To achieve this goal, Japan will aim to achieve a hydrogen society through the
following step-by-step process in Figure [1.9. The fuel cell electric vehicle and hydrogen
station part of road map is shown in Figure .

Phase 1 Phase 2 Phase 3
Dramatic expansion of hydrogen use Full-fledged introduction of hydrogen Establishment of a zero-carbon
(Full-fledged introduction of fuel ~ power generation/ Establishment of a emission hydrogen supply system
cells into society) large-scale system for supplying throughout the manufacturing process
Release onto the market: hydrogen
;%%lg‘entlal fuel cellsin Accelerating developrent and
2020 Fuel 'ceII vehiclesin 2015 demonstration
Establishing a stratégjc partnership with
2017 . hydrogen-suppliers oyerseas Realizing Systematic d¢vielopment and
Releasing fuel cells for inexpensive hydroggr , anticipating demonstration pf such a system,
commercial and industrial use growth in demand based on itd dotential f
ST HhE R ased on 1t§ potential for
Around 2020 T develbpment

Achieving a reduction of
hydrogen price to a level equal
toor lower than that of fuels for
hybrid vehicles

Around 2025

Fuelcell vehicles: Achieving a

-Plant delivery price of hydrogen
from overseas: 30 yen/Nm3Building
upa commercial-baseddomestic
system for efficientlydistributing
hydrogen

2030 reduction of vehicle prices to the e A
level of hybrid vehicI[t)-:s of the LRl TSI )
2040 M manufacturing, transportation and round 2040

same class and price range storage ofhydrogen derived from

unutilized energy resources imported
from overseas

-Full-fledged introduction of
hydrogen power generationfor
power-producing business

ull-fledged operation of
anufacturing,transportation and
torage of zero-carbon emission
ydrogen, by combining the
anufacturing technology with a CCS
rocess or with making use of domestid
overseas renewable energy

Figure 1.9: Hydrogen/Fuel cell Strategy Road map[@]
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Figure 1.10: Hydrogen/Fuel cell Strategy Road map about FCV and hydrogen stations[@]

Phase 1 (Dramatic expansion of hydrogen use): Dramatically expanding the use of
stationary fuel cells and fuel cell vehicles, which are in the process of being realized, leading

to the successful acquisition of a global market in the field of hydrogen and fuel cells, in

which Japan leads the world;
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Phase 2 (Full-fledged introduction of hydrogen power generation/Establishment of a
large-scale system for supplying hydrogen): Further expanding the demand for hydrogen,
while widening the scope of hydrogen sources to include unutilized energy, so as to establish
a new secondary energy structure in which hydrogen will be added to existing resources,
namely electricity and heat (gas);

Phase 3 (Establishment of a zero-carbon emission hydrogen supply system throughout
the manufacturing process): Combining the technology for manufacturing hydrogen with
a CCS process, or with making use of hydrogen derived from a renewable energy resource,
so as to establish a zero-carbon-emission system for supplying hydrogen throughout the
manufacturing process.

In light of recent circumstances, in which various efforts have been advanced since
the formulation of the Road Map, including the increased dissemination of fuel cells for
households, the launch of fuel cell vehicles onto the market, and steady progress in the con-
struction of hydrogen stations, in 2016 the Council revised the contents of the Roadmap,
set new targets, and specified efforts to be made[43].

(1) The future price targets for household fuel cells were clarified: PEMFC: 800
thousand yen by 2019, SOFC: one million yen by 2021.

(2) Targets for the dissemination of fuel cell vehicles were set: About 40 thousand
vehicles by 2020, about 200 thousand vehicles by 2025, and about 800 thousand vehicles
by 2030, in total.

(3) Targets for the construction of hydrogen stations were set: About 160 stations by
2020 and about 320 stations by 2025.

(4) Descriptions concerning hydrogen power generation were fleshed out.

(5) Concerning the utilization of hydrogen generated using renewable energy, it was
decided that technical and economic challenges would be discussed.

In December 2017, the “Basic Hydrogen Strategy” was formulated and published,
which defines the direction or vision for realizing a hydrogen-based society with an eye on
2050 and provides an action plan for its realization. In order to make hydrogen a new
energy alternative, the strategy aims to make hydrogen affordable and cost-competitive
in comparison to conventional energy sources such as natural gas. The target number of
applications to be installed such as fuel cell electric vehicles, Hydrogen Refueling Stations,
and stationary fuel cells is indicated. To enhance the introduction of hydrogen energy, the
Ministry of Economy, Trade and Industry of Japan has a budget of around US$300 million
for FY2018 by which various demonstration projects including a hydrogen power genera-
tion plant, an international hydrogen supply chain, and power-to-gas as well as financial
incentives for hydrogen utilization including mobility sectors are being implemented. In
February 2018, Japan H2 Mobility was initially established by eleven leading companies
aiming to accelerate the dissemination of fuel cell electric vehicles and the development of
hydrogen stations.

The NEDO has been conducting comprehensive technology development and demon-
strative research programs on hydrogen energy. The most recent result from NEDO’s
program such as new materials for PEMFC, analysis technology of morphology, electro-
chemical reaction and mass transfer in MEA, evaluation technology for long time fuel cell
durability will be addressed. Following current topic, NEDQO’s future challenge to develop
hydrogen energy demand will be presented. NEDO just started R&D program to develop
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large scale hydrogen supply chain with long-distance transportation of hydrogen and hy-
drogen gas turbine technology. NEDO is now also conducting Power to Gas which is a
key technology to provide CO2 free hydrogen in the future.

Japan traditionally places a high value on close collaboration among the government,
industry, and academia. In addition, Japan’s industry consists mainly of major corpo-
rations with deep pockets that are willing to go beyond their co-share responsibilities.
Indeed, it is acknowledged that Japanese automakers have spent a substantial amount of
their own funds to develop fuel cell vehicle technology without government assistance. Ac-
cording to interviews and site visits conducted by one of the co-authors in the late 1990s,
we assess that the Japanese corporations that participated in government projects invested
at least twice as much as the government (Williams, 1996) and that the Japanese govern-
ment and corporate cumulative combined fuel cell R&D spending for the 2003-2015 period
likely amounted to $12.3 billion, including government funding ($4.1 billion), corporate
cost-share ($4.1 billion), and additional corporate R&D spending ($4.1 billion)[44].

1.4.4 Chinese New Energy Vehicle Program

China became the largest car producer a decade ago, set to overtake the USA as the
world’s biggest oil importer in 2017. Since the 2000s, several national and local policies for
New Energy Vehicles (NEVs) are proposed by the Chinese Government. The NEVs refer to
vehicles that are partially or fully powered by electricity, such as battery electric vehicles
and fuel cell hybrid electric vehicles. In recent years, China has made tremendous progress
in the development and demonstration of electric vehicles which is helpful for China to meet
international climate change obligations greenhouse gas emission reduction targets[d5].
Chinese incentives for fuel cell electric vehicles currently extend beyond those offered for
battery NEVs. On February 11, 2018, an interdisciplinary, cross-industry, inter-agency
national alliance: the National Alliance of Hydrogen and Fuel Cell was founded in Beijing
to develop the hydrogen relevant technologies and fuel cell electric vehicle technologies[46].

From first New Energy Vehicle Program in China’s 9th five-year plan to the latest 13th
five-year plan proposed by the Ministry of Science and Technology of China, fuel cells are
considered as one of the most important high technologies. Ministry of Finance, Ministry
of Industry and Information Technology, Ministry of Science and Technology and National
Development and Reform Commission cooperate to provide continuous policy support on
finance and taxation of new energy vehicle: the standard financial support for fuel cell
passenger vehicle is 749 €/kW (power rating) (Ren Min Bi (RMB) is transformed into
Euro with ratio 8.01); light-weight bus and truck maximum 37453 € /vehicle; large and
medium bus and medium and heavy truck maximum 62422 € /vehicle[47].

Based on China’s Key Fields Technology Road map of "Made in China 2025”, the
Hydrogen Fuel Cell Vehicle Technology Road map describing China’s overall objectives
and strategies, along with corresponding technical innovation requirements and priorit
action plans for its fuel cell electric vehicle development is determined in Figure
China’s overall development pathway of fuel cell electric vehicle is through three “Five-
Year Plans” in technology R&D, demo and evaluation, and expanding fuel cell industrial
applications, to achieve the following objectives:

- Capable of the design and system integration of fuel cell buses and passenger cars;

- Establishment of an entire fuel cell electric vehicle technology and industry chain,
including fuel cell stacks and key materials, fuel cell system and core components, fuel cell
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electric vehicles and critical parts, and hydrogen supply infrastructure; and

- Realization of the overall development of future clean, low carbon, high-efficient fuel
cell electric vehicle R&D and application system.

1.5 PhD project objectives

In this dissertation, fuel cell, battery and supercapacitor are chosen as the power
sources of FCHEV. As described before, the fuel cell-battery-supercapacitor architecture
takes fuel cell as the main power source and cooperates the battery and supercapacitor
as the hybrid storage system of the vehicle to use their specify characteristics at best
and overcome their shortcomings: fuel cell cannot stand high dynamical change rate,
supercapacitor has high power density but low energy density, battery has high energy
density but low power density. Fuel cell could be set to supply steady power to the vehicle
and charge the state of charges of battery and supercapacitor back to their initial value.
The hybrid energy storage system allows a reduction of the size, efficiency or cost of the
embedded energy storage sources. Peak power demand during ascent or accelerating can
be supplied by supercapacitor. The current fluctuation on the battery is reduced and its
durability is increased. But the complex architecture of three power sources also increases
the difficulty in splitting power demand of the vehicle among different power sources. An
energy management strategy is needed to play the full potential of every power source
and reach certain purposes, like minimizing hydrogen consumption, increase the lifetime
of power sources and keep charge sustenance of energy storage sources. Through the
review of energy management strategy, an equivalent consumption minimization strategy
(ECMS) is going to be designed in the dissertation. The validation of the designed energy
management strategy needs to be verified. Therefore a test bench to valid the energy
management strategy should be studied in the dissertation. Along with the operation
of vehicle, the degradation of power sources appears, which not only affects the optimal
solution of energy management strategy but also brings risk to the stability of the control
system. Then the method that can estimate the degradation degree of power sources
is needed and the effects of power sources degradation on energy management strategy
should also be considered. Finally, on the basis of the designed ECMS and analysis of power
sources degradation on energy management strategy, the adaptive equivalent consumption
minimum strategy (AECMS) will be designed.



1.5. PHD PROJECT OBJECTIVES

2020 2025 2030
Large scale deployment Large scale commercial
w Small scale public sector £ pioy £
= S of FC passenger cars and deployment of passenger
o demaonstration in selected K i A K
@ service vehicles in urban cars and commercial
= areas (5,000 FCVs) i .
a areas (50,000 FCVs) wvehicles (one million FCVs)
=
@ Fuel cell system production Fuel cell system production Fuel cell system production
>
o capacity = 1,000 units per capacity = 10,000 units per capacity > 100,000 units per
enterprise enterprise enterprise
= 21| cold start -30°C, power Cold start -40°C, small FCV overall performance
#* o
in 5 E|| systemstructure volume production, FCV comparable with traditional
= g = optimization, FCV cost close cost similar to hybrid ICE vehicles - achieving
[=x
@ *“ 2| | toall-electric vehicles vehicles competitive advantage
T =
S I3
Z E E Cost = RMB 1.5 million Cost = RMB 1.0 million Cost < RMB 600,000
c |EE
) o
ol
= Sc_j, Max speedz 160km/h Max speed z 170km/h Max speed z 180km/h
T |= E Lifespan 200,000 km Lifespan 250,000 km Lifespan 300,000 km
g Cost=RMB 300,000 Cost=RMB 200,000 Cost < RMB 180,000
=) Cold start <-30°C Cold start <-40°C
L5 -
= E Power density 2.0kW/kg Power density 2.5kW/kg Lifespan > 8,000 hrs
& Lifespan 5,000 hrs Lifespan= 6,000 hrs
w
L1} -
ot High performance
& = enp K Membrane reliability Low cost membrane
o 2= membrane materials, . .
el = . improvement, catalysts electrode assemblies
cl5® Low platinum catalysts, . -
= E ) and bipolar plates and bipolar plates
et metal bipolar plates
o —
E 2s Fuel cell system control Fuel cell control reliability Fuel cell cost reduction and
g 5 = optimization improvement control integration
L¥]
- Keycomponent Key component reliability Keycomponent cost
15 o development of Hydrogen improvement of hydrogen reduction of hydrogen
=]
2 g supply system supply system supply system
=]
> 1A - -
High pressure hydrogen Cost reduction of hydrogen
= En P Yarog Hydrogen storage reliability yarog
storage and safety storage
_ £ Key system components (incl. high speed oil-free air
E § compressors, hydrogen recirculation system, and 70MPa
5 E hydrogen cylinders) to meet vehicle specifications; system
8 cost below RMB200,kwW
w |~ 2| | Decentralized hydrogen production from renewable Decentralized H2 production
= o
.é *5 sources; industrial by-products such as coke-oven gas from renewable sources
2 = High density organic liguid
A P High pressure hydrogen Cryogenic liquid hydrogen e ity org q
Slx< storage and delive delive hydrogen storage and
c 4 e v v delivery at normal pressure
™~
T % 100 stations 350 stations 1,000 stations

*Note: In this Chapter, unless otherwise specified, all studies use 12-meter city bus for commercial vehicles,
and class B car for passenger vehicles

Figure 1.11: Development objectives of hydrogen fuel cell vehicles in China

25






2

State of the art of energy management
strategy

2.1 Introduction

Every power source has different physical characteristics. They play different roles
in different architectures of FCHEV. So the objectives and methods of EMS should be
adapted according to their roles. Being familiar to the characteristics of power sources is
helpful to run the full potential of each source and reach the objectives of EMS. Therefore,
it is necessary to analyze their characteristics.

EMS not only meets the power demand of vehicle but also plays the full potential
of power sources and cooperates them together to minimize fuel consumption, extend the
lifetime of components, reducing economic cost and so on. Each kind of EMS has its own
specific operation methods, the range of application, advantages and drawbacks, therefore
energy management strategies applied into FCHEV in recent years are categorized and
reviewed. When designing an EMS, the objectives should be set in advance. These objec-
tives are summarized and methods to fulfill these objectives for different kinds of energy
management strategies are also reviewed.

This chapter is organized as follows: section two describes the characteristics of power
sources. In the third section, a review of EMS according to their control technique is
described. In the fourth part, all the objectives for energy management strategies and
methods to reach each objective are summarized up. Based on the review of EMS in the
third section, objectives in the fourth section and statistic of references for EMS, energy
management strategies and objectives are analyzed in the fifth section. Finally, conclusions
are drawn.

2.2 Characteristics of power sources

2.2.1 Fuel cell

PEMFC operates through the electrochemical conversion process, which converts
chemical energy into electrical energy through the reaction between hydrogen and oxygen.
Through the reaction, only water and heat as wastage of the reaction are produced[4§].
Cost, performance, and durability are still key challenges to widespread commercialization
of FCHEV[49]. 65% peak-efficient, 5000-hour durability (ultimate 8000 hours) and cost

27
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of $40/kW (ultimate $30/kW) under mass production are set the technique goals of 2020
for transportation usage of fuel cell[37]. Increasing the percentage of operation points in
high efficiency zone during the operation time, decreasing hydrogen consumption and pro-
longing the lifetime of fuel cell and reducing overall cost can be done through operation
control under the guidance of EMS.

Different from other objectives, increasing the durability of fuel cell is complicated
due to the unknown degradation mechanism of fuel cell. The operating lifetime of the fuel
cell is defined as the state at which the voltage drops by 10% from its initial value[50].
With the operation of fuel cell stack, the membrane electrode assembly including mem-
brane, electrodes and gas diffusion layers degrade, leading to the decrease of fuel cell
performance[51]. Many researchers have reviewed the degradation mechanism of fuel cell
stack where most of experimentation is based on ideal environmental test condition or
accelerated stress test which do not represent a realistic usage. The degradation mech-
anism of fuel cell is complicated and precise quantification of fuel cell service lifetime is
difficult[52]. The operating conditions of fuel cell that may accelerate the degradation are
reviewed as follows[53, b4, 55, b6]:

1) Start up and shut down of fuel cell may result in the localized starvation.
2) Very low required power from fuel cell can lead to the catalyst layer degradation.

3) Very high power demand exceeding the oxygen and hydrogen maximum supply
rate will result in the reduction of electrochemical active surface area.

4) Large transient power change rate will also lead to the localized starvation.

Thermal and humidity management is also important for fuel cell degradation, but
for this dissertation, we just consider the effect of power demand on fuel cell degradation.
All the listed following constrains should be carefully taken into account when designing
EMS:

1) Reducing the number of fuel cell start-stop.
2) Minimum fuel cell current is set up.

3) The fuel cell power (including voltage, current) must be in the range of their
maximum and minimum values.

4) The dynamic change rate of fuel cell power must be limited.

2.2.2  Energy storage sources

Reliable energy storage systems like battery and supercapacitor are the key elements
to enable evolutions of electric vehicles. Battery and supercapacitor can work alone as
the energy storage sources of FCHEV. Cooperating battery with supercapacitor together
as hybrid energy storage system also is a good choice for much research, which can meet
both high energy densities and power densities requirement for FCHEV.

Battery is an electrochemical device that converts chemical energy into electric energy
and is mostly chosen as an assistant power source to supply the peak power and recycle
the braking energy. Battery can also be considered as the main power source to supply
main power demand and fuel cell just acts as a steady power source to charge the battery
state of charge (SOC) back to initial value, especially for plug-in fuel cell hybrid electric
vehicle. Li-ion and NiMH battery are mostly used in electric vehicles[57]. Increasing
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battery performance, prolonging its lifetime, decreasing charge time and reducing its cost
are main research targets for battery. When designing EMS, increasing lifetime, reducing
electric consumption from battery and reducing its cost is related to this topic.

Compared to battery, supercapacitor has high power density and low energy
density[58]. The life cycle of supercapacitor is very long (over 10° Cycles)[@]. The advan-
tage of ultra-rapid charging and delivery of high current on demand makes the superca-
pacitor an ideal candidate as a peak-load supplier for FCHEV. Supercapacitor can provide
vehicles additional power during acceleration and hill climbing and help recover braking
energy.

2.3 Energy management strategy

EMS can be divided into rule-based strategies (RBS), frequency-based strategies
(FBS) and optimization-based strategies (OBS). RBS also can be divided into determinis-
tic rule based strategy (DRBS) and fuzzy rule based strategy (FRBS). The control rules of
RBS are designed according to human intelligence and experience and generally without
prior knowledge of a drive cycle [@] Frequency based strategies are specialized for FCHEV
due to low dynamical characteristic of fuel cell. Optimization based strategy can be di-
vided into local optimization based strategy (LOPS), also called real-time optimization
strategy or online optimization strategy, and global optimization based strategy (GOBS),
also called offline optimization strategy[61]. Energy management strategies are classified
in the following Figure R.1|. The widely used energy management strategies are introduced
in the following section.
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Figure 2.1: Energy management strategy

2.3.1 Rule based strategy
2.3.1.1 Deterministic rule based strategy

Deterministic rule based strategy relies on deterministic rules to control the split
of power requirement among different power sources, which are designed according to the
designer’s experience. Deterministic rule based strategy is simple and can easily be applied
into the reality, but optimal results are hardly reached.
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Thermostat control strategy is one simple deterministic based strategy, which tries to
operate the fuel cell at high efficiency point to charge the energy storage sources when their
SOC is under the lower threshold[62]. When SOC is over the upper threshold, fuel cell
stops working. This strategy leads to frequent start/stop of fuel cell and deep discharge
of battery, resulting in the reduction of their lifetime.

Load follower strategy takes consideration of SOC and load power to operate fuel cell
to follow the load power. On one hand, when load power is small and SOC of energy
storage source is high, energy storage source supplies more power or all power. On the
other hand, when load power is high and SOC is low, fuel cell meets the load power
demand[@]. Regarding the load follower strategy of [@], Maximum efficiency power point
and high efficient regions of fuel cell are defined in advance. According to mode selection
hysteresis cycles and real values of battery SOC and load power, fuel cell is operated at
three different regions: minimum power to highest efficient power region, highest efficient
power point and highest efficient power to maximum power region to reduce hydrogen
consumption and avoid the frequent mode switch.

In [@], PID control approach is used. Two PID controllers shown in Figure @ are
designed to calculate battery current and fuel cell current. Aiming to maintain the battery
SOC at its nominal value, the difference between battery reference SOC and real SOC is
taken as the input of the first PID controller to decide battery reference current. Based
on the difference between battery reference current and real current, the fuel cell current
is calculated through the second PID controller.
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Figure 2.2: PID control strategy

In [@, @], operating mode control (OMC) is proposed in Figure @ It is similar to
load follower strategy, the fuel cell reference power is decided by the supercapacitor SOC
and vehicle speed. This strategy is divided into 5 modes to filter power vibration of fuel
cell and limit its power dynamic change rate to increase the fuel cell lifetime.

[@] proposes a stiffness coefficient model (SCM). This SCM is based on the battery
SOC and comparison of load power demand and fuel cell power at maximum efficiency
point to make fuel cell work in high efficiency area. The charge and discharge powers of
battery are also decided by stiffness coefficient, which changes with battery SOC value.

[@] proposes a state machine strategy (SMS) which is divided into 5 states according
to the SOC values of battery and supercapacitors. For every state, fuel cell power is decided
by the value of load power. SMS combining with the droop control strategy operates the
fuel cell to supply the low frequency power, battery to charge and discharge power on
middle frequency power and supercapacitor to meet high frequency power. Through this
strategy, the overall efficiency and lifetime of battery and fuel cell can be improved.
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Figure 2.3: Operating mode control

2.3.1.2 Fuzzy rule based strategy

Fuzzy rule based strategy is similar to deterministic rule based strategy. But its rules
are in form of “if-then” and its states are described by different membership functions.
The judgemental conditions are not decided by deterministic criteria like minimum battery
SOC or maximum fuel cell current, which are replaced with probability in the certain range
of criteria. Fuzzy rule based strategy doesn’t rely on precise system model, particularly
suitable for the nonlinear, uncertain and time varying systems like vehicle dynamical
System.

In [6], fuzzy rule based strategy for a fuel cell-battery range extend HEV is proposed.
Battery SOC and distance are taken as input variables. The fuzzy membership function
of battery SOC is shown in Figure R.4. Fuel cell power and pedal’s duty ratio are outputs.
Fuzzy rules are shown in Figure R.5. Pedal time-sharing concept is used to prevent quick
SOC loss and reduce the times of start-stop situation of fuel cell, which is helpful for
prolonging battery lifetime and improving the energy efficiency. NEDC drive cycle is
used to validate the fuzzy logic control strategy. The speed response of fuzzy rule based



32 CHAPTER 2. STATE OF THE ART OF ENERGY MANAGEMENT STRATEGY

strategy is shown in Figure @ and comparative simulation results of designed fuzzy rule
based strategy and thermostat strategy are shown in Figure R.7. It can be observed that
compared to the thermostat control strategy, the quick loss problem of the system’s SOC
is solved by fuzzy rule based strategy and it can offer a longer driving range than the
thermostat control strategy.
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Figure 2.4: Fuzzy membership function of battery SOC
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Figure 2.5: Fuzzy rules

[70] designs two fuzzy logic strategies for fuel cell battery HEV and fuel cell battery
supercapacitor HEV respectively to improve fuel economy. The two strategies take load
power and SOC of energy storage source as inputs and fuel cell power as the output. Two
fuzzy logic controllers are designed for fuel cell battery supercapacitor HEV. The first one
is to get the fuel cell power and the second one is to get the battery and supercapacitor
power. Simulation results show that FCHEV with two energy storage sources has better
fuel economy.

