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Titre: Gestion optimisée de 1'énergie pour les chaines de traction hybrides avec différents niveaux de
puissance

Mots-clés: Systeme d'alimentation hybride, Systéme multi-sources, Gestion de 1'énergie, Distribution
d'énergie

Résumé: L'application d’architectures hybrides dans le domaine des transports permet d’atténuer les
problémes de pollution de l'environnement et d’améliorer la qualité de 1'air. Par conséquent, cette thése est
consacrée a la recherche de stratégies de gestion de I'énergie et de méthodes de distribution de puissance
adaptées aux chaines de traction hybrides a différents niveaux de puissance. Dans ces systémes, le coit
élevé et la durabilité insuffisante des sources d'énergie sont les principales raisons qui limitent son
application a grande échelle. Afin de minimiser la consommation d'hydrogéne d'un véhicule électrique
hybride batterie/pile a combustible et d'améliorer la durabilité¢ des ses sources, une stratégie optimale de
gestion économique de 1'énergie est proposée dans cette thése. De plus, afin d’optimiser la durée de vie de
la structure hybride étudiée, cette thése propose une stratégie de gestion de 1'énergie optimisée basée sur la
recherche extréme en ligne en tenant compte de la dégradation des sources d'énergie pour une application
de tramway électrique hybride supercondensateur/pile a combustible. Enfin, 1’architecture hybride propose
a été dérivé en systétme multisource utilisant plusieurs systémes de stockage d'énergie et plusieurs
ensembles de piles a combustible afin de pouvoir répondre a des applications nécessitant des puissances de
charge plus élevées. En conséquence, une stratégiede distribution d'énergie a performances constantes
adapté a un systéme d'alimentation hybride multisource est également proposé. Les gestions présentées dans
cette these ont fait ’objet d’une validation expérimentale grace a un banc d’essai Hardware in the Loop.

Title: Optimized energy management for hybrid powertrains with different power levels
Keywords: Hybrid power system, Multi-source system, Energy management, Power distribution

Abstract: The application of hybrid power system in the field of transportation can alleviate environmental
pollution problems and improve air quality. Therefore, this thesis is devoted to researching energy
management strategies and power distribution methods suitable for hybrid power systems with different
power levels. In the hybrid power systems, the high cost and insufficient durability of the power sources
are the main reasons that restrict its large-scale application in the energy market. In order to minimize the
equivalent hydrogen consumption of a battery/fuel cell hybrid electric vehicle and improve the durability
of the power sources, an optimal system economic energy management strategy is proposed in this thesis.
In addition, considering the change of power sources operating performance can further improve the
optimization effect of the energy management strategy, this thesis also proposes an online extremum
seeking-based optimized energy management strategy considering power sources degradation for a
supercapacitor/fuel cell hybrid electric tram. Moreover, in order to apply the new energy hybrid power
systems to higher power applications, a scheme of constructing a multi-source hybrid power system using
multiple energy storage systems and multiple sets of fuel cells is proposed. Accordingly, a performance
consistent power distribution method suitable for multi-source hybrid power system is also proposed.
Furthermore, hardware-in-the-loop testing and physical experiments have verified the functionality and
real-time suitability of the proposed strategies.
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General Introduction

With the increase of population and the vigorous development of society, energy consumption in
transportation, house heating, living lighting and other aspects has gradually increased. For further
development, human demand for energy has also reached unprecedented levels [1-3]. Nevertheless, up
to now, more than 80% of energy comes directly or indirectly from the combustion of fossil fuels such
as coal, oil and natural gas [4—6]. Over the past two centuries, massive energy consumption has brought
huge hidden dangers to the environment [7]. There is a direct inseparable relationship between the
burning of fossil energy and the rising emissions of greenhouse gases, and it is also the main cause of
climate change [8,9]. In order to more actively respond to global climate issues and improve the
ecological environment, 171 countries jointly signed the “Paris Agreement on Climate Change” in 2016,
and jointly agreed to limit the increase in global average temperature to well below 2 °C [10]. In order
to implement this goal, China released the “Energy Production and Consumption Revolution Strategy”
in 2016, proposing to achieve the goal of “carbon peaking” by 2030, and the proportion of renewable
energy in total energy consumption should not be less than 20%. In addition, in 2017, the United States
formulated a plan to achieve more than 50% of total energy from clean energy by 2025 and 100% by
2040. Besides, in the same year, France proposed a plan to stop coal-fired power generation in 2022 and
halve total energy consumption by 2050. What’s more, in 2018, the European Commission planned to
achieve the goal that regenerative energy should account for no less than 32% of total energy
consumption by 2030, and planned to achieve “carbon neutrality” by 2050. Furthermore, Germany also
proposed in 2019 a plan to achieve more than 80% renewable energy in total power generation by 2050
[11-15]. Therefore, the further development and utilization of renewable and clean energy such as
nuclear energy, solar energy, wind energy, and hydrogen energy have gradually become the trend of

global energy development [2,16,17].

In this context, a lot of research work has been carried out in the field of sustainable energy, such as the
investigation of photovoltaic (PV) power generation, wind turbines (WT), hydrogen energy and other
clean energy sources. Among these new energy sources, different energy sources have different power
generation characteristics. PV and WT are easily affected by the geographical environment and therefore
have strong randomness and intermittence operating characteristics, which can’t stably supply energy
to the load [18—20]. Compared with these two energy sources, hydrogen energy has the advantages of
high energy efficiency, easy transportation and high reliability. Therefore, hydrogen energy seems to

have the most application prospect [21-23].

Further, according to existing research [2,8,16,24,25], the transportation domain consumes more than
half of the fossil fuels (about 75%) and emits a large amount of black carbon. Therefore, the research

and popularization of new energy vehicles helps reduce fuel consumption and improve air quality. It is



necessary to carry out in-depth research in the field of new energy vehicles [16,26,27]. Compared with
plug-in hybrid electric vehicle (PHEV), pure electric vehicle (EV), and fuel cell vehicle (FCV), it is a
more promising research direction to apply energy storage system (ESS) (such as battery and
supercapacitor) and fuel cell (FC) to the field of transportation to form hybrid electric vehicle (HEV)
[28,29]. The main properties of this type of ESS/FC HEV are high driving range like the traditional
internal combustion engine vehicle, fast charging time (usually 3-5 minutes), silent operation capability,
and zero-local emissions [24,30]. Therefore, in recent years, more and more scholars are investigating
HEV. However, the widespread market application of dual-source hybrid system in the high-power

occasions has not yet been accomplished, the main reasons are as follows [21,31,32]:

® Limited by power density, it is difficult for a dual-source hybrid system to meet the system power
requirements of high-power applications (higher than 400 kW);

® Due to the limitations of technology and materials, the cost of developing higher-power power
sources is relatively high;

® When operating under complex operating conditions, it is difficult to ensure the power generation

performance of the power sources, and their durability and service life need to be improved.

In order to fill the above-mentioned research gap, a scheme of using multiple ESSs and multiple sets of
FCs to build a multi-source hybrid system to supply electric power for high-power applications is
proposed [33-35]. This type of power supply method can effectively increase the power level and
redundancy of the system, reduce the development cost of high-power power sources, improve the
reliability and stability of the system, and prolong the overall service life of the system [21,23,36]. In
addition, the adoption of multi-source hybrid system power generation technology also makes the
control method more flexible. We can remove the faulty generator unit in time without affecting the
normal operation of the system through reasonable control methods, thereby increasing the fault
tolerance of the system [21,37,38]. Therefore, it is necessary to study the multi-source hybrid power

system applied in high-power applications.

In the dual-source hybrid power system and multi-source hybrid power system, it is necessary to fully
consider the power generation characteristics of ESS and FC, and provide a reasonable energy
management strategy (EMS) or power distribution method for the hybrid power systems according to
different goals and operating conditions, which is of great significance for improving system stability,
prolonging power sources service life, and optimizing fuel economy. Therefore, it is necessary to
conduct in-depth research on EMS to properly coordinate the power allocation between the ESS and FC

in the hybrid power systems.

In summary, the research on EMSs and control methods for hybrid power systems has very important

commercial application value. Therefore, this thesis mainly studies the EMS of different hybrid power



systems. In addition, the research route of this thesis is shown in Fig. I, and the research contents of each

chapter are as follows.

Chapter 1 introduces the research status of HEVs, the development status of hybrid electric trams, the
research status of EMSs, and the research status of multi-source power generation systems. According
to the analysis in the Chapter 1, the drawbacks of the current EMSs are highlighted, and the structure

and the configuration of the powertrain can be determined.

Chapter 2 Energy management for HEV
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Figure I. The research route of this thesis.
In Chapter 2, various EMSs for the hybrid power systems are studied. Then, in order to minimize the
equivalent hydrogen consumption of the system and improve the power sources durability, an optimal

3



system economic EMS for a hybrid electric vehicle is proposed. The proposed strategy, is

experimentally validated on the hardware-in-the-loop (HIL) simulation platform.

The main purpose of Chapter 3 is to present an online extremum seeking-based optimized EMS for a
hybrid electric tram. This strategy considers that the operating performance of the power sources will
vary with the operating conditions, so an online extremum seeking technology is used to estimate the
maximum efficiency and maximum power operating points of the stack. In addition, this chapter
constrains the fluctuation range of the supercapacitor’s State of Charge (SOC) and divides a “safe
operating zone” for the stack. A reduced-scale test platform powered by supercapacitor and FC is

established, and verification experiments are carried out.

Chapter 4 mainly focuses on the research of multi-source hybrid power system suitable for high-power
applications, and presents an operating state consistency power distribution method that considers
multiple factors (such as batteries SOC consistency and stacks operating performance consistency). In
addition, in order to facilitate the system expansion, this chapter also studies the virtual droop control

algorithm. The validity verification is carried out on the HIL test platform.

Chapter 5 presents research contents in this PhD thesis, and also lists the future research works and

directions.



Chapter 1. Introduction

This chapter presents a general introduction to the PhD thesis, including the current research and
development status of the hybrid electric vehicles (HEVs), the research status of hybrid electric trams,
a brief overview of the current state of research on energy management strategies (EMSs), and the
research status of multi-source power systems. In this chapter, by analyzing the advantages and
disadvantages of dual-source hybrid powertrain and multi-source hybrid powertrain, we decide to apply
the dual-source hybrid power system to low-power level traffic vehicles (such as electric vehicles and
trams below 400 kW) and the multi-source hybrid power system to high-power level rail traffic vehicles
(such as high-speed Electrical Multiple Unit trains). In addition, by analyzing the advantages and
disadvantages of different powertrain topologies of the HEV, we finally determined the powertrain
topologies adopted in this thesis. Then, by analyzing the existing EMSs, we summarize the advantages
and disadvantages of these strategies, which provide a basis for research on the formulation of
subsequent EMSs. Thereafter, by investigating the current research on multi-source power systems, the
structure and the research focus of the systems are determined in this thesis. In the final section of this

chapter, we highlight the contributions of this PhD thesis.

1.1. State of the art of hybrid power systems

With the increasing improvement of material science, battery, supercapacitor (SC), and fuel cell (FC)
have been widely used in many industries, especially in the field of transportation [8,16,39,40]. At
present, the world’s major automobile manufacturers have achieved certain technological achievements

in the field of transportation powered by ESS and FC.

1.1.1. Hybrid electric vehicles research and development status

In order to accelerate the layout of the HEV industry, automobile manufacturers in the United States,
Japan, South Korea, China and other countries have formulated HEV development strategies, and have

basically broken through the HEV technical bottleneck [39,41].

General Motors (GM) has been developing the battery/FC HEVs since the 1990s. GM developed the
first electric vehicle (EV) “Electrovan” powered by FC in 1996, with a maximum speed of 70 km/h and
a cruising range of 240 km [27,42]. In 2000, GM successfully developed the FC vehicle “HydroGen1”,
which uses liquid hydrogen as fuel, with a maximum speed of 140 km/h and a cruising range of 400 km
[43]. In addition, in 2005, GM exhibited the HEV “Sequel” at the Detroit Auto Show. This vehicle has
a hydrogen fuel storage capacity of 8 kg and a cruising range of 480 km.

Hyundai started research on energy storage system (ESS)/FC HEV technology in 1998 and developed
the HEV “Santa Fe” in 2000 [44,45]. In 2006, Hyundai independently developed the “Tucson” HEV,



and in 2013, Hyundai developed electric vehicle “ix35”. This vehicle adopts a powertrain with a rated

power of 100 kW and has a cruising range of 594 km with one hydrogen refueling [46].

Due to lack of resources, Japan pays special attention to the application of new energy power generation
technology in the field of vehicles [27]. Toyota has been researching HEV since 1996 and has developed
many prototypes powered by battery and FC such as the “FCHV-1” (1996), “FCHV-2" (1997), “FCHV-
3” (March 2001), “FCHV-4" (June 2001), “FCHV-5" (October 2001), “Toyota FCHV” (2002), and
“Toyota FCHV-adv” (2008). In 2015, Toyota finally launched a mass-produced and commercial HEV
“Mirai” with a cruising range of 480 km [47]. This means that the research and development of HEV
begins to enter the early commercialization stage. In addition, in 1999, Honda also developed two
prototypes, “FCX-V1” and “FCX-V2”. In 2002, Honda developed the “FCX-V4” HEV, which uses a
35 MPa high-pressure hydrogen storage tank and has a cruising range of 310 km. In 2008, Honda
developed the “FCX Clarity”, which has a maximum cruising range of 390 km and successfully entered
the global market [42]. The new-generation “Clarity” HEV was exhibited in Japan in 2016. This vehicle
is equipped with a hydrogen storage tank that can hold 5 kg of hydrogen, the pressure can reach 70 MPa,
and can drive about 750 km with one refueling [48,49].

China’s first HEV powered by battery and FC was jointly developed by Tsinghua University and Beijing
Century Fuyuan Fuel Cell Company in 1998. This vehicle is an 8-seat small EV, its top speed is 20 km/h,
and it can travel 80 km with one hydrogen refueling. In 2014, SAIC Roewe launched the “Roewe 950”
plug-in hydrogen HEV with a cruising range of 430 km and a maximum speed of 160 km/h. In 2018,
Yutong Bus launched the third-generation battery/FC electric bus “ZK6125FCEVGS”. The maximum
speed of this vehicle is 69 km/h, the fueling time is only 10 minutes, and its cruising range can reach

500 km, which meets the market operation requirements.

In summary, automotive companies such as GM, Toyota, Hyundai, Honda and other international
technology-leading vehicle manufacturers have completed the research and development of basic HEV
performance and released mass-produced models, and have made significant progress in HEV

technology.

1.1.2. Hybrid electric trams research and development status

In addition to applying hybrid power generation technology to the above-mentioned vehicles, more and
more researchers apply it to trams (including locomotives and trains) in order to construct hybrid electric
trams. This kind of tram can not only meet the needs of rapid population movement, but also effectively

alleviate environmental pollution, so it has received extensive attention from many experts [50,51].

In 2002, led by the United States Department of Energy, the Fuel cell Propulsion Institute and Vehicle
Projects LLC jointly developed the world’s first locomotive powered by FCs. The powertrain of this



locomotive is composed of two sets of FCs from Nuvera Fuel Cell Europe, Italy, in series, with a total
power of 17 kW and a rated current of 135 A, which can guarantee continuous operation for more than
8 hours when working at full load [52]. In addition, Burlington Northen Santa Fe began developing FC
hybrid locomotive for shunting yards in 2007. The powertrain of this locomotive consists of a FC with

a rated power of 240 kW and two sets of lead-acid batteries [53].

In order to reduce the pollution caused by trams to the environment, Japan planned to start the
development of new energy locomotives in 2000, and began to apply FC hybrid power generation
technology to rail transit locomotives in 2006. In 2006, Japan’s Railwar Technology Research Institute
transformed a diesel hybrid locomotive into a FC hybrid locomotive. This locomotive has a top speed
of 100 km/h, and the powertrain consists of a battery rated at 340 kW and two FCs rated at 65 kW. Its
bus voltage is 450 V, and the capacity of the hydrogen storage tank is about 410 L [54,55]. In 2007,
Japan launched a commercial battery/FC hybrid electric train. Its hybrid power system consists of a 360
kW battery and a 120 kW FC, the bus voltage is 1500 V, and the maximum speed of the train is 110
km/h [56,57]. This is also the first time in the world that FC hybrid technology has been used in

commercial passenger train.

Denmark started the research and development plan of FC hybrid electric tram in 2007, and successfully
developed Europe’s first hybrid electric rail locomotive in 2010. The locomotive is powered by a FC
rated at 105 kW and operates on the Vemb-Lemvig-Thyboren Jernbane railway [58]. In addition,
France’s Alstom also exhibited the FC train “Coradia iLint” at the Rail Transit Technology Exhibition
in Berlin, Germany in 2016. The powertrain of the “Coradia iLint” consists of a battery with a capacity
of 110 kWh and a FC rated at 200 kW. Its maximum operating speed can reach 140 km/h and has a
cruising range of 600-800 km with one hydrogen refueling [59,60].

In 2008, Southwest Jiaotong University started the research work on FC locomotive for the first time,
and in 2013, developed China’s first FC hybrid electric locomotive, which has a design speed of 65
km/h and a towing weight of 200 t. The locomotive adopts the HD-6 FC with a rated power of 150 kW
provided by Ballard as the power source, and is equipped with lithium titanate batteries and SCs as the
ESS [61]. Then in 2016, Southwest Jiaotong University and CRRC jointly developed the world’s first
commercial FC/SC hybrid electric tram. The power system of the tram uses two sets of 150 kW FCs
and multiple sets of SCs, the maximum operating speed is 70 km/h, and it can carry 336 passengers [62].
In addition, Tsinghua University and CRRC successfully developed a FC hybrid electric tram in 2016.
The power system of the tram adopts FC with a rated power of 150 kW, and is also equipped with
batteries and SCs as the ESS. In addition, its design speed is 36 km/h, and it can run 70 km with a single
hydrogen refueling [63].



1.1.3. Research on hybrid powertrain structure

From the above description, it can be seen that due to the inherent shortcomings of FCs such as slow
dynamic response and inability to absorb braking energy from the vehicle, in order to ensure the safe,
stable and efficient operation of the system, the powertrains of systems are generally powered by two
or more energy devices (such as FC, battery, and SC) [40,41]. According to the investigation of the
current commercial EVs and electric trams [39,41,64], it is found that the main components
configuration of the system powertrains are “FC only”, “supercapacitor + FC (SC + FC)”, “battery + FC
(Bat + FC)”, and “supercapacitor + battery + FC (SC + Bat + FC)”. The specific details are listed in
TABLE 1.1. It can be seen from TABLE 1.1 that most of the system powertrain adopts the “Bat + FC”
configuration, and a few use the “SC + FC” and “SC + Bat + FC” configuration. Considering that the
major research purpose of this thesis is to study the EMSs of hybrid power systems, in addition, in order
to comprehensively study hybrid power generation technology, we adopt two configurations of “Bat +

FC” and “SC + Bat” in our research.

TABLE 1.1. Components configuration of different commercial EVs and electric trams powertrains.

) Components ) Components
Vehicle model Year ) Vehicle model Year )
configuration configuration
Mazda Demio FC-EV 1997 Bat + FC Mercedes-Benz F-Cell 2002 FC only
Nissan X-Trail FCV 2003 Bat+FC Jeep Treo-Fuel cell 2004 FC only
Suzuki SX4-FCV Fuel cell
) 2004 SC+FC Suzuki Wagon R-FCV 2005 FC only
vehicle

Peugeot 207 Epure 2006 Bat + FC Kiha E200 2007 Bat + FC
Mitsubishi Grandis FCV 2008 Bat+FC Morgan LIFEcar 2008 SC+FC
Peugeot H2Origin 2008 Bat + FC Sceni ZEV H2 2008 Bat + FC
Suzuki SX4-FCV 2008 SC+FC Audi Q5 FCEV 2009 Bat + FC

Chevrolet Equinox fuel
. 2009 Bat+FC Mercedes-Benz F800 2010 FC only

ce
Chang an Z-SHINE FCV 2010 Bat + FC FAW Besturn B70 FCV 2010 Bat + FC
VW Golf Sport Wagen
Ford Focus FCV 2010 Bat + FC ) 2010 Bat + FC
HyMotion
Nissan Terra FCEV SUV 2012 FC only Kia Borrego FCEV 2012 FC only
Nissan TeRRA SUV 2012 Bat+FC BMW i8 Hydrogen Car 2012 Bat+FC
Audi Sportback A7h-tron
Honda FCX clarity 2014 FC only 2014 Bat+FC
Quattro
Volkswagen Golf
Roewe 950 Fuel Cell 2014 Bat + FC ) 2014 Bat + FC
Hymotion

Coradia iLint 2016 Bat + FC Honda Clarity Fuel Cell 2017 Bat + FC
Toyota Mirai 2017 Bat+FC Hyundai Tucson Fuel cell 2017 Bat+FC

BMW 5 series Gran fuel
2017 Bat + FC Alfa Romeo MiTo FCEV 2017 Bat + FC

cell vehicle

LRV 2017 SC+FC 100% LF-LRV 2018 SC +Bat+ FC



Mercedes Benz New GLC-

2018 Bat + FC Hyundai Nexo 2018 Bat + FC
Fuel Cell

In hybrid power systems, it can be divided into different topological structures according to the different
connection methods between the power sources and the DC/DC converter. Different powertrain designs
have a direct impact on the complexity of system control and operational performance. According to

existing research [8,24,39], there are a total of six different topologies (T1-T6), as shown in Fig. 1.1.
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Figure 1.1. The different powertrain topologies of the hybrid power systems.

Fig. 1.1 (T1) is a relatively simple powertrain topology, the ESS (battery or supercapacitor) and FC are
directly connected to the bus port. This topology does not require any DC/DC converter and is the
simplest and most economical topology. Whereas, in this topology, the bus voltage directly determines
the voltage level of the ESS and FC, which requires higher power generation parameters for the ESS
and FC. Only when the output voltage of the ESS and FC matches the bus voltage, the vehicle can drive
safely and stably. In addition, the ESS plays the role of stabilizing the bus voltage in this system and
can be regarded as a voltage source. From the FC output characteristic curve, it can be seen that its
output voltage changes with its output current, which can be regarded as a current source [24,65].
Therefore, when using this topology, the output power of each power source cannot be actively adjusted,
and the passive adjustment can only be achieved by relying on the bus voltage fluctuation caused by the

load fluctuation. When the load demand fluctuates greatly, it is difficult for the FC to meet the power
9



demand of the vehicle powertrain, which will reduce the operating efficiency and reliability of the
system and accelerate the performance degradation of the FC. Therefore, this topology is generally not

used in removable devices.

In Fig. 1.1 (T1), the output voltage of the FC cannot be directly matched with the bus voltage, and active
energy management cannot be realized, which has certain shortcomings. In order to solve the
shortcomings in topology (T1), a unidirectional DC/DC converter is usually connected in series with the
output port of the FC, and the output voltage of the FC is adjusted by controlling the DC/DC converter,
as shown in Fig. 1.1 (T2). In this topology, by controlling the DC/DC converter, the output power of the
FC can be indirectly controlled, thereby realizing the energy management and distribution of the HEV.
Therefore, it is possible to achieve the purpose that different power sources operate according to their
respective operating characteristics. Although this topology can realize the management of the ESS and
FC by adjusting the output current of the DC/DC converter, the ESS used in this topology is directly
connected to the DC bus, so the requirements for ESS’s voltage level are relatively strict. The topology

is relatively simple, can achieve the purpose of energy management, and is easy to implement.

In Fig. 1.1 (T3), the ESS is connected to the bus through a bidirectional DC/DC converter. Compared
with the topology (T2), topology (T3) reduces the restriction on the output voltage of the ESS, and can
manage the charging and discharging of the ESS at the same time. Although this topology does not
require the voltage level of the ESS to match the bus voltage, allowing more flexibility in the selection
of the ESS, it has higher requirements on the FC output voltage. In addition, in general, the FC has the
characteristics of “low voltage and high current”, and its output voltage is usually lower than the bus
voltage, so it is difficult to achieve the FC voltage matching the bus voltage [3,17,66]. In this topology,
when the bus voltage fluctuates greatly, the FC output voltage will fluctuate violently. Therefore,

topology (T3) is not conducive to maintaining the output performance of the FC.

In order to further stabilize the bus voltage, based on the topology (T2), a bidirectional DC/DC converter
is added between the ESS and the DC bus to form the topology shown in Fig. 1.1 (T4) [67]. In this
topology, not only the FC output reference power can be adjusted by controlling the DC/DC converter,
but also the bus voltage can be adjusted. This topology makes the choice of power sources more flexible,
and is more conducive to the realization of more demanding EMSs. However, the charging and
discharging capacity of the ESS in this topology is limited by the bidirectional DC/DC converter, which
may not be conducive to the stability of the system when the load changes sharply. In addition, because
more DC/DC converters are added, the control becomes more complicated and the system cost is also

increased.

Considering that the batteries have a low charge and discharge rate, they can provide energy

continuously and stably, while SCs have higher power density and higher energy storage efficiency, but



they cannot continuously provide electricity [66,68]. Therefore, there are studies using the respective
advantages of batteries and SCs to form a hybrid ESS, the topologies are shown in Fig. 1.1 (T5) and
(T6). In the topologies (T5) and (T6), the battery is used as the main energy buffer device to compensate
for the insufficient output power of the FC when the load changes. Since the SC can be charged and
discharged quickly, it can quickly provide energy during acceleration, and can quickly recover
regenerative braking energy during braking. In the topology (T5), the SC is directly connected to the
DC bus, which can quickly release or recover energy. However, this topology requires that the rated
voltage of the supercapacitor must match the DC bus voltage, otherwise it will easily lead to a shortened

lifespan of the SC.

In order to make up for the disadvantage that the SC is directly connected to the bus, a bidirectional
DC/DC converter can be connected in series to form a topology as shown in Fig. 1.1 (T6). In this
topology, the SC is connected to the bus through a bidirectional DC/DC converter, which reduces the
limitation of the topology (T5) on the rated voltage of the SC. Although the topologies (T5) and (T6)
composed of three power sources (battery, SC, and FC) are relatively complete, the system topologies
are complex and have more control quantities. Therefore, the complexity of power distribution is

increased, and these topologies are more complicated to implement.

It can be seen from the above analysis that the powertrain of hybrid system is mainly composed of ESS,
FC, DC/DC converters, and other components. Through the comparative analysis of different topologies,
each topology has its own advantages and disadvantages, which are summarized in TABLE 1.2.
Considering the characteristics of different topologies, we decided to use topologies (T2) and (T4) in

this chapter to study EMSs for HEVs and hybrid electric trams.

TABLE 1.2. Comparative analysis of different HEV powertrain topologies.

Topology Advantages Drawbacks Remark
1. Less cost and mass 1. Risk of bus current injection back to FC
Tl . . Seldom used
2. Simplest topology 2. Hard to split the power flow

1. Better FC durability and performance )
T2 1. Floating bus voltage Widely used
2. Easy to split the power flow

1. Easily damage power sources
1. Good startup performance
T3 2. Control strategy is more complex than Seldom used
2. Low requirements for ESS

T2
1. Better control of both FC and ESS 1. Increased cost and mass )
T4 ] Widely used
2. Stable bus voltage 2. Control strategy is more complex

1. Increased complexity in control strategy

) than T1 - T3
T5 2. Combined advantages of three o ~ Seldom used
2. Increased complexity in powertrain

1. Flexibility in energy allocation

energy sources
topology



1. Flexibility in energy allocation 1. Highest mass and cost
2. Better protection for power sources 2. Lowest system efficiency

T6 . Seldom used
3. Combined advantages of all power 3. Most complex topology and control

sources strategy

1.2. State of the art of hybrid power system energy management strategies

In the hybrid power systems, the EMS is the core content of the whole system, which plays a crucial
role in determining the output power of different power sources in the system. The formulation principle
of the EMS is to improve the fuel utilization rate as much as possible, prolong the service life of the
power sources, and meet the dynamic response requirements of the system under the premise of ensuring
the safe and stable operation of the system. According to existing research [39—41], EMSs in hybrid
power systems can be divided into three categories: non-optimized EMSs, optimization-based EMSs,

and learning-based EMSs, as shown in Fig. 1.2.

'lOptimization-based EMSsl : Learning-based EMSs |

| !
om ]l jEw ] . |
: [@smc | : : (@ pmp | : T T T T
: (@wT | : : [®Ecms | :
: [@FLC | : : (@ cp, qp | :
ST : [©Pso,s4,6a | :

Figure 1.2. Classification of energy management strategies for hybrid power system.

1.2.1. Non-optimized energy management strategies

The non-optimized EMSs do not need to obtain the driving conditions of the vehicle in advance, but
need to predefine logic rules according to the State of Charge (SOC) of the battery and the required
power of the system. According to the different rules definition methods, it can be divided into EMSs
based on certain rules and EMSs based on fuzzy logic [2,3,31]. Because these strategies have the
advantages of low computational complexity, simple control, strong robustness and high reliability, this
kind of EMS has been widely used in engineering practice. However, this type of strategy relies too
much on engineering practice and expert experience, and it is difficult to improve energy utilization,
and the pre-established rules cannot be adjusted in practical applications, which may easily lead to poor

performance of the system under certain conditions [25,69].
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The main idea of the state machine control (SMC) strategy is to divide the operating state of the system
into multiple modes. In each mode, the power sources will run at a fixed operating point according to
the current load power and SOC state of battery [70]. Based on the research background of EU-
sponsored zero-emission ships (Zemships), Ref. [71] proposes a SMC strategy. This strategy is divided
into 11 states according to the real-time demand power of the hybrid system, the battery SOC, and the
maximum, minimum and optimal output power of the power sources. The simulation results show that
the SMC strategy can ensure the continuous and stable operation of the system, but the optimization
effect of this strategy on the hydrogen consumption and fuel utilization of the system is not further
analyzed. In addition, in the Ref. [70], the state is divided according to the battery SOC and load power,
and the output power of the FC is set according to the characteristics of each state. This belongs to the
traditional SMC strategy, and in order to achieve better performance, the SMC strategy is often used in
combination with other methods. Ref. [50] combines the SMC strategy with droop control, and the
proposed strategy can further optimize the overall energy consumption level of the system. Ref. [72]
divides the operating modes of the hybrid system according to the state machine theory, and then
optimizes the power sources operating point in each mode through the equivalent fuel consumption
minimum theory. The results show that the total energy consumption can be reduced by around 4.18%
compared to the classical SMC strategy. Furthermore, the Refs. [73,74] also studied the SMC strategy
according to different applications and different goals, and formulated power distribution rules

according to the power generation characteristics of each power source.

The power following (PF) strategy aims to maintain the SOC of the ESS within the desired range under
the premise of satisfying the load power. The strategy uses the difference between the current SOC and
the ideal SOC of the battery to adjust the penalty factor to obtain the reference power of each power
source. Specifically, when the SOC is higher than the ideal value, the reference power of the FC should
be lower than the load power, otherwise it should be higher than the load power to balance the SOC
[25,45,75].

The fuzzy logical control (FLC) is a control algorithm based on fuzzy set theory, fuzzy linguistic
variables and fuzzy logic reasoning, and the key of the algorithm is to formulate rules of membership
functions. The main feature of the FLC strategy is that the fuzzy controller design does not need to
establish an accurate mathematical model of the controlled object, nor does it need to know the
mathematical relationship between the controller’s input and output. Like most non-optimized EMSs,
this strategy relies on the researcher’s engineering practice experience and has strong adaptability and
robustness [25,70,76]. Refs. [77,78] proposed an EMS based on real-time FLC for a HEV power by
battery and FC. This strategy takes the load power and the SOC of the battery as the input of the
controller, the output power of the FC as the output of the controller, and optimizes the working state of

the FC and balances the SOC of battery by formulating a reasonable membership function. In order to



improve the system operation efficiency and power sources durability, Ref. [79] proposed an EMS based
on FLC. The study uses a fuzzy logic algorithm and takes battery’s SOC and load demand power as
input variables to determine the reference power of each power source. In [79], when the load demand
power of the system and the battery’s SOC are both low, the FC mainly charges the battery, and if the
demand power is high and the SOC is also high, the FC and the battery jointly provide the demand
power for the load. The experimental results show that reasonable rules can effectively improve the
operating efficiency of the system and maintain the battery’s SOC in the ideal range. In addition, Refs.
[80,81] also apply FLC to the power distribution of hybrid power system.

The wavelet transform (WT) algorithm has been widely used in signal processing applications due to its
ability to perform local signal analysis in both time and frequency domains. In the past decade, the WT
algorithm has also been widely used in the field of energy management due to its unique advantages.
The commonly used basis functions of the WT algorithm are Haar wavelet function, Morlet wavelet
function, Daubechies wavelet function and Meyer wavelet function. Among them, the Harr wavelet
function is the most widely used because of its convenience and practicality. In order to make the power
sources operate according to their respective dynamic characteristics and smooth the power sources
output power as much as possible, Ref. [82] proposed an EMS based on wavelet transform for a multi-
source hybrid power system. In this study, Harr wavelet is used to decompose the load power into high
frequency and low frequency parts, and the low frequency part is allocated to the FC to limit the
fluctuation of the FC and prolong the lifetime of the stack, and the remaining high frequency part is
allocated to the battery. Since the WT cannot reduce energy consumption and maintain SOC, WT is
usually combined with other control methods to obtain better results. Refs. [62] and [83] both propose
an EMS that combines WT with FLC. This strategy employs three layers of wavelet analysis and two
fuzzy controllers. Firstly, the load power is decomposed by wavelet transform, and then the obtained
power is input into the fuzzy controller to generate the reference power of each power source.