The input variables, output variables and their corresponding membership functions
of fuzzy logic controller are determined by researchers. Supercapacitor SOC and remaining
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hydrogen quality are taken as input variables in [@] and supercapacitor reference current as
output. The fuel cell reference current is decided by the difference between power demand
and supercapacitor current. [@] chooses the battery SOC and fuel cell degradation as
inputs and fuel cell current as the output. The membership functions and fuzzy rules are
designed based on the experience of researchers and can be quite arbitrary.

Limited by their own features and control techniques, optimal results are hardly
reached for deterministic rule based strategy and fuzzy rule based strategy. In order to get
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better in the fuel consumption and durability of energy sources or economy, membership
functions or fuzzy rules could be optimized by optimization algorithms.

In [73], genetic algorithm (GA) is used to optimize the membership functions of
inputs (battery SOC and power demand) and output (power of DC/DC converter). Every
membership function is defined by four parameters. Through the optimization of these
parameters, better fuel economy is obtained.

In [64], the upper and lower limit values of hysteresis cycles of operating mode control
are optimized by the genetic algorithm to minimize the equivalent consumption. [74]
and [[75] also use genetic algorithm to optimize membership functions of fuzzy controller,
while the direct algorithm is used in [76]. These optimization strategies rely on road
information and optimization results are affected by the kind of driving cycles. So some
intelligent control strategies such as artificial neural network, machine learning strategy
and drive cycle recognition strategy are used to improve rule based strategy robustness
and adaptability ability for different road conditions.

2.3.2  Frequency based strategy

Fuel cell has slow transient response characteristic which cannot cover the fast power
variation of power demand[f7]. Frequency based strategy (FBS) decomposes the load
power into high frequency power and low frequency power. Low frequency power is sup-
plied by fuel cell and energy storage source meets high frequency power demand, which
can seriously increase fuel cell lifetime.

[78] uses Haar wavelet transform to separate different frequency power demands. The
wavelet_filtering operation of a digital signal includes two phases: the decomposition in
Figure and the reconstruction in Figure R.9. The decomposition levels of fuel cell and
battery are different according to their physical characteristics of power sources. Through
this strategy, the power demand of drive cycle is separated into low frequency power for
fuel cell, middle frequency power for battery and high frequency power for supercapacitor
in Figure . This method can help both fuel cell and battery to be protected from high
dynamic power and increase their durability.
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Figure 2.8: n level filtering: decomposition [§]

In [79, B0, B1], a low pass filter is used to get fuel cell power and battery power to
improve the fuel cell lifetime. [82] uses two low pass filters to split power among three
power sources. The first filter is used to get fuel cell current and the second one is used
to split the current between battery and supercapacitor, where each filter has its own
characteristics.
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[83] proposes a power-sharing control strategy based on wavelet transform and fuzzy
logic. The Haar-wavelet transform is utilized in this work for load profile decomposition
to obtain the transients corresponding to sharp peak power demand which are assigned
for the ESS. In order to raise the efficiency of the hybrid system, a control system based
on fuzzy logic controller is developed for keeping the output power and power changing
rate of the fuel cell system in a suitable range while maintaining the SOC of the battery
and the supercapacitor in predefined limits.

2.3.3 Optimization based strategy

The interest of research on optimization based strategy is increasing due to its ability
to reach optimal results. The optimal results are calculated through optimization based
strategy by minimizing the sum of the objective function over time (global optimization)
or by instantaneously minimizing the objective function (local optimization) [84]. The
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objectives of theses strategies can be quantified through a cost function which can represent
fuel economy, durability of power sources, economy cost and other objectives. Equality
constraints and inequality constraints are set in the optimization function to keep the
normal operation of whole control system and power sources. The optimization problem for
FCHEV is a nonlinear continuous constrained objectives problem, which can be described
as the following equation (R.1) :

min f(x)
gt(x)<0,k=1,2---n
s.1. hi(x)=0,j=1,2---m
x;”i" Sx < xMi=1,2-001

(2.1)

f(x) is the objective function with variable x, x;?"” and x"** are lower and upper values

respectively, gi(x) represents inequality function, n the number of inequality functions,
hj(x) equality function, j the number of equality functions. Through penalty factors, these
constraints can also be transformed into one part of f(x).

2.3.3.1 Global optimization based strategy

Global optimization based strategy takes whole drive cycle as the optimization period
to find the optimal values. The drive cycle should be known in advance. But in reality,
precise road information is hard to get. Meanwhile, the large computation burden also
brings a serious challenge to the storage and calculation of vehicle controller. Even though
global optimization based strategy is difficult to be used in reality, it is a perfect control
benchmark to compare with other control strategies and it is also useful for the determi-
nation of judgemental parameters of rule based strategy and optimization of power train
component size.

1) Linear programming (LP)

LP, also called linear optimization, is principally used for determining the best alloca-
tion of limited resources either by maximizing the profits or by minimizing the costs and
is particularly suitable for the optimization problem that has linear relationship[85].

[86] simplifies the non-linear fuel cell power-hydrogen consumption relation into three
linear parts. Its cost function is defined by three linear fuel cell powers, battery power and
their cost efficiencies to minimize hydrogen, electric energy consumption and overall cost.
The constraints of designed LP include battery SOC, power balance constraint, fuel cell
and battery ramp rate constraint, power and SOC limits and hydrogen storage capacity
constraint.

[87] proposes a combinatorial optimization approach for FCHEV to split the power
among main power sources: fuel cell and ESS: supercapacitor. The optimization prob-
lem with system constraints is non-linear due to the non-linear characteristics of fuel
cell efficiency and supercapacitor power losses. Traditional optimization algorithms are
time consuming to solve this non-linear problem. In order to solve this problem, a novel
approach is proposed. The energy management problem is transformed into a combinato-
rial optimization problem through the piecewise linearization of the supercapacitor power
losses and discretization of the fuel cell space. After the transformation of the problem
from non-linear into linear, mixed integer linear programming is used to optimize the
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power requirement of two power sources. Simulation results show that the novel strategy
has low energy consumption and less time consumption.

LP algorithm has advantages of rapid calculation even with large problems containing
a significant number of variables and constraints. Minimizing hydrogen consumption is
mostly chosen as the objective of LP. Nevertheless, FCHEV is a complicated nonlinear
system and the approximations used for transformations from non-linear into linear may
increase inaccuracy which prevents the extensive application of LP on EMS[BS].

2) Dynamical programming (DP)

DP has been used in many different fields by engineers and mathematicians to solve
engineering and other optimization problems and it is also one of the most effective strategy
to solve the global optimization problem of EMS[89]. The complex optimization problem
is disassembled into sub-problems by DP and the optimal results of the sub-problems are
used to calculate the global optimal solution of the initial problem[90].

[91] designs a stochastic dynamic programming (SDP) considering the fuel economy
and the durability of power sources. Firstly, the fuel cell degradation mechanism is re-
viewed and the operation actions of fuel cell that cause degradation are summarized. The
cost function is described including the fuel consumption and fuel cell degradation. Volt-
age degradation rate under each condition is set in advance and battery voltage bounds
are also limited. The final cost function is defined by the fuel consumption, fuel cell
degradation, battery voltage limitation and their corresponding weightings respectively.
The simulation results of the baseline controller and degradation optimized controller by
SDP are shown in Figure . It can be observed that fuel cell has more stable power
requirement. Fuel cell lifetime has increased 14%, but fuel consumption only has 3.5%
decrease.

[92] described a discrete dynamic programming (DDP) for a PFCHEV. Battery is
the main power source and its degradation severely affects the normal operation of the
whole system and overall financial cost. The aim of the strategy is to minimize the overall
cost including hydrogen consumption, battery degradation and grid recharge expense.
A battery degradation model is designed to predict the battery performance loss and
remaining useful lifetime. Every objective cost of DDP is not weighted towards a specific
goal but each state/economic cost is sought to be zero. Constraints are set on power
sources to ensure the normal operation of the whole system, including battery SOC bound,
battery power bound, fuel cell power, vehicle speed and hydrogen reserve bound. Based
on [92] and [93], the long-term effect of battery degradation management on the economic
performance of PFCHEYV is studied.

[94] proposes a weighted improved dynamic programming approach (WDP) and its
cost function is composed of several parts: the square of fuel cell power multiplied by its
weight to minimize hydrogen consumption, battery power limits and battery SOC bounds.
Fuel cell power, battery power, battery SOC, fuel cell ramp rate and battery ramp rate are
constrained to increase their lifetime. Brute-force search algorithm is used to find optimal
weights.

DP is a powerful tool to realize optimal control and it can be applied to the nonlinear
constrained complex problem of vehicle EMS. But DP also has some shortcomings. DP
needs to know the whole drive condition in advance to achieve the optimal control which is
difficult to obtain in the real driving scenarios. The high computational burden of searching
for optimal results also prevents DP being used in the real car. Nevertheless, DP can be
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Figure 2.11: Accumulated running cost of each controller[@]

used as the optimal benchmark for other control strategies or as an effective method as a
basis for the development and improvement of other sub-optimal controllers[@].

3) Genetic algorithm (GA)

GA is based on Darwin’s evolution theory and is often used to search for optimal
results for optimization and search problems. A set of candidate solutions called population
are evolved to form new optimal @)pulation relying on bio-inspired operators including

mutation, crossover and selection[96]. At the process of evolution, the fitness is used to
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evaluate the objective function. The fitter the pollution is, the more chance is it chosen to
produce a new population. The iteration will continue until the optimal solution is found.

In [64], GA is used to optimize fuzzy rule based strategy and operating mode control
strategy. Regarding fuzzy logic part, GA optimizes membership functions of the power
demand, fuel cell power and battery SOC. Operating mode control strategy has three
modes and the mode selection hysteresis cycle is set to judge the operating mode according
to the values of power demand and battery SOC. The upper and lower limit values of each
cycle are optimized by GA. The objective is to minimize equivalent fuel consumption,
increase average efficiency of fuel cell and battery, maintain SOC at the end of the cycle
same as the initial value. The penalty function is used to add constraints to the final fitness
function. In[97], the membership functions of fuel cell reference current are accurately
adjusted by the GA. [b9] also uses GA to optimize control parameters of PI. The objective
is minimum hydrogen consumption and average absolute power of the battery.

GA is proven to be effective to solve complex engineering optimization problems,
characterized by nonlinear, multi-modal objective functions[60]. GA is also widely used
to optimize the control parameters of other rule based strategies. GA is good at searching
the global optima, but easily getting stuck in local optima and it also has the common
disadvantages of global optimization strategy: relying on previous knowledge of whole drive
cycle, high computation cost and cannot be applied in real-time energy management.

4) Particle swarm optimization (PSO)

PSO is a stochastic population-based optimization method proposed by Kennedy and
Eberhart [98]. This algorithm is inspired by the information circulation and social behavior
observed in bird flocks and fish schools and it is successfully applied to many problems
such as fuzzy control, artificial neural network training, function optimization, and pattern
classification [99]. The leaning process of PSO relies on the experience of particle’s own
and other most successful particles. For the N-dimensional global optimization problem, a
swarm with N particles is defined. Each candidate solutions for the optimization problem
is called a particle. The particles are assigned random positions in the n-dimensional space.
Each particle has its own trajectory: position and velocity and moves in the search space
by successively updating its trajectory[100]. The trajectories of particles are modified by
populations of particles based on the best positions visited earlier by themselves and other
particles. The fitness function is defined to calculate the fitness values of all particles.
Each particle moves towards its previously best position and the global best position in
the swarm to seek the optimal solution[L101].

In [102], an online rule based strategy is designed for fuel cell battery electric vehicle,
and the ideal choice of its control parameters is difficult: fuel cell maximum power, fuel
cell minimum power, battery maximum power, battery minimum power and battery SOC
inferior and superior limits. PSO is used to optimize these control parameters under the
objective of minimizing hydrogen consumption.

[103] proposes a double layer meta-heuristic based EMS for fuel cell ultra-capacitor
HEV. The rule based strategy as the first layer is a strategic layer to decrease computa-
tional effort and time and restricts the search space of the second layer. PSO as the second
layer is integrated into rule based strategy to search optimal fuel cell reference net current
at the target of minimizing hydrogen consumption. Integrated PSO algorithm achieves
lower computational time with an average of 0.65 ms versus 43.09 ms for the integrated
GA for each time step, which makes it more suitable for real-time applications. Besides
hydrogen consumption, the durability of the fuel cell system is considered as an important
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performance criterion by limiting the fuel cell power variation rate in both layers using
falling and rising limit values.

[104] pretenses a PSO-PID based maximum power point tracking for PEMFC. The
maximum power point of fuel cell system changes according to fuel cell system parame-
ters: cell temperature, the oxygen partial pressure, the hydrogen partial pressure and the
membrane water content. PSO takes output power of fuel cell as the objective function
to calculate the optimal output voltage with the changes of fuel cell system parameters,
which is used to adjust the boost converter duty cycle connected to fuel cell through PID
controller. The results show that compared with Perturb and Observe method and sliding
mode algorithm, PSO has high accuracy, good time response and very low power fluctu-
ations on tracking the real peak power point under different temperature and membrane
water content.

PSO is a global optimization algorithm which is particularly suited to solve problems
where the optimal solution is a point in a multidimensional space of the parameter [105]
and it has fast computing speed and parallel processing ability. But PSO also has the
disadvantages that it is easy to fall into local optimum in high-dimensional space and has
a low convergence rate in the iterative process[106].

2.3.3.2 Local optimization based strategy

Global optimization based strategy relies on a predefined driving cycle to search for
the global optimal results for the drive cycle. High computational effort is requested for
global optimization strategy which means that it cannot be used in real time control of the
vehicle. But global optimization based strategy can be a good benchmark for other energy
management strategies and give insights for the development of simple and implementable
strategies[107]. Local optimization based strategy replaces the optimization period of
whole drive cycle for global optimization strategy into the instantaneous sampling time to
calculate instantaneous optimal power split scheme among different power sources[[108].
Equivalent consumption minimization strategy (ECMS), Pontryagin’s Minim Principle
(PMP), Model predictive control (MPC) are widely used local optimization based strate-
gies.

1) Equivalent consumption minimization strategy

The idea of ECMS is transforming electric energy stored by energy storage sources
into equivalent hydrogen consumption and minimizing the sum of hydrogen consumption
consumed directly by fuel cell and equivalent hydrogen consumption from energy storage
sources. ECMS calculates the optimal reference power of power sources at every sampling
time. No future predictions and previous drive cycle knowledge are necessary and only a
few control parameters are required.

A control strategy designed in the two-level architecture for fuel cell supercapacitor
HEV is developed in [109]. ECMS as the up-level calculates the fuel cell and supercapacitor
optimal powers at each sampling time minimizing the hydrogen mass consumption, and
PI controllers as the low level are designed to regulate the fuel cell and supercapacitor cur-
rents to their reference values respectively. Some physical limits including fuel cell power
boundary, supercapacitor power boundary, state of energy boundary of supercapacitor are
set to ensure the normal operation of the vehicle.

In [110], An ECMS for fuel cell/battery/supercapacitor tramway is developed in Fig-
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ure . Supercapacitor has low energy density and its equivalent consumption is consid-
ered as null when whole hydrogen consumption of objective function is defined. Through
ECMS, the fuel cell and battery powers can be calculated shown in Figure for the
real drive cycle of Urbos 3 tramway. It can be observed that fuel cell almost works as a
constant power, around 95 kW. An additional PI controller is used to control supercapac-
itor SOC and get a reasonable reference power in Figure . Supercapacitor is designed
to work during the high acceleration or braking in order to generate or absorb the power
that either the fuel cell or the battery are not able to generate or absorb. Less power is
dissipated by the braking resistor.
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Figure 2.12: Energy management system proposed for the hybrid tramway[]

[] proposes a two-stage control strategy to minimize hydrogen consumption and
protect fuel cell health. For the first stage, it uses telemetry equivalent consumption
minimization strategy (T-ECMS) to calculate the fuel cell and battery reference power
without considering fuel cell health. For the second stage, a tracking controller is used
to track the fuel cell reference power. During the tracking process, the constraints are
guaranteed to keep fuel cell healthy. The two-stage strategy reaches the aim of minimizing
fuel consumption and prolonging fuel cell lifetime.

Equivalent factor is important for ECMS and its value is affected by driving cycle,
battery SOC bound limits and others[]. Through adjusting equivalent factor, we can
achieve both aims of reducing the fuel consumption and prolonging the lifetime of power
sources. In [], a Hamiltonian function is defined as equivalent fuel consumption with
equivalent factor. Equivalent factors for different drive cycles are pre-set as different
constant values. Through pattern recognition algorithm and comparison result between
the predicted battery mode and the desired battery mode, the equivalent factor that is
good for the battery lifetime can be decided.

2) Pontryagin’s Minim Principle
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Figure 2.13: Simulation results for fuel cell and battery power[]

PMP is based on optimal control strategy and its optimization result is close to
dynamical programming. PMP is realized by an instantaneous minimizing Hamiltonian
function and is in the form of a set of optimization conditions and its state variables are
constrained in limited boundaries[]. In PMP, the number of nonlinear second-order
differential equations is decided by the problem dimension so the control based on PMP
takes less computational time for getting optimal results. Under certain assumptions,
PMP also can be used as a global optimal strategy[].

In [], a PMP based EMS is proposed. Firstly, the objective function that can
describe hydrogen consumption and fuel cell lifetime is designed. Compared to the PMP
only considering hydrogen consumption in the objective function, the designed novel PMP
can prolong the fuel cell lifetime but hydrogen consumption has increased. In order to
find a suitable optimal criterion to analyze the trade-off between hydrogen consumption
and fuel cell stack lifetime, fuel cell stack cost, hydrogen cost, the lifetime growth factor,
fuel cell consumption rate and fuel cell stack lifetime are chosen as the factors of evalu-
ating function. Simulation results indicate that the designed PMP is superior on the fuel
consumption and fuel cell stake lifetime.

[] divides the control strategy into three typical processes: startup process, normal
process and stop process. Different energy management strategies are designed for each
process. In the normal process, the PMP strategy is used to keep fuel cell in the high
efficiency zone, the change rate of fuel cell output power is limited to increase the fuel
cell lifetime. The battery current is also limited to prolong the battery lifetime. During
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Figure 2.14: (a)Supercapacitor power, (b) Power dissipated in the braking resistor dissipated power,
and (c) total power of the energy sources[110]

the shutting down process, fuel cell decreasing rate is limited to avoid water flooding or
drying. At last the battery degradation rate decreased from 37 mVh~! to 75 mVh™!.

In [], the objective of PMP is to minimize hydrogen consumption, maintain battery
SOC in limits, meet the power demand of drive cycle and get optimal fuel cell power.
Many constraints including fuel cell power, fuel cell power change rate, and battery SOC
are set to PMP. Penalty functions are used to transform these constraints as the part of
optimization function. Considering the effect of degradation on fuel cell performance, the
adaptive recursive least square is used to identify the variation of fuel cell performance.

[] takes the minimization of fuel consumption, limitation on battery SOC and
increase of fuel cell lifetime as aims through PMP approach. PMP transforms battery
SOC limitation and fuel cell power change rate into a new cost function and adds the new
cost function into the objective function.

Even though PMP has good control performance similar to the DP, the co-state of the
Hamiltonian function are determined by a trial-and-error method, therefore PMP cannot
be applied directly[, ] PMP is based on optimal control theory and also can be used
to solve global optimization problem through taking whole drive cycle as the optimization
period.
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In [122], the design process of an on-board EMS is divided into two steps. In the
first step, PMP is developed to solve global optimization problem taking minimization of
fuel consumption as the objective. In the second step, according to the optimal solutions
calculated in the first step, an Auto-Regressive Moving Average controller is designed.

3) Model predictive control

MPC is a model-based control methodology and the built system model is used to solve
an open-loop optimal control problem in limited time horizons[123]. The cost function that
represents the required behavior of the system is proposed to obtain the control law[124].
MPC is good to deal with the optimization problem that has many kinds of constraints
and it also can predict future changes through the current values, dynamic state, predictive
model and the process variable targets and limits[125].

[126] uses MPC to split power demand among fuel cell, battery and supercapacitor.
The inputs are power demand, battery SOC and supercapacitor SOC and outputs are fuel
cell reference power and battery reference power. Some constraints also are set such as
fuel cell current bound, fuel cell current slope limitation, battery SOC and supercapacitor

SOC.

In order to minimize hydrogen consumption, improve the durability of fuel cell system
and maintain the supercapacitor SOC, MPC is developed as the EMS of fuel cell super-
capacitor HEV in [127]. In the MPC framework, the Markov chains and neural networks
as the power demand prediction methodologies are compared and neural network power
predictors have better prediction ability than Markov chains. Based on the prediction
results, the optimal fuel cell net power trajectory is calculated by DP.

In [128], a hybrid predictive control strategy is proposed for the fuel cell battery HEV
to enhance the performance of both power sources and decrease the hydrogen consumption
under the condition of reducing the degradation of power sources. The novel strategy is
designed to track power demand of drive cycle and keep battery close to the desired state
of charge. Some constraints like fuel cell power threshold and time limitation between
fuel cell start-ups and shutdown to increase fuel cell durability. Fuel cell reference power
is smoothed through a reference governor and battery is controlled to supply peak power
during sharp power dynamics. An explicit controller is also designed into the MPC to
decrease the execution time.

MPC is widely used to predict the power requirement of the vehicle and then applies
various optimization methods to solve the optimization problem on the basis of the pre-
dicted power demand[129]. The prediction methods could be neural network algorithm,
Markov Chain method and torque requirement exponentially decreasing model. The opti-
mization methods could be the Pontryagin’s Minimum Principle, equivalent consumption
minimization strategy, dynamic programming or quadratic programming algorithm. MPC
has the obvious advantages such as it is simple, robust and stable, and it can deal with
multi-variable and constrained problems effectively and can stand the uncertainty caused
by the model mismatch. But MPC relies on a plant model that can describe the real system
very accurately and the high computational effort for the optimization[130, 131, 132].

4) Optimal control theory

OCT is a mathematical optimization approach based on control strategy. In [133], an
EMS based on OCT is proposed. Its objective is the minimization of fuel consumption.
The fuel cell power range, supercapacitor power range and fuel cell power change rate
are constrained. The supercapacitor SOC is the state variable. At the final Hamiltonian
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function, minimization of hydrogen consumption is replaced by minimizing fuel cell power.
A Thermostat control strategy is also proposed to compare with OCT. The simulation
results show that the EMS based on OCT has about 18% fuel reduction and has better
good control of SOC and durability of fuel cell, but it relies on the knowledge of whole
drive cycle. [134] proposes an adaptive optimal control algorithm. It minimizes fuel
consumption subjected to an equality constraint that load power demand is supplied and
some inequality constraints: fuel cell power bound limitation, fuel cell power change rate
limitation, battery SOC upper and lower boundaries.