Experimental results show that the proposed strategy can improve the average efficiency of the system.

In addition to the above-mentioned non-optimized strategies, some scholars use genetic algorithm (GA)
and particle swarm optimization (PSO) algorithm to optimize fuzzy rules and membership functions to

improve the accuracy and practicability of control strategies [29,84].

1.2.2. Optimization-based energy management strategies

According to the different degrees of dependence on driving conditions, optimization-based EMSs can
be divided into two types: instantaneous optimization and global optimization. The instantaneous
optimization strategies don’t need to know the overall system driving information in advance, and the
computational burden is small, so these strategies can be used in real-time applications. The global

optimization strategies need to obtain the global operating condition information in advance. However,



in practical applications, the driving of vehicles has greater randomness. Therefore, these strategies are
not easy to implement in real-time applications, and are often used to optimize other control methods
offline. In practical applications, although the optimization-based EMSs can take into account the
advantages and disadvantages of each power source and realize multi-objective control, their control

algorithm is complex and require high performance of the controller [76,85].

Dynamic Programming (DP) is an optimization theory proposed by American mathematician Richard
Bellman in the 1950s. This algorithm is often used to obtain the global optimal solution in the decision-
making process, and can be divided into Stochastic Dynamic Programming (SDP) and Deterministic
Dynamic Programming (DDP) [86]. In order to optimize the fuel economy of the hybrid power system
composed of battery and FC, a multi-objective optimization EMS is proposed in [87], and the DP
algorithm is used to solve the objective function. In addition, in [88], the DP algorithm is adopted to
optimize the power distribution of a HEV. The results show that this strategy can effectively prolong
the service life of the power sources and reduce the energy consumption of the system. With the goal of
minimizing system cost and operating cost, Ref. [89] proposes an improved DP algorithm and compared
it with the SMC strategy. The results show that the proposed algorithm can effectively reduce hydrogen
consumption by about 15%. In order to reduce the dependence of the DP algorithm on driving
information, a SDP algorithm is proposed in [90], which combined the random demand power prediction
results to optimize the cost function. Ref. [91] uses DDP algorithm to optimize the charging and
discharging strategy of hybrid electric vehicles. The results show that this strategy can effectively reduce
fuel consumption by about 2%. However, because the computational burden of the DP algorithm is too
large, this algorithm is only suitable for systems whose operating conditions are determined, and can
only be implemented offline. Therefore, the DP algorithm is usually used as the optimal benchmark for

comparison with the power allocation results of the new strategies.

Pontryagin’s Minimum Principle (PMP) is also a global optimization algorithm, which is proposed by
Soviet Russian mathematicians in 1956. The PMP algorithm mainly includes cooperative state equation,
Hamiltonian function, system state equation and state constraints. The core idea of this algorithm is to
transform the global constrained optimization problem into a local Hamiltonian function minimization
problem to reduce the computational complexity [92]. By reasonably selecting the initial value of the
cooperative state equation of the PMP algorithm, the optimization results of the algorithm can be greatly
improved. In order to optimize the operating range of the FC, Ref. [93] proposes a power distribution
strategy based on PMP algorithm, and uses the sequential quadratic programming algorithm to optimize
the proposed strategy. The experimental results show that this strategy can effectively optimize the
hydrogen consumption of the system and improve the power generation efficiency of power sources. In
addition, in order to minimize the fuel consumption of the battery/FC hybrid power systems, Refs. [94]
and [95] both adopt the PMP algorithm to optimize the reference power of the power sources. Although



the PMP algorithm has the same results as DP algorithm in theory, due to various simplification and
omission factors, the control effect of PMP is often inferior to that of DP algorithm. However, the PMP
algorithm can greatly reduce the computation time compared to DP algorithm. Ref. [96] points out that
under the same conditions, it takes about 10 hours for the DP algorithm to complete all calculations,
while the PMP algorithm only takes 20-30 minutes. The calculation amount of the PMP algorithm is
huge, and it needs to select the initial value offline and obtain the working condition information in
advance. Therefore, like the DP algorithm, this algorithm is difficult to implement in real-time

applications [25,39].

When the objective function and constraints meet certain conditions, algorithms such as convex
programming (CP) and quadratic programming (QP) can also be used to solve the optimal solution
[39,40]. The CP algorithm is suitable for optimization problems in which the objective function is a
convex function and the feasible region of the control variable is a convex set. Ref. [97] aims to minimize
the sum of fuel consumption cost and system operating cost, and uses the CP algorithm to optimize the
reference power of each power source and the configuration of powertrain components. The results
show that this algorithm has a fast solution speed and good optimization effect. The QP requires the
objective function to be a quadratic polynomial. Ref. [98] uses QP algorithm to study the energy
management of a HEV, and the results show that the overall energy consumption level of the system

has been reduced.

In addition, heuristic algorithm, also known as swarm intelligence algorithm, can also be used to search
and solve the global optimal solution of the objective function. Commonly used heuristic algorithms
include GA, PSO algorithm and simulated annealing (SA) algorithm [99-102]. Ref. [103]
comprehensively considers multiple optimization indicators such as hydrogen consumption and vehicle
acceleration performance, and uses GA to solve the multi-objective optimal solution. Simulation results
demonstrate the effectiveness of the proposed EMS. In order to optimize the hydrogen consumption of
a multi-source power generation system, Ref. [104] proposes an EMS based on PSO algorithm. The
results show that compared with equidistributional method, the proposed EMS can effectively reduce

the hydrogen consumption of the system.

Due to the poor real-time performance of global optimization methods, instantaneous optimization-
based EMSs are often used in practical applications. According to existing research, there are mainly
two kinds of instantaneous optimization EMSs: model predictive control (MPC) strategy and equivalent
consumption minimization strategy (ECMS) [39]. In order to optimize the fuel economy of a battery/FC
hybrid bus, Ref. [105] introduces the concept of equivalent hydrogen consumption to optimize the
system energy distribution strategy. In addition, Ref. [106] designs a MPC model using Markov chains
in order to simulate 8 different driving behaviors, and uses the k-means algorithm to classify the driving

patterns.



1.2.3. Learning-based energy management strategies

With the rapid development of computer technology, in recent years, in addition to the above two types
of EMSs (non-optimized EMS and optimization-based EMS), more and more researchers try to use
artificial intelligence algorithms for power distribution. The EMS based on intelligent algorithm adopts
machine learning as the framework, and can distribute the output power of each power source online.
This kind of method continuously improves the strategy by learning the historical data of power
distribution, and finally achieves the purpose of improving the system performance and hydrogen
consumption. Since 2014, reinforcement learning (RL) technology has been introduced into the power
distribution of hybrid systems [107], and later, artificial intelligence methods based on algorithms such
as Q-learning, deep Q-network, Deep Deterministic Policy Gradient (DDPG), and state-action-reward-
state-action (SARSA) have been gradually developed [108,109]. In Refs. [107,110], the Q-learning
algorithm is used to optimize the reference power decision-making process of each power source. The
experimental results show that the proposed strategy can effectively reduce the hydrogen consumption
of the system. In addition, in order to obtain better control performance, Ref. [108] uses cosine
similarity-based method to update the state transition matrix online. Ref. [109] proposes a method to
solve the energy management problem using the SARSA algorithm, which can reduce the fuel

consumption of the system by 11.9%.

Through the detailed analysis of the existing EMSs in the above three subsections, the advantages and
disadvantages of each strategy for hybrid power systems could be summarized in TABLE 1.3.

TABLE 1.3. Summary of benefits and drawbacks of different EMSs.

Classification Strategy Benefits Drawbacks

1. Rely on expertise knowledge
Deterministic 1. Least computation burden . .
2. Poor adaptability towards condition

rule 2. Simple and easy to implement
changes
Non-optimized EMS 1. Sensitive to driving cycle
1. Computation-friendly 2. Multiple fuzzy membership parameters
Fuzzy logic
2. High robustness need recalibration in different driving
cycles
1. Near global optimality (close to o )
PMP 1. Complexity in mathematical theory

DP)

1. Curse of dimensionality
1. Global optimality

DP 2. High computation burden
2. Benchmark to other EMSs
Global optimization- 3. Requires all condition information
based EMS ) 1. Hardly to achieve the global optimal
1. Less computation burden than
results
CP DP )
o 2.  System  must comply  with
2. Sub-global optimality ) )
convexification
QP 1. Less computation burden than | 1. Simplified model may degrade
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DpP performance optimality
2. Subset of convex optimization
3. Availability of commercial

solver

) o 1. Risk of stuck into local optima
1. Support multiple objectives ) )
2. Time consuming
GA 2. Applicable to non- o
) ] o ) 3. Searching results depend on the initial
differentiable objective functions )
population

1. Less adaptability towards different
1. Robust to initial population size ] »
PSO ] operation conditions
2. Less parameter tuning .
2. Extra memory requirement

. . ) 1. Optimal EF sensitive to operation
1. High computational efficiency

conditions
ECMS 2. Can be applied in practical o
Real-time o 2. The sum of local optima is not the global
applications )
optimization-based optima
EMS 1. Real-time optimization
MPC 2. Capacity of handling complex | 1. Prediction horizon sensitivity

time-varying constrained system

1. No clear guidance in choosing
) 1. Model-free immediate cost for multi-objective global
Learning-based EMS | RL
2. Real-time optimization

2. Rely on training data

1.3. Research status of multi-source power systems

As mentioned in the previous description, in order to apply the hybrid systems to higher power level
applications, more and more researchers study the control and power distribution methods of the multi-
source power systems [21,35,111]. Compared with the dual-source power system, the use of multi-
source power system can not only improve the power level of the system without increasing the
development cost of high-power power sources, but also ensure the power supply stability of the system
and improve the durability of power sources [34,37,112]. In addition, for the multi-source system, the
power allocation among different power sources is not trivial, which will affect multiple operating
indicators of the system. Therefore, another core research content of this thesis is the reasonable and

effective power distribution of multi-source power systems.

A multi-source power system (e.g. multi-stack FC system and multi-battery power system) consists of
several power sources and has some different structures. For example, parallel-connected, serial-
connected, and series-parallel-connected structures can be used to link the power sources together [32].
Different structures have different effects on the performance and stability of the system. It should be
noted that since the connection structure used in the multi-battery power system mainly depends on the

requirements of the system current or voltage, the current research mainly discusses the structure of the
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multi-stack FC system. In order to further study the influence of different structures on the output
performance of the systems, Ref. [113] summarizes the structure of the multi-stack FC system, and
establishes an experimental platform to test the above three structures. The results show that, compared
with the other two structures, the parallel structure is more stable and more suitable for complex
applications. Ref. [114] builds a dynamic model of dual-stack FCs in parallel, and conducts simulation
tests on the built model under normal and fault conditions. The results show that the parallel-connected
structure is suitable for the actual vehicle environment. In addition, referring to the Ref. [114], Ref [22]
also designs a dual-stack power generation system consisting of two sets of FCs in parallel, each set of
FC is connected to the DC bus through a DC/DC converter. Experiments show that the parallel-
connected structure has good power generation efficiency and is suitable for operation in complex
working modes. That is the reason why this thesis employs the parallel-connected structure in the multi-

stack FC system and multi-battery power system.

In order to make the control of each power source in the multi-source power system more flexible and
improve the system stability and controllability, it is usually necessary to configure a DC/DC converter
for each power source. Therefore, researchers also have some research on the control of DC/DC
converters in multi-source systems. In order to reduce the difference of the output current between the
power sources, an improved droop control method is proposed in [115]. In this study, the output voltage
of each DC/DC converter is changed by adjusting the droop coefficient, so as to achieve the purpose of
current sharing of each power source. Further, in order to reduce the difference between the actual output
current and the reference current, and to solve the problem of the bus voltage drop due to the addition
of the droop coefficient, a droop control algorithm based on virtual impedance is proposed in [21]. In
addition, Refs.[116,117] study the control technology of parallel DC/DC, which makes the DC/DC

parallel distributed control of multi-source power systems easier to realize.

In addition, for multi-source power systems, the implementation of reasonable power distribution
methods is of great significance for improving system performance and optimizing fuel economy. In the
multi-stack FC system, the operating characteristics of the stacks are usually non-uniform. Therefore,
Ref. [33] proposes a method to adaptively adjust the output power of each stack according to its
performance, thus to reduce the performance differences among the stacks. Ref. [35] proposes a
coordinated EMS based on SOC consistency for a multi-source hybrid power system to ensure that the
SOC of the multi-battery system is as consistent as possible. In addition, in order to improve the
operating economy of the dual-stack fuel cell system, Ref. [36] establishes a system efficiency model
by analyzing the operating characteristics of the stack, and proposes an instantaneous efficiency
optimization method. In order to improve the operating performance of multi-source power generation
system, Ref. [118] proposes an optimized power distribution management method by analyzing the

power generation characteristics of the system off-line. The superiority of the proposed method is



verified by comparing with the Daisy chain allocation and average allocation methods. Moreover, there
are also some other power allocation methods for multi-source power systems, such as global fuel
optimization control based on Karush-Kuhn-Tucker condition [119], equivalent fitting circle method to
optimize system efficiency [120], and current distribution method based on model predictive control

[121].

To summarize, there have been many studies on multi-source systems, such as system structure research,
control algorithm research, and power distribution method research, which provide inspiration for our

research content.

1.4. PhD project objectives

This thesis takes the dual-source hybrid power system (powered by ESS and FC) and multi-source
hybrid power system (powered by multiple sets of batteries and multiple sets of FCs) as the research
objects, and the main research contents include: 1) Research on EMSs of dual-source hybrid power
system (different powertrain structures and configurations); 2) Research on performance consistent
power distribution method for multi-source hybrid power system; 3) In order to facilitate the verification
of the EMS and power distribution method mentioned above, hardware-in-the-loop (HIL) simulation

platform and physical reduced-scale experimental platform are established.

1) Propose an optimal system economic energy management strategy for a battery/FC hybrid

electric vehicle

As can be seen from the previous description, in the hybrid power system, the high cost and insufficient
durability of the power sources are the main reasons that restrict the large-scale application of ESS/FC
hybrid systems in the energy market. In order to minimize the equivalent hydrogen consumption of a
HEYV and improve the power sources durability, this thesis proposes an optimal system economic energy
management strategy. This strategy studies the coupling relationship between power sources life loss
and output power by analyzing the impact of output power on power sources durability, and converts
life loss into system operating costs. In addition, considering the equivalent hydrogen consumption cost
of the battery during operation, a system operating cost function is formulated. In the cost function, the
SOC fluctuation of the battery is also considered. In order to improve the operating efficiency and
performance of the FC, a high-efficiency zone is also identified for the stack. Finally, the sequential

quadratic programming algorithm is used to solve the optimal value of the formulated cost function.
2) Propose an online extremum seeking-based optimized EMS for a SC/FC hybrid electric tram

Considering the change of power sources operating performance can further improve the optimization
effect of the EMS, this thesis proposes an online extremum seeking-based optimized EMS considering

power sources degradation for a SC/FC hybrid electric tram. In order to improve the operating



performance of the stack, this thesis divides a “safe operating zone” for the stack by analyzing its output
characteristics. In addition, an online identification algorithm is proposed to update the zone boundary
value in real time to ensure the efficiency operation of the system. Since the SC has the disadvantage of
low energy density, in order to ensure the consistency of the initial and final SOC states of the SC and
ensure the continuous operation of the tram, the SOC fluctuation constraint is considered in the proposed
EMS. Moreover, in order to further protect the power sources, this strategy also limits the power

fluctuation range of the power sources.

3) Propose a performance consistent power distribution method for a multi-source hybrid power

system

Another work focus of this thesis is the research of multi-source hybrid power system suitable for the
high-power applications such as high-speed Electrical Multiple Unit trains, and a performance consistent
power distribution method considering multiple factors is proposed. The presented power distribution
method distributes the power among the power sources in the hybrid system according to the SOC of
batteries and the operating state of stacks. In addition, taking into consideration that in the multi-source
hybrid power system, a certain power source (battery or FC) may suddenly fail and cannot work, and
also in order to realize the “plug and play” function and facilitate system expansion, this thesis presents
a virtual droop control algorithm and an instantaneous virtual resistances calculation technology.
According to the real-time operating state of each power source, the adjustment factors are designed to
adaptively adjust the droop coefficients to control the converters output the reference power.

Furthermore, to maintain the bus voltage stability, a voltage regulation technology is also presented.
4) Construction of HIL simulation platform and physical reduced-scale experimental bench

This thesis introduces in detail the structure of various hybrid systems suitable for transportation field,
analyzes the operating characteristics of each component in the system, and establishes the
corresponding mathematical model. Based on OP5600 real-time simulator and RT-LAB simulation
development software, a HIL simulation platform consisting of DSP, signal generation/conditioning
circuits, and system simulation model is built. In addition, in order to test the actual effect of the
proposed method, a corresponding physical reduced-scale experiment platform is also built. The
established HIL simulation platform and physical reduced-scale test platform provide a research basis

for power distribution methods.

1.5. Publication list
This PhD thesis has contributed to 6 publications, which are listed as below:
Papers have been published in international journals:

1. Tianhong Wang, Qi Li, Yibin Qiu, Weirong Chen, Alexandre Ravey, Elena Breaz, and Fei Gao.




Power Optimization Distribution Method for Fuel Cell System Cluster Comprehensively
Considering System Economy. IEEE Transactions on_Industrial Electronics, 2022, 69(12):
12898-12911. (Q1, IF = 8.162)

Tianhong Wang, Qi Li, Liangzhen Yin, Weirong Chen, Elena Breaz, and Fei Gao. Hierarchical

Power Allocation Method Based on Online Extremum Seeking Algorithm for Dual-
PEMFC/Battery Hybrid Locomotive. IEEE Transactions on Vehicular Technology, 2021, 70(6):
5679-5692. (Q1, IF = 6.239)

Tianhong Wang, Qi Li, Xiaotong Wang, Weirong Chen, Elena Breaz, and Fei Gao. A Power
Allocation Method for Multistack PEMFC System Considering Fuel Cell Performance Consistency.
IEEE Transactions on Industry Applications, 2020, 56(5): 5340-5351. (Q1, IF = 4.079)

Qi Li, Tianhong Wang, Shihan Li, Weirong Chen, Hong Liu, Elena Breaz, and Fei Gao. Online

extremum seeking-based optimized energy management strategy for hybrid electric tram
considering fuel cell degradation. Applied Energy, 2021, 285: 116505. (ESI highly-cited and Hot
paper, Q1, IF = 11.446)

Papers presented in international conferences:

1.

Tianhong Wang, Qi Li, Weirong Chen, Qian Li, Alexandre Ravey, Elena Breaz, and Fei Gao.
Multi-Mode Power Allocation Strategy Based on Kalman Filter Algorithm for Hybrid Electric
Vehicle. 2021 IEEE Transportation Electrification Conference and Expo (ITEC), 2021, 136-141.
Noureddine Bouisalmane, Tianhong Wang, Elena Breaz, Said Doubabi, Damien Paire, Jorn

Oubraham, Michael Levy, and Fei Gao. Hydrogen consumption minimization with optimal power
allocation of multi-stack fuel cell system using particle swarm optimization. 2021 IEEE
Transportation Electrification Conference and Expo (ITEC), 2021, 154-160.
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Chapter 2. Optimal economic energy management strategy for a
light-duty hybrid electric vehicle

2.1. Introduction

The research object of this chapter is a hybrid power system for a light-duty vehicle, which adopts a
power supply mode with a dual power sources structure (lithium-ion battery energy storage power
supply and hydrogen fuel cell power generation device). As descripted in the Chapter 1, the lithium-
ion battery has the characteristics of high specific power but unable to continuously provide stable power.
In addition, the fuel cell (FC) has the characteristics of large specific energy but insufficient dynamic
response capabilities [1,2]. Therefore, a hybrid battery/FC power supply structure is usually used to
power the vehicle, and a reliable energy management strategy (EMS) should be designed according to
the respective operating characteristics of the power sources to improve the reliability of the system
operation [3,4]. EMS plays an important role in the entire hybrid power vehicle, and researchers usually
design different EMSs according to different operating goals (e.g., battery state of charge (SOC)
fluctuation, operating performance and lifetime of power sources, system fuel utilization rate, and
vehicle dynamic performance). Designing effective control algorithms and EMSs are beneficial to
improve system operating performance and extend its service life. Therefore, it is necessary to develop

a more in-depth investigation of the EMSs for the hybrid electric vehicle (HEV).

The formulation principle of the EMSs is to maximize the fuel utilization and extend the service life of
the power sources under the premise of meeting the power demand of the system, while taking into
account the charging and discharging safety of the battery [5]. Usually the FC is used as the power
source to provide continuous and stable electrical energy to the load. The battery or other energy storage
component (e.g. supercapacitor, etc.) is used as the power source to meet the rapidly changing power
demand of the load and recover the braking power of the vehicle [6]. Based on the research of [7-9],
high operating cost and low durability of power sources are two mainly factors that limit the widespread
commercial usage of hybrid technology. Besides, as discussed in Chapter 1, most of the existing
strategies focus only on ameliorating fuel consumption or system operating efficiency, but do not fully
consider the impact of other factors such as power sources performance degradation. Therefore, in order
to minimize the total fuel consumption of the system while prolonging the lifetime of the battery and
FC, this chapter puts forward an optimal economic EMS that considering the lifetime loss of power

sources.

This chapter is organized as following: section 2.2 introduces the structure of light-duty vehicle and
modeling of primary components including battery, FC, and DC/DC converter. Section 2.3 is dedicated
to the proposed EMS, while presenting other benchmark EMSs as well. Section 2.4 introduces the

construction of the hardware-in-the-loop (HIL) simulation platform in detail. In addition, the



experimental validation and the experimental results analysis are also included in section 2.4. Finally,

the major conclusions of this chapter are presented in section 2.5.

2.2. Hybrid power system structure and components modeling

The research objective of this chapter is a 64V hybrid electric vehicle developed by Clean Energy
Laboratory of Southwest Jiaotong University (SWJTU) [3,10]. The hybrid powertrain of this vehicle is
composed by a battery and a FC. The battery and FC play an important role in the powertrain, and they
are responsible for providing the necessary electric energy for the operation of the vehicle. In order to
facilitate the study of EMSs, it is first necessary to model each component of the HEV. This subsection
introduces the system architecture of the developed vehicle, the modeling of the powertrain components

including battery and FC, and the modeling of the power converter.

2.2.1. Vehicle model and powertrain structure

The appearance and basic structure of the vehicle employed in this chapter is depicted in Fig. 2.1, this
is a low-speed campus sightseeing vehicle that can carry 12 people. As shown in Fig. 2.1, the battery is
directly connected to the DC bus and is used as an energy storage system to hold the DC-link voltage
and recover the braking power of the HEV. Besides, the FC is connected to a unidirectional boost DC/DC
in series to supply the steady-state power for the vehicle. In order to ensure that the powertrain could
provide enough electric energy to meet the vehicle’s demand for speed, it is necessary to analyze the

vehicle dynamics.

The appearance of the adopted
hybrid electric vehicle
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Figure 2.1. Vehicle’s appearance and structure.
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Figure 2.2. Analysis diagram of the forces acting on a vehicle.

As depicted in Fig. 2.2, when a vehicle is driving on the road, the gravity can be decomposed into
parallel and vertical components. In this figure, v is the speed of the vehicle, Fyv) represents the traction
or braking force, F; is the rolling friction force, F, is the acceleration friction force, F represents the
aerodynamic friction force, G represents the gravity on the vehicle, Fi is the climbing resistance force
generated by the gravity component, and Fj is the vertical road component of gravity. In addition, Fy is
the ground support force and S is the slope angle. According to the principle of power balance, it can be

known that the force of the vehicle has the following functional relationship.

F,=F+F +F +F,. (2.1)

(v)

The Fyv) is generated by the torque applied by the motor to the wheels through the transmission system.
In addition, the driving power of the vehicle is provided by the battery and FC. Therefore, the power
demand of the DC bus (Pgemand) can be calculated by Eq. (2.2) [11]:
Pt(v) Ft(v) XV
F, = = = By + Fie XMpene (2.2)

demand
Narive X Mociac *Mem Marive X Mocrac X Mem

where 7aive, iDC/AC, HDCDC, and 7em respectively represent transmission system efficiency, inverter
efficiency, the efficiency of the DC/DC converter, and the electric machine efficiency. In addition, v is
the speed of the vehicle. In order to facilitate the design, in this thesis, the efficiency of these components
is assumed to be a fixed value. In addition, Py and Prc are the output power of battery and FC,

respectively.

The rolling friction force is mainly affected by the vertical component Fj and the rolling friction

coefficient f, as denoted by Eq. (2.3).

{E =Exf
2.3)

F, =Gxcos(f8) = Mgxcos ()

where M is the mass of the vehicle and g represents the gravitational acceleration. Please note that since

we can’t estimate the inclination angle of the road, the angle /5 in this thesis is taken as 0.
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In addition, the aerodynamic friction force is caused by the movement of the vehicle, mainly determined

by the speed of the vehicle and the area of the front surface (A), which can be expressed as [12]:
1[7‘4,:%C'D><A><p><v2 (2.4)

here, Cp is the aerodynamic drag coefficient and p represents the air density. Besides, the resistance

force caused by the acceleration of the vehicle can be calculated by Eq. (2.5).

F =Ma 2.5

a

where a is the acceleration of the vehicle. Moreover, when a vehicle is driving on a slope, it is affected
by the vehicle’s gravity, which will cause climbing resistance force in the horizontal direction, as

denoted by Eq. (2.6).
F, = Mg xsin(p) (2.6)

TABLE 2.1. Primary parameters of the adopted HEV.

HEV
Capacity 12 persons Mass 1350 kg
Max load 800 kg Max speed 30 km/h
Size 520%149*208 cm? Tire radius 0.27 m
DC/AC converter efficiency 95% Vehicle front surface 2.5 m?
DC/DC converter efficiency 90% Air density 1.21 kg/m?3
Gravitational acceleration 9.8 m/s? Transmission system efficiency 90%

Rolling friction coefficient 0.015 Aerodynamic coefficient 0.65

In order to meet the requirements of vehicle traction power, the size of the powertrain needs to be
configured according to the parameters of the vehicle. The key specifications of the developed vehicle
are listed in TABLE 2.1. It should be noted that the main research focus of this chapter is to investigate

the EMSs for a light-duty HEV, so we don’t conduct optimization studies on the components parameters

of the powertrain.
TABLE 2.2. Primary parameters of the powertrain.
Battery pack
Type Lithium-ion Serial number 20
Single cell rated voltage 32V Capacity 60 Ah
Maximum charge current 60 A (1 C)  Maximum discharge current 120 A (2 C)
FC
Rated power 3 kW Rated voltage 432V
Rated current 70 A Ha pressure 0.45-0.55 Bar

According to the above parameters and analysis, it can be known that the maximum traction power

required by the developed vehicle is about 6 kW. Therefore, we utilize a battery pack capable of
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continuous output of 3 kW, and we also use a FC with a rated power of 3 kW to provide electric energy.

In addition, the key parameters of the powertrain are listed in TABLE 2.2.

2.2.2. Battery model

Since the FC can’t recover the braking power of the system, and the dynamic response capability is
insufficient, in order to strengthen the response ability of the system, the energy storage system plays a
very important role in the HEV. Although there are many batteries (e.g. lead-acid battery) currently used
in HEV, considering the advantages of lithium-ion battery in terms of specific energy, service life, and
specific power, this thesis utilize this type of battery as the energy storage device for hybrid system.

Therefore, we need to conduct modeling research on the lithium-ion battery.

Fig. 2.3 shows the typical discharge curve of a lithium-ion battery. As can be seen from this figure, the
discharging process of the battery can be divided into three areas, area A is [0, Qcxp], area B is [Qexp,
Ohom], and area C is [Onom, O]. In area A, the battery output voltage decreases linearly with the increase
in discharge capacity. In area B, the battery is in normal operation and the output voltage fluctuation is

small. In area C, its output voltage drops rapidly with the consumption of electric energy.

Utun k

Uexp ---- v
Un om [T i ------------------------------------------------------------------- :

Voltage(V)

Qerp Capacity(Ah) Orom 0

Figure 2.3. Typical discharge curve of battery.

In addition, Usn represents the maximum voltage of the battery, and Q is the maximum capacity of the
battery. Uexy and Qexp are the corresponding voltage and discharge amount of the battery at the end of
area A, respectively. Unom and Ohom are the corresponding voltage and discharge amount of the battery

at the end of area B, respectively.

Based on the research of [13,14], the battery model can be simplified into a circuit composed of resistor
R and capacitor C, which can be divided into Rint model, PNGV model, and Thevenin model, as
depicted in Fig. 2.4. These models have the characteristics of simplicity and easy parameter

identification.
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Figure 2.4. Battery model.

In addition, based on a large amount of experimental data, Shepherd first proposed a method to describe
the electrochemical properties of batteries using voltage and current in 1965 [15]. Since then, this model
has been continuously revised by many researchers in order to describe more accurately the
characteristics of lithium-ion batteries. In 2009, on the basis of the Shepherd model, O. Tremblay
proposed an improved Shepherd model, in which the output voltage of the battery is calculated as shown

in Eq. (2.7) [16,17].

. I .t
Upa :Eo_Rlbat_KL(]batt'H )+A1'eXp(_%J Ly >0
bat 2 (27)
It
U,.=E,-Rl[,—K 0 Ibmt—KLt* + A, -exp| —— 1. <0
1yt Lyt =0.10 4,

here, Ey is the voltage constant, Upy is the output voltage of the battery, R represents the internal
resistance of the battery and /v is the output current of the battery. K represents the internal polarization
resistance, and Q represents the rated capacity of the battery. i* is the current of the battery after passing
through the filter. The purpose of this parameter is to solve the algebraic loop problem generated during

the actual operation of the model. In addition, k0/(0 - 1,,¢) indicates that during the discharge process,

the internal polarization resistance will continue to increase, 4| represents the maximum voltage in the
polarization area, and A4, represents the discharge time constant of the battery. Since the amplitude of
the exponential term approaches 0 at the end of area A, it is generally taken as 4> = 3/Qcxp. Moreover,

Lt represents the actual discharge capacity, which can be expressed by:
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where SOC, is the initial SOC value of the battery, and it can be measured by the open circuit voltage
method, as expressed in Eq. (2.9)[18].

Uocv - UOCVﬁl (29)

Uocvg - Uocv70

s0C, =

where Uocv represents the open circuit voltage of the battery, Uocv | represents the open circuit voltage

when the battery capacity is 100%, and Uocv o represents the open circuit voltage when the battery
capacity is 0.

Moreover, Fig. 2.5 is the schematic diagram of the adopted model, which has been included in Matlab’s

SimpowerSystems and is widely used in the simulation of hybrid power systems.
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Figure 2.5. Lithium-ion battery model schematic.

According to the datasheet of the selected battery, three sets of data of [ Usui, O], [ Uexp, Qexpl, and [ Unom,
Onom] can be obtained, and then the parameters in the built battery model can be calculated by using Eq.

(2.10):
Ui = Ey + A=RI,,
3
Uexp = EO _R[bat -K Q_Qexp (Qexp +Ibat)+A 'exp(_axpgexp) (210)
U, =E Rl ~K—2 (0. +1,.)+A-exp(———0. )
nom 0 bat Q _ Qnom nom bat Qexp nom

The SOC of the battery can be calculated by the ampere-hour integration method, as expressed in Eq.



(2.11) [19,20]:
1 T
S0C=50C,~ fo 1, dt (2.11)

This chapter calibrates the model parameters by measuring the actual output data of the battery. The

main parameters of the built battery model are listed in TABLE 2.3.

TABLE 2.3. The built battery model parameters.

battery model

Maximum capacity 60 Ah Fully charged voltage 69.84 V
Nominal discharge current 17.39 A Capacity at nominal voltage 56.17 Ah
Nominal voltage 62V Internal resistance 0.062 Q

Furthermore, Fig. 2.6 shows the comparison results between the actual operation data and the model
simulation data of a lithium-ion battery with a rated voltage of 64 V (capacity of 60 Ah). Obviously, the
error between the experimental data and the simulation results is small, which can prove that the built
model can simulate the charging and discharging process of the battery well, thereby verifying the

accuracy of the model.
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Figure 2.6. Lithium-ion battery model validation for variable loading.

In addition, according to the experimental test [10], the relationship between the open circuit voltage
and the SOC is depicted in Fig. 2.7 (a). Moreover, the internal resistance of the battery is also related to
the SOC, as shown in Fig. 2.7 (b).
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Figure 2.7. The characteristics of the battery.

It can be seen from Fig. 2.7 that there is a polynomial function relationship between the open circuit

voltage, internal resistance and SOC, as shown in Eq. (2.12).