2.4  Objectives

When an EMS has to be designed, the objective of EMS should be set in advance.
These objectives not only include basic objectives which ensure the normal operation of the
vehicle and its power sources like drive ability, charge sustenance of energy storage sources
and stability of EMS but also include optimal objectives like minimizing fuel consump-
tion, increasing the durability of power sources and improving the economy. The EMS of
FCHEV is a complex nonlinear problem with multiple variables. Multiple objectives are
sought at the same time. As reviewed in Section @, each kind of energy management
strategy has different characteristics and when they are chosen to fulfill these objectives,
different methods are used. In this part, the objectives of EMS and the methods to fulfill
these objectives are reviewed for different kinds of energy management strategies.

2.4.1 Drive ability objective

Under the control of EMS, power sources should cooperate to ensure the normal
operation of FCHEV. Meeting the power demand of drive cycle is the basic and mandatory
objective that should be achieved. Limited by physical characteristics of power sources
and other components like DC/DC converters, DC/AC converters and motor of FCHEV,
the operation range of components should be limited in the objectives or constraints of
EMS. Taking fuel cell as an example, the referenced power demand from fuel cell should
not be larger than its maximum power value, otherwise, serious damage to the fuel cell
stack will be led. High dynamical power change rate also should be limited to increase the
fuel cell durability. All these basic requirements for drive ability objective can be described
in equation (@) and met by all EMSs in the published articles.

Piemana = Pe * Mpcrc + PEss * NpcEss
Imin <] < Jmax

com — “com = “com

Vmin < Vcom < ymax

com — com

Pl < Peom < Pl (2.2)

com — - com

SOC™N < S OC,s5 < S OC™M*

Pre(t)—Prc(t—1
_dec < w < dec
_dPess < Pess(t)_iesx(t_l) < dPeSS

where, Pgemana is power demand, Py. and npcrc is fuel cell power and its efficiency
respectively, P.ss and npcsc is the power of energy storage sources and their efficiency
respectively, I.om, Veom and Py, are the operation range requirement on drivetrain com-
ponents like power sources and motor, T is sampling time , and dynamical change rate
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of fuel cell and energy storage sources dPs. and dP,s, S OC.g is SOC of energy storage
source.

2.4.2 Energy storage sources’charge sustenance objective

Charge sustenance means that the net energy consumption from energy storage
sources is zero at the end of the drive cycle, meaning that the final state of charge of en-
ergy storage sources should be equal to its initial value at the beginning of drive cycle[[135].
On the contrary, charge depletion means maximum energy consumption supplied by en-
ergy storage sources, which is only adopted by Plug-in HEV. Charge sustenance should
be considered in the EMS of FCHEV. It is not only convenient for the next usage of
the vehicle in reality but also facilitates the comparison of different energy management
strategies. If the final SOC of energy storage source is different from the initial value,
when hydrogen consumption is compared for different energy management strategies, the
difference between initial energy consumption and final energy consumption from energy
storage sources should be converted into equivalent hydrogen consumption to ensure the
fairness of comparison. This can be avoided by taking charge sustenance as an objective.

In [[135], charge sustenance is limited through a ”soft” constraint: a penalty function
based on the difference between the final SOC of energy storage sources and initial value
is added as the part of the objective function in equation (@) Other components of
the objective function are the hydrogen consumption from fuel cell and the decreasing
frequency of fuel cell operation through reducing frequent fuel cell on/off cycle to increase
its durability. DP is used to solve this problem directly. The simulation results are shown
in Figure . The charge sustenance of the battery and supercapacitor is met. In
[102, 64], the charge sustenance is also met through the added penalty function.

N-1 N-1

2 2 2
N 1 1 . . . k . k+1
J = wy, (xbt — xht) + Wye (xitvc - xuc) + At Z Ty (ufc) +A Z ny (Szgn (ufc) —Sign (ufi ))
1 1
Battery Ultracapacitor
Fuel cell consumption On [of f frequency

Charge sustaining penalty

(2.3)

In [87] integer linear programming is designed to optimize the hydrogen consump-
tion. The charge sustenance is reached through the direct equivalence constraint on the
optimization problem: S OCy;, = SOCj,;. As one kind of global optimization strategy, the
solutions that cannot meet the constraint of charge sustenance are discarded directly. The
method through equivalence constraint of battery SOC also is used in [117].

It should be mentioned that the methods: adding the penalty function method in
[135] and the equivalence constraint method in [87] to ensure the charge sustenance of
energy storage sources can only be used in global optimization strategy. Because the final
SOC of energy storage sources can be calculated directly for every possible solution under
the condition of known knowledge of drive cycle. But the final SOC is not available for
other kinds of energy management strategies due to the lack of known drive cycle.

In [[136], equivalent consumption minimization strategy is designed for the FCHEV
powered by fuel cell, battery and supercapacitor. Minimizing the whole hydrogen con-
sumption including direct hydrogen consumption from fuel cell and equivalent hydrogen
consumption from energy storage sources. In order to reach the objective of charge suste-
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Figure 2.15: Response of fuel-cell hybrid vehicle with hybrid storage system[]

nance, battery SOC penalty coefficient Kgy is added as the equation (@)

my, (1) = Kpempc(t) + Kpampa(t) + Kscms (1)

2(u Bml
(1 Bugx—Buin m(ax Bml?l)g Bmm fu< Bmax ( ’ )
(l s m(aljc —é:zlzi)l u < Bpin, U > Binax

where m,,(¢) is whole hydrogen consumption, mpgc(f) fuel cell hydrogen consumption,
mpa(t) battery equivalent hydrogen consumption, mgc(f) supercapacitor equivalent hydro-
gen consumption, Kps and Ks¢ are penalty coefficients, Krc is the fuel cell efficiency
penalty coefficient that operates fuel cell at high efficiency point, u is the present instan-
taneous battery SOC, Bjy; is initial battery SOC, By, the maximum battery SOC, B,
the minimum battery SOC.

Although penalty function method is also used in this local optimization strategy,
different from global optimization strategy, the present battery SOC is sought to be equal
to the initial value and the degree that its SOC approaches the initial value is decided
by power demand, fuel cell power at last sampling time and supercapacitor SOC. Similar
method is also used in [E]P The method can promote the charge sustenance of energy
storage sources but cannot guarantee the total equivalence between the final and initial
value.

Regarding rule based strategy, the charge sustenance is tried to be held through
letting the fuel cell supply additional power to charge the energy storage source under
precondition of meeting power demand when its SOC is less than the initial value and on
the contrary letting energy storage source supply more power when its SOC is larger than
the initial one.
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In [68] a stiffness coefficient model (SCM) is designed for the fuel cell battery HEV.
The battery SOC is regulated by the SCM through the dynamic charging/discharging
coefficient which simulates the compression/stretching characteristics of a spring. when
power demand Pgemana is larger than fuel cell power at the maximum efficiency pointP peu,
the fuel cell power Py, is set in equation (@)

{ Pger = Ppeak SOC > 50% (25)

Pger = Ppeak + Kdischarge (Pdemand - Ppeak) $OC < 50%

where the dynamical discharging coefficient Kyischarge is defined as the equation (@)

B k1
Kdischarge =axXx (OOSS_SSO%%!) , 1<kl <10 (26)

where a is a constant, k1 is the stiffness coefficient of discharging and S OC,,, is the
minimum value of battery SOC. Through the stiffness coefficient, the battery SOC is hoped

to hold a reasonable state. The similar rules under the condition of Pyenand < Ppeak is also
defined.

2.4.3 Stability Objective

Besides the normal operation of FCHEV, the energy management strategy should
also maintain the stability of the system under the special conditions such as accelerations
and decelerations of the vehicle, degradation and failure of power sources, short circuit or
open circuit caused instability of the dynamic power system [138].

In [139, 140], a fuzzy rule based strategy is firstly designed for the FCHEV powered
by fuel cell, battery and supercapacitor. Fuel cell and supercapacitor are connected to the
DC bus through DC/DC converters. Battery is connected to the DC bus directly to hold
the DC bus voltage. On the basis of the designed fuzzy control strategy, the failures of
fuel cell and supercapacitor are considered to maintain the stability of EMS. Considering
that the failure of battery leads to the non operation of the vehicle, so EMS only considers
the failures of fuel cell and supercapacitor. Experimental results are shown in Figure m
and Figure m for failure conditions of supercapacitor and fuel cell respectively. It can
be observed that modified EMS can ensure the normal operation of vehicle under the
conditions of the respective failures of fuel cell and supercapacitor.

Fuel cell and Li-ion batteries are used as the power sources of FCHEV in [141]. The
thermal management system of fuel cell stack can make sure that the temperature of fuel
cell stack varies in a certain range. However, the battery temperature is affected by the
external environment and increases during its operation. In order to achieve the stabil-
ity objective of EMS under varying temperature, the battery temperature is taken as the
second-state variable of designed Pontryagin’s Minim Principle strategy and a new co-
state is defined for it in the Hamiltonian function. The optimal surface representing the
relationship of final battery SOC value, battery temperature and the final hydrogen con-
sumption is built through the extended Pontryagin’s Minim Principle strategy. According
to the simulation results, the Pontryagin’s Minimum Principle strategy considering bat-
tery temperature not only reduces the final hydrogen consumption but also increases the
battery lifetime.
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Figure 2.16: The experimental results of EMS Figure 2.17: The experimental results of EMS
without a supercapacitor. The (a) power dis- without a supercapacitor. The (a) power dis-
tribution and (b) battery voltage[l39, ] tribution and (b) battery voltage[l39, }

In [@], fuel cell and supercapacitor are taken as the power sources. The supercapacitor
power is indirectly controlled by the regulation of DC bus voltage and fuel cell reference
power is determined by the filtering power demand and supercapacitor SOC. Two five-
phase permanent magnetic synchronous machines (PMSM) are used in the vehicle. There
is a possibility that the phases of PMSM are out of action along with its operation. A
current control strategy is designed to avoid the vibration of power demand and eliminate
the possible damage to fuel cell system under the condition of sudden phases failure of
PMSM.

In [@] a fuzzy rule based strategy taking account of the fuel cell degradation is de-
signed. Battery SOC and fuel cell degradation degree are taken as the inputs of fuzzy
logic controller. The fuel cell in healthy state, 50% degradation state and 20% degrada-
tion state due to the failure of some cells are simulated respectively. The results show the
good behavior of the controller, proving its adaptation to the fuel cell degradation and
failure.

In [], an equivalent consumption minimization strategy is developed for fuel cell
hybrid electric vehicle powered by fuel cell, battery and supercapacitor. An adaptive
dynamical change rate is limited based on the degradation degree of fuel cell. Three
conditions: fuel cell in healthy state, half degradation state and full degradation state
simulate. Simulation results show that the equivalent consumption minimization strat-
egy can properly provide the power demand by the driving cycle regarding the fuel cell
degradation.

2.4.4 Fuel consumption objective

Minimization of fuel consumption including fuel cell hydrogen consumption and elec-
tric energy consumption is the most studied objective. Electric energy is often transformed
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into an equivalent hydrogen consumption. The sum of hydrogen consumption from fuel
cell directly and equivalent hydrogen consumption is defined as the whole hydrogen con-
sumption. The methods to minimize fuel cell hydrogen consumption and whole hydrogen
consumption are summarized in this section.

Fuel cell hydrogen consumption can be calculated through two methods: the fitting
function from experimental data and theoretical function based on fuel cell theory. The
fitting function can be defined in equation (@) in [143] or equation (@) in [144]. The
equation form is decided by different real experiment test data.

ch = alP;'c + azP%C + angc + as (27)

Hpe = aP}, +bPjc +c (2.8)

where Hy, is the hydrogen consumption rate, Py. fuel cell power, a1, a, a3, a4, a, b,
c are fit coefficients from the experimental data.

The theoretical function can be described as the equation (@) (143, 136]

" My, n;
J ':f 2 Ipc([)dt 29)
fe 0 2F (

where Jy. represents the hydrogen mass rate, n. is the number of cells, My, is the
hydrogen molar mass (2.02g/mol), Irc represents the fuel cell current and F represents the
Faraday constant (96,487 C).

According to the specified hydrogen consumption rate function, minimizing hydrogen
consumption can be chosen as all or part of the objective function for optimization based
strategy. [73, 122, 145] takes the quantified hydrogen consumption as the only objective
function. Besides the quantified hydrogen consumption, the charge sustenance of battery
is also taken as part of the objective in [102].

Using quantified hydrogen consumption function as the method to minimize hydrogen
consumption is popular for optimization based control strategy, but it is difficult to be
applied into rule based strategy. Limiting fuel cell working in high efficiency zone even
seeking maximum efficiency point is a way that can be used in all kinds of energy man-
agement strategies. Consequently, finding its best operation point with high precision is
vital, which directly leads to the reliability of the designed energy management strategy.
Different methods to define the fuel cell system efficiency are introduced.

[117, 119] defines the fuel cell system efficiency 5., in equation (), it is simple but
not precise. Auxiliary power consumed by auxiliary equipment such as electrical control
board, cooling fan and air compressor which ensure the normal operation of fuel cell system
is not considered.

(2.10)

where Py fuel cell system power, my, fuel consumption rate from fuel cell, LHV is
the low heating value of hydrogen.
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A more precise fuel cell efficiency model is built and the whole fuel cell stack efficiency
is defined in section M

In [64], 50kW PEMFC is used and the overall efficiency map along with fuel cell
current is defined. According to the efficiency map, the fuel cell high efficiency zone and
maximum efficiency point are defined. Operating mode control strategy as one kind of
rule based strategy is designed for the fuel cell hybrid electric vehicle. According to the
battery SOC and the gap between fuel cell maximum efficiency point and power demand
of the vehicle, the control system is operated in different modes. The calculation of fuel
cell and battery reference powers is defined for different modes.

In [68], a novel stiffness coefficient model is developed. The reference powers of power
sources are decided by the logic relationship between the fuel cell maximum efficiency
point and the power demand of the drive cycle. The degree of how fuel cell power follows
the power demand is regulated by the battery SOC and stiffness coefficient of charging
and discharging.

Regarding optimization-based strategy, the function to calculate hydrogen consump-
tion and fuel cell system efficiency can be chosen as one part of the objective function
directly. Hydrogen consumption rate is defined as the above equation (R.7) or (@) Fuel
cell efficiency can be defined as above equation () In [146, 147, [148], the global ex-
treme seeking optimization algorithm is designed. The optimization function (J) is defined
as the sum of fuel cell net power P, which represents the objective of minimizing hy-
drogen consumption, and fuel cell system efficiency Fuel,r; with respectively weighting
coefficients Ky, and Ky, as the equation ()

J = KnetPrer + KpuerFuelers (211)

Load following strategy is firstly designed to adjust the fuel cell power level to the
dynamic load request. When the weighting coefficients K. and Ky, are defined, a global
extreme seeking algorithm is designed to locate and track the global maximum point of
fuel cell system and calculate air flow rate and fuel flow rate to the optimal operation point
of the fuel cell system. The fuel cell system efficiency and fuel consumption efficiency are
defined as the equation () and equation ()

P net

Fueleff = FuelFr (2.12)
Pse— Pa,
Mays = —Lo 4 Cpf aux (2.13)
fc

The auxiliary power is defined as the power consumed by air compressor as the equa-
tion (2.14)

Puux = (azAirFr2 + alAirFr + ao) (b1Ipc + bo) (2.14)

where ay, ay,ag,b1,by are fit coefficients, AirF'r is air flow rate, Irc fuel cell current.

Electric energy consumption as one kind of fuel consumption is always transformed
into equivalent hydrogen consumption through equivalent factor and the sum of hydrogen
consumption from fuel cell and equivalent hydrogen consumption from energy storage
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sources is minimized in the objective function of EMS. There is not relevant research that
minimizes the electric energy consumption alone for FCHEV.

In[110], an ECMS is designed for a fuel cell-battery-supercapacitor tramway and the
objective function is defined as the equation (),

J = CfC+K1Cba+K2CSC (2.15)

where Cy, is fuel cell hydrogen consumption, Cp, and Cy. are battery equivalent hydro-
gen consumption and supercapacitor equivalent hydrogen consumption respectively, since
supercapacitor has low energy density and is used to generate the power peaks of power
demand of drive cycle during the accelerations or braking, therefore its contribution to
hydrogen consumption will be minimum and Cy. can be neglected and the objective func-
tion can be defined as the equation () The objective function of [137] is also defined
as the equation (@)

J = Cfc-i-KlC},a (2.16)

In [149, 109], the objective function includes fuel cell hydrogen consumption and
equivalent supercapacitor hydrogen consumption in equation (E)

C = My, () + APy (t) (2.17)

where My, hydrogen consumption rate, Py, supercapacitor power, 4 equivalent factor.

2.4.5 Power sources durability objective

During FCHEV’s lifetime, power sources degradation appear. As the main power
source of FCHEV, the output power of fuel cell stack at corresponding current decreases
along with degradation and its efficiency map of operation also changes. The capacity of
battery decreases and its internal resistance increases along with its degradation, which
decreases the output voltage of battery[L50]. Supercapacitor lifetime is far larger than
the vehicle and other power sources, so the durability of power sources is defined as the
durability of fuel cell and battery in the following parts of dissertation[151].

2.4.5.1 Durability of fuel cell

High cost of fuel cell systems and low lifetime are the main challenges of commercially
used of fuel cell stack on the vehicles. Increasing the durability of fuel cell stack is one of
the most important objectives for EMS. Comprehensive research and reviews have been
published in an attempt to understand the degradation mechanisms of fuel cell compo-
nents such as electrocatalysts, membranes, and bipolar plates based on the experimental
test[152]. But for the whole stack, the degradation rate is difficult to be quantified for
specific operation of fuel cell.

[153] has developed a quick evaluating method for automotive fuel cell lifetime. Based
on the practical operation data of fuel cell hybrid bus, the operation of fuel cell is divided
into four typical operation cycles: load changing cycles, start—stop cycles, idling time and
high power load driving conditions and their degradation rate are decided through the
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respective test results of a fuel cell stack in laboratory. This method is used in the EMS
of [93]. The fuel cell overall degradation is calculated in equation ()

1 Kpe (m V] +m Vs + U,

loadAt)
Vnom,cell(l - EOLfc)

Spe(k + 1) = 67.(k) + (2.18)

where a relative voltage loss percentage is dr., Ky, experimental difference factor,
Vi and V] are event counters and instantaneous voltage degradation rates for start-stop
and drastic load changes, respectively, U, , continuous load-dependent degradation rate,
Viom,cenn fuel cell nominal voltage, EOLy. fuel cell end-of-life voltage loss level over a step
k of length Az. The degradation rate of different operations are V| = 13.79uV/cycle for
start-stop, V| = 0.4185uV/cycle for load change, U; , = 8.662uV/h for low power idling,

load
U,,.a = 10pV/h for high power load and 1.72 for Ky, factor.

In [117, 91], the relationship between degradation rate of fuel cell 67 and cycle infor-
mation is defined in equation (@)

5fc = Kp (P]INl + PZ/NZ + P3,T1 + P4IT2) (2.19)

where K, is accelerating coefficient by reasons of air quality, Pi’, Py’, P3’, and P4’
are degradation rates for large load change cycling, start-stop cycling, idle condition and
high-power load condition, separately. Ny and N, are operating times, 77 and T, are time.

The gas supply system of fuel cell stack cannot respond to high dynamical power
requirement. The high dynamical variation can seriously decrease the fuel cell lifetime
and even damage the fuel cell. Except for quantification of fuel cell degradation rate
under different load conditions, setting the limitations on fuel cell current-changing rate,
current value and power-changing rate to reduce the dynamical change of fuel cell is a
widely used method to prolong its durability and this method can be used in all kinds of
energy management strategies.

In [[154, 116], the designed Pontryagin’s Minimum Principle as one kind of optimiza-
tion strategy not only decreases the hydrogen consumption but also increases the lifetime
of fuel cell through Hamiltonian function in equation ()

H(SOC (), Prc (1) 1) = mig, (Prc (1) + A()) SOC () + S (Prc () + L(Ppc (1) (2.20)

Where mpy, (Prc (1)) hydrogen consumption rate, Prc fuel cell net power, A(f) a co-
state variable, SOC (¢) is state equation of supercapacitor, L(Prc () and S (Prc (1)) are
cost functions to limit the operation of fuel cell and supercapacitor SOC in equation (R.21)
and (2.29)

L(Prc (1)) = L1 (Prc () + Ly (Prc (2) + L3 (Prc (1))
Li (Prc () y1 (Prc (8) = Prc (t — AD)?

P i £l I roe 2.21
Lathret = [P0 el s o
Ly (Prc () = y3 Upc (t) = Irc (t — AD)?
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Where vy, vy, and y3; are constant tuning parameters, L;, L, and L3 are parts of
objective functions to make the optimal trajectory of the fuel cell power smooth, limit the
fuel cell working range, and current change rate of fuel cell respectively, ¢ time step, Irc
fuel cell current, Ircrarge fuel cell maximum current.

aPrc (1) SOC () <S0C
S (Prc (1) = 0 SOCL <SOC(t) <SO0Cq (2.22)
BPrc (1) SOC () > S0Cy

Where @ and B are constant parameters, SOC; and SOCy are the minimum and
maximum SOC values.

Through the objective function, the fuel cell power range, current changing rate and
power changing rate are constrained to smooth the fuel cell power and current to increase
the durability of fuel cell. This method is also used in the rule based strategy of [69, 67]
through minimizing the fuel cell power demand transitions.

Regarding the ability to stand dynamical power variation, supercapacitor is higher
than battery and battery is higher than fuel cell. Therefore frequency based strategy de-
composes the power demand into low frequency power, medium frequency power and high
frequency power, which are supplied by fuel cell, battery and supercapacitor respectively

in Figure [80]. This method also belongs to the limitation on fuel cell power variation.
Filtration based strategy
Power demand cycle PW) fFiisz\ LF o PFC
i Filtering

A Frequency (frs) MF=> PBAT

0 VLS

MF = Pyc

LF HF

Figure 2.18: Frequency decomposing technique for frequency based strategy [82]

2.4.5.2 Durability of battery

Battery is widely chosen as the main energy storage source and its durability is im-
portant. Quantifying battery lifetime and taking it as the part of the objective function is
a good method to prolong the durability of battery. A lifetime model built for the EMS
of FCHEYV is introduced in this section

In [92] and [93], a battery degradation model is built according to the Ah-throughput
technique and Arrhenius time-temperature reaction rates in equation ()

6 (Ip, DOD, O, k) = &) + 65 (2.23)

Both partial degradation rate ¢, and ¢! are modelled in equation () and ()
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> Uy (k)¢ (DOD, k) A1)

k=ty

6L (I, DOD, k) = (2.24)

kmax

—E4
;szlo (Aeze(ab<k>—9b,ref) ¢ (DOD, k) At)

85 (DOD, 6, k) = (2.25)

Ap

where I, is discharge current of battery, DOD is depth of discharge, k and k4 are bat-
tery lifetime recoverable energy values for instantaneous and optimal conditions, ¢ (DOD, k)
is the discharge level stress factor, At is sample time, A exponential factor, R the universal
gas constant, 6, and 6, ,.r are instantaneous and reference values for electrolyte tempera-
ture, Ap is a battery lifetime estimate.