Uyey = a,SOC* +a,SOC +a,
R, =b,SOC* +b,SOC +b, (2.12)
Ry, = ¢,SOC” +¢,50C +c,

here, Rais and Rehe denote the internal resistance during the charging and discharging, respectively. The
39



fitting coefficients can be obtained by identifying the curves shown in Fig. 2.7. Furthermore, the

efficiency of the battery can be expressed as [19]:

1+ 1_41;]di25Pbat
Ny = ocv
" 2 2.13)
. = 2
chg —
4Rch I)ba
1+, [1- Uzg '
ocv

where 74; is the battery discharging efficiency and #ais is the battery discharging efficiency. According
to Fig. 2.7 and Eq. (2.13), the battery charging and discharging efficiency surfaces are shown in Fig. 2.8.
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Figure 2.8. Battery charging and discharging efficiency surface.
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Figure 2.9. Battery equivalent hydrogen consumption surface.

Based on the research in [21,22], this thesis expresses the equivalent fuel consumption of the battery as:
dOI)bat + dl
C

bae =\ Mais"leng.ave (2.14)
(dO Pbat + dl )Uchg ndis,avg Pbat < 0

here, Cyq is the equivalent fuel consumption rate of the battery. The #chgavg 1S battery average charging
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efficiency and the 7gave represents battery average discharging efficiency. In addition, do and d;
represent the hydrogen consumption rate coefficients. According to Eq. (2.14), the equivalent fuel

consumption rate surface of battery can be calculated, as depicted in Fig. 2.9.

2.2.3. Hydrogen power source model

FC is a strongly coupled, multi-input electrochemical power generation device that can convert chemical
energy into electrical energy. There are many types of FCs, and proton exchange membrane FC is used
in this chapter because it is very suitable for automotive application [3]. As one of the power sources in
HEV, FC also needs to be modeled and analyzed. Usually a series of physical and chemical changes
occur during the operation of the stack, and each process has a certain resistance [23]. The output voltage
loss caused by these resistances could be mainly divided into activation voltage loss, ohmic voltage loss,
and concentration voltage loss. Based on the research of [24,25], the output voltage of the single cell

could be expressed as:

Ui =Eoc —U,

C act

~U, -U (2.15)

ohmic conc

here, Eoc is the open circuit voltage, Uact, Ushmic, and Ueonc Tespectively represent activation voltage loss,
ohmic voltage loss, and concentration voltage loss. The Eoc, Uact, Uohmic, and Uoene can be further

expressed as [7]:

0
Ey. =K, {Eo +(T—298)%+%1n(PH2 JB. )]
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where K. is the rated voltage constant, AS® represents the entropy change of the system, and the value is
-44.43 J/(mol*K). E° represents the stack electromotive force at standard atmospheric pressure, and the
value is 1.229 V. F represents the Faraday constant, with a value of 96485 A*s/mol, R denotes gas
constant (the value is 8.3145 J/(mol*K)), and T represents the operating temperature of the stack.
Besides, Po> is oxygen pressure in the cathode side and Py» stands for hydrogen pressure in the anode
side. 74 is the time constant of the dynamic response of the stack, Ncen stands for the number of cells, Irc
is the drawn current from the stack, and 7.um is the internal resistance of the FC. iy is the exchange current,

A is the Tafel slope, and imax represents the maximum current of the stack.

The specific values of the built FC model are shown in TABLE 2.4. It should be noted that the FC power
generation parameters in actual operation will fluctuate as the operating temperature changes. In the

model built in this thesis, it is assumed that the operating temperature of the stack is a fixed value (303K),



so its operating performance (e.g. operating efficiency and hydrogen consumption rate) will not change.

TABLE 2.4. The built model parameters’ values.

FC model
Resistance 0.2134Q  Oxidant composition 21%
Hydrogen utilization rate  91.43%  System temperature 303K
Oxidant utilization 7.36%  Fuel supply pressure  0.5bar
Exchange current 0.2139A  Air supply pressure 0.5bar
Exchange coefficient 0.3611 Nernst voltage 1.1715V

In addition, the output characteristic curve of used stack and the output characteristic curve of the built
model are depicted in Fig. 2.10. It can be seen that the error between the model output curve and the

actual stack output curve is very small, which can verify the effectiveness of the built model.
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Figure 2.10. Fuel cell output polarization curve.

The operating efficiency of the system is an important indicator for evaluating the performance of the
EMS. In this subsection, the operating efficiency of the FC system is analyzed. Its power generation
efficiency can be defined as the ratio of the output electric energy of the stack to the chemical energy
contained in the supplied hydrogen [26]. When 1 mol of hydrogen is completely combusted in an
environment of 25 °C (the product is liquid water), it will generate 286.02 kJ of heat, so 286.02 kJ*mol

! is defined as the high heating value (AHuuv) of hydrogen. Since the FC generates electric energy
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through electrochemical reactions, there is loss in each step of the reaction, so a part of the chemical
energy can’t be converted into electric energy, and the energy that can be converted into electric energy
corresponds to the Gibbs free energy AG. Assuming that all AG can be converted into electrical energy,

theoretically the output efficiency of the FC stack can reach:

_ -AG 23734
Ty ~AH,,, 286.02

—83% (2.17)

where #unv represents the high heat efficiency of the stack. In addition, the FC stack efficiency (#stack)
can be defined by [3,19,27]:

UcellIFC
PFC —AH HHVI FC U 1l
—_FC _ — 2.18
T =7p 2F 1.482 (2.18)

where U. is a single cell output voltage. It should be noted that in practical applications, other auxiliary
systems are usually required, such as air compressor, cooling circulation systems, etc. to ensure the
normal and stable operation of the stack. Therefore, the efficiency of the FC system (#rcs) can be

expressed as:

Pne P > Paux })aux
Necs = MarvToe/ne P_t = NuuvToc/pe FCP— = Nunvoe/pe [1 - ] (2~ 19)

FC FC PFC

where Py represents the net output power of the FC system and P« represents the power consumed by
the auxiliary systems. Based on the experimental data obtained from experimental tests and using Eq.

(2.19), the output efficiency curve of the FC system used in this chapter can be calculated.

Based on the research of [12] and [27], in the low power range, as the output power increases, the system
efficiency will increase and reach the maximum value. Furthermore, as the power generated by the stack
increases, the consumption of auxiliary devices in the system also increases correspondingly, resulting
in a decrease in system efficiency. Therefore, the system has a maximum efficiency operating point
(MEOP). When designing the EMS, it is necessary to ensure that the FC operates around this power
point (MEOP) as much as possible.

In addition, the fuel consumption of the whole system is another important indicator in the HEV. Based

on the research of [5,21], the hydrogen consumption rate of the FC can be calculated by:

C,o = (2.20)

where Crc represents the hydrogen consumption rate of the FC (the unit is g/s). Considering that the

molar mass of the hydrogen is 2.02 g/mol, Eq. (2.20) can be rewritten as:
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Since there are other auxiliary equipment consumption in the system, the hydrogen consumption of the
FC power generation system can be expressed as:

i_t'_[:mx

Coos =1.05xI0cC (2.22)
cell
According to Eq. (2.22), the hydrogen consumption rate of the FC system can be obtained. Furthermore,

the total mass of fuel consumption by the system can be calculated by [6,20]:
My, = [ Crear (2.23)

where M, is the total mass of hydrogen.

2.2.4. DC/DC converter model

According to our previous research [10], the output voltage of the FC fluctuates greatly (67.76 V@ 0 A
and 37.83 V @ 80 A). In order to provide stable electrical energy to the HEV, it is necessary to connect
the FC to the DC bus port through a DC/DC converter. In addition, the DC/DC converter is also the core
part of the entire hybrid power system. It can control the energy flow of the hybrid system by adjusting
the output power of the converter, which is the basis for the realization of EMSs and other control
algorithms. At present, the commonly used converter topologies include Buck, Boost, Buck-Boost,
Sepic, and Cuk. From the operating characteristics of each topology, although the voltage conversion
can be achieved, each has its own advantages and disadvantages. According to the power generation
characteristics of the FC and the system structure, the converter topology I adopted in this chapter is

shown in Fig. 2.11, which is a Boost converter.
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Figure 2.11. Boost DC/DC converter topology.

In Fig. 2.11, S is a switching device, L is an energy storage inductor, Ci, is an input filter capacitor, D is

a synchronous diode, and C, is an output filter capacitor. The FC output reference current or power can



be controlled by adjusting the PWM duty cycle. It should be noted that, in order to simplify the control
algorithm, this chapter uses the average circuit model to replace the boost DC/DC converter model. The
switching element is replaced by a controlled source, and the modified DC/DC converter model is shown

in Fig. 2.12.
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Figure 2.12. The average circuit model.

In this model, the inductor value is 3000 mH, and the output capacitor parameter is set to 72 V/5000¢e-6
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F. In addition, the system control method is depicted in Fig. 2.13.
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Figure 2.13. Control framework of the DC/DC converter.

In Fig. 2.13, Prr is the reference power of the power source, and /. represents the reference current
calculated based on the reference power. In this chapter, the PI control algorithm is used to realize the

power conversion. Through repeated tests, set the proportional gain to 0.1 and the integral gain to 0.05.

2.3. Optimal system economic energy management strategy

Up to now, scientific researchers have conducted a large number of investigations on hybrid powertrain
(such as EMSs and component configuration optimization), which has made a huge breakthrough in the
cost of hybrid powertrain manufacturing, but its market utilization rate is still limited [28,29]. The main

reason is that compared with the traditional internal combustion engine, its operating cost is still high,



so it is difficult to achieve large-scale application in the energy market [30,31]. In addition, the complex
application environment of vehicles will aggravate the degradation rate of the power sources
performance, results in insufficient durability. Another important factor restricting the large-scale
application of hybrid battery/FC structure in the energy market is that its service life is lower than market
expectations [7,32]. In other words, the durability and the cost are two bottlenecks that limit the
widespread use of hybrid systems in the energy market. In addition, according to the literature review
in Chapter 1, although there have been a lot of researches on EMSs of hybrid system, most of the
researches ignore the changes in power sources performance, which is not conducive to effectively
extending the life cycle of the hybrid system. Therefore, considering the fuel economy of the system
and the durability of the power sources is of great significance to expand the application range of the
hybrid battery/FC structure. Based on the above reasons, this chapter presents an optimal system

economic energy management strategy considering lifetime loss of power sources for a HEV.

From the summary of existing EMSs in Chapter 1, power following (PF) strategy and state machine
control (SMC) strategy are the two most common rule-based EMSs [9,33]. They have the advantages
of simple principle and easy implementation, and are often used in engineering applications [34].
Equivalent consumption minimization strategy (ECMS) is an EMS based on local real-time optimization.
This strategy is aimed at optimizing the total instantaneous hydrogen consumption of the system, and it
can be applied online, so it is used in many occasions [21,35]. In order to verify the optimization effect
of the presented strategy and highlight the advantages of the proposed strategy, the above three EMSs
(PF, SMC, and ECMS) are used as the test benchmarks to compare with the proposed strategy. These

strategies will be carefully analyzed in the following subsections.

2.3.1. Rule-based control strategies

The rule-based EMSs don’t need to obtain the driving conditions of the vehicle in advance, but need to
predefine logical rules based on the SOC and required power of the battery in the system. Since this
kind of methods have the advantages of low computational complexity, simple control, high reliability,
etc., they have been widely used in practical applications. Whereas, these strategies rely too much on
engineering practice and expert experience, and it is difficult to improve energy utilization. Moreover,
the pre-established rules can’t be adjusted in actual applications, resulting in poor performance of the

systems under certain conditions [3,36,37].

2.3.1.1. Power following control strategy

On the premise of ensuring the safe operation of the vehicle, in order to maintain the SOC within the
constrained range, the PF strategy adjusts the output power of the power sources according to the load
power demand and the real-time SOC of the battery. When the battery SOC is higher that the upper limit,
the output power of the FC will be reduced so that the battery can provide electrical energy to the load



in order to reduce its SOC. In addition, when the battery SOC is lower than the minimum value, the FC
output power must not only meet the load power demand, but also charge the battery. Specifically, it can

be divided into two states: Run mode and Stand mode.

1) Run mode

In this mode, when the SOC is within a certain range, both the battery and the FC operate normally to
provide electric energy to the load. If the SOC is low, the FC not only provides energy for the load but
also needs to charge the battery. The specific allocation of reference power between the battery and FC

is as follows:

P,

bat_ref

E)atircf = Pbatiratc X %

})FCircf = })dcmand -

1 (2.24)
SoC* = E(SOCH +S0C, )

ASOC = %(socH -S0C,)

where P rer 18 the battery reference power, Prc rr represents the FC reference power, SOC" is the
predetermined value of the battery SOC, SOCy represents the upper limit of SOC, and SOC. is the lower
limit of SOC. In this chapter, the upper and lower limits of battery are 80% and 30%, respectively.

2) Stand mode
When the load demand power is small and the battery SOC is large, the system runs in this mode. The
FC continues to output the lowest power, and the battery follows the fluctuation of the load power to

maintain power balance. The reference power distribution is as follows:

Ijbatiref = Riemand - 13FC7min (225)
where Prc min represents the lowest output power of FC.
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Figure 2.14. Power following strategy operation mode design.



The operating mode of the system can be determined according to the load demand power and the battery
SOC. When the demand power is greater that 1.2*Prc min or the battery SOC is less that SOCi, the
system is in Run model. When the battery SOC is higher than the SOCy and the load demand power is
lower than the minimum output power of the FC, the system is in Stand mode. In other cases, the system

keeps running in the previous state. The specific rules of modes division are depicted in Fig. 2.14.

In addition, in order to ensure the safe operation of the power sources, the following constraints on their

reference power are also required.

P <P <P

bat min — ~ bat_ref — ~ bat_max
PFCimin S PFC?ref S PFCimax (226)

FC

dP.. .
—AP,. S%SAP
t

where Ppat min and Ppac_max represents the allowable minimum and maximum output power of the battery,
respectively. In addition, Prc max represents the maximum output power of the FC, and APrc is the
maximum allowable change in the output power of the FC, which is generally defined as 12.5% of the

rated power of the FC, as shown in Eq. (2.27) [38].

AP, =12.5%xP,

FC_rate *

(2.27)

2.3.1.2. State machine control strategy

The core idea of SMC is to set the reference power of the power sources according to the SOC of the
battery and the required power of the load, so as to adjust the SOC within the constrained operating

range. The strategy implementation process is as follows:

TABLE 2.5. The rules of SMC strategy [34,39].

SOC status Pdeman Status State PEC ref
Pdemand < PEC_min State =1 PEC ret = PEC min
High (SOC > SOCh) Pdemand € [PFC_min, PFC_max] State =2 Prc ref = Pdemand
Pload > PFC_max State =3 PrC ref = PFC_max
Pdemand < Prc_MEP State =4 Prc ret = Prc MEP
Normal (SOCL < SOC < SOCh) Pdemand € [Prc MEP, PFC_max] State = 5 PrC_ref = Pdemand
Pdemand > PFC_max State =6 PEC ret = PFC max
Pdemand < PFC_max + Pbat_min State =7  PrC_ref = Pdemand — Phat_min
Low (SOC < SOCv) Pdemand € [PFC_max + Pbat_min, PFC max] ~ State =8 PEC ret = Pdemand
Pdemand > PFC_max State =9 PEC ret = PFC max

Firstly, set the optimal operating range of battery SOC based on engineering experience. Secondly,
calculate the reference power of the power sources based on the load demand power and the battery

SOC. Finally, limit the output power of each power source to ensure its safe operation. The SMC strategy



designed in this chapter divides the battery and FC output power into 9 states to make each power source
operate as smoothly as possible and avoid drastic changes in its output power. The specific rules are

listed in TABLE 2.5.

According to the different SOC of the battery, the SOC can be divided into three areas: high (SOC >
SOCw), normal (SOCL < SOC < SOCu), and low (SOC < SOCt). The specific operation process is as

follows:

a) State 1 — high SOC and Peemand < Prc_min: In this state, the FC outputs at its minimum. When the
demand power of load is less than the minimum output power of the FC, the battery absorbs the
remaining energy.

b) State 2 —high SOC and Pdemand € [Prc min, Prc max]: In this scenario, the FC outputs the load demand
power, and the battery doesn’t output or absorb power.

c) State 3 —high SOC and Pgemand > Prc_max: In this case, the FC outputs at maximum power, and the
system power shortage will be provided by the battery. In this mode, the battery is in a discharged
state, and the SOC will decrease.

d) State 4 —normal SOC and Pemand < Prc_opt: In this state, since the output efficiency of the FC is low
when it is operating in the low-power area, the reference power of the FC is set as the power at the
maximum efficiency point. Therefore, the battery will work in the charging mode in this state, and
the SOC will increase.

e) State 5 — normal SOC and Paemand € [Prc opt, Prc max]: In this case, as in State 2, the FC works in
load power following mode, and the battery doesn’t output power.

f) State 6 — normal SOC and Pgemand > Prc max: This state is similar to State 3, the FC works at
maximum power, and the battery provides the remaining power of the system, which reduces the
battery SOC.

g) State 7 —low SOC and Paemand < Prc_max T Prat min: In this state, since the SOC is relatively low, the
fuel cell not only needs to meet the load power demand, but also needs to charge the battery with
the maximum charging power.

h) State 8 — low SOC and Paemand € [Prc max + Prat min, Prc_max]: In this state, the FC is used to meet
the load power demand.

i)  State 9 — low SOC and Peemand > Prc_max: In this scenario, the FC outputs at maximum power, and
the battery is used to provide insufficient power.