The discharge level stress factor ¢ (DOD, k) is defined in equation () according to
the discharge level of battery based on the battery life-cycle data shown in Figure @

kmax -k (DOD, k)

$(DOD,k) = 1+ p (2.26)
k(DOD,k) = Cs(k)x DOD (k) X neyeies (DOD) (2.27)
kmax = max(k(DOD,k)) (2.28)

where neyces is the number of cycles achievable at a given DOD level.
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Figure 2.19: Lithium-ion battery experimental lifecycle according to DOD [93]

According to the above equations, the degradation degree of battery capacity is cal-
culated in equation ()

Cs (k) = Cp (k) = (Cpom (1 = EOLy) 6, (k)) (2.29)

where Cp is battery instantaneous capacity at sampling time k, Cpop is nominal ca-
pacity of battery, EOL; is the battery 80% capacity end of lifetime condition.

In[113], rain flow counting method is taken as another method to define the battery
lifetime through counting the number of cycles for different DOD levels and the losses of
battery lifetime, which is defined in equation ()
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P4 Neye (DOD)

LOL =
Nety (DOD)

(2.30)
DODyin

where Ny is the number of cycles, N is the maximum number of cycles as cycle to
failure in datasheet of the battery.

2.4.6 Economy objective

The economic criteria for FCHEV involves many factors like the construction cost,
hydrogen consumption cost, electric consumption cost, replacement cost, maintenance
cost and lifetime cost. It is particularly important to asses the cost of fuel cell and energy
storage sources per unit energy consumed over their lifetime. Optimization based strategy
is the best method to fulfill this objective.

[155] minimizes the economical cost including hydrogen consumption, the cost of fuel
cell stack and the battery cost in equation ()

1f
Ch
F = C_h Py, (t)dt + cpen + CresbeSfes (2.31)

where ¢, hydrogen price per gram (0.00444€/g), C, the lower heating value of hydro-
gen (120000J/g), cpe the equivalent cost of the battery and cycspe the cycle normalized cost
of fuel cell are defined in equation ()

L
1.075ch61,?" (2.32)

Ly

Cfcsbe = 1-0750fcstax,fcsb?

Cbhe

(2.33)

where ¢}, is the battery price per kilowatt hour (900€/kWh), ¢y, is the fuel cell system
price per kilowatt(34.78€/kW), E,; the nominal cell energy in kilowatt hour, L; and S are
the length of drive cycle and total bus mileage in kilometre.

In [94], the life-cycle cost of the fuel cell system (yg-sc) is 0.01$/kWh, which is deter-
mined by the current production cost 50$/kW for volume manufacturing of 500000 units
per year and 5000h service life hour for automotive fuel cells. The hydrogen cost (yf.)
is 0.81$/kWh. The battery life cycle cost (ys) is 0.6 $/kW. The final cost objective is
defined as the equation (@) The simulation results of the designed energy management
strategy using a weighted improved dynamic programming for FUDS drive cycle is shown
in Figure R.20. The comparative results of improved dynamic programming and rule based
strategy are shown in Table R.1. The energy management strategy developed by improved
dynamic programming not only can make sure the normal operation of the vehicle but
also has lower costs and hydrogen consumption levels compared to rule based strategy.

T
C= Z Ve + Vsi-fe Pfc (1) + Ve Ppr (I)) (2.34)
=1
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Figure 2.20: FUDS cycle-sprinter power allocation of the sources[94]

Table 2.1: Highway/FUDS driving cycle comparative results

Highway FUDS
Improved dynamic | Rule based | Improved dynamic | Rule based
programming strategy programming strategy
Operational cost 97 3.9 1 9.9
(%)
H2 Con(sgu)mptlon 179 211 65.2 143
Runtime (s) 10 3 14 3

where Py, is fuel cell power, Py, is battery power.

In [93], the objective function is defined as the equation (), which is the summed
monetary cost of each decision relative to each state variable. These monetary expenses
for each decision are hydrogen consumption cost, fuel cell lifetime cost, battery lifetime
cost and grid-based recharge cost.

N
C =) (Cra (X2, u. k) + Cs, (xspi0) + Cs, (Xafc, 1,k)) + Coe (xgen)

k=0
Criz (e, k) =[xz (k) + Ty At @y (2.35)
Cs, (x5, k) = [xs, (0) + 212 pAt]
Coye (Mo k) =[5, () + By 6eht] e
Coe (x0e) = xge (N) @ge

where the subscript H2 is hydrogen consumption, 0, battery degradation, ds. fuel
cell degradation, Qe remaining battery charge, x are state variables for each consumable
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H2, 6p, 6. and Qe. u is the control variable at step, K representing the power demand
to the PEMFC, « is a economical weight and the cost values are 2.88%/kg, 500%/kWh,
0.11$/kWh and 558/kW for ams, ap, @ge. and ay.. Similar to [93], the objective function
of [92] includes hydrogen consumption cost, battery lifetime cost and public grid recharge
cost of the battery pack.

In [91], the objective function includes the hydrogen consumption cost and the degra-
dation cost of fuel cell in equation (R.36). The voltage degradation rate under different
operating conditions is quantified.

Cirotal = — (chvfuel + chVfc + an) (236)

where Hy. fuel cell hydrogen consumption, Ve hydrogen cost (2.88%/kg), Dy, fuel
cell degradation rate, Vy. fuel cell cost (47.978/kW), a is high penalty cost, C, is battery
Vﬁ ge constrain function to avoid the over discharge and overcharge, which is in equation
(R.37)

f(me - Vbat) dt, ifvbal < Vmin
Cv = f(Vbat - Vmax) dt, ibeat > Vinax (237)
0 otherwise

In [86], the economic objective is defined as the energy cost from fuel cell and battery
in equation ()

T
J= Z (C1Prca () + CoPrcyp (1) + C3Ppce (t) + CprPpr (1)) f (1) (2.38)

t=1

where Prcy, Prep and P, are fuel cell power for three parts, Ppr battery power, Cy,
C,, C3, and C4 are corresponding cost.

2.4.7  Multiple objectives

The power splitting problem for the fuel cell hybrid electric vehicles needs to achieve
several objectives at the same time. If just one objective as presented objectives is con-
sidered, the optimal solution for this objective means the ”sacrifice” of other objectives.
Multiple objectives which are achieved simultaneously in order to get optimal results are
increasing the attention of researchers. As an example: Minimizing hydrogen consumption
and increasing the lifetime of fuel cell and energy storage sources are hoped to reduce the
commercial cost of the vehicle. Solving a single objective function by using the presented
method is easily achievable but using multiple objectives, a set of possible solutions are
found and these solutions are conflicting for different objectives. The most straightforward
method to solve multiple objective problems is to weigh each object and add them up as
the objective function () of [64]

AV
—| (2.39)
AV

J=W fmpgge + sz@ + Waef fres + Waef fus + WsASOC — We
mpgge mpg
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where Wy - - - W are the weighting factors of corresponding objective functions, mpg
(mile per gallon) and mpgge ( mile per gallon gasoline equivalent) representing fuel econ-
omy parameters, ef fr.s and eff,s are the average efficiency of the fuel cell stack and
battery respectively, AS OC the difference between final battery SOC and initial value, AV
is the difference of required and achieved speed, mpgge, mpg and AV are target values.

The importance of each objective is decided by corresponding weighting factors. For
equation (@), minimizing fuel consumption is chosen as the main target. Other objects
like ef frcs, ef fos ASOC and AV are set with low weights in the fitness function.

In [102], the particle swarm optimization is used to optimize the power control limits
of fuel cell and battery for rule based strategy. Its objective function is a combination of
two terms: the hydrogen consumption and battery charge sustenance in equation ()

J=my, +K|SOC, -50C, (2.40)

Where mjp, hydrogen consumption rate, SOC;, battery initial value, SOC;, battery
final value, K weighting coefficient.

In [59], the method of adding relevant weighting coefficient into different objective is
not used. Its two objectives are defined in equation (R.41]): the first one is total hydrogen
consumption over the driving cycle and the second one is the average absolute power of the
battery to minimize the battery contribution through letting the supercapacitor supply
most of the transient power.

Iy
Ji = f mszt
0

. (2.41)

1 !

= — f [Ppq (1)] dt
tf 0

where ¢ is duration time of drive cycle, Py, is battery power.

Regarding these two objectives, there are a set of solutions called non-dominated so-
lutions or Pareto front. These solutions are compared according to whether one dominates
the other or not. If the following two conditions are filled, it proves that the solution X1
dominates solution X2. Two conditions are: X1 is no worse than X2 in all the objectives
and X1 is strictly better than X2 in at least one objective. PI controller is firstly designed
as the energy management strategy of the vehicle to control the battery and supercapac-
itor states around the constant references. Non-dominated Sorting Genetic Algorithm []
is used to optimize the control parameters of PID controller. Optimization results of EMS
and experimental evaluation of the power management strategy over Manhattan drive
cycle are shown in Figure and Figure respectively.

The standard optimization problem can be converted into an unconstrained opti-
mization problem through penalty functions like [[117]. In order to reduce the hydrogen
consumption and increase the durability of battery and fuel cell, an optimization problem
with constraints is defined in equation (), which can be transformed into an uncon-
strained multiple objectives problem as (2.43)
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Figure 2.21: Optimization results of EMS [@] (a) Comparison between the Pareto front and the
performance of randomly tuned parameters; (b) Optimal strategy parameters for the Pareto front

N-1
minJ = " (i, (u (k) AT)
k=0

Viewerbat < Voar(k) < Vupperbar
Liowerbar < Ipar(k) < Lupperbar
st S Viewerfe £ Vie(k) £ Vipperfe
SOC(N) =S80C,

|Au (k)| < APy,

(2.42)

N-1
minJ = (mHz (u(k)AT + Ly (k) + Ly (k) + Py (Au (k) - APfc)z) + P (SOC(N) - S0Cy,)?
k=0
(2.43)
where
Ll (k) = Rl (Vbat (k) - Vupperbat)2 + RZ (Vbat (k) - Vlowerbat)2
2
+R;3 (Ibat (k) - Vmaxdis)2 + Ry (Ibat (k) - Vmaxchg)
2 2
L (k) = Ql (Vfc (k) - Vupperfc) + QZ (Vfc (k) - Vlowerfc) (244)
Auk) =uk) —uk—-1) k>1
Au(0)=0

where 7y, is hydrogen consumption, Vi, Ipar, SOC, APy, and Vy. are battery volt-
age, battery current, battery SOC, fuel cell dynamical change rate and fuel cell power
respectively, Q1, Q», R;,i = 1 — 4 are weight coefficients.

In [], the whole equivalent hydrogen consumption is set as the objective and the
constraints of fuel cell power range, battery SOC range, and fuel cell dynamical change
rate are transformed into parts of the objective function in equation ()
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2.5 Analysis of objectives and EMS

2.5.1

A summary of energy management strategies for different objectives is listed as Table

Analysis of objectives

Table 2.2: EMS for different objectives

P
Numbet SO?XCQ; Strategy Objective Method
Fuzzy rule Stability Degradation and failure of
2 FC/BA
[72] C/ based strategy objective fuel cell
Phase fail f five-ph
e T T e
mode control objective P & .
synchronous machines
P in’
(i) | FC/BA Olll\j;ifl?im i Stability Variational battery
Principle objective temperature
(139 FC/BA Fuzzy rule Stability Failure of fuel cell and
/SC based strategy objective supercapacitor
Equivalent
(a2 FC/BA | consumption Stability Fuel cell deeradation
/SC minimization objective &
strategy
Equivalent
consumption Fuel Objectives: Quantified whole
[149] | FC/SC
minimization consumption hydrogen consumption
strategy
Pontryagin’s — .
Fuel : fi
73] FC/BA Minim uel - Objectives: Quanti .ed
Principle consumption hydrogen consumption
Equivalent
consumption Fuel Objectives: Quantified whole
[109] | FC/SC
minimization consumption hydrogen consumption
strategy
Pontryagin’s T .
g | rc/BA Minim Fuel ' Objectives: Quantified 'Whole
Principle consumption hydrogen consumption
Pontryagin’s D .
(29 | FC/BA Minim Fuel ' Objectives: Quantlﬁed
Principle consumption hydrogen consumption
Adaptive
Pontryagin’s Fuel Objectives: Quantified
14 FC/BA
[145] C/ Minim consumption hydrogen consumption
Principle
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P
Numbet — " o" Strategy Objective Method
sources
Equivalent
fi54) FC/BA consumption Fuel Objectives: Quantified whole
minimization consumption hydrogen consumption
strategy
Equivalent
I3E) FC/BA consumption Fuel Objectives: Quantified whole
minimization consumption hydrogen consumption
strategy
Equivalent
fi57 FC/BA consumption Fuel Objectives: Quantified whole
minimization consumption hydrogen consumption
strategy
Equivalent
fd) FC/BA consumption Fuel Objectives: Quantified whole
/SC minimization consumption hydrogen consumption
strategy
Fuel N .
Particle swarm consumption Objectives: Quantified
[102] | FC/BA o POt hydrogen consumption,
optimization Charge
charge sustenance
sustenance
. Fuel Objectives: Quantified
Pontryagin’s consumption hydrogen consumption
133 | Fc/sc Minim priot, YArosen DHOT,
. Charge Constraints: Charge
Principle
sustenance sustenance
Equivalent Fuel
(137 FC/BA consumption consumption, | Objectives: Quantified whole
minimization Charge hydrogen consumption
strategy sustenance
. Fuel Objectives: Quantified
Pontryagin’s consumption hydrogen consumption
(119] | Fo/BA Minim priot, yerosen | PHOT,
L Charge Constraints: charge
Principle
sustenance sustenance
Fuel Objectives: Quantified
Linear consumption hydrogen consumption
X FC/SC . ’ . ’
B7] / programming Charge Constraints: Charge
sustenance sustenance
Fuel
Stiffness consullrlle tion Seeking for maximum
[68] FC/BA coefficient brion, . & .
Charge efficiency penalty coefficient
model
sustenance
Objectives : minimize
Fuel hydrogen consumption,
(6] FC/BA Genetic consumption, average efficiency of the FC
algorithm Charge and BA, battery charge
sustenance sustaining , difference of
required and achieved speed
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P
Number — " or Strategy Objective Method
sources
Tmproved Economical conglzlli)ct?cjrf Sc:olslg di(i)fie::lycle
4 FC/BA i ’
b4 C/ dynarm(? objective cost of fuel cell and battery
programming
cost
Objectives: hydrogen
plug- Discrete . consumption cost , fuel cell
. . Economical .
[93] in dynamic obiective degradation cost, battery
FC/BA | programming J degradation cost and battery
charge cost from grid
plug- Discrete . ObJectlyeS: hydrogen
b2) n dynamic Economical consumption cost, battery
. objective lifetime cost and public grid
FC/BA | programming
recharge cost
Discrete Economical Objectives: hydrogen
[158] | FC/BA dynamic . consumption cost, electric
. objective
programming cost
Stochastic Economical Oc?ﬁslilrjl;s‘czio}gccl:s)f .
1 FC/BA i !
1] C/ rj};r;?;n;(;n objective degradation cost of fuel cell
prog & battery voltage constraint
The convex Eeonomical Objectives Minimum the
[155] | FC/BA | optimization obiective hydrogen cost, the FCS cost,
algorithm . and the battery cost
. . Objectives: hydrogen
86 FC/BA Llnear‘ ECO?OHPC&I consumption cost, battery
rogrammin objective
prog & . lifetime cost
Fuel
Pontryagin’s consurie tion Objectives: Quantified
[154] | FC/SC Minim ADHO hydrogen consumption,
Principle Durability of reduing dynamic of fuel cell
fuel cell
. Fuel Objectives: Quantified
Pontryagin's nsumption hydrogen
fi1d | Fe/BA Minim consumption, yerosen
Princinle Durability of consumption reduing
P fuel cell dynamic of fuel cell
Fuel
Model consml;le tion Objectives: Quantified
[127] | FC/SC predictive ADEIO, hydrogen consumption,
Durability of . .
control Constraints: dynamical rate
fuel cell
Durability of
FC/BA Frequency fuel cell .
F 1
Bdl /SC based strategy Durability of requency spiit
battery
Durability of
FC/BA Frequency fuel cell .
F; lit
B3] /SC based strategy Durability of requency spi
battery
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Numbet SP(;?KS; Strategy Objective Method
Frequency Durability of .
B1] FC/BA based strategy fuel cell Frequency split
Frequenc Durability of .
[79] FC/BA based stratZgy fuel ceﬁ Frequency split
Durability of
FC/BA Frequency fuel cell, .
] / S/C based strategy Durability of Frequency split
battery
Durability of
FC/BA Frequency fuel cell, .
B2 /SC based strategy Durability of Frequency split
battery
Fuel
Plug- consumption, Objectives: Quantified
17 n Operating Durability of hydrogen consumption,
FC/BA mode control fuel cell, reducing dynamic of fuel cell,
Charge charge sustenance
sustenance
Fuel
consumption, Objectives: Quantified
(135 FC/BA Dynamical Charge hydrogen consumption,
/SC programming sustenance, Charge sustenance, on/off
Durability of frequency
fuel cell

The objective of drive ability and charge sustenance as the basic requirement for
EMS of FCHEV are no fully listed in the table. Charge sustenance is listed only in the
reference articles that meet it through taking it as one part of objective functions and is
not required by Plug-in FCHEV. Monitoring the health and performance of drive-train
components especially power sources is important for FCHEV. From Table , it can
be observed that even though the objective of stability is important, it is rarely studied.
NASA’s Mars Global Surveyor stopped operating due to the battery overheating which
lead to the loss of capacity. The AFRL ARGOS satellite, the Viking 2 Mars Lander and
Boeing Dream-liner aircraft also suffered battery failures [159]. Fuel cell cannot stand
high dynamical power and has more strict requirement on temperature, air quality and
humidity of hydrogen and air. Compared to other components of drive train, fuel cell is
easier to occur the degradation and failure. In that case, how to keep the stability of EMS
under the conditions of performance decrease and even failure is especially important. It
needs to pay more attention by researchers.

Fuel consumption is mostly studied both in single objective and multiple objective
studies. Hydrogen consumption is easily quantified through relevant functions. Limiting
fuel cell to operate at high efficiency and seek for maximum efficiency point is also taken
as the method to minimize hydrogen consumption. The precision of the fuel cell efficiency
map decides the final hydrogen consumption result. Electric consumption is often trans-
formed into the equivalent hydrogen consumption through equivalent factor and is added
to the hydrogen consumption to get the whole hydrogen consumption which is taken as



66 CHAPTER 2. STATE OF THE ART OF ENERGY MANAGEMENT STRATEGY

the objective function. Electric consumption is not taken as the objective alone. The
equivalent factor is affected by the drive train of the vehicle, drive cycle, SOC of energy
storage sources and health state of power sources, which should be paid more attention.

Reducing the dynamical variation of fuel cell is widely used to increase its durability.
Quantifying fuel cell degradation for every operation is difficult due to its complicate degra-
dation mechanism. Dividing operation into four typical operation cycles: load changing
cycles, start—stop cycles, idling time and high power load driving conditions and defining
their degradation rate based on the real operation data of vehicle is the only way to do
that. Durability of battery is only studied in few papers through quantified function. The
degradation process of battery is complicated and many factors affect its lifetime.

Cost reduction as well as the hydrogen infrastructure extension are the most important
tasks to widely commercial usage of FCHEV/[160]. Hydrogen consumption cost, fuel cell
lifetime cost and battery lifetime cost are the main factors that could be considered in
the design of EMS. The electric cost from the public grid is also considered for Plug-in
FCHEV. When the lifetime cost of fuel cell and battery is determined, the degradation
rate of power sources should be quantified which is similar to the objective of durability.

When an EMS is designed, several objectives are sought at the same time and, in
general, parts of them are contradictory[161]. As an example: decreasing hydrogen con-
sumption and increasing durability of fuel cell cannot be maximized both at the same time.
Compromising multiple objectives in the EMS is a typical solution. The above presented
objectives can be fulfilled with two methods weighted sum method and constraint method.
Through the weighted sum method, multiple objectives are weighted and are summed up
into an aggregated objective function by multiplying each objective function by a weight-
ing factor[162]. Constraint method directly sets limitations on control parameters of rule
based strategy and constraints in optimization functions to reach corresponding objectives
like limiting fuel cell dynamical change rate to increase fuel cell durability. The constraint
method also can be transformed into weighted sum method by transmitting it into part
of the objective function.

2.5.2  Analysis of EMS for different objectives

Deterministic rule based strategy belongs to the supervisory strategy. Some variables
(mostly state of charge of energy storage sources and load power demand) are chosen as
the judgment criteria and according to different input values, the reference powers of fuel
cell and energy storage sources are calculated. Quantified objectives like fuel consumption
and durability of power sources are hardly used into deterministic rule based strategy.
Restricting the fuel cell to operating in high efficiency zone and limiting its dynamical
change rate can be used to decrease the hydrogen consumption and increase its durability.
The control rules are designed according to experience and it is simple and easily applicable
in reality. But optimal results and other objectives are hardly reached, that is also why
it is widely used in real vehicles but is rarely studied in recent research. The control
parameters of deterministic rule based strategy could be optimized through optimization
algorithms like genetic algorithm and particle swarm optimization to get optimal results.
All the objectives that can be filled through optimization based strategy can be fulfilled
in this way.

Fuzzy rule based strategy is similar to deterministic rule based strategy and the spe-
cific values of control variables are just transformed into membership functions. Quantified
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objective function method is difficult being applied to fuzzy rule based strategy. Consid-
ering more inputs and outputs into the fuzzy controller to describe whole control system
more precisely, constraining operation of power sources according to their physical proper-
ties, optimization by other optimal control strategy and cooperation with other intelligent
control strategies to increase its robustness and adaptability are the research trends of
fuzzy rule based strategy. These methods will increase the complexity of the control sys-
tem and limit their application on real vehicles, which should be taken into account in the
process of designing new fuzzy rule based strategy.

Frequency based strategy decomposes power demand into different frequent powers,
which is supplied by different power sources. It is particularly suitable for fuel cell hy-
brid electric vehicle. Frequency based strategy plays important role in the objective of
the durability of power sources, but it is difficult to fulfill other objectives like charge
sustenance of energy storage sources and reducing the fuel consumption. The decision
for decomposition depth is also arbitrary. Cooperation with other control strategies to
overcome these shortcomings is the trend of frequency based strategy.

Regarding optimization based strategy, all the objectives could be achieved through
two ways. The first one is quantifying these objectives and adding them as part of the ob-
jective function to achieve their aims, like quantified hydrogen consumption and durability
of power sources. The second one is setting constraints on physical properties of power
sources into optimization function, like charge sustenance of energy storage sources and
fuel cell dynamical change rate. local optimization based strategy can fulfill these objec-
tives like global optimization based strategy and the only difference is it just transforms
whole drive cycle optimization situation into instant optimization.