This control strategy is simple to control and easy to implement. Whereas, the disadvantage is that, in

order to keep the battery in the best working state, it is inevitable that the FC operation state can’t be

taken into account, which is not conducive to maintain the power generation performance of the stack

[4].



2.3.2. Equivalent consumption minimization strategy

The ECMS is based on the principle of equivalent hydrogen consumption for power allocation. This
strategy uses the functional relationship between FC hydrogen consumption rate and output power,
converts battery electric energy into hydrogen consumption, and converts the system hydrogen
optimization problem into an optimal value solution problem [40]. Furthermore, this strategy minimizes
the hydrogen consumption of the system per unit cycle to obtain the optimal fuel economy of the system

[5,21].

In this chapter, the total hydrogen consumption of the hybrid system is determined by the indirect
equivalent hydrogen consumption of the battery and the direct hydrogen consumption of the FC. The
hydrogen consumption of the FC can be calculated by Eq. (2.22). In addition, the equivalent hydrogen
consumption of battery can be obtained through Eq. (2.14). Therefore, the problem of minimum total

hydrogen consumption in the system can be redefined as [22]:
Fic o = minC; = min (Crcs + ’lbatcban) (2.28)

where Jpat 1S the penalty coefficient, which can be expressed as:

28| S0C - %(SOCH +50C,)

=1- 2.29
Foa s0C, —SOC, (2:29)

here, £ is used to determine the fluctuation range of the battery SOC. In order to ensure the safe and

stable operation of the system, the following constraints are formulated.

SOC, <S0OC < SOC,

Ubat_min S Ubat S Ubat_max (230)
R-“C;nin S PFC S ])l"Cimax

where Ubat min and Ubar max Tespectively represent the minimum and maximum output voltage of the
battery. These two values can be obtained from Fig. 2.5 (a). Under the premise of satisfying the
constraints of Eq. (2.30), the analytical solution of formula (2.28) can be expressed as [22]:



Ubatimin (UOCV - Ubatfmin) a <x
Rbatidis B
UZ.
0 (1-d’) wn S0 <1
4Rbat7dis
1
Pbatiref = 0 1 <a S (231)
ndisiavg nchgiavg
Uy (1 (o a)
ocv 1 (andlsiavgr]chgiavg) a 1 <o S xmax

4Rbat7chg m dis_avg m chg_avg rldisiavg 7 chg_avg
o Ubatimax (Ubatimin - UOCV ) a > xmax

Rbatﬁchg B ,]disiavg']chgiavg

with:
s
nchaﬁavg
Ubal min Uocv
xmjn = \/1 + 4Ubat7min 72— (232)
ocv
Ubat max UOCV
xmax = \/ 1 + 4Ubat7max - Uz
L ocv

The use of formulas (2.31) and (2.32) can realize the application of ECMS in the HEV.

2.3.3. Optimal system economic energy management strategy design

The major research purpose of this chapter is to reduce the operating cost of the system and to improve
the durability of the power sources. In addition, the presented optimal system economic EMS is mainly
implemented through two processes. The first process is to formulate the system objective function, and
the second process is to use the optimization algorithm to solve the objective function. We will elaborate

on the realization of each process in the following subsections.

2.3.3.1. System operating cost function formulation

The main factors that affect the operating cost of the system include battery and FC lifetime loss, system
fuel consumption, and battery charge-discharge depth. The following is a detailed analysis of these

factors in order to formulate an objective function for evaluating the operating cost of the system.

The aging of battery is a long-term gradual process, and the battery cycle life is mainly affected by
various factors such as the depth of charge and discharge. With the continuous charge and discharge of
the battery, its performance will gradually deteriorate, and the most obvious feature is capacity
attenuation. Based on the research [41], the capacity degradation of battery can be calculated by the

following formula:
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here, Ouoss 1s the battery capacity loss percentage, B is the pre-exponential factor, ¢t is the current rate,
R is the gas constant, T is the temperature, z is the power low factor, 4y is the Ah-through, C is the
activation energy coefficient, and D is the activation energy increment coefficient. However, the Eq.
(2.33) cannot be used to calculate the battery dynamic process capacity loss. Based on the damage

accumulation theory, a capacity loss model suitable for battery dynamic process is derived [42—44].

1 7(C+Dx0mj 1

Qloss,kﬂ - Qloss,k = A"411 ZB;e = Qlass,k7 (234)

with:

1
=——I[ |(t,, —t 2.35
» = 3g00 Pl (e =) (2.35)
where Quossk+1 and Qs are the capacity loss at #+1 and #. According to the above description, the

formulated battery cycle life evaluation method is as follows:

At 1 ~ C+DCpye
ZRT Q
loss,k

— UbatQ x Ibat ZBZe

D bat_loss
1000x0.2 3600V,

z-1
z

(2.36)

where N, is the number of batteries.

In addition, according to the research of [30,31], working conditions have a greater impact on the
operating performance of the stack. The driving cycle is mainly composed of four conditions: start-stop,
low power, high power, and load changing. The above factors will accelerate the degradation of stack
performance, which is not conducive to maintain the healthy and long-life operation of the system.
Therefore, on the basis of the existing research [30], this subsection formulates the functional

relationship of the influence of output power on the lifetime of FC as follows:

D =D,y oir + Dygyy + Dy, + D 2.37)

FC_loss on/off low chg

here, Drc 10ss Tepresents the performance degradation rate of stack, which is generally expressed in
voltage or percentage form. Dy, is the performance degradation caused by FC in a low power operating
state, Dhign 18 the lifetime loss during high power operation, Dche represents the degradation caused by
the change of the output power of the stack, and Doworr is the degradation of the stack caused by start

and stop. These parameters are defined as follows:
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where ¢ is the total operating time of the stack at low power and U, represents the degradation rate of
the stack during low power operation. In addition, ¢, represents the total operating time of the stack at
high power and U, is the degradation rate of the stack during high power operation. Moreover, APrc;

is the fluctuation of the output power of the stack at the i-th moment, Prc(t) represents the stack output

power at the current moment, Prc(t-1) represents FC output power at the previous moment, and U/

represents the degradation rate of the stack when its output power changes. Furthermore, n represents

the number of start and stop of the stack during operation and U, is the degradation rate of the stack

voltage caused by the start and stop actions.

In addition to the degradation of battery and FC operating performance, fuel consumption is another
important factor affecting system cost. Based on the concept of equivalent hydrogen consumption, the

total hydrogen consumption can be calculated by [19]:

Cpoy = Cop + Crcs - (2.39)

total

According to above description, using the battery capacity loss evaluation method shown in Eq. (2.36)
and the stack lifetime loss evaluation formula shown in Eq. (2.37), the lifetime loss of the power sources
during system operation can be converted into operating costs. Then, considering the hydrogen
consumption cost of the system, the system economy objective function can be formulated, as shown

below:

J,

total —
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)t

here, Prc racd 18 the rated power of the adopted FC, frc is unit price of the stack, fu> is unit price of the

hydrogen, and Sy is unit price of the battery. In addition, the function of the coefficient Dy is to restrict



the fluctuation range of the battery SOC. The larger the value of Dp, the better the effect. Moreover, the
coefficient Krc is used to limit the stack to run as far as possible in the divided high-efficiency operating

zone [4,20]. Furthermore, the specific values of the coefficients in the objective function are listed in

TABLE 2.6.

TABLE 2.6. Coefficients values in the objective function.

Parameter Value

Low power operation U1 =8.662 pV/h

High power operation U»2=10 pV/h
Load changing U’s =0.0441 pV/AkW
Start-stop U’s=13.79 pv

To ensure the safe and stable operation of the HEV, the equality and inequality constraints shown below

are taken into account in the formulated cost function.

P

FC_min

<R <R

FC_max

dP,
—AP, < —X
FC = dt

< AP
=T (2.42)

P <R .<P

bat_min — * bat — * bat_max

Bet Ry =F

demand

here, Prc min and Prc max are the minimum output power and maximum output power of the stack,
respectively. In addition, APrc is used to limit the dynamic power fluctuations of the stack. Moreover,
Prat min and  Ppa max are the minimum output power and maximum output power of the battery,
respectively. After formulating the cost function, sequential quadratic programming (SQP) algorithm is
used to solve the optimal value of the objective function to obtain the most economical operating cost
[19]. We will introduce the process of using the SQP algorithm to solve the objective function in the

next subsection.

2.3.3.2. Sequential quadratic programming algorithm

The main core process of the SQP algorithm is to decompose the complex nonlinear optimization
problem into a series of quadratic programming sub-problems. This algorithm optimizes the solutions
of the sub-problems through continuous iteration to search for the optimal solution of the objective
function. The SQP algorithm has the advantages of fast convergence speed and high solving efficiency.
It is one of the commonly used methods for solving nonlinear constrained optimization problems [45].

The following is the specific solution process.

According to the solution form of the SQP algorithm, the constraints shown in Eq. (2.42) are simplified

into the linear function form, as follows:
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where g1 and g» represents equality constraints, g3-gs represent inequality constraints in the system, and
me =2, m = 8. Using Taylor expansion, the objective function (2.40) can be simplified into a quadratic

function form at the iteration point xi:

minfioy =3[ —x] T (5)lx =0+ 9 (1) [v=x]
st i=1,2,,m,, Vg (x) [x—x]+g(x)=0
i=m +1,m +2,m, Ve, (%) [x—x]+g(x)<0 (2.44)
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here, s represents the vector matrix of control variables in the quadratic programming sub-problem. In
order to classify the above formula as the standard form of quadratic programming, set the following

symbols.

H=V"f(x)
C =V (xk)

=[Va (%) Ve, (%) Ve, ()]
A=[Vg, 1 (5): V8, 2 (). Ve, (5.)]
Beq = [gl (xk),gz (xk>""’gme (xk)]T

~B - [gme+1 (xk)’glne+2 (xk>"”’g’" (xk )]T

(2.45)

here, H represents the positive definite approximation of the Hessian matrix, C represents the first
derivative of the objective function at the iteration point xx, A.q represents the gradient equality constraint
of Vgi(xx)?, 4 is the gradient inequality constraint of Vgi(xk)?, Beq represents the negative number of the
equality constraint of —gi(xx), and B represents the negative number of the inequality constraint of —gi(xx).
Through the above analysis, the Lagrangian function shown in Eq. (2.46) can be used to solve the

quadratic programming sub-problem.
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where A = 8 represents the Lagrangian multiplier, and 4s — B represents the constraint of gi. The extreme
condition of the multivariate equation L(s, ) can be expressed as VL(s, 1), and the solution process is as

follows:

s
A

-C

B

(2.47)

Hs+c+ A2 . H 4
As—B=0 A 0

where the initial value of A is [0, 0, 0, 0, 0, 0, 0, 0], and the initial value of H is [1, 0; 0, 1]. In order to

update the values of s and 4 in Eq. (2.47), the active-set algorithm is used to iterate, as follows:
Ssar (xk +ags, ) < fsor (xkAl) (248)

where k represents the number of iterations, and ax is the search step size. In addition, the initial value
of s is set to [0, 0]. By continuously iterating xx+1 and Ax+1, the optimal solution of the objective function

can be found. The specific iterative solution steps are as follows:
Step I: Set the initial point xo of the system and the convergence accuracy ¢, set Ho =1, k= 0;

Step 2: Simplify the objective function at the iteration point xx to a quadratic programming problem as

shown in Eq. (2.44);
Step 3: Solve the above quadratic programming problem, let sx = s7;

Step 4: Carry out a one-dimensional search for the cost function under constraint conditions to obtain

the next iteration point xj1;

Step 5: If the termination rule is satisfied at the iteration point xi+1, then x+ is taken as the optimal
solution, f{xx+1) is taken as the optimal cost of the objective function, and the calculation is terminated.

Otherwise, go to the next step;
Step 6: Modify H+1, set k = k+1, and return to Step 2 for looping.

By solving the objective function through the above steps, the system reference power Prc ref and Ppat ref

could be obtained, and the proposed EMS can be realized.

2.4. Online hardware-in-the-loop simulation platform design and analysis of
experimental results

Considering that it is neither economical nor safe to directly verify the proposed strategies on an actual
HEV. Before actual application, I first use simulation technology to test the operational performance of

the proposed strategies. Using simulation technology to assist system design and method development



can effectively reduce research and development costs, improve product stability and greatly shorten the
development cycle. As the most time-saving and economical verification method, simulation technology
has been widely used in the early stage of product design, covering fields including communications,

aerospace, power electronics, new energy transportation, and chemical engineering [7].

Please note that although the above mentioned strategies can be verified through the Matlab/Simulink
environment, their real-time adaptability can’t be verified. Therefore, this thesis develops an online HIL

simulation test platform based on a real-time digital simulator (OP5600).

2.4.1. Description of RT-LAB test platform

RT-LAB is a set of software developed by Opal-RT Technologies in Canada that can be used to develop
simulation models that run in real-time. The simulation system is based on FPGA +CPU architecture
and is mainly used in power systems and power electronics. Based on the real-time simulator (see Fig.
2.15), the simulation model developed in Matlab/Simulink or MATRKx/SystemBuild can be converted
into C code and complied by the RT-LAB integrated compiler. The executable C code is uploaded to the
digital simulator OP5600 through the network connection TCP/IP protocol (using a network cable). The
OP5600 is equipped with two six-core processors with a main frequency of 3.3 GHz, and the Linux
operating system is used for processing. In addition, this simulator can send and receive a variety of
digital and analog signals through the Xilinx Spartan-3 FPGA 1/O board. The I/O board has 16
differential analog input signal interfaces, and the input voltage range is -20 V~20 V, 16 analog output
signal interfaces, the output voltage range is -16 V~16 V, and 32 digital input interfaces, 32 digital output
interfaces. According to the different needs of users, RT-LAB can be used in HIL system and Rapid
Control Prototyping (RCP) system.

™ Real time simulator OP5600

Figure 2.15. Outline of OP5600.
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Figure 2.16. RCP simulation system.

Fig. 2.16 depicts the structure block diagram of the RCP control system, including an OP5600 real-time
digital simulator, a PC installed with RT-LAB and Matlab development environment, and a hybrid
hardware system composed of a battery, a FC, and a unidirectional DC/DC converter. In this mode of
operation, the real-time simulator is equivalent to the controller of the entire hardware system. It needs
to control the DC/DC converter and manage the output power of different power sources. In addition,
in this system, according to the different functions of the top-level subsystems, it can be divided into

two subsystems, SM and SS. The specific functions are as follows:

1) SM subsystem
The SM subsystem is the main subsystem, which is mainly used for system protection, algorithm
calculation, lowest level control, and synchronization network. There is only one SM subsystem in each

model.

2) SS subsystem
The SS subsystem is a secondary subsystem, which is mainly used to process the modules that need to

be calculated in the model. Each model can contain multiple SS subsystem.

Using the RCP system can quickly verify the effectiveness and practicability of the proposed strategy.
Whereas, since there are power devices in the system, it may be dangerous to use the RCP to develop a

new algorithm.

Figure 2.17 shows the structure of the HIL simulation system, which includes an OP5600 real-time
digital simulator, a PC with RT-LAB compilation software and Matlab simulation software, DSP

controller, and communication interface circuit. The simulator is used to simulate the work response of
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the hardware system, and other control algorithms are implemented in the DSP. Different from the RCP
system, in addition to the SM and SS subsystems, HIL simulation system also includes a SC subsystem.
The SC subsystem is mainly composed of the oscilloscopes and is used to monitor the operation of the
entire system. The HIL simulation platform can test the operating performance of the proposed method
without actual hardware conditions. This system imports the hardware model and the actual control
method into the simulation loop to realize the real-time data interaction function. It has the advantages
of actually reflecting the operating characteristics of each component, discovering hidden defects in the
system in time, and minimizing risks and costs in actual commissioning and operation. This system puts
all power device models into the real-time simulator, which makes it possible to test various boundary
conditions of the system without damaging any equipment, thus reducing development risks. Therefore,
in order to verify the effectiveness of the proposed strategy, this thesis sets up an online HIL simulation

platform based on real-time simulator and Matlab/Simulink software.
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Figure 2.17. HIL simulation system.