2.6 Conclusion and suggestion

When the architecture and power-train of FCHEV are decided, an EMS is needed
to ensure the normal operation of the vehicle and guide the energy distribution among
power sources. Characteristics of fuel cell and energy storage sources are analyzed to
let EMS ensure their operation, increase their lifetime and play their full potential. En-
ergy management strategies of FCHEV are summarized and categorized to analyze the
characteristic of every kind of EMS. Through the category and summarization of energy
management strategies, the objectives and corresponding methods to fulfill these objectives
are summarized. These methods also depend on the kind of energy management strate-
gies. The category of EMS and summarization of objectives can supply good guidance to
design EMS for FCHEV. Based on the review of different kinds of EMSs, objectives and
methods, following suggestion for EMS of FCHEV are put forward:

1) Equivalent consumption minimization strategy and Pontryagin’s Minim Principle
are mostly used in relevant research and they have the potential to reach commercial
applications. The new design energy management strategies that are tested on a test
bench or a real vehicle account a small proportion, so experimental validation of EMS
should be strengthened.

2) The objective of stability is rarely studied, but it is crucial to FCHEV. Special
external factors like weather, temperature, region and altitude and insider factors of vehicle
components like battery temperature and degradation of power sources which directly
affect the performance of components of drive-train, should be considered into EMS. Fault
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diagnosis and fault tolerance control of components are also important as part of EMS.

3) Increasing the durability of power sources is an important objective. The precision
of quantified degradation function used in the EMS should be increased. Quantifying power
sources degradation relies on the continuous research on its degradation mechanism.

4) The economy should consider the cost changes of fuel and power source in the
future due to the improvement of technology.

5) Single objective is hard to meet the development of FCHEV, multi-objective are
sought simultaneously and the optimization algorithms to solve it is increasing the interest
of researchers.



3

Energy consumption minimization
strategy

3.1 Introduction

As concluded in the last chapter, equivalent consumption minimization strategy as a
kind of local optimization strategy doesn’t rely on the knowledge of drive cycle and can
reach optimal results at every sampling time, which is chosen as the energy management
strategy of FCHEV in the dissertation. Low energy density of supercpacitor lets its equiv-
alent hydrogen consumption be taken as zero for much research on equivalent consumption
minimization strategy. This simplification leads to suboptimal fuel economy and increases
the complexity of the control system. A sequential quadratic programming (SQP) based
Equivalent Consumption Minimization Strategy(ECMS) (SECMS) is proposed in this sec-
tion to comsider the energy cost of all three power sources into the objective function. A
rule based strategy is designed as a benchmark for SECMS. In order to prove that neglect-
ing supercapacitor equivalent hydrogen consumption in ECMS objective function cannot
reach the optimal result for three power sources power train, a Hybrid ECMS Operating
mode control strategy(OMCS) (HEOS) is also designed. In order to validate the built
energy management strategy, the vehicle model including main components is built firstly
with software Matlab/Simulink.

This chapter is organized as follows: section two gives the vehicle architecture and the
model of power train components including fuel cell, battery, supercapacitor and DC/DC
converters. In the third section, SECMS, rule based control strategy and HEOS are
explained. In the fourth part, the simulation results are compared for different control
strategies. Finally, conclusions are drawn.

3.2 Power train architecture and component modes

3.2.1 Power train architecture

The series architecture is chosen for FCHEV, as shown in Figure @ Proton Exchange
Membrane Fuel Cell (PEMFC) is the main energy source to supply steady state power
and is connected to the DC bus via a unidirectional DC/DC power converter. Battery as
the main energy storage source is directly connected to DC bus to hold the bus voltage.
Supercapacitor as a peak power supplier is connected to the DC bus through a bidirectional

69
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DC/DC power converter. The DC energy supplied by three power sources is converted
into AC energy through DC/AC inverter to drive the AC motor and further to propel the
vehicle. AC motor also can work as a generator to recycle braking energy of the vehicle.

m — o — o ——— —— ——

v,

AECMS

4 T

Supercapacitor SOC

Figure 3.1: Powertrain architecture

The power demand of motor to meet the speed requirement of drive cycle can be
calculated through dynamic vehicle model. The vehicle can be considered as a mass point
and its motion equation can be written in equation (@) from the forces shown in Figure

d
my(B) V() = Fild) - (Fal) + Fo(t) + Fa(t) + Fo(0)) (3.1)

where, m, is the mass of the vehicle, v(¢) is the speed of the vehicle, F; is the vehicle
traction force on the wheel which is equal to the difference between tractive force generated
by the power train and the brakes at the wheels, F, is the aerodynamic friction, F, is the
rolling friction, Fy is the disturbance force that summarizes all other effects and Fy is the
force caused by gravity when driving on slope road.

The reasons that lead to the aerodynamic friction F, include the viscous friction of
the surrounding air on the vehicle surface and the losses caused by the pressure difference
between the front and the rear of the vehicle, generated by a separation of the air flow. The
vehicle body, the wheel housings, the exterior mirrors, window housings, even ventilation,
and the engine ventilation all can cause the aerodynamic resistance force. Usually, the
aerodynamic resistance force is approximated by simplifying the vehicle to be a prismatic
body with a frontal area. The force caused by the stagnation pressure is multiplied by an
aerodynamic drag coefficient C, that models the actual flow conditions. The aerodynamic
friction can be calculated in equation (B.2).

1
Fo=5pAC; Vv (3.2)

where, p the density of the ambient air, A the front surface of the vehicle, C, the
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Figure 3.2: Schematic representation of the forces acting on a vehicle in motion

aerodynamic drag coefficient, v the speed of the vehicle.

The rolling friction F, can be calculated through equation (@)

F, =m,C, g cos(a) (3.3)

where m, the vehicle mass, g gravitational acceleration, a the angle defining the slope
of the road, C, the rolling friction coefficient, which is determined by many variables.
Vehicle speed, tire pressure and road surface conditions are three important factors to
decide the value of C,. In most case, C, is assumed to be a constant value or an affine
function of the vehicle speed. The order of magnitude of C, is 0.01-0.03[163].

The grade force F, is the horizontal component of the vehicle weight, which opposes
(or facilitates) vehicle motion only if the vehicle is moving uphill (or downhill) in equation

(B4):

F, =m, g sin(@) (3.4)

Through the calculated traction force on the wheel, the power required to drive the
vehicle can be calculated in equation (B.5).

Pcycle = Fy (35)

V ok (mv(t)d%v(l) + Fo(t) + Fr(t) + Fa(t) + Fg(0)

where Py, the required power at wheel, F; traction force on the wheel, v the speed
of the vehicle.

The power demand on the DC bus from the fuel cell, battery and supercapacitor is
given in equation (@) (@)

Povel
Piemana = ind (36)
1IDC/AC * NMmotor
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Piemana = Prc * pcrc + Psc * pcsc + Ppa (3.7)

where Pgemana is power demand, npcjac is converter efficiency of DC/AC connected
to Motor, Mmeror is motor efficiency, npcre is unidirectional DC/DC converter efficiency
connected to fuel cell, npcsc is bidirectional DC/DC converter efficiency connected to
supercapacitor.

The parameters of the vehicle used in the dissertation are shown below:

e Mass (m,): 530 kg;

o Front surface (A): 2.56 m?;

o Drag coefficient (Cy): 0.8;

 Rolling coefficient (C,): 0.02;

o Density of the ambient air (p): 1.25kg/m>;

« Gravity force g: 9.8m/s.

3.2.2  Fuel cell stack model

PEMFC as the main power source for the FCHEYV transforms the chemical energy into
electrical energy through the reaction between hydrogen and oxygen [164]. The voltage
of a single cell of the fuel cell stack is very low (between 0.4 and 1V), far from enough
to power a fuel cell hybrid electric vehicle. Therefore PEMFC is built in a stack in order
to provide the power with a voltage enabling them to operate at a reasonable current. In
general, each cell in the stack has the same geometric structure and material properties.
A PEMFC stack can be broken down as shown in Figure @[165}.

Fuel cell stack is assembled from multiple cells. The voltage of a stack can be calcu-
lated through a simple multiplication of cell numbers and single cell voltage in equation

B.9).

Etack = Neeit * Ecen (38)
Where Egqcr the voltage of fuel cell stack, N the number of cells in the stack, E..;
voltage of single cell.

The electrochemical process within fuel cells is associated with many losses as shown
in Figure @ The causes of losses are activation losses, ohmic losses, and concentration
losses.

The variation of the individual cell voltage can be calculated from the maximum cell
voltage and the various voltage losses in equation (@)[166].

Ecet = Evev — Eaer — Eopm — Econ (39)

where E,,, is the thermodynamic reversible potential and is also the maximum perfor-
mance that can be obtained from a fuel cell, E,. the activation losses due to the activation



3.2. POWER TRAIN ARCHITECTURE AND COMPONENT MODES 73

PEMFC Stack Level
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Figure 3.3: Structural and functional decomposition of a fuel cell stack[@]
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Figure 3.4: Representation of the different losses on the polarization curve[@]

of the anode and cathode, E,, the ohmic losses related with the conduction of the protons
through the solid electrolyte and electrons through the internal electronic resistances, E,,
the concentration losses due to the concentration or mass transportation of the reacting
gases [@]

The thermodynamic reversible potential is the voltage that would be obtained if all
the Gibbs free energy was converted into electricity without any loss. It can be calculated

in equation () ]

RT
E,ep = Eo — 0.85¢73(T = T,) + ﬁln(\/PozPHz) (3.10)

where Ej is the reversible nearest potential for single cell, T is the temperature of cell,
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T, is the temperature correction offset, Pp, and Pp, are partial pressure of oxygen and
hydrogen.

The activation losses E,; are due to the slowness of reactions which are taking place
at the surface of the electrodes. A proportion of the voltage generated is lost in driving the
chemical reaction that transfers the electrons to or from the electrode. This voltage drop
is highly non-linear, as shown in Figure B.4. However, the reaction of hydrogen oxidation
at the anode is very rapid while the reaction of oxygen reduction at the cathode is much
slower than hydrogen oxidation. Thus, the voltage drop resulting from activation losses is
dominated by the cathode reaction conditions.

The dynamical activation losses E,. can be described in equation ()

(3.11)

dEact - IF_C (1 _ Eact)
dt Cdl Nact

where Cy; is the single-fuel cell double-layer capacitance.

The cell static activation losses 1, can be calculated based on the well-known Butler—
Volmer potential equation ()

anF —(1-a)nF
Irc = 1S (eﬁ"w —e T ") (3.12)

where Irc fuel cell stack current, S is the catalyst layer section area, n is the number
of electrons involved in the reaction, @ the symmetry factor, and Iy the exchange current
density.

Equation () can be simplified in equation (), when 1, is large.

RT Irc
= —n|— 3.13
act nal n(IoS) ( )

The ohmic losses E,p;,; due to the electrical resistance of the electrodes, and the resis-
tance to the flow of ions in the electrolyte are the simplest to understand and to model.
This voltage drop is proportional to current density and it is linear. The ohmic losses can
be obtained through equation ()

thm = IFC * RFC (314)

where Rpc is the internal resistance.

Concentration losses E,, is related to the change in concentration of reactants at the
surface of electrodes. As pure hydrogen diffuses better than oxygen in the nitrogen and
water, the concentration losses at the anode can be neglected. Concentration losses E,,
can be defined in equation ()

max

I
Econ = —B* ln(l - FC) (3.15)

where B is an empirical constant, I,,,, is the maximum allowed current.



3.2. POWER TRAIN ARCHITECTURE AND COMPONENT MODES 75

All the potentials in the equation (@) have been defined. In order to determine the
relationship between fuel cell current and its voltage, the parameters of the above model
should be determined like parameters EO, empirical constant B and resistance Rpc.

The Ballard NEXA TM fuel cell stack is used in the vehicle as shown in Figure @
Its parameters are shown in Table

Hydrogen :_':g
S Controlled Valve

/ Controller Board

Figure 3.5: Ballard NEXA TM fuel cell stack

Air Compressor

Table 3.1: Fuel cell parameters

Company Ballard NEXA PEMFC
Cell number 47
Rated power (W) 1200
Operating voltage range (V) [22,50]
Maximum current (A) 46
Air supply Air blower + filter
Cooling Air fan cooled
Fuel supply 99.99% dry H, @1.2 bar

Static measurements of Ballard NEXA TM fuel cell stack are performed. The fuel cell
stack current, stack voltage, load voltage,load current and stack temperature are recorded
to valid the fuel cell stack model. As a commonly used strategy, Genetic algorithm is
chosen to identify the initial value of the model and demonstrate the modeling accuracy.
Genetic algorithm is particularly suitable for such multi-parametric and nonlinear system.
The main idea of genetic algorithm is to generate a population of solutions and then to
improve it using techniques of natural evolution, such as inheritance, mutation, selection,
and crossover method. This generational process is repeated until an appropriate solution
can satisfy (optimize) the objective function[169]. Minimizing the root mean squared error
(RMSE) is chosen as the objective function of genetic algorithm. RMSE is defined as the
accuracy between the estimated value from the built model and real experimental value,

which is defined as () []
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RMSE = (3.16)

where y; is actual experimental voltage value, y; is the estimated voltage from number,
N is the total number of test data.

The comparative results between experimental results and simulation results through
the built model are shown in Figure B.§. It can be observed that the difference is small
and the validation of fuel cell stack model is verified.
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Figure 3.6: Fuel cell polarization curve

3.2.3 Fuel cell efficiency model

In order to minimize fuel cell hydrogen consumption, fuel cell stack should be operated
to seek maximum efficiency point at high efficiency region, so a precise fuel cell efficiency
model is needed.

Fuel cell transforms the chemical energy into electrical energy through the reaction
between hydrogen and oxygen [] The theoretical efficiency of energy conversion is
defined as the ratio between the useful energy output and the energy input. The energy
output of fuel cell is the output electrical energy and the enlle_rﬁy input is the energy

firs

contained in the mass of hydrogen supplied in equation (ﬁ?l) [171] |

Veclre
. _ Prc _ “AHwvlrc _ VEc (3.17)
LHV P, oF 1.254 '

where nryy is fuel cell theoretical efficiency, AHypgy is the lower heating value of
hydrogen.

Some auxiliary systems are needed to ensure the normal operation of fuel cell sys-
tem, such as electrical control border, cooling fan and air compressor. As the result, the
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efficiency of fuel cell system is decided by fuel cell theoretical efficiency and real auxiliary
efficiency, which can be calculated in equation ()

(3.18)

_ _ Vrc (Prc — Paux
NFCcs = NLAV * Naux =

1.254 Prc

where npcs is fuel cell system efficiency, ny gy is fuel cell theoretical efficiency, 1,
fuel cell real auxiliary efficiency, Payx fuel cell power consumed by the auxiliary system.

According to the study of [156], the compressor power is up to 93.5% of the total
auxiliary power, so a precise compressor model to calculate its power variation along with
fuel cell current is built and the other auxiliary power is set_as a constant value. The
power consumed by the air compressor is shown in equation ()

1

5o
CPTair (Pnut)y
P.,=— -11|F 3.19

P Hmecmot ( P, & ( )

where P, is air compressor power, Cp is heat capacity of air, 7y;, inlet air temperature,
Nmec 18 compressor mechanical efficiency, 7,0 is the efficiency of compressor motor, P, is
input air pressure, P, is output air pressure, vy is ratio of the specific heat of air. F., is
the compressor air flow rate which can be defined according to the fuel cell current as the
equation ()

Neer * Irc

Fep=S % Myjy———"—
r “"4Xo, * F

(3.20)

where S is the stoichiometric ratio, My, is the number of air moles, X, oxygen molar
fraction.

From the experimental measurement, the speed of controlled cooling fan is divided
into a constant speed zone and regulated zone, depending on the stack temperature, as
shown in the Table B.9

Table 3.2: Cooling fan speed and stack temperature

In nonregulated zone

Stack temperature range Fan speed (%)
to 50.5 o C 35
From 50.5 o C to 53.5 oC 36
From 53.5 o C to 55.5 oC 37
From 55.5 o C to 58.5 oC 38
From 58.5 o C to 60.5 oC 39
From 60.5 o C to 63.5 o C 40
From 63.5 oC to 65.5 o C 41
From 65.5 o C to 67.5 oC 42

In regulated zone

Fan speed regulator start temperature: 67.5 o C
Fan speed regulator stop temperature: 65.0 o C

It should be noticed the DC/DC converter connected to fuel cell stack affects the
output power of fuel cell stack on DC bus. So, its efficiency is also included into fuel cell
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system. According to equation (), the fuel cell system efficiency can be calculated and
shown in Figure @
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Figure 3.7: Fuel cell system efficiency curve along with stack current

It can be observed that the maximum efficiency point 42.83% occurs at fuel cell current
9.5A. From 4.5A to 20A in red color, the fuel cell system efficiency is above 40% which
is defined as a high efficiency zone. To reduce the final hydrogen consumption, fuel cell
should be operated to seek maximum efficiency point within this zone.

Minimizing hydrogen consumption is often set as the objective of energy management
strategy, which is also one of the most important part of the objective function of designed
energy management strategy in the dissertation. In order to minimize the hydrogen con-
sumption quantificationally, the calculation of hydrogen consumption rate is defined by
fuel cell current in equation () [173]:

' My, N,
mH2=f sz—F“”IFC(t)dt (3.21)
0

where mpy, represents the hydrogen mass rate, My, is the hydrogen molar mass.

3.2.4 Battery model

Battery is the main energy storage source of the vehicle. An electrochemistry-based
lithium-ion battery model is built in the dissertation. Compared to the empirical model,
the multi-physical model and equivalent circuit battery model, the new model not only
can_ensure the low cost of computation but also meets the high accuracy requirement
[174]. The electrochemistry-based battery model is also helpful to analyze the degradation
process of the battery.
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Li-ion battery is composed of positive electrode, negative electrode and electrolyte.
During discharg process, lithium ions (Li*) de-insert from the negative electrode consisting
of lithiated carbon(Li,C), diffuse through the separator consisting of electrolyte towards
the positive electrode and intercalate in the positive electrode consisting of lithium cobalt
oxide (LixCoO;)[175]. The charging process is the reverse of discharging process. The
voltage terms of the battery are summarized in Figure @ The overall voltage of battery
V(¢) is the difference between the positive current collector potential and negative current
collector potential. Resistance losses at the current collectors are taken as zero [176].
According to the Figure @, battery voltage can be expressed in equation ()

I(t)

» Load

K
VSp
v (t)I
VSn
VOn
- I Vor
y — |
LixCoO2 Separator LixC
+ Current Collector - Current Collector

Figure 3.8: Battery model

V(t) = VU,p - VU,n - VS,p - VS,n - Ve - VO,n - VO,p (322)

where Vi, Vy, are equilibrium potentials at the positive current collector and the
negative current collector respectively, Vo, and Vo, are surface over-potentials due to
charge transfer resistance at the positive and negative current collector, Vs , Vs, and V,
are the voltage drop due to solid phase ohmic resistance at the positive and negative
current collector and the electrolyte ohmic resistance respectively. Each of these voltages
is described in detail in the following parts.

Equilibrium potential can be calculated from the Nernst equation ()

l—xi

RT
VUJ' = Uo + —ll’l(
nkF X;

) + Vier (3.23)

where i stands for the electrode ( n for negative and p for positive), Uy is reference
voltage, T is electrode temperature, n the number of electrons transferred in the reac-
tion, V,.; the activity correction term (0 in the ideal condition), which can be defined in
equation ()[177].



80 CHAPTER 3. ENERGY CONSUMPTION MINIMIZATION STRATEGY

N;
1 - 2xik (1 — x;)
Vaeri = — § Aig|Qx; - DM - = ) 3.24
act,i nF[k_O lk( i (2x,~—1)1_k ( )

x; can be defined in equation ()

x= (3.25)

Qmax

where g; the amount of Li ions in electrode i, gmax = qp + qn, the total amount of Li
ions. x, +x, = 1, when fully charged x, = 0.4 and x, = 0.6. When fully discharged, x, = 1
and x, = 0.

The equilibrium voltage is directly decided by the amount of charge in the electrodes.
Each electrode can be divided into surface layer (subscript s) and buck layer (subscript
b). So the relationship can be determined by:

dp = qsp T qbp (3.26)
dn = Ysn T 49bn (327)
dmax = Y4sntqbn tqsp+qpp (328)

In the buck layer, the concentration of Li ion is nearly even but inside the surface
layer, the concentration changes drastically. The concentrations of Li ions in the surface
layers are described as:

ooy = (3.29)
Vb,i

sy = It (3.30)
Vs,i

where ¢5; and ¢qp; are the charge at different layers, v;; and vy; are the volume of
layers. The diffusion rate from the bulk to the surface is:

bsi’ = — (3.31)
Where D is the diffusion constant. So the charge variables are calculated as:
Gsp’ = lapp + qbsp’ (3.32)
by’ = dapp + qbs.p’ ~ lapp (3.33)
Qb,n/ = iapp + Qbs,n/ - iapp (334)
QS,n/ = _iapp + Qbs,n/ (335)

where i,p, is the applied electric current, the mole fraction in the surface and buck
can be calculated based on the charge:
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qi

X, = 3.36
l qmax ( )
Xy = T (3.37)
qs.imax
qn,i
oy = —Tm (3.38)
qn,i,max

According to above function the value of Vi, and Vy, can be calculated. Regarding
to Vs p, Vs, Ve, they can be categories as the Ohmic potential:

Vr Vs’p + Vs’n + Ve
= lapp (RS,p +Rsn + Re) (3.39)
= igppR
The surface potentials Vo, and Vo, are due to charge transfer resistance and solid-
electrolyte interface (SEI) kinetics can be calculated as the simplified Butler-Volmer equa-
i 0

tion ()

RT ) Ji
Voi= F—aarcszn(glio) (3.40)

where « is the symmetry factor, J; is the current density, Jj is the exchange current
density.

Now that, all potentials at equation () are defined. Regarding the battery dy-
namical changes can be calculated as:

V(t) = VU,p - VU,n - Vr, - VO,n, - VO,pl (341)
V,-V,/
yor o= VrmWr (3.42)
Tr
V - V N
V! = 22 (3.43)
To,i

where 7 are empirical time constants.

The SOC of battery can be calculated according to the charge on the buck and surface
layer and the whole amount of charge, scaled from 0 to 1 in equation ()

qn
O‘ 6‘1max

SOC = (3.44)

The measured battery voltage and the estimated value from battery model for a
variable loading scenario are shown in figure B.9. The variable loading scenario is tested
under a random sequence of charging and discharging currents among (-4.5A, -3.75A, -3A,
-2.25A, -1.5A, -0.75A, 0.75A, 1.5A, 2.25A, 3A, 3.75A, 4.5A)[178]. In order to save time
and reduce experiment cost, only one cell of battery sack is tested. It can be observed that
the model fits very well with the measured values. The voltages of the model are fairly
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accurate in response to changes in load. Some errors are still present that may possibly
be accounted for temperature effects. The model described here can also be applied to a
battery pack by multiplying the number of cells as a lumped equivalent single-cell model.
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Figure 3.9: Model validation for variable loading

The precise electrochemical-based battery model has been built in this section, which
is helpful for the validation of the designed energy management strategy in the latter
section. The model described here can also be applied to analyze the battery degradation
and estimate its state of health.