2.4.2. HIL test platform construction

Based on the OP5600 simulator, the HIL test platform developed in this chapter can be divided into two
parts:

1) System modeling

According to the topological structure selection of the hybrid system, the selection of each power source
and the analysis of the mathematical model in the previous subsection, the HEV system model has been
built (see section 2.2). This work is completed in Matlab/Simulink, the built model is compiled through
the host computer and then imported into the simulator using TCP/IP communication, and the structure

diagram is depicted in Fig. 2.18. The built hybrid system model is shown in Fig. 2.19.
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Figure 2.18. Simulation structure diagram.
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Figure 2.19. The built hybrid system model.

2) Interaction between control strategies and simulation system

As shown in Fig. 2.17, after building the system model, a power allocation strategy is needed to control
the output power of each power source in the system. This part of the work is mainly to compile the
proposed strategy into the DSP controller in the form of C code, and build the peripheral hardware circuit

for connecting the simulator and the DSP. The structure is depicted in Fig. 2.20.

T
e i s ; 3 ‘\ TMS320F28335 controller : ____________ 3
— Sampling channel 1 :—b E (S —— : — Output channel 1 :—r
e Z, | Energy management } : E —————————————
R s maa T 1 s o . S | T 1
= Sampling channel 2 — ; e — A stratecy. SN J: 5 — Output channel 2 :—»
______________ = = RN e s )
: e
¢ - = ! Bus voltage regulation : : § p—p s
_____________ gl TNy E S
i . 1 = L] | 7
— Sampling channel n N el e e —HOutputchﬂnneln:—i
s E 3 H Low-level control algorithm |, % R = S,
= 41
Signal conditioning g : Analog/digital
circuit g ! conversion unit

| 1 |

Auxiliary power supply system

Figure 2.20. The peripheral control hardware structure diagram.
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Figure 2.21. Peripheral hardware circuit.
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Figure 2.22. Actual picture of the HIL simulation test platform.

The DSP controller used in this thesis is TMS320F28335 provided by Texas Instruments (TT). The main
frequency of TMS320F28335 is 150 MHz, and it has powerful data processing and computing
capabilities. Considering that the input voltage range of the analog/digital conversion (ADC) unit of this
DSP is 0 V-3V, and the maximum output voltage of the I/O board of the simulator OP5600 is 16 V, it is
necessary to add a signal conditioning circuit to match the voltage, protect the DSP and improve the

sampling accuracy. In addition, the control signal generated by the DSP is transferred to the simulator
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through the digital/analog conversion (DAC) unit. In order to facilitate experimental testing, I build all
the peripheral hardware circuits on a control board, as depicted in Fig. 2.20.The built HIL simulation

platform is depicted in Fig. 2.22, which mainly consists of a simulation system and hardware circuits.

2.4.3. Experimental verification and results analysis

In order to evaluate the operation effect of the above-mentioned EMSs and carry out performance
comparison analysis, this chapter conducts experimental verification based on the HIL simulation
platform shown in Fig. 2.22. On this platform, the driving cycle adopted is depicted in Fig. 2.23 (a).
This driving cycle is from the actual HEV (see Fig. 2.1), and the driving route is the campus route of
SWITU, as depicted in Fig. 2.23 (¢). In addition, the operating period of this working condition is about
1503 s, the operating speed range is 0-30 km/h, and the calculated power fluctuation range is -3-6 kW,
as shown in Fig. 2.23 (b).

30
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(a) The driving cycle of HEV

Demand power(kW)
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(b) Demand power of the HEV
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Figure 2.23. Driving cycle information.

The main power generation parameters of the energy storage battery and FC adopted in this chapter are
listed in TABLE 2.2. In addition, the power generation characteristics of the power sources have been
carefully analyzed in the previous sections. In the following subsections, the experimental results will

be analyzed in detail.

2.4.3.1. Output power analysis of each power source

o A A T A A D

[\°]
]

Power(kW)

|—— FC output power —— Battery output power

0 200 400 600 800 1000 1200 1400
Time(s)

(a) PF control strategy
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Figure 2.24. Power distribution curves of different power sources under the control of different EMSs.

The battery and FC output power curves under the control of different EMSs are shown in Fig. 2.24.
Specific indicators are analyzed in the next subsection. It can be clearly observed from Fig. 2.24 that all
the strategies can fulfill the load demand, while the FC as a power source only provides electrical energy
for the hybrid system (which can provide power to the load and the energy storage battery at the same
time), and cannot absorb the system braking power. In addition, the battery not only provides the

required instantaneous power to the HEV but also quickly recovers system braking and excess energy.
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2.4.3.2. Performance evaluation on different EMSs

Fig. 2.24 presents the power output curves of the battery and FC using different EMSs (PF, SMC, ECMS
and the proposed EMS). To test the performance of the proposed optimal system economic EMS, the
SOC fluctuation of battery, the efficiency of FC, system hydrogen consumption, operating stress of each

power source, voltage degradation of FC and operating cost of system are analyzed in this section.

e SOC fluctuation range comparative analysis

As the only energy storage system in the HEV, the battery plays a particularly important role. The SOC
curves of battery under the control of different strategies are presented in Fig. 2.25. In order to facilitate
the comparison of experimental results, the initial SOC values in all the strategies are set to the same

value (about 55%).
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Figure 2.25. The SOC curves of battery under the control of different strategies.

In Fig. 2.25, the end-state battery SOC of the presented EMS, SMC strategy, PF control strategy and the
ECMS are 56.91% (ASOC is about 1.91%), 79.28% (ASOC is about 24.28%), 57.67% (ASOC is about
2.67%), and 58.31% (ASOC is about 3.31%), respectively. Obviously, the presented EMS can ensure
that the battery end-state SOC is close to its beginning state SOC. Compared with the other strategies,
the SOC of proposed EMS has the smallest variation between the beginning state and end state, which

helps to guarantee the stable and continuous operation of the hybrid electric vehicle [46].

e  Comparative analysis of the efficiency and hydrogen consumption

The efficiency of the FC can be calculated by Eq. (2.19). Fig. 2.26 shows the efficiency curves of FCs
under the control of different strategies. When using the proposed EMS, the average efficiency of the
FCis 37.49%, which is 14.73% higher than that of the ECMS, 14.81% higher than that of the PF control
strategy, and 9.65% higher than that of the SMC strategy. It can be seen that the proposed EMS can

improve the operating efficiency of the FC and improve the system economy.
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Figure 2.26. Efficiency curves using different strategies.
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In addition, by calculating the equivalent hydrogen consumption rate of the battery and the fuel
consumption rate of the stack in real-time, the total amount of hydrogen consumption can be obtained,
as shown in Fig. 2.27. The total mass of hydrogen consumed by the system using SMC strategy, PF
control strategy, ECMS and the presented EMS is 111.39 g, 79.29 g, 76.83 g, and 70.73 g, respectively.
It can be seen that in these strategies, the total hydrogen consumption of the presented EMS is the

smallest.

e  Comparative analysis of the power sources operating stress

It can be obtained from [27,47] that the smaller the operating stress, the smaller the frequency and
amplitude of the power sources (battery and FC) output current and power variation, and the better it is
to maintain power sources performance. In this thesis, the stress on each power supply is able to be
decided by wavelet transform. The output power of battery and FC is decomposed by using the Haar
wavelet transform which is securable in the MATLAB toolbox. This decomposition could be used as an
especially effective tool to separate the high-frequency and low-frequency subassemblies [34]. The Haar
wavelet transform is able to provide a filter to extract the characteristics of sharp changes and transient
signals. In addition, the loss of signal edge information is minimized compared with the traditional
filtering techniques. The average value of high-frequency subassembly of each power supply is close to
zero, and the standard deviation 6 of this component could provide a clear indication of how often each
power supply is solicited [48]. Based on the output power curves of the battery (see Fig. 2.24), the
operating stress analysis results of battery under the control of different strategies are presented in Fig.
2.28.
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Figure 2.28. Operating stress analysis of battery using different strategies.
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Furthermore, based on the above description, the operating stress analysis results of FC using different

strategies are depicted in Fig. 2.29.
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(d) The proposed optimal system economic EMS

Figure 2.29. Power fluctuation rate distribution of FC using different strategies.

As can be seen from Fig. 2.28 and Fig. 2.29, under the control of PF control strategy, the operating stress
of the battery and the FC are 8.9436 and 8.9859, respectively. When controlled by the SMC strategy, the
operating stress of the battery and the FC are 32.9083 and 32.6652, respectively. When using the ECMS,
the operating stress of the battery and the FC are 9.0064 and 8.9185, respectively. Under the control of
the presented EMS, the operating stress of the battery and FC are 10.2282 and 3.3191, respectively. It
can be seen that compared with the other EMSs (PF, SMC, and ECMS), the operating stress of FC is the
lowest under the control of the presented EMS. Thence, the presented strategy can effectively smooth
the fluctuation of FC output power, thereby prolonging the lifetime of FC. Although the operating stress
of battery is not the lowest, battery has the advantages of strong durability and long cycle lifespan, so it

can be proved that the proposed optimal system economic EMS can improve the system lifetime.

e  Comparative analysis of the power sources lifetime degradation

The state of health of the battery indicates the degree of lifetime degradation of the battery [49,50],
according to the datasheet of the battery and Eq. (2.36), the lifetime degradation of the battery can be
calculated when using different EMSs. The results are shown in Fig. 2.30. What’s more, based on Eq.
(2.37), the lifetime loss of FC caused by power fluctuation can be calculated. The voltage degradation

of each stack when using different strategies is shown in Fig. 2.31.

It can be seen from the above figures that under the control of the proposed EMS, the FC lifetime
degradation is the lowest. Although the lifetime degradation degree of the battery is not the lowest when
the proposed EMS is used, the purchase cost of the battery is lower than that of FC, so it is generally

beneficial to reduce the operating cost of the power sources in the HEV.
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Figure 2.30. The state of health of battery when using different strategies.
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Figure 2.31. The voltage degradation of FC under the control of different strategies.

e  Comparative analysis of the system operating cost

The main purpose of the method proposed in this chapter is to optimize the operating economy of the
HEV, comprehensively consider the cost of power sources degradation, system hydrogen consumption
and constrain the output power of the battery and stack. Based on the above analysis of power sources
degradation cost and system hydrogen consumption, the system operating cost can be calculated as

shown in Fig. 2.32 below.
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Figure 2.32. The operating cost of the HEV under the control of different strategies.

It can be seen from Fig. 2.32 that under the control of the proposed EMS, the battery degradation cost
is $ 0.53, the FC degradation cost is $ 0.42, the system hydrogen consumption cost is $ 1.44 and the
total system operating cost is $ 2.39. Besides, under the control of the SMC strategy, the battery
degradation cost is $ 0.34, the stack degradation cost is $ 1.78, the system hydrogen consumption cost
is $ 2.26 and the total operating cost is $ 4.38. What’s more, under the control of the PF control strategy,
the battery degradation cost is $§ 0.24, the stack degradation cost is $ 1.87, the system hydrogen

consumption cost is $ 1.61 and the total operating cost is $ 3.72. Furthermore, under the control of the
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ECMS, the battery degradation cost is $ 0.23, the stack degradation cost is $ 1.95, the system hydrogen
consumption cost is $ 1.56 and the total operating cost is $ 3.74. It can be seen that, compared with other

strategies, the operating cost of the proposed method is the lowest.

TABLE 2.7. Performance comparative analysis of different strategies.

Parameter SMC ECMS PF Proposed EMS
SOC fluctuation 2428%  331%  2.67% 1.91%
System hydrogen consumption 11;39 7683 g 7929¢g 70.73 g
Operation efficiency 27.84% 22.76% 22.68% 37.49%
Battery operating stress 329083  9.0064  8.9436 10.2282
FC operating stress 32,6652  8.9185  8.9859 3.3191
Operating cost $4.38 $374  §3.72 $2.39

In summary, to highlight the superiority of the presented EMS more clearly, all the results using different

strategies are summarized in TABLE 2.7.

As shown in TABLE 2.7, among these strategies, the proposed EMS has advantages in terms of
hydrogen consumption, operating stress, efficiency, SOC of battery, and operation cost. The

experimental results demonstrate the effectiveness of the proposed EMS.

2.5. Conclusion

Through the study of existing energy management strategies in Chapter 1, in this chapter, an optimal
system economic energy management strategy is proposed for the battery/fuel cell hybrid electric
vehicle. Considering that in the hybrid power system, the operating cost of the power sources is high
and the lifetime needs to be improved. Therefore, in order to further promote the use of hybrid power
systems, this chapter studies the coupling relationship between lifetime degradation and output power
of each power source by analyzing the impact of output power on power sources durability, and converts
lifetime degradation into system operating costs. In addition, considering the equivalent hydrogen
consumption cost of the battery during operation, a system operating cost function is formulated. In the
cost function, the SOC fluctuation of the battery is also considered. In order to improve the operating
efficiency and performance of the FC, a high-efficiency zone is also divided for the FC, and constraints
are added to control the FC to operate in this zone as much as possible. Finally, in order to solve the
formulated cost function, the SQP algorithm is used in this chapter. In order to verify the effect of the
proposed EMS, the experimental verification is carried out on the built HIL test platform. The
comparative analysis results show that the proposed EMS is superior to the results obtained by other
energy management strategies in terms of power sources operating stress, operating efficiency, battery
SOC fluctuation, system hydrogen consumption and system operating cost.

The Chapter 2 discusses the application of energy management strategies in the light-duty HEV



powered by battery and FC. In addition, in the Chapter 1, we have studied the existing topologies of
the hybrid power systems. On this basis, in order to discuss the application of hybrid power system in
higher-power applications, in Chapter 3, we will further study the application of energy management

strategies in a heavy-duty hybrid electric tram powered by supercapacitor and FC.
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Chapter 3. Online extremum seeking-based optimized energy
management strategy for a heavy-duty hybrid electric tram

3.1. Introduction

As discussed in Chapter 1 and Chapter 2, the energy management strategy (EMS) is one of the key
technologies for hybrid power system, which can achieve the purpose of improving system efficiency
and ameliorating fuel economy by optimizing the energy flow of each power source in real time. The
Chapter 2 focuses on studying EMSs for a light-duty electric vehicle power by battery and fuel cell
(FC), and verifies the effectiveness of the proposed strategy on a hardware-in-the-loop test platform.
Whereas, in high-power applications such as heavy-duty trams and ships, the powertrain may be
composed of supercapacitor (SC) and FC [1-4]. In addition, considering that with the operation of the
system, the performance of the power sources in the actual system will degrade and lead to the change
of its optimal operating point, which cannot be well reflected on the simulation platform. Therefore, in
order to further study the EMSs of the hybrid power system powered by other topologies on the
experimental test platform, this chapter adopts the SC as the energy storage system. Since the SC has
the shortcoming of low energy density, in order to ensure that the tram can operate continuously and

stably, the final SOC of the SC should be consistent with the initial SOC of the SC [5].

Based on the above description and our previous work [3,6], the main purpose of this chapter is to
present an online extremum seeking-based optimized EMS for a SC/FC hybrid electric tram. This
strategy considers that the performance of the FC will vary with the operating conditions, so an online
extremum seeking is used to estimate the maximum efficiency (ME) and maximum power (MP)
operating points of the FC. Furthermore, in order to guarantee the stable and continued operation of the
electric tram, the SOC fluctuation range of SC is limited in this chapter. In order to test the performance
of the presented EMS in hybrid electric tram, a reduced-scale test platform powered by the SC and FC
is established.

The remainder of this chapter has the following structure. The main components of the hardware
experimental platform are presented in section 3.2. Section 3.3 elaborates the proposed energy
management strategy. Experimental verification and results analysis is performed in section 3.4. Finally,

the main conclusions and perspectives of this chapter are discussed in section 3.5.

3.2. System structure and experimental test platform

A 100% low floor light rail vehicle (LF-LRV) presented in this chapter is the world’s first commercial
SC/FC hybrid electric tram and is jointly developed by Chinese manufacturer of Tangshan Railway
Vehicle Co. Ltd and Clean Energy Lab of Southwest Jiaotong University in 2017 [2,3]. This hybrid

electric tram and its main components are depicted in Fig. 3.1. It includes two DC/DC converters, a SC,



a FC stack, some auxiliary systems, and a power distribution controller. The primary components and

parameters of this tram are shown in TABLE 3.1.

Power Distribution Controller —

PEMFC HD6 Unidirectional Traction Motor
Converter LI

4 v

Braking
Resistor

Bidirectional
Converter

Auxiliary
System

Figure 3.1. The SC/FC hybrid electric tram and its main components.