3.2.5 Supercapacitor model

Supercapacitor is a high-capacity capacitor with 10 to 100 times more energy per unit
volume or mass than electrolytic capacitors[]. Supercapacitor has high peak power
density. It can accept and deliver charge much faster and tolerates many more charge and
discharge cycles than battery. These advantages make it wide applications in vehicles as the
power source to supply peak power demand like fast acceleration and deceleration. As one
important peak power source of vehicle, supercapacitor can be modeled as a capacitor and
an equivalent resistance[] as shown in Figure . Capacitor represents supercapacitor
performance at discharge and charge state and resistance represents the supercapacitor
ohmic losses. The open circuit voltage of supercapacitor has linear relationship with its
SOC, so the supercapacitor SOC can be calculated in equation () The supercapacitor
current can be calculated through the following equation ()

Ve = Vi
SoC = " (3.45)
Vmax - Vmin
Ve — V2 — 4R P
I — oc oc sclrsc (346)

2RS C

where V. is supercapacitor maximum voltage, V,,;,, output minimum voltage, V.
capacitor voltage, Rgc equivalent resistance.
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Through the built supercapacitor model, the supercapacitor SOC, current and voltage
can be calculated and these parameters are important for the energy management strategy.

3.2.6 DC/DC converter model

Fuel cell stack is connected to DC bus through a 1-quadrant DC/DC boost converter
and supercapacitor is connected to DC bus through a 2-quadrant DC/DC buck/boost con-
verter with boost operation for discharging mode and buck operation for charging mode.
Each converter consists of two IGBT transistors which are controlled by two comple-
mentary pulse width modulated (PWM) signals. Two DC/DC converters have the same
architecture, which are shown in Figure . Different from buck/boost converter for
supercapacitor, the §1 IGBT transistors of fuel cell 1-quadrant DC/DC boost converter is
always set in the state of off.
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Figure 3.10: Supecapacitor model Figure 3.11: 2-quadrant DC/DC buck/boost

converter for supercapacitor

The relationship between input and output power of two converters is described in
the following equation ()

P.
Lout = Ncony = (347)
Uout

where P;, represents input power, U,,, is output voltage and ¢, is DC/DC converter
efficiency.

3.3 Equivalent consumption minimization strategy

The fuel cell hybrid electric vehicle in the dissertation has three power sources: fuel
cell, battery and supercapacitor, which increase the difficulty to design an energy man-
agement strategy for it. Up to now, few papers focus on building energy management
strategy which takes into account more than two power sources. State machine control
strategy of [69] and fuzzy logic strategy of [70, 181, 182] are used to control the power split
among three power sources. But they belong to rule based strategy which is hard to reach
optimal results. As concluded in the last chapter, equivalent consumption minimization
strategy as one kind of local optimization strategy doesn’t rely on the prior knowledge
of drive cycle and can reach optimal results at instantaneous time, which is chosen as
the energy management strategy of FCHEV in this dissertation. There is lesser research
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evaluating the fuel economy potential of supercapacitor and battery combination for equiv-
alent consumption minimization strategy. Two-level control structure, where the first level
calculates the optimal results between fuel cell and battery and the second one lets su-
percapacitor improve the battery performance, are widely used for three power sources
like [183]. Equivalent consumption minimization strategies in[184, [185, 143] are designed
as two-level architecture and take equivalent hydrogen consumption of supercapacitor as
zero, which not only runs directly counter to the aim of minimizing whole hydrogen con-
sumption but also increases the complication of energy management strategy due to the
need of an additional energy management strategy to calculate supercapacitor power de-
mand. Thus, a sequential quadratic programming (SQP) based Equivalent Consumption
Minimization Strategy(ECMS) (SECMS) is proposed to consider energy cost of all three
power sources into the objective function to solve this problem.

Fuel cell is operated to seek for the maximum efficiency point in high efficiency zone by
the novel designed SECMS. Meanwhile, fuel cell dynamical current change rate is limited
to increase the lifetime of fuel cell. The supercapacitor is operated to supply peak power
to decrease the maximum transient current of battery to increase its lifetime. SOC values
of battery and supercapacitor are kept within a reasonable range and the terminal battery
SOC is close to the initial one.

3.3.1 SQP based equivalent consumption minimization strategy (SECMS)

All energy needed by vehicle is supplied indirectly by the fuel cell system at last. In
order to minimize hydrogen consumption, the instantaneously consumed electrical energy
from battery and supercapacitor can be equivalent to the chemical energy from fuel cell.
The instantaneous hydrogen consumption composes of direct hydrogen consumption from
fuel cell system and indirect equivalent hydrogen consumption from battery and superca-
pacitor, as shown in equation (),

my, (1) = mygc(t) + mpa(t) + mgc(r) (3.48)
= mfc(t) + ApaPpa(t) + Ase Psc (1)
where m,,(¢) is the whole hydrogen consumption. A, and A,. are battery and super-
capacitor equivalent factor for equivalent hydrogen consumption.

In order to keep fuel cell working in high efficiency zone, battery SOC of end cycle
same as start value, supercapacitor supplying peak power, the relevant penalty coefficients
are added into equation (), and the objective function is defined in equation (),

Sw(® = Keffmfc(t) + Kpampa(t) + Kgemg (1) (3 49)
= effmfc(t) + KpadpaPpa(t) + KseAscPsc() '
where K, and K. are penalty coefficients which limit battery and supercapacitor
SOC range and variation between instantaneous SOC and initial SOC, K, sy is the fuel cell
efficiency penalty coefficient that urges fuel cell to operate at maximum efficiency in high
efficiency zone [186].

According to equation (), fuel cell hydrogen consumption my.(f) can be computed
directly. The equivalent hydrogen consumption of battery is calculated through equation

(B.50):
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m
mpa(1) = Pya(f) ¥ ——— % g (3.50)
average
for supercapacitor in equation ()
Mayerage
msc(t) = Pg(t) * 12 *Msc (351)
average

where 1, 74 is battery and supercapacitor equivalent transform efficiency, maverage is
fuel cell average hydrogen consumption, Pgyerqge is fuel cell average power.

Fuel cell efficiency penalty coefficient K,ry is defined in equation ()

(1-2% 2w 2 pn>04

Nmax—Mmin
Kerr = (3.52)
_ N—Topt 4
(1 2 * nmax_nmin) ]7 < 04

where 7 is the instantaneous efficiency, n,,, is optimal efficiency (0.4283), nuqax the
maximum efficiency (0.4283), 7, the minimum efficiency (0.4), which define the zone
described in section ‘. When fuel cell system efficiency is below than 0.4, a large
penalty value K,rr is calculated to shut fuel cell stack down or operate fuel cell stack to
meet power demand by drive cycle when battery and supercapacitor SOCs are less than

limited SOC range.

Regarding battery SOC penalty coefficient Kp,, it is defined in equation ()

25(u—Bjns) \4
(- m) Boin £ u < Biax

Kpa = (3.53)

(1 _ 2x(u—Biw) )20

Bmax_Bmin u< Bmin, u> Bmax

where u is the instantaneous battery SOC, B, is battery initial SOC, By, the max-
imum SOC, By, the minimum SOC. K, operates the battery SOC to return back to its
initial SOC. When battery SOC reaches By, or Bugx, high Kp, value is defined as the
penalty factor to avoid the battery continues to discharge and charge respectively.

Supercapacitor penalty coefficient K. is composed of SOC coefficient S.rr and peak
power coefficient S peax. Serr is familiar to Kp, to restrict supercapacitor SOC value at
reasonable range. S ,cq is used to let supercapacitor supply peak power firstly. In order
to avoid the frequent on/off cycles of fuel cell and frequent charge/discharge cycles of
supercapacitor due to the large amplitude changes of supercapacitor SOC in short time,
supercapacitor SOC is equivalent to battery SOC to define S.rr. Ksc, Serr and S pear can
be defined in equation (|3.54), (1355), (B5d) respectively:

Ksc = Serf*S peak (354
(1 -2575520  Sin ¥ S

Serf = (3.55)
ax+b=S opi\20
(1 -2—=%)

max =) min

X < Smins X > S max
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(3.56)

S B 1 0 < Ljpaa <30
peak —0.01 = Iload +1 Iload < 0, Iload > 30

where x is the instantaneous supercapacitor SOC, S, is optimal SOC, §,., the
maximum SOC, §,,;; the minimum SOC, I}, is load current demand on the DC bus, a
and b are the transform coeflicients from supercapacitor SOC to equivalent battery SOC
and their values are decided by battery minimum SOC and maximum SOC.

As described in the above content, all the factors of the objective function f,, can be
decided. In order to limit the working point of fuel cell, battery and supercapacitor to
increase their lifetime, play their full character potential and meet the power demand, some
constraints have been set. Higher current than 46A is not allowed for fuel cell, otherwise,
the lifetime of fuel cell will be reduced and even permanent damage will be caused. When
fuel cell current is less than 4.5A, the efficiency is less than 40%. In order to operate fuel
cell at high efficiency point, the lowest current is set to 4.5A. When current is smaller than
that, the fuel cell will be shut off. The fuel cell current change rate is also considered.
High current change rate on fuel cell results into fuel starvation problem and increase the
fuel cell degradation. Therefore, its current change rate (A/s) is limited to [-1,1]. The
initial SOCs of battery and suerpecapacitor are set 0.8. The constraints on power sources
in the vehicle are shown as Table @D

Table 3.3: Constraints for battery and supercapacitor

constraint parameters value
Fuel cell current(A) [4.5, 46]
battery SOC [0.2, 0.8]
battery current [-50A, 50A]
supercapacitor SOC [0, 0.9]

supercapacitor current [-18A; 18A]

The ECMS strategy is transformed into a non-linear programming problem, which
has fuel cell reference current and supercapacitor reference current as variables, equiva-
lent hydrogen consumption as weighting function and subjects to several constraints and
inequality constraints. Sequential quadratic programming is one of the most successful
methods for the numerical solution of constrained nonlinear optimization problems[187].
Therefore, sequential quadratic programming is programmed in C language to solve ECMS
optimization problem in real time.

3.3.2 Rule based control strategy

A rule based control strategy is designed as the benchmark for SECMS. The rule
based control strategy is divided into two parts: load following control strategy (LFCS) to
decide what current the fuel cell should be operated according to power demand by drive
cycle and battery SOC, and , operating mode control strategy to calculate supercapacitor
current according to supercapacitor SOC and the difference between fuel cell supplied
power and load power. The architecture of the rule based control strategy is shown in
Figure m

Load following control strategy belongs to deterministic rule based strategy. The
main idea of load following control strategy is that fuel cell as the main power source is
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Figure 3.12: Architecture of rule based control strategy

operated in high efficiency zone same as SECMS, and its power changes follow the load
power demand on DC bus. Frequent fuel cell on/off cycles degrade fuel cell more seriously,
so it is operated at on state until battery SOC is above maximum value or power demand
value is very low. The conditions that set fuel cell on or off are listed as following, where
S fe = 0 means fuel cell is off, S r. = 1 means fuel cell is on, I; current demand on the DC
bus, forfime is the fuel cell minimum off time that means since the fuel cell was last on,
the restart should not be less than this time. #ouime is similar to #,¢ frime means the fuel cell
minimum on time.

Condition 1: if the fuel cell is off and basoc < S OCpamin, fuel cell is turned on imme-
diately, which is not limited by #,ffsime. The current of fuel cell is set as Iremax-

Condition 2: if the fuel cell is on and basoc > S OCpumax, fuel cell is turned off, which
is not limited by f,usime. The current of fuel cell is 0.

Condition 3: if the fuel cell is on and SOCpumin < basoc < S OCpuint, the fuel cell
current is adjusted according to load power.

Condition 4: if the fuel cell was previously off, and the average of the last 5 seconds
of 1, is larger than fuel cell maximum efficiency point I,,; and the time since the fuel cell
was last on is larger than #,f/ime, the fuel cell is started.

Condition 5: if the fuel cell was previously on, and the average of the last 5 seconds
of 1 is less than fuel cell maximum efficiency current I,,, and the time since the fuel cell
was last off is larger than fuel cell minimum on time #,¢fsime, the fuel cell is off.

Condition 6: if I; on the bus is greater than ESS maximum current on the bus Lggnax,
the fuel cell stays on or is turned on.

Fuel cell current /s, is decided by current demand on DC bus I; and battery SOC
value in equation (@g Fuel cell current is limited to high efficiency zone (4.5A, 20A).
Beside meeting 1, fuel cell also tries to charge the battery to its SOC initial value. The
charge current is calculated according to the SOC value.
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Imin Ich + Id < Imin
Ife = {Ien(basoc) + la Lnin < Ien + Ia < Dpax (357)
Imax Ich + Id > Imax

when fuel cell reference current is decided by equation (), the difference current I
between I; and Iy, is supplied by battery and supercapacitor, which is decided by operating
mode control strategy. The flow chart of the operating mode control strategy is shown in
Figure .

1.di>0

1 di>1 bamin SOC SC<SOC int

SOC_SC>S0C_min 1.8C=0

1.SC=1 SC max 1.8C=0 1 SC=I SC min 1.8C=0

Figure 3.13: Flow chart of operating mode control strategy

The main idea of the operating mode control strategy is when I; < 0 and superca-
pacitor SOC SOC__sc is smaller than initial supercapacitor SOC S OC__int, supercapac-
itor firstly be charged at the maximum charge current I_SC_min. When supercapaci-
tor discharge, its current I_SC > 0, when it is charged, its current /_SC < 0. when
I_di > I_bamin and SOC__sc in the range of minimum SOC and maximum SOC, the
supercapacitor supplies maximum discharge current. Otherwise supercapacitor current is
zero. Battery current is passively decided by the difference between current demand by
drive cycle, fuel cell current and supercapacitor current on DC bus.

3.3.3 Hybrid ECMS OMCS strategy

Due to low energy density and the role of supercapacitor as peak power supplier,
much research on ECMS simplify the equivalent hydrogen consumption of supercapacitor
into zero.Based on equation (E) of SECMS, a new objective function is defined as ()
due to the simplification of supercapacitor equivalent consumption. Other constraints are
same as SCEMS. Therefore, the two degrees nonlinear constraint optimization problem
of SECMS is simplified into one degree nonlinear constraint problem. The solving of the
optimization function is easier.
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my(t) = myc(t) + mpa(t) (3.58)
= mfc(t) + ApaPpa(t)

Trough the simplified ECMS, the fuel cell current is calculated. But another energy
management strategy is needed to determine the supercapacitor reference current, like
Pl-based control strategy and filter based control strategy. In order to prove that the
simplification of ECMS cannot reach the optimal resolution, a HEOS strategy is designed
to compare with SECMS in the dissertation. The first part of HEOS is simplified ECMS to
calculate fuel cell current and the second part is operating mode control strategy (OMCS)
to calculate supercapacitor current. The architecture of HEOS is shown in Figure B.14
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Figure 3.14: HEOS architecture

3.4 Simulation results and analysis

A driving cycle is a series of data points representing the speed of a vehicle versus
time. Driving cycles are produced by different countries and organizations to assess the
performance of vehicles in various ways, as for example fuel consumption and polluting
emissions[188]. The propulsion system of vehicle operates to match the speed of the drive
cycle. The power profile along with drive cycle can be determined by the built vehicle
model and the chosen drive cycle.

WVUCITY drive cycle is shown in Figure , which is a composite drive cycle of
various micro-trips pulled from on-road test data. It represents typical city driving for a
heavy vehicle.

New York Bus drive cycle is shown in Figure which represents actual driving
patterns of transit buses in New York City. The test developed by the United States
Environmental Protection Agency attempts to simulate some of the toughest bus driving
conditions that existed in the United States in the 1980s. The data for this cycle was
collected from a mid-town Manhattan route in New York City. The New York Bus drive
cycle simulates rapid stop-and-go traffic with long passenger transfer times. The cycle
consists of very rapid accelerations, followed by rapid decelerations to idle and long idling
periods.
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Figure 3.15: WVUCITY drive cycle
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LA92 drive cycle also called California Unified Cycle, is a driving schedule for light-
duty vehicles developed by the California Air Resources Board. It has higher speed, higher
acceleration, fewer stops per mile, and less idle time. Table includes a summary of
selected parameters for the WVUCITY, New York Bus and LA92 drive cycles.

Table 3.4: Parameters for three drive cycles

WVU drive | New York Bus | LA92 drive

cycle drive cycle cycle
Time (s) 1408 600 1435
Distance (km) 5.32 0.99 15.8
Max speed (km/h) 57.65 49.57 108.15
Average speed (km/h) 13.59 5.93 39.6
Max acceleration (m/s?) 1.14 2.77 3.08
Max deceleration (m/s?) -3.24 -2.06 -3.93
Idle time (s) 427 404 234
Stop numbers 14 11 16

The vehicle used in the dissertation is a light duty urban vehicle and is designed for
the postal delivery service in the city communities. A postal delivery mission not only has
a lot of start/stop sequences conditions, where the mean value of speed over time is very
small but also has long time high speed driving conditions from community to community.
In order to reproduce the behavior of such application, WVUCITY and New York Bus
drive cycle are chosen for simulation purposes of first condition due to their similarities
with the required average speed and start/stop numbers. LA 92 drive cycle simulates
the second high speed conditions. The WVUCITY, New York Bus and LLA92 drive cycle
are connected together to test the performance of three designed energy management
strategies. The whole drive cycle time is 3443s and the distance is 22.11Km. According to
the built vehicle model, Load power profile for the composite drive cycle of WVUCITY,

New York Bus and LA92 drive cycle is shown in Figure .
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Figure 3.18: Load power profile for composite drive cycle of WVUCITY, New York Bus and LA92
drive cycle

The simulation results of three energy management strategies are shown as Table @
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The battery SOC, supercapacitor SOC, fuel cell current, battery current and supercapac-
itor current for three control strategies are shown in Figure @ and Figure @

Table 3.5: Comparative results for three EMSs

EMSs ECMS RBCS HEOS
Initial supercapacitor and battery SOC 0.8 0.8 0.8
Final supercapacitor SOC 0.6436  0.8222  0.8000
Variation of supercapacitor SOC -0.1564 40.0222 0
Final battery SOC 0.7921  0.7937 0.7910
Variation of battery SOC -0.0079  -0.0063  -0.009
Hydrogen consumption (g) 15.83 17.00 16.17
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Figure 3.19: Simulation results of battery SOC and supercapacitor SOC

Variation of supercapacitor SOC and variation of battery SOC in Table B.J are defined
as the subtraction between final values and initial values. As shown in Figure , battery
SOC and supercapacitor SOC of three control strategies are in the limited range (0.2,
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0.8) and (0.1, 0.9) respectively. According to Table , the final battery SOC of three
control strategies are almost equal to the initial value. The difference between initial
battery SOC and final battery SOC of HEOS is the largest among three control strategies.
Supercapacitor has low energy capacity and it is not designed as the energy storage source.
Therefore the charge sustenance is not required on supercapacitor.

From Figure , fuel cell of RBCS operates in the defined high efficiency zone from
4.5A to 20A. But compared to SECMS and HEOS, the fluctuation of fuel cell current is the
largest. When fuel cell current is lower than 4.5A, the fuel cell stack is turned off. Three
on/off cycles also appear which increases the degradation of fuel cell. Battery works as the
main energy storage source to buffer the power demand of drive cycle and supercapacitor
supplies peak power. RBCS has the lowest battery SOC variation.

The fuel cell currents of HEOS and SECMS are similar due to the low energy density
of supercapacitor. Fuel cells of both energy management strategies operate around maxi-
mum efficiency point in high efficiency zone. Their current fluctuation is small. The fuel
cell stack of HEOS starts at 373s earlier than SECMS at 440s due to lower supercapac-
itor SOC value at sample time. Supercapacitor also supplies peak power for HEOS and
SECMS. Table @ shows that SECMS has the least hydrogen consumption. Its battery
SOC fluctuation is also smaller than HEOS.

From the simulation results of three control strategies, the normal operation of fuel
cell hybrid electric vehicle and charge sustaining of battery can be ensured, which means
that they have the potential to be tested in the test bench or real vehicle. In order to
prove the possible validation of energy management strategies on real vehicle application,
analyze the priority of SECMS in more detail and let the final operation results be more
convincing, a test bench for the experimental test of three energy management strategies
is needed. In Section [, experiment validation through the test bench will be introduced
and the final experimental results will be analyzed in detail.

3.5 Conclusion

The components of the drive train of FCHEV are modeled in this chapter and A
SECMS strategy is proposed for FCHEV supplied by three power sources: fuel cell, battery
and supercapacitor. Fuel cell is operated to seek for the maximum efficiency point in the
defined high efficiency zone, while the battery assumes as the main energy storage source
to buffer energy demand by vehicle and the supercapacitor dedicates to provide the peak
power. This work originally takes into account the hydrogen consumption of all three
components in the adopted objective function of energy management strategy. In order
to prove the superiority of the new approach, the rule based control strategy and HEOS
have also been implemented. The WVUCITY, New York Bus and LA92 drive cycles have
been simulated with the three above control strategies. The simulation results show that
the three energy management strategies can ensure the normal operation of vehicle and
they can be tested in the test bench or real vehicle further.
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Energy management strategy considering
the power sources degradation

4.1 Introduction

Along with the operation of FCHEV, fuel cell and battery degrade. As the main power
source of FCHEV, the output power of fuel cell stack decreases along with degradation.
The maximum efficiency point also changes. Battery capacity decreases which increases
battery state of charge fluctuation at certain current and its resistance also increases,
which decreases battery output voltage [150]. Without correct estimation of fuel cell and
battery degradation states and continually using per-set control parameters cannot get
optimal results for EMS and evenly cannot ensure the normal operation of the vehicle.
As one of the most important control parameter, battery SOC seriously affects the EMS.
Precise estimation of battery SOC is not possible without considering its degradation.
Based on imprecise SOC, EMS cannot make better use of power potential of battery, may
overcharge/overdischarge the battery and evenly brings catastrophic hazards. Therefore
fuel cell and battery ageing models are needed to monitor their state of health (SOH) to
ensure performance, safety, availability and reliability of power sources[189]. Supercapac-
itor lifetime is far larger than the vehicle and other power sources, so its degradation can
be neglected compared to the degradation rate of both other components.[151]. Degra-
dation of power sources is defined as fuel cell degradation and battery degradation in the
following parts of the dissertation to facilitate the description.

The health management of power sources can be solved through prognostic ap-
proaches, which can be broadly classified into the data-driven approach and model-based
approach[190]. Data-driven techniques mainly exploit evolution trends of the tracked vari-
able observed from training or archived data under similar operational conditions. Domain
expertise and model development are not needed, but the precision of data-driven approach
relies on a larger number of data which cannot get for some systems due to some reasons
like high experimental test cost and long time to run to failure. This disadvantage moti-
vates the development of model-based techniques where domain expertise may be brought
to bear and this approach also can be used in an online system. So, in the dissertation,
model based approach is used. The prognostic technique that can track the nonlinear
dynamics of power sources health while using a lower-order system representation is in-
troduced and based on this representation, state of health estimation is determined.

This chapter is organized as follows: section two describes the on-line state of health
estimation of power sources. In the third part, the effects of fuel cell degradation and bat-

95
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tery degradation on SECMS results are analyzed respectively and new adaptive equivalent
consumption minimization strategy is designed. Finally, conclusions are drawn.

4.2 Unscented Kalman filter

Model based prognostic approach is used to asses the power sources degradation.
Domain knowledge about the system, its components and its degradation process including
failure, derived from first principles that capture the underlying physical phenomena,
are needed. This method does not require a lot of data and can be used in real time
application such as vehicles’ control units. Model-based prognosis can be used to solve the
joint state-parameter estimation problem, like the determination of system health based
on the observations. It also can be used to solve the prediction problem, in which, the
state-parameter distribution is simulated forward in time to compute end of life (EOL)
and remaining useful life (RUL). The two problems are generally in the proper sequence
in Figure [191]. In this chapter, the online estimation of power sources’ degradation
belongs to joint state-parameter estimation problem, which is typically solved through the
usage of a state observer or filter to estimate the changeable state parameters based on
the degradation model[192].

u(k) y(k) o p(x(k), 0(k)[y (ko:kp)) o p(ke(kp)ly(ko:kp))
System ——>» Estimation > Prediction

; F T

p(Ao) p(Au) P(Ay)

Figure 4.1: Model-based prognostics architecture.

Kalman filter as the most well-known filter is used for the prognostics problems in
[193] and [194]. But Kalman filter can only be used in linear systems, which is not
the case of most prognostic problems. Approximate filters like extended Kalman filter
(EKF) and unscented Kalman filter (UKF), and another nonlinear filter: particle filter
(PF) are widely used in the nonlinear prognostic problem. EKF has become a standard
technique for performing recursive nonlinear estimation and used for estimating the state
of a nonlinear dynamic system, estimating parameters for nonlinear system identification,
and dual estimation where both states and parameters are estimated simultaneously[195].
The propagation of a Gaussian random variable (GRV) through the system dynamics is
the key operation for the Kalman filter. The state distribution of EKF is approximated by
a GRV and is propagated analytically through the first-order linearization of the nonlinear
system to solve the nonlinear prognostics problem, which leads to large errors in the true
posterior mean and covariance of the transformed GRV and finally may result in sub-
optimal performance and sometimes divergence of the filter[196].

Particle filter method, also known as a Sequential Monte Carlo method, is widely
used to solve the nonlinear non-Gaussian problem. The core idea of the degradation state
estimation is to construct a probability density function (PDF) of the state based on all
available information. For particle filter approach, the PDF is approximated by a set of
particles (points) representing sampled values from the unknown state space, and a set of
associated weights denoting discrete probability masses[[197]. The particles are generated
and recursively updated from a nonlinear process model that describes the evolution in
time of the system under analysis, a measurement model, a set of available measurements



4.2. UNSCENTED KALMAN FILTER 97

and a prior estimate of the state PDF. The main shortcoming of the usage of particle
filter on the on-line estimation of degradation is the computational complexity because
the number of particles needed for joint state parameter estimation is typically large and
this number increases with the dimension of state parameter space[l98]. UKF replaces
propagating the Gaussian variables through the first-order linearization model as EKF with
the Unscented Transformation (UT) to handle the nonlinear plant directly to overcome
the large errors problem of EKF. Remarkably, the computational complexity of the UKF
is the same order as that of the particle filter. In summary, UKF has not only higher
accuracy than EKF but also lower computational cost than particle filter[191]. Therefore
in this dissertation, UKF is chosen to estimate the battery state of health and fuel cell
state of health. The UKF is introduced in brief in this section.

The basic framework for UKF estimation of the state of a discrete-time non-linear
dynamical system is in equation (@) and () [199].

Xier1 = F (X, ug, vi) (4.1)
Y = H (xg, i) (4.2)
where x; is the unobserved state of system, u; is input, v, is the process noise, y; is
the observed measurement signal, n; the observed noise.

Given the observation yg, estimation of state x; is the goal. UT is used for UKF to
approximate the distribution. UT calculates the mean output variable y and its covari-
ance Py, through x, with mean X and covariance P,,. The mean and covariance of x are
determined by deterministically selected sample points, called sigma points[200)].

Xo=X (4.3)

Xi:)—CJr(\/m)i’ i=1----L (4.4)
xi=%—(VU+P,) . i=L+1---2L (4.5)

where y; the i th sigma point of x, L the dimension of x.

The corresponding value, mean and covariance of y for sigma points can be calculated
through the following equations.

yvi=f() i=0---2L (4.6)
2L
y= Z W™y, (4.7)
i=0
2L
Py= > W=D 0= (4.8)
i=0
weights decided by
A
o= 4.
O L+a (4.9)
wh = +1-a’+p (4.10)
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1
Cowl=———— i=1.--2L 4.11
R YT (4.11)

where A = @*(L + k) — L is a scaling parameter. a determines the spread of the sigma
points around and is usually set to a small positive value (e.g., le-3). k is a secondary
scaling parameter which is usually set to 0, and B is used to incorporate prior knowledge
of the distribution of x (for Gaussian distributions, 8 = 2 is optimal). (m)l is the
ith row of the matrix square root.

The general architecture of the prognostic approach to estimate fuel cell and battery
SOHs using UKF is shown in Figure @ [201]. Through the input reference currents of
fuel cell and battery (ux) and the real output voltages (yx) measured by sensors, UKF is
used to estimate and modify the unobserved state parameters (x;) of their degradation
model. With the right estimated state parameters, their SOHs can be determined.

Fuel cell Battery
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current current
A\ 4 A 4 \ 4 A 4
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Fuel cell SOH Battery SOH
SOHFC SOHBA

Figure 4.2: The general architecture of prognostic approach for estimation of power sources SOHs

4.3 Fuel cell degradation and on line state of health estimation

Upon long term operation of PEMFC, its main components including membrane,
electrodes, bipolar plates, gas diffusion layers, and sealing gaskets would undergo mechan-
ical, chemical and electrochemical degradation changes resulting in the decrease of fuel cell
performance over time[202]. The presented fuel cell degradation model is designed based
on the built fuel cell model in Section . The sample time of fuel cell aging process is
much higher than the dynamical model. So for the degradation model, all the dynamical
change of fuel cell is neglected. The static voltage of the PEMFC can be described in

equation () [203]
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I I
E = Ny * (E —Ax m(LC) —RsIpc—B* ln(l - fe )) (4.12)
IO max

According to the previous study of [204] [205], the resistance R and maximum current
imax have large variations along with fuel cell degradation, which are chosen as the degra-
dation state parameters. Their variations with time can be described in equation ()

and (1.14) 204

R() =Ro(1 + a(0), Inax (1) = Lpaxo (1 — a (1)) (413)
a(t) =Bt (4.14)

where Ry and I,,0 are the initial value, @ and B represent degradation variance and
degradation rate along with time. The fuel cell SOH can be defined in equation ()

a (1) — pin

SOHp¢c = ———"n (4.15)

Tmax — Amin

The estimation of S OHp¢ relies on the precise estimation of @ and 8 through the
following discrete nonlinear system in equation ({.16), ()

Xeel = A ® X5 + Wy (4.16)

Vi = & (Xk, Ug) + Vi (4.17)

where x; = [a,B]7 is the state variable, A = [1,T;0,1], y is the fuel cell voltage,
wy and v; are process and observation noises, u; is the input current load, g (xi,uy) is
described as () In order to verify the validation of fuel cell degradation model, a
PEMFC experimental degradation voltage dataset is used, which is achieved through a
400-h experimental degradation test on a 1.2 kW commercial Ballard NEXA PEM fuel cell
stack. The fuel cell output current keeps at 12A for the whole experimental period. Fuel
cell degradation model is used to estimate the fuel cell voltage along with the experimental
test. The variation of degradation parameters of fuel cell degradation model is determined
by UKF based on the on-line measured fuel cell voltage through voltage sensor. The
measured and estimated fuel cell voltages, estimated degradation parameter and SOH
along with time are shown in Figure {.3.

It can be observed from Figure @, the estimated fuel cell voltages through UKF
accurately fit with the measured voltages from the experimental data, which can prove
the accuracy of the online estimation model. The negative degradation parameter @ and
its fluctuations are due to the reversal of fuel cell degradation. When « is less than 0, its
value is set as zero. With the estimated value of @, the fuel cell SOH can be calculated
through equation () and its range is (0,1). It also can be observed that the general
trend of fuel cell SOH in red color increases along with time.

4.4 Battery degradation and on line state of health estimation

Regarding the battery model described in Section , Gsn> Gbns Ds.ps b.p> Vop's Vo'
V.’ are taken as states variables x, and battery output voltage V as the output variable
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Figure 4.3: Estimation of the stack voltage, degradation parameter @ and SOH
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y. Along with battery degradation, some physical ageing phenomenon can be observed
such as the solid electrolyte interface (SEI) layer growth, lithium corrosion, lithium loss of
lithium plating and changes in diffusion property[@]. The battery model fitting results

for the aged battery can be seen in {.4.
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Figure 4.4: Battery model fitting for the aged battery

It can be observed that the errors between the estimated battery voltage and real
measured voltage is large so some parameters of battery model should be changed along
with battery aging. For the electro-chemistry based model, the maximum charge gmqx,
which stands for the loss of active Li ions due to degradation, the internal resistance R
representing SEI layer growth and other factors and the diffusion constant D are selected as
the aging parameters of battery ageing model. Along with the degradation, ¢,,,x decreases,
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R and D increase. The state of health of battery can be calculated according to g,uqx, defined
in equation ()

Dy — 4 0)
SOHBA = % (418)
max — Ymax
where ¢™ ~battery initial maximum charge, g7 is defined as the 50% of the ¢

which is also the threshold of battery end of life. g (¢) is battery maximum charge at time
t.

The aging parameters (gmqx, R, D) change in time as a function of usage. The dy-
namical change rate can be described as:

Gmax’ = Wy |iapp| (4.19)
R = Wg [iapp| (4.20)
D' = wp |iapp)| (4.21)

where iy, is the applied current, w,, wg and wp are the aging rate parameters.

The experimental test of random charge/discharge sequences of battery can well sim-
ulate battery operations in the vehicle due to its randomness. Therefore, a 3140 minutes
experimental test data is used to verify the validation of battery degradation model. The
modification of battery degradation parameters is determined by UKF based on the on-line
measured battery voltages from the 3140 minutes experimental test. The measured and
estimated battery voltages, estimated degradation parameters ¢, and its SOHs along
with time are shown in Figure and Figure §.6.
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Figure 4.5: Battery degradation model fit for aged battery

With the added degradation state parameters, the battery voltage estimated by UKF
and its degradation model can match well with the measured voltage over the random
charge/discharge sequences. Some errors are still present which are due to temperature
effects. The internal battery temperature changes over time are not considered in the
degradation model. The change of battery charge/discharge currents leads to the variation
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Figure 4.6: On-line UKF estimates of the degradation state parameter and SOH

of battery degradation state, which results in the fluctuation of the decreasing trend of
Gmayx in Figure #1.6. According to the estimated g,,.x value, battery SOH can be calculated
through equation () and its range is (0,1). Even though there are some fluctuations of
SOH, the whole trend of battery, which is shown as the line in red color, increases along
with time meaning the increase of battery degradation. Meanwhile, the battery SOC also
can be precisely estimated with decreasing g, along with time based on equation ()

4.5 ECMS with power sources degradation

4.5.1 The effect of power sources degradation on ECMS

Along with fuel cell degradation, the fuel cell output voltage decreases, but auxiliary
power doesn’t change, so efficiency decreases. When fuel cell is fully degraded, its SOH is
ﬁal to 1 means the fuel cell voltage has decreased 10%, the efficiency changes in Figure

It can be observed that the efficiency of aged fuel cell is all less than new fuel cell.
The maximum efficiency decreases from 42.83% to 41.37%, but the maximum efficiency
point occurs at the same current point 9.5A. So, the parameter 1,,; and 7., of Krc should
change with fuel cell degradation degree.

In order to analyze the effects of power sources degradation on the designed ECMS,
four degradation conditions of fuel cell and battery are considered in Table §#.1. The sim-
ulation results for four conditions are shown in Figure .8, in order to facilitate describing
different conditions, they are defined as FHBH, FDBH, FHBD and FDBD respectively.
The simulation results are shown in Table §.2. Every condition is analyzed respectively in
detail.

From Figure @ and Table , it can be observed that the fuel cell of FHBH starts at
443s and it fluctuates around the maximum efficiency point due to battery and superca-
pacitor SOC variations. The battery final SOC is almost equal to its initial value. FHBH
has the least maximum battery SOC variation which is defined as the difference between
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Table 4.1: Four degradation conditions of power sources

Condition SOHpc SOHpgy

FHBH 0 0
FHBD 0 1
FDBH 1 0
FDBD 1 1

Table 4.2: Simulation results of ECMS for four conditions

FHBH FDBH FHBD FDBD
hydrogen consumption (g) 15.1 14.0 16.0 16.1

battery initial SOC 0.8 0.8 0.8 0.8
battery final SOC 0.7939 0.7849 0.7934 0.7809
battery SOC variation 0.0147 0.0225 0.0279 0.363

supercapacitor initial SOC 0.8 0.8 0.8 0.8

supercapacitor final SOC 0.7115 0.3699 0.6661 0.2363
supercapacitor SOC variation 0.5884 0.6072 0.5969 0.6223

maximum battery SOC and minimum battery SOC during the whole drive cycle period.

Compared to FHBH, the fuel cell of FHBD starts earlier, the battery final SOC is
almost equal to FHBH. But due to the decrease of battery capacity and the increase
of battery resistance along with its degradation, the battery SOC variation for the whole
drive cycle is larger than FHBH, meanwhile, this also leads to larger fluctuation amplitude
of fuel cell current. Final hydrogen consumption of FHBD is 16g increasing 5.625% than
FHBH.

Compared to the other three conditions, the fuel cell of FDBH starts at the latest,
which is due to the decrease of fuel cell efficiency and the increase of EF. The lower battery
SOC is needed to trigger the operation of fuel cell. The fuel cell current of FDBH is larger
than FHBH on the whole due to low battery SOC. Final battery SOC FDBH is 0.7849 and
the difference between the initial and final value increases by 59.6% than FHBH, which
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cannot meet the battery charge sustenance requirement.

FDBD has the largest battery and supercapacitor SOC variations and the final SOCs
are the least. FDBD also has the most hydrogen consumption and fuel cell current is
larger than the other three conditions when fuel cell is started.

Through the analysis of four degradation conditions, it can be concluded that com-
pared to the health state, the battery degradation leads to more variable battery SOC,
more fluctuation of fuel cell current around maximum efficiency point, more hydrogen
consumption and earlier fuel cell start-up, but final battery SOC is not affected. Fuel
cell degradation makes its maximum efficiency value decrease but corresponding fuel cell
current doesn’t change. The trigger time of fuel cell start-up is delayed and battery final
SOC changes much to the initial SOC, which cannot be allowed for the charge sustenance
of FCHEV. In the real situation, fuel cell and battery degrade together and the operation
results of the vehicle are worse than single power source degradation.

4.5.2 Adaptive equivalent consumption minimization strategy

Equivalent factor is an important parameter for the equivalent consumption mini-
mization strategy. For an assigned known driving mission, a constant equivalent factor is
enough to reach an optimal solution. But when fuel cell and battery degrade, the former
constant equivalent factor cannot guarantee the charge-sustenance and optimal fuel con-
sumption. In order to solve this problem, adaptive equivalent consumption minimization
strategy (AECMS) is proposed through adjusting equivalent factors according to SOHs of
power sources [157]. The variation of equivalent factors is defined in equation ()()

Apa = Apao * (1 +0.193 x SOHFc) * (1 +0.193 % SOHBA) (422)
Asc = Asco* (1 +0.193 * SOHFpc) * (1 +0.193 * SOHpy) (4.23)

where Agao and Agco are initial battery and supercapacitor equivalent factors.

The degradation of battery leads to the increase of fuel cell current variation in the
whole drive cycle, which means the increase of fuel cell degradation rate. In order to
increase fuel cell lifetime, fuel cell dynamical change rate limitation in equation (R.1)) is
adjusted according to battery SOH in equation (@)

dl = dly % (1 - 0.5 % SOHpy) (4.24)

The architecture of the AECMS control system for FCHEV is shown in Figure @
Based on the built degradation model of power sources and UKF, their SOHs are estimated.
The equivalent factor and dynamical change rate of fuel cell are changed according to their
SOHs to make sure the normal operation of the vehicle, increase the durability of power
sources, and keep the stability of control system.

4.6 Simulation results and analyses

The simulation results of equivalent consumption minimization strategy are shown in

Figure and Table @
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Table 4.3: Simulation results of AECMS for four conditions

FHBH FDBH FHBD FDBD
hydrogen consumption (g) 15.1 17.7 17.4 19.8

battery initial SOC 0.8 0.8 0.8 0.8
battery final SOC 0.7939 0.7953 0.8 0.8
battery SOC variation 0.0147 0.0157 0.0245 0.0258
supercapacitor initial SOC 0.8 0.8 0.8 0.8
supercapacitor final SOC 0.7113 0.7620 0.8 0.8

supercapacitor SOC variation 0.5884 0.5967 0.6183 0.6032

From Figure and Table @, it can be observed that all battery final SOCs of
three degradation conditions of fuel cell and battery are above 0.79 meaning that the
charge sustenance requirement of energy storage sources is met. AECMS is the further
development of designed SECMS in Sectionf.3.1 based on the online estimation of SOHs of
fuel cell and battery, which has been proved that it can be used into the real vehicle through
the real experimental degradation data. AECMS plays the full potential of fuel cell, battery
and supercapacitor: fuel cell supplies steady energy and seeks for the maximum efficiency
in the high efficiency zone, battery is operated as the main energy buffer and its charge
sustenance is kept at the end of drive cycle and supercapacitor supplies peak power. The
designed AECMS can make sure the normal operation of vehicle even though power sources
have degraded seriously. It should be mentioned that when fuel cell and battery SOHs
reach 1, it doesn’t mean the fuel cell and battery cannot work anymore and it just means
that the probability that power sources fail is very high. In case of serious damage and
bringing inconvenient to normal life, power sources should be replaced in advance.

4.7 Conclusion

Along with vehicle operation, fuel cell and battery degrade which affects the normal
operation of designed SECMS. So UKF is chosen to estimate the state of health of power
sources due to its low computation cost and high precision and then the state of health
are considered into SECMS. Four conditions of power sources degradation are simulated
and according to simulation results, the effects of power sources degradation on SECMS
are analyzed. The equivalent factor and dynamical change rate of fuel cell are tuned along
with the degradation state of power sources to ensure the charge sustenance of battery
and the increase of fuel cell lifetime, which lead to the development of AECMS based on
the SECMS.
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Experimental validation

5.1 Introduction

In order to experimentally validate the developed energy management strategies in the
previous chapter, a test bench is needed. The experimental conditions are quite different
from those in simulation and particularly for the control of power sources. The fuel cell
system and energy storage sources are controlled by their own control system. The test
bench is composed of the software system and hardware system. Figure @ shows the
schematics of the rapid-prototyping test bench used to validate the energy management
system. The software part of the test bench includes the control program, which will
be downloaded and operates in the dSPACE MicroAutobox, and ControlDesk software
to monitor, modify and record the operation variables. The control program is built in
Matlab/Simulink. Hardware system includes main equipment like MicroAutobox, power
sources, DC/DC converters, sensors, power supply and electrical load.

Sensor

Fuel cell stack

' X f Real time control system:
uman machine interface
built with ControlDesk 4.2 ey managerent tategy DC/DC converters

running on dSPACE MicroAutobox Battery

Power supply

Figure 5.1: Schematics of the rapid-prototyping test bench used to validate the energy management
system
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5.2 Test bench

5.2.1 Software system

The dSPACE system provides fast processor and comprehensive real time interface
which is installed directly in the personal computer. dSPACE real time interface allows
the user to automatically implement MATLAB/Simulink models on dSPACE hardware via
code generated by Real-Time Workshop. In order to test the designed energy management
strategy, which is built in the Simulink, the entire I/O blocks are needed to read the
information of sensors and output the control signals to the actuators. I/O blocks can
be simply dragged from the real time interface I/O library to build the I/O model in the
Simulink. The input I/O model convent analog signal to digital signal. On the contrary,
the output I/O model is the digital-to-analog converter. Transformation functions are
needed from I/O simulation block value to the real measurement signal value from sensors
for both input and output I/O model. At the same time, a filter is needed to connect with
input block to filter sensor noise. Input and output models are shown in Figure and
Figure p.3.

DIO_TYPE3 BIT _OUT CH BL2

NFVso
Adc_Vsc_gsin

ADC_TYPE4_BL2

NFVbat
t NFVbat

Adc_Vbat_gsint Transfer Fen1

DIO_TYPE3_BIT_OUT_CH_BL1

ADC_TYPE4_BL12

NFVic
NFVic

Stop fo
) Vi
ADC_TvPE4 BLe  Ade-Viegain TrarsterFony NG DIO TYPE2 BIT OUT CH BL&

NFlfc

e ke

Adc_lfc_gain Transfer Fon3 e

ADC_TYPE4_BL1

ADC_TYPE4_BLS i

m"
Adc_Ibst_gsin Ibatcharge

Transfer Fond -
Ibatdischarge
ADC_TYPE4_BL3

PWM_Period1

From
FS‘“ Fon7 SN DIO_TYPE3_MC_PWM_BL1
Lookup Table2
u x e @
I_Load "
Transfer Fong ly
ADC_TYPE4_BLS 10-We-—> lload W
n -t Produc2 DIO_TYPE3_BIT_OUT_CH_BLS
N
1_supply 62

Adc_lsupply_gain Transfer Fen®

ADC_TYPE4_BL11
= N stop power supply

DIO_TYPE3_BIT_OUT_CH_BLS

Figure 5.2: Input I/O model Figure 5.3: Output I/O model

The designed energy management strategies cannot be experimentally tested directly
and other assisting controls are needed to ensure the normal operation of the test bench’s
components and control the fuel cell and supercapacitor currents. Therefore a hierarchical
control architecture taken by the software system is proposed which consists of a two-level
control loop: the high-level control loop corresponding to energy management strategy
and the low-level control loop mainly corresponding to DC/DC converter control, which
is shown in Figure @ The low-level control also includes the control of power supply and
electronic load to supply power profile of the drive cycle.
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Figure 5.4: Hierarchical control architecture

The hierarchical control is implemented using a dSPACE AutoBox I1 programmable
controller, which is a system based on Matlab/Simulink environment. For the low-level
control, once the reference currents of fuel cell and supercapacitor are defined by the high-
level control loop, two classical PI controllers are applied to adjust duty cycles of PWM
signals to control the real fuel cell and supercapacitor output currents to track reference
currents. The PWM signals are produced by MicroAutoBox Il and are inputted into
corresponding DC/DC converters connected to fuel cell and supercapacitor respectively.
The low-level control loop is shown in the red zone in Figure @J

5.2.2 Hardware system

This section details the hardware part of the studied system. The test bench is
composed of three power sources: fuel cell, battery and supercapacitor. Fuel cell and
supercapacitor are connected in parallel to the DC bus through DC/DC boost converters
and buck/boost converter respectively. Battery is connected to DC bus directly. Power
supply and electronic load cooperate to supply power requirement of the drive cycle. Some
sensors to detect the current and voltage of components are also essential for the test bench.
Rapid prototyping platform based MicroAutoBox IT and human machine interface (HMI)
through the computer are also needed. The architecture of the test bench is shown in
Figure p.5.

The fuel cell stack is commercialized 1.2 kW Ballard NEXA PEMFC, which has 47
cells. Four battery packs are connected in series. Overall capacity and voltage of battery
packs are 90Ah and 48V respectively. The supercapacitor package is composed of four
Maxwell supercapacitors, which is two strings of two supercapacitors in parallel. The
rated capacitance of each supercapacitor is 5H8F.

A boost DC/DC converter for fuel cell and a buck/boost DC/DC converter for su-
percapacitor are packed into one box in parallel architecture as shown in Figure p.6. The
DC bus voltage is held by battery voltage. Each DC/DC converter consists of two IGBT
transistors which are operated by two complementary PWM signals from MicroAutoBox
IL

Power supply and electronic load cooperate as the drive cycle simulator and are pro-
grammed to supply negative current and positive current of drive cycle respectively, which
are both connected to the DC bus directly. The control methods for power supply and
electronic load are decided by their production company. The drive cycle chosen to test
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Figure 5.6: DC/DC converters

the energy management strategies is programmed in the low-level control loop and also
downloaded into MicroAutoBox II. The power profile is provided as power values along
with time from Matlab workspace. DC bus current profile can be calculated through bat-
tery voltage in real time. The current control signals are transformed and inputted into
the power supply and the electronic load through MicroAutoBox I1. Real output currents
from the power supply and electronic load are tested by their inside sensors and are gath-
ered by MicroAutoBox II as feedback. The control of power supply and electronic load
by MicroAutoBox IT are shown in Figure p.7. Taking electronic load control for example,
the MicroAutoBox IT is connected to 15 poles Sub-D socket on the back side of the elec-
tronic load which is provided for remote control of the electronic load via analog signals or
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switching conditions. The input voltage range of the electronic load from 15 poles Sub-D
socket is 0-10 V, which corresponds to 0-100% maximum input current of the electronic
load. The MicroAutoBox IT controls the electronic load current through adjusting the
voltage values that are inputted to the electric load through 15 poles Sub-D socket. The
control to the power supply is similar to the electronic load.
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Figure 5.7: Control of power supply and electronic load through MicroAutoBox IT

MicroAutoBox IT shown in Figure @ is a real-time system for performing fast func-
tion prototyping in full pass and bypass scenarios.It operates without user intervention,
just like an ECU. MicroAutoBox IT can be used for many different rapid control proto-
typing applications such as power train, chassis control, body control, advanced driver
assistance systems, electric drives control, X-by-wire applications, and aerospace applica-
tions. MicroAutoBox IT from dSPACE is used as the control unit due to its ability to be
programmed by Matlab/Simulink directly. Through the dSPACE prototyping system, new
control strategies can be developed, optimized and tested in a real environment quickly
without manual programming. Easy-to-use library with numerous interface functionalities
lets you connect inputs and outputs to the model. It should be mentioned that all sensor
signals should be converted into digital form by using built-in 16-bit analog to digital con-
verters and are retrieved by applying suitable mathematical operations. With all gathered
control signals needed by energy management strategy, the reference currents of fuel cell
and supercapacitor are calculated, through two PI controllers. 20 KHz PWM signal is
inputted into the corresponding DC/DC converter through the prototyping system.

Some measurement instruments and sensors are used to measure current and voltage
of relevant components. For the low-level control, the currents of all power sources are
measured. Fuel cell current and supercapacitor current are used as feedback signals in PI
controllers of Figure @ Battery current is directly used to estimate the battery SOC.
For the high-level control, both DC bus voltage and supercapacitor voltage are measured,
where the first one is also the battery voltage and the second one is used to estimate
supercapacitor SOC. Some sensor signals are not in the range [0, 4.5V], which is only
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Figure 5.8: MicroAutoBox I1

accepted range for MicroAutoBox II. Some transform instruments are designed to do the
transformation from high voltage into low voltage. The current and voltage sensors are
shown in Figure p.9.

E 4

Figure 5.9: Current and voltage sensors

Human machine interface in the computer is designed using the ControlDesk 4.2
program in Figure . ControlDesk 4.2 is the dSPACE experiment software for seamless
ECU development. It performs all the necessary tasks and gives you a single working
environment, from the start of experimentation right to the end. Its usage is simple just
based on drag and drop. It allows the development of a complete interface in a very short
time (much shorter than an interface in C or C 4+ for example).

ControlDesk 4.2 allows communication with MicroAutoBox Il in order to visualize
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Figure 5.10: Human machine interface in ControlDesk 4.2

the system state and the different measured variables, tune control parameters of the
whole control system and record all real time variables’ values in order to analyze the final
experiment results. In this test-bench, the main tasks of human machine interface are
summarized as:

1) Read, visualize and record the actual values of all current and voltage sensors of
three power sources, the currents of the power supply and electronic load, and the states
of the DC/DC converters with their actual duty cycle values. The variables are visualized
either as numerical value or plot versus time. All record real time desired values are
analyzed lately.

2) Tune the coefficients of two PID controllers and control the on/off states of power
sources, DC/DC controllers, power supply and electronic load.

3) Show the emergency stop state of the system in the case of exceeding admissible
limits. Reinitialization procedure is also programmed to bring the system into normal
operation.

5.3 Experimental validation and analysis

This section is devoted to present and discuss the real-time validation results using
the previously detailed test bench. The proposed energy management strategies: SECMS,
RBCS and HEOS which have been simulated in SectionB.4| are validated on the same drive
cycles: The WVUCITY drive cycle, New York Bus drive cycle and LA92 drive cycle.



116 CHAPTER 5. EXPERIMENTAL VALIDATION

The load power profile of the drive cycle can be calculated according to the power
train model in Section . According to_the parameters of the power train, the load
power profile is downsized shown in Figure . The DC bus voltage is held by battery. So
Figure(a) shows the bus voltages of three control strategies corresponding to the drive
cycle. Due to the charge/discharge of battery, its voltages fluctuate around 50V. Due to
different battery current profile achieved through three energy management strategies, the
battery voltages of three energy management strategies are also different but the difference
is small.

Based on the load power profile and battery voltage profile, the load current profile
on DC bus can be calculated shown in Figure (b) In the test bench, the negative
current of bus representing the braking energy of the vehicle is recycled by the electronic
load and the positive current meaning the forwarding energy is supplied by the power
supply. Reference current in blue color is required reference current of the drive cycle.
Red positive current and green negative current are controlled to track reference current.
From the zoomed load current, it can be observed that the current profile of drive cycle
can be well supplied through the power supply and electronic load.
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Figure 5.11: Drive cycle profile and load power profile

From the experimental test on the built test bench, the comparative results of battery
SOC for experiment and simulation are shown in Figure . The comparisons of fuel cell
current, battery current and supercapacitor current for experiment and simulation results
of SECMS are shown in Figure .

From Figure and Figure , it can be observed that regarding SCEMS, the
experimental results of fuel cell current and battery current are similar to simulation re-
sults. The experimental results of fuel cell current are a little higher than simulation
results but the differences are all lower than 0.5A. The final simulation result of battery
SOC is 0.792 similar to the experiment value 0.7915. The difference is negligible. Su-
percapacitor current is sensitive to the current requirement of the drive cycle, fuel cell
current and battery SOC, therefore small sensor noise and process calculation noise lead
to the little difference between experimental supercapacitor current and simulated one of
SECMS. Considering low energy density of supercapacitor and its role as the supplier of
peak power, this difference can be neglected.
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Figure 5.12: DC bus voltage profile and current profile

From the experimental test of the emulated driving cycle, the battery SOC, superca-
pacitor SOC, fuel cell current, battery current and supercapacitor current for three control
strategies are shown_in Figure and Figure . The experimental comparison results

are shown as Table .

Table 5.1: Experimental results

EMSs SECMS RBCS HEOS

Initial supercapacitor and battery SOC 0.8 0.8 0.8
Final supercapacitor SOC 0.5865  0.8304 0.8199
Final battery SOC 0.7915 0.7946 0.7906
Hydrogen consumption (L) 194.07  210.35 194.77
Equivalent hydrogen consumption (L)  225.06 230.02 228.42

As shown in Figure , battery SOC and supercapacitor SOC of three control strate-
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Figure 5.13: Comparison of experiment and simulation results of battery SOC

gies are in the limited range (0.2, 0.8) and (0.1, 0.9) respectively. According to Table @,
the final battery SOCs of three control strategies are almost equal to initial values. The
difference between initial battery SOC and final battery SOC of HEOS is the largest among
three control strategies. The hydrogen consumption of Table EI represents fuel cell real
hydrogen consumption at the end of drive cycle. The final battery SOC, supercapacitor
SOC and hydrogen consumption at the end of the drive cycle are different for three con-
trol strategies. In order to make a fair comparison of hydrogen consumption, the final
battery and supercapacitor SOC variation should also be considered into the equivalent
hydrogen consumption. Because three battery final SOC are all less than the initial value,
when drive cycle is over, fuel cell is operated at maximum efficiency point 9.5A to charge
battery until its SOC value increases to initial SOC value. Supercapacitor also charges
or discharges to let its SOC be back to 0.8. The sum of hydrogen consumption to charge
battery SOC back to initial SOC and hydrogen consumption for the end of drive cycle
is defined as the equivalent hydrogen consumption. It can be observed that equivalent
hydrogen consumption of SECMS is the least, RBCS is the most. Taking RBCS as the
basis, the decrements of SECMS and HEOS are 2.16% and 0.69%. Compared to HEOS,
ECMS decreases 1.47%.

As shown in Figure (a), all fuel cells of three strategies are operated in high
efficiency zone [0.4 0.428]. Regarding SECMS and HEOS, fuel cell currents are around
maximum efficiency point. The fuel cell of SECMS and HEOS start at 454.8s and 462.9s
respectively and they keep working until the end of the drive cycle. The current of RBCS
changes along with current demand at DC bus. It can be noted that the fuel cell degra-
dation of RBCS is the highest due to its high dynamical change of current reference. In
Figure (¢), supercapacitor only supplies peak power conforming to original design
objective. It also can be observed that supercapacitor charge/discharge at different time
and hold different period of time for three strategies. Battery passively supplies other
DC bus_current besides fuel cell current and supercapacitor current on the DC bus in
Figure (b) In Figure , the fuel cell reference currents of SECMS and HEOS are
shown. It can be observed that HEOS has more current spikes than SECMS. The current
spikes of HEOS are supplied by supercapacitor of SECMS to ensure the steady of fuel cell
current. In the whole, SECMS consumes the least hydrogen, has the most steady current
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change and less on/off cycles. HEOS has similar fuel cell current as SECMS but with
more spike current change and consumes more hydrogen. RBCS has the highest hydrogen
consumption. The fuel cell dynamical current changes much and frequent on/off cycles
are included which mean that it has the most degradation for the overall drive cycle.

5.4 Conclusion

This chapter has presented the test bench used to validate the designed energy man-
agement strategies. The test bench includes the software system and hardware system.
The software system takes hierarchical control architecture. The high-level is the designed
energy management strategy and the low level is assisting control to the energy manage-
ment strategy which includes two PID controllers to control the DC/DC converters and
other controllers to control the power supply, electronic load, transformation of input sen-
sor signals and transformation of output control signals. The equipment of the hardware
system such as power sources, sensors, power supply, power supply and rapid prototyping
unit are specified. SECMS can then be experimentally tested and comparative results
can prove the precision of the simulation model of the fuel cell hybrid electric vehicle and
reliability of the test bench.

For the SECMS strategy, fuel cell is operated to seek for the maximum efficiency point
in the defined high efficiency zone, while the battery assumes as the main energy storage
source to buffer energy demand by vehicle and the supercapacitor dedicates to provide the
peak power. In order to prove the superiority of the new approach, the RBCS and HEOS
also have been implemented in the test-bench with same drive cycle. The experimental
results show that the proposed SECMS has the least hydrogen consumption and offers the
longest durability of fuel cell.
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(General conclusion

This dissertation has focused on the energy management strategies for fuel cell hybrid
electric vehicle powered by fuel cell, battery and supercapacitor. In order to keep the
stability of energy management strategy under the condition of power sources’ degradation,
the state of health of power sources are estimated on-line and are also considered into
energy management strategy. At first, a start-of-the-art review of fuel cell hybrid electric
vehicles is presented. Since the advantages of hydrogen: energy saving due to the high
efficiency of fuel cell, energy security due to not relying on fossil fuels, and reducing carbon
production in power transportation, a number of automobile manufacturers and various
government agencies put forward many projects to develop fuel cell technology for use in
the transportation system. The main projects to develop fuel cell vehicles of USA, Europe,
Japan and China are introduced and technical targets of fuel cell vehicles of four countries
are summarized.

Then, since fuel cell cannot supply high dynamical change power and recycles braking
energy, energy storage sources are chosen to operate with fuel cell. However, fuel cell hybrid
electric vehicle architecture with multiple power sources complicates the development of
energy management strategy. In order to facilitate the design of energy management
strategy, the characteristics of power sources are presented. Energy management strategies
are classified into rule based strategy, frequency based strategy and optimization based
strategy. The detail operation methods and advantages/disadvantages of every kind of
energy management strategies are introduced. The objectives and methods to fulfill them
are also reviewed for different energy management strategies.

Afterward, based on the state-of-the-art review of energy management strategies,
equivalent consumption minimization strategy is chosen for fuel cell hybrid electric vehicle
with fuel cell, battery and supercapacitor three power sources. Due to the low energy
density of supecapacitor, its equivalent hydrogen consumption is neglected in most refer-
ences, which not only counters to the aim of minimizing whole hydrogen consumption but
also increases the complication of energy management strategy due to the need of an ad-
ditional energy management strategy to calculate supercapacitor power demand. Thus, a
SECMS strategy is proposed to consider the energy cost of all three power sources into the
objective function to solve this problem. At the same time, a RBCS and HEOS strategies
are also compared to demonstrate the superiority of SECMS in minimizing the hydrogen
consumption and prolonging fuel cell lifetime.

Next, the power sources degradation was taken into account in the energy manage-
ment strategies. Because the unscented Kalman filter has not only higher accuracy than
extended Kalman filter but also lower computation cost than particle filter, it is chosen to
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estimate the state of health of fuel cell and battery. Through the analysis of power sources
degradation on SECMS strategy, it could be concluded that battery degradation leads to
more variable battery state of charge, more fluctuations of fuel cell current around max-
imum efficiency point, more hydrogen consumption and earlier fuel cell operation. The
degradation of fuel cell mainly affects the efficiency of fuel cell stack, equivalent factors
and charge sustenance of battery. With the on-line estimated state of health, AECMS is
designed based on the tune of fuel cell efficiency and equivalent factors with the degrada-
tion of power sources. In order to prolong the lifetime of fuel cell, its dynamical change
rate is also adjusted according to its state of health. The simulation results show that the
AECMS can ensure the normal operation of vehicle, the charge sustenance of battery and
the increase of fuel cell durability.

Finally, in order to validate the proposed energy management strategies, a test bench
is built. Its both hardware system and software system are introduced in detail. A hierar-
chical control architecture is set for the software system. The designed energy management
strategies belong to the high-level of the hierarchical control system. Reference currents of
fuel cell and supercapacitor are determined by this high level control. A low level control
is designed based on PID control strategy to generate corresponding PWMs to control
the outputs of DC/DC converter to follow the reference currents. The components of the
hardware system like power sources, power supply, electronic load and sensors are pre-
sented. The validation of power supply and electronic load to emulate the power profile
of the drive cycle is proved. The simulation results of SECMS and experimental results
are compared and the results show that a good agreement proving the precision of models
and the reliability of the test bench. RBCS and HEOS are also tested on the test bench.
The experimental comparative study shows that SECMS is operated at around maximum
efficiency, supercapacitor supplies peak power, battery works as the main energy buffer.
The charge sustenance objective of battery is fulfilled. Compared with RBCS and HEOS,
SECMS hydrogen consumption decreases 2.16% and 1.47% respectively. SECMS also has
the most stable fuel cell current, so the degradation of fuel cell due to dynamical current
change is the least. The neglect of supercapacitor equivalent hydrogen consumption in the
equivalent consumption minimization strategy is not optimal, which also can be proved
through the comparison of SECMS and HEOS.

This dissertation mainly introduces the AECMS for fuel cell hybrid electric vehicle
powered by fuel cell battery and supercapacitor considering power sources degradation.
Minimizing hydrogen consumption, seeking for maximum efficiency of fuel cell and increas-
ing the stability of energy management strategy and lifetime of power sources are reached
through the AECMS. However, there are a number of challenges and improvements that
can be considered in the future works:

Besides the state of health of power sources, the equivalent factor of equivalent con-
sumption minimization strategy is also affected by the drive cycles, which should keep
accordance with the features of current driving cycle and adjust its value in real time.
Drive cycle recognition and prediction can be helpful to find optimal equivalent factors,
so multiple power sources can achieve optimal power distribution and the fuel economy,
stability and charge sustenance of energy storage sources can be improved with tuning
equivalent factor. Drive cycle recognition and prediction can be considered in the energy
management strategy in the future works. The designed AECMS was only tested in the
built test bench. Applying it into the real vehicle will be done in the following works,
which will be more challenge and conversing to prove its validity.
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Minimizing hydrogen consumption, keeping the stability of energy management strat-
egy and increasing fuel cell lifetime were the objectives of AECMS. In the future works,
minimizing the overall cost of the vehicle including hydrogen consumption cost, power
sources’ lifetime cost can also be considered into the objectives to improve the system.

Also, it may be interesting to apply the proposed energy management strategy to
other drive train architectures of FCHEV like multiple fuel cell stacks. In addition to the
control challenge, the numerical simulations and experimental emulation will also be a big
challenge.
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Abstract

Global warming, environmental pollution and exhaustion of petroleum energies have
risen their attention to humanity over the world. Fuel cell hybrid electric vehicle (FCHEV)
taking hydrogen as fuel and have zero emission, is thought by public and private organ-
isms as one of the best ways to solve these problems. This PhD dissertation considers a
FCHEV with three power sources: fuel cell, battery and supercapacitor, which increases
the difficulty to design an energy management strategy (EMS) to split the power between
the different power sources.

Among the EMS available in the current literature, the Equivalent consumption min-
imization strategy (ECMS) was selected because it allows a local optimization without
relying on prior knowledge of driving condition while giving optimal results. Due to the
low energy density of supercapacitor, its equivalent hydrogen consumption is neglected
in most bibliographic references, which not only counter to the aim of minimizing whole
hydrogen consumption but also increase the complication of EMS due to the need of an
additional EMS to calculate supercapacitor power demand. Thus, a sequential quadratic
programming ECMS (SECMS) strategy is proposed to consider the energy cost of all three
power sources into the objective function. A rule based control strategy (RBCS) and hy-
brid strategy (HEOS) are also designed in order to be compared with SECMS. Degradation
of energy sources represents a major challenge for the stability of the developed SECMS
system. So, based on online estimating state of heath of fuel cell and battery, an adaptive
ECMS (AECMS) has been designed byh adjusting the equivalent factor and dynamical
change rate of fuel cell. The simulation results show that the AECMS can ensure the
charge sustenance of battery and the increase of fuel cell durability.

To validate the proposed energy management algorithms and the numerical models,
an experimental test bench has been built around the real time interface dSPACE. The
comparison of the simulation and experimental results showed that the proposed SECMS
is operated at around maximum efficiency, supercapacitor supplies peak power, battery
works as the energy buffer. It has been proved that the neglect of supercapacitor equivalent
hydrogen consumption in ECMS leads to not optimal operation. Compared with RBCS
and HEOS, SECMS has least hydrogen consumption and most stable fuel cell current.

Keywords: Fuel cell hybrid electric vehicles, Equivalent consumption minimization
strategy, Degradation of power sources, On-line estimation of state of health, Adaptive
equivalent consumption minimum strategy, Experimental validation, dSPACE.
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Résumé

Le réchauffement climatique, la pollution de I'’environnement et ’épuisement des én-
ergies pétroliéres ont attiré ’attention de I’humanité dans le monde entier. Les véhicules
électriques hybrides a pile & combustible (FCHEV), utilisant I’hydrogéne comme carburant
et n’émettant aucune émission, sont considérés par les organismes publics et privés comme
I'un des meilleurs moyens de résoudre ces problemes. Cette these de doctorat considere un
FCHEV avec trois sources d’énergie: pile a combustible, batterie et supercondensateur,
ce qui complique ’élaboration d’une stratégie de gestion de I’énergie (EMS) pour répartir
la puissance entre différentes sources d’alimentation. Parmi les méthodes de gestion de
I’énergie de la littérature actuelle, la stratégie de minimisation de la consommation équiva-
lente (ECMS) a été sélectionnée car elle permet une optimisation locale sans connaissance
préalable des conditions de conduite et cela en donnant des résultats optimaux.

En raison de la faible densité énergétique du supercondensateur, sa consommation
équivalente d’hydrogene est négligée dans la plupart des références bibliographiques, ce
qui va non seulement & l’encontre de l'objectif de minimiser la consommation totale
d’hydrogene, mais accroit également la complexité du systéeme EMS en raison du besoin
d’un systeme EMS supplémentaire pour calculer la demande en puissance du superconden-
sateur. Ainsi, une stratégie ECMS a programmation quadratique séquentielle (SECMS)
est proposée pour prendre en compte le colit énergétique des trois sources d’énergie dans
la fonction objectif. Une stratégie de controle basée sur des régles (RBCS) et une stratégie
hybride (HEOS) a été également congues pour étre comparée a SECMS. La dégrada-
tion des sources d’énergie représente un défi majeur pour la stabilité du systeme SECMS
développé. Basé sur I'estimation en ligne de ’état de santé de la pile a combustible et de
la batterie, le systeme ECMS adaptatif (AECMS) a été implémenté en ajustant le facteur
équivalent et le taux de changement dynamique de la pile & combustible. Les résultats de
la simulation montrent que ’AECMS peut assurer le maintien de la charge de la batterie
et 'augmentation de la durabilité de la pile a combustible.

Pour valider les algorithmes de gestion de ’énergie et les modeéles numériques proposés,
un banc d’essai expérimental a été construit autour de l'interface temps réel DSPACE.
La comparaison des résultats de la simulation numérique et des résultats expérimentaux
a montré que le systéeme SECMS proposé fonctionne a un rendement maximal, que le
supercondensateur fournit la puissance de pointe et que la batterie fonctionne comme
un tampon d’énergie. Il a été prouvé que la négligence de la consommation d’hydrogene
équivalente au supercondensateur dans ’ECMS conduit & un fonctionnement non optimal.
Comparé a RBCS et HEOS, la SECMS a le moins d’hydrogéne consommé et le courant
de pile & combustible le plus stable.

Mots clés : Véhicules hybrides a pile & combustible, minimisation de 1’énergie équiv-
alente consommeée, dégradation des sources de puissance, estimation en ligne de ’état de
santé, minimisation adaptative de 1’énergie équivalente consommée, Validation expérimen-

tale, dSPACE.
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