TABLE 3.1. Primary components and parameters of the hybrid electric tram.
Hybrid electric tram

Tram weight 51.06 t Axle weight 105t
Max speed 30 kM/h Bus voltage 750 vV
Size 30.19*2.65*3.5 m® Capacity 300 persons
Supercapacitor
Manufacturer Maxwell (BMODO0615) Current -300-700 A
Voltage 200-528 V Capacity 45F
Weight 335kG Set Numbers 1 series & 3
parallel
FC
Rated power 150 kW Cell number 762
Voltage 530-710 V Max current 320A
Weight 305 kG Hydrogen pressure 2.24 Bar

The SC is utilized as the power source to provide fast peak power or recover the braking power for this
tram. In addition, the FC is used as the power supply to deliver the continuous and stable power demand
for the tram [3,7,8]. Considering that the use of the tram directly to verify the strategy presented in this
chapter is unsafe and uneconomical [9], and in order to truly reflect the changes in the operating

performance of the FC to verify the effect of the proposed method, I build a reduced-scale experimental
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platform in this chapter. Furthermore, the main hardware parts of the system will be described in detail

in the following sections.

3.2.1. Design of the main components of the system
3.2.1.1. DC/DC converter hardware design

The main purpose of this chapter is to study the power distribution strategies for the hybrid electric tram.
In order to simplify the design and manufacture of the hardware circuit, the DC/DC converter in this
study adopts the non-isolated DC Buck-Boost converter (Nigor) from SynQor Company. The model is
NQO60W60 (see Fig. 3.2), and its operating parameters are shown in TABLE 3.2.

TABLE 3.2. Primary parameters of the DC/DC converter module.

Parameter Value Parameter Value

Operating efficiency >90%  Input voltage range 9-60 V
Output voltage range ~ 9-60 V. Output power range  0-2400 W
Maximum input current 40 A Mass 1582 ¢

NO60W60HGCA40NRF — G
9—60Vin 0—60Vout @ 40A

S/N 518141043 D/C 2417 - ADD
Us par 6543890 6896526 7072130 8493751
Ni

| R g s ey
UL LT TR

VIN ISHARE Jsal  STNC ONIOFF  +VIN

e L e e
VIR T e O

Figure 3.2. DC/DC converter module NQ60W60.

Since the Nigor has a current sharing function, according to the system power requirements, multiple
modules can be connected in parallel to increase the output power of the DC/DC converter, and the

Nigor can be electrically configured, as shown in Fig. 3.3.

? ‘ +Vin +Vout ?

: v /\ —1 Vset Vsense+ :
| t > 3 [} =
=~ Ishare Syncln HY | | | | | :é

| — ]

! v‘ /-\ —Iset Vsense- :

4

ét—_ -Vin -Vout o

Figure 3.3. Niqor pin electrical configuration.
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As shown in Fig. 3.3, the power supply output ports are connected to +Vin and -Vin of the module, and
+Vout and -Vout are respectively connected to the positive and negative poles of the load. Vsense+ and
Vsense- are used for module internal voltage signal acquisition. Syncln is used to provide the clock
square wave of 200-300 KHz for the internal signal, which is generated by the PWM generation unit of
DSP in this study. Ishare is used to control all Niqor modules to achieve an equal distribution of the
power supply output current, which can be used to increase the power level of the converter. In addition,
Vset is used to set the reference output voltage of Niqor, which determines the value of Vout, and the
voltage input to the Iset pin determines the maximum output current of a single module. It can be known

from the data sheet that they satisfy the functional relationship shown in Eq. (3.1).

I
Vi = 0.0953 42,085

b (3.1)
Vi = 2.366—2.316x—2

Vset
max

where Vige: represents the voltage input to the Iset pin, Vv represents the set maximum output current
of the module, and /max represents the maximum output current of the module. In this study, /max is 40 A.
In addition, Vv represents the voltage of the input Vset pin, Vi represents the output reference voltage
of the module, and Vmax represents the maximum output voltage of the module. In this study, the Vimax is
60 V. The physical picture of the built DC/DC converter for cascading FC is shown in Fig. 3.4(a). In
addition, the physical picture of the built DC/DC converter for connecting the SC and bus is shown in
Fig. 3.4(b).

(a) DC/DC converter for FC (b) DC/DC converter for SC
Figure 3.4. The designed DC/DC converters.

3.2.1.2. Sampling conditioning circuit design

After the DC/DC converters are built, the output voltage and current of each power source and the output
voltage and current signals of the converters need to be sampled and collected into the controller, so as

to analyze the operating characteristics of each power source and design an energy management strategy.
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The input voltage range of the A/D conversion unit of the controller (TMS320F28335) used in this paper
is 0-3 'V, so the controller cannot directly collect the voltage and current signals of each part, and the

voltage matching needs to be achieved through the sampling conditioning circuit.
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Figure 3.5. The current sampling conditioning circuit.

As can be seen from the above description, the SC and FC output current, DC/DC converter output
current and the DC output current need to be collected and analyzed. The current sensor adopts ACS758
provided by Allegro Company, its maximum measurement current can reach 100 A, and the power

supply voltage is 5 V. The designed current sampling and conditioning circuit is shown in Fig. 3.5.

In addition, the voltage acquisition and conditioning circuit is also an indispensable part of this study.
The voltages to be acquired include the SC output voltage, the DC bus voltage and the FC output voltage.

The voltage acquisition and conditioning circuit designed in this study is shown in the figure below.
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Figure 3.6. The voltage sampling conditioning circuit.



3.2.1.3. Core control circuit design

The control circuit used in this chapter is mainly composed of TMS320F28335 controller, D/A
conversion circuit and display interface circuit. After analyzing the collected electrical signals in the
DSP controller, this study uses the SPI communication to control the TLV5638 to realize D/A conversion,
and then controls the DC/DC converter to output the reference power (refer to Eq.(3.1)) to complete the

implementation of the EMSs. The built core control circuits are shown in Fig. 3.7.
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Figure 3.7. The core control circuit design.
3.2.1.4. Auxiliary power supply circuit design

In this chapter, since the power sources voltages required by chips with different functions are
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inconsistent, in order to ensure the normal and stable operation of each circuit, different auxiliary power
supply systems need to be designed. This chapter requires two auxiliary power supplies, 3.3 Vand 5 V.
In order to simplify the hardware circuit, choose URB4805YMD provided by MORNSUN Company
and AMS1117-3.3 provided by Advanced Monlithic Systems Inc. to meet the auxiliary power supply
requirements. The designed power supply system circuit is shown in Fig. 3.8. The input voltage range
of URB4805YMD module is 18-75 V, and the maximum output current can reach 2 A, which can ensure
the power supply requirements of chips in all auxiliary systems. In addition, AMS1117-3.3 has good
voltage regulation capability, in this system it only provides 3.3 V stable voltage for DSP controller.

DaGND
Pl For 5V = utl
1 -
2 : + — Vi % vDDavi-a
1 — .;—.u—q\\m:_]‘k”' (] L
- . 1 3 ! =1 19 4
1 1 i -
GND 1 Fo
D+ T I_f'o\Le -“[-f“--u-f- AMS1LY2 >
a 2 Fi#E
0. = L — & 3
SRl Jops s .
i SW-DPDT 3y
FT UsB-B Wi VDDS )
DGYND,
For core power supply For 3.3V power supply
o . VDDIVE VRDSV
. Foe 2 1
= P
1 D . vpoavia 1
P Zanar JoGxD "i] ]
PO Ab—=rid
5ba L4
= RS LCh
DekD BT 101
23} Ibeo !“— !
LCD1I364
o (1 ] G -
For fan supply For LED P'uwcll For LCD 12864 |

Figure 3.8. Auxiliary power supply circuit.
3.2.2. Hybrid power reduced-scale experimental bench

On the basis of completing the above hardware circuit design, according to the system topology structure
(see Fig. 3.1), this chapter builds a hardware reduced-scale experimental platform as shown in Fig. 3.9.
The key parameters of the power sources and the established DC/DC converters will be described in
detail. In addition, the voltage and current signals of all power supplies are acquired and recorded by the
NI-DAQ. Moreover, the ITECH’s electrical load (IT-E502) and DC power supply (IT6522C) are used
in this chapter to simulate the actual scaled-down hybrid electric tram drive cycle. In order to more

clearly express the power and signal flow relationship between the components in the Fig. 3.9, the

hardware structure diagram shown in Fig. 3.10 is given.

To test and verify the effectiveness of the proposed EMS, a FC stack with rated power of 1.3 kW
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produced by Sunlait Company is employed in this study, and the model of this stack is S-1300. In
addition, the EMSs and control algorithms of all hardware experiments in this study are implemented in
DSP. This chapter uses Labview to develop a visual host computer software, and controls the electronic
load and power supply through the RS232 protocol to simulate the actual scaled-down hybrid electric

tram drive cycle.
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Figure 3.9. The established reduced-scale experimental bench.
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Figure 3.10. The established reduced-scale experimental bench system structure.

In the designed experimental platform, this chapter utilizes a SC and a FC for experimental testing. In

addition, the primary parameters of SC and FC utilized in this chapter are listed in TABLE 3.3.
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TABLE 3.3. Primary parameters of the SC and FC.

SC
Rated capacitance S8 F Rated voltage 32V
Specific power 6 Wh/kg Mass 43 kg
FC

Output voltage 23-38 V. Rated current 542 A
Rated power 1.3kW  Maxcurrent 583 A

To improve the performance of FC, the stack should work in the “safe operating zone” (bound by the
stack’s maximum efficiency (ME) and the maximum power (MP) points) as much as possible [10,11].
According to Chapter 2 (see Section 2.2.3), the efficiency curves of S-1300 can be obtained, and the
“safe operating zone” is shown in Fig. 3.11. Based on the investigation in Chapter 1 and our previous
research [3,12], it can be seen that this zone is movable. Therefore, this chapter needs to adopt the online

identification algorithm to estimate the ME point and MP point.
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Figure 3.11. Efficiency curves and the “safe operating zone”.
As previously described, a SC is used as an energy storage system to recover braking power or provide
the rapidly changing power. The SOC of SC is a particularly important indicator for power distribution

method, and this parameter can be calculated by the following equations [3,4]:

SOC(t+1) = SOC (t)+ASOC (1) (3.2)
with:
l I dt
ASOC (1) = H—ro (3.3)
SCVSC,rate

where Csc, Isc, and Vsc e present the SC capacity, output current of SC, and rated voltage of SC,
respectively. To simplify the calculation and speed up the control, the functional relationship between

the output voltage and the current of the stack can be expressed by Eq. (3.4).

Vie = i (Ize ) = X x AT (3.4)
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with:

X:[]]?C R 1}

(3.5)
A= [a

al aO ]

n

where Irc represents the stack’s output current and Vrc denotes the output voltage of stack. In addition,
the functional relationship between the operating efficiency and the current of the stack can be expressed
by:

Nres = (IFC)=B><AT (3.6)
with:
b, b, (3.7)

where #rcs is the efficiency of the FC system. In addition, the fuel consumption of the FC can be

expressed by the polynomial fitting function of /rc, as shown in following:

Cres = f3 (L) = Cx A" (3.8)
with:

C,=le, ~ ¢ ¢ (3.9)

where Crcs is the hydrogen consumption of the FC power generation system. In addition, according to
the description in the Chapter 2, the coefficients (A and B) will change with the operation of the system.
Therefore, in order to obtain the optimal operating area and operating point more accurately, it is
necessary to use an online identification algorithm to update these parameters in real time in order to
track these extreme points online. This online identification technique will be described in the following

section.

3.3. Online extremum seeking-based optimized energy management strategy

To realize optimal power allocation between the SC and FC in the hybrid electric tram, so that the fuel
consumption can be reduced and the performance of each power source can be improved, this chapter
considers the factors such as SOC fluctuation constraint of SC and power sources output power
constraints. In addition, considering that the operating performance of the hybrid power system will
change with the external conditions, the operation polarization curves should also be identified.
Therefore, the main purpose of online identification algorithm presented in this chapter is to estimate
the boundary values of the “safe operating zone”. Moreover, in order to highlight the superiority of the
proposed strategy, the equivalent consumption minimization strategy (ECMS) and the state machine

control (SMC) strategy are used for comparative analysis.



3.3.1. Design of the proposed EMS

In order to realize the purpose of minimizing fuel consumption and being able to manage power
allocation between SC and FC in real-time, a power distribution strategy is developed with reference to
the ECMS. The core step of the ECMS is to convert the electric energy consumption by the energy
storage system into equivalent fuel consumption, and the main purpose of the ECMS is to reduce the
hybrid system’s total fuel consumption [13,14]. The total instantaneous fuel consumption of the system
(Csys) can be defined as the sum of the indirect equivalent fuel consumption of SC (Csc) and the direct
fuel consumption of the FC (Crc). The instantaneous fuel consumption can be expressed by the

following mathematical expression:
Co (1) = Gee (1) + Cic (1) = £i (B (1)) + 12 (Re (1) 3.1)

In Eq. (3.1), Psc(t) and Prc(t) are real-time output power of SC and FC, respectively. The fi(Prc(t)) can
be obtained by [15]:

Fe (1)

Fi(Pe (1) = (3.2)
l ( ¢ ( )) AH iy TTxes (l)

In addition, the equivalent fuel consumption of SC can be calculated by the SOC of SC and output power

of SC [4], thus, the f5(Psc(t)) can be calculated by:

P,
T sc (t) PSC (t) >0
f (P ([)) _ LHVanc/danCS,avgndis (t)nchg,avg (3 3)
’ . [)SC (1)77011 (t)ndii av '
£ ~e R.(1)<0
AH Ly TBderdeTTrCs ave

In this equation, #rcs ave represents FC average efficiency, #dis ave and #chg ave denote the average discharge
and charge efficiency of SC, respectively, and #z4c/ac represents the bidirectional converter efficiency. In
addition, 7qs(t) and 7g(t) represent the discharge and charge efficiency of SC, respectively. The
efficiency of SC can be expressed by [2]:

1 4R. P . (t
ndis<z>=5[1+ 1_()J

ocv

o (1) = 2/ [1+ 1_4&5% (‘)J

where Rsc and Uocvy represent the internal resistance and output voltage of SC, respectively.

7se (1) = (3:4)

In order to keep FC working as far as possible in the “safe operating zone” while ensuring that the end-

state SOC of SC is close to the beginning state, two nonlinear constraints (Krc and Ksc) are considered



in the presented EMS. In addition, the degradation degree of FC is also considered in this work, thus to
reach optimal power distribution between SC and FC, the optimization problem can be converted into a

mathematical problem that solves the optimal solution of the following equation.
min C, (1) = min(fl* (Prc (1)) + 15 (Poc (t))) (3.5)

with:

£ (Pe (1)) = D%CKFcfl (B (1)) (3.6)

fz* (Psc (t)) =K /o (Psc (t))

In addition, Krc is the operating region constraint of FC, and this penalty coefficient is used to keep the
FC operating as much as possible in its “safe operating zone”. The Ksc is used to constrain the variation

between SC initial SOC and final SOC.

The FC operating region constraint Krc is described as:

2
|P;‘c _[;‘C,MEP|
{1 +2X PFC,MEP < B:C < PFC,MPP

FC,MPP PFC,MEP

Ky = 3.7

4
P.-P
[1+2XMJ P < P

FC,MPP I)FC,MEP

where Prcmer denotes the ME operating point power of the FC, Prc,mpp represents the MP operating
point power of the FC. According to the previous description, the ME and MP of the FC will change

with the working conditions.

Moreover, the constraint of SC SOC Ksc is defined as follows:

soc(1)-soc,, \

1—2x 2| g0 < SOC(1) < SOC,,.,
SOCmax - SOCmin

(3.8)

sc

else
soc, . —-SocC_ .

max

4
(1 s s0C(t)-Soc,, J

where SOCiax, SOCin are the upper and lower limits of the SC SOC (0.9 and 0.2), respectively. Ksc can
make the SC final SOC close to its initial SOC. Taking into account that the SC has the disadvantage of
low energy density, therefore, the SOC variation of the beginning state and end state of SC within a
driving cycle should be as small as possible to guarantee that the hybrid electric tram can operate
continuously and safely [16]. In addition, it should be mentioned that the longer the stack is working
under transient load conditions, the more severe is the degradation degree and the shorter is the lifespan

[17—-19]. Thus, the output power fluctuations should be limited when the degradation of FC is severe.



Therefore, the Drc is used in this study for smoothing out the output power of the stack, to adjust FC
output power based on stack’s real-time degradation degree. It should be noted that since the SC has the
advantages of high durability and long operating cycles, this study doesn’t constrain the output power
fluctuation range of the SC, and this work will take advantage of the fast response ability of the SC to
quickly respond to the dynamic load fluctuation of the system.

In addition, some constraints should be added to the power sources.

50C,, <S0C(t)<SOC,,,
P.. . <P_<P

FC,min FC — & FC,max

3.9
D, AP, B @ @) (39)
dt

FC,decrease —

< D, AP,

FC,increase

F <P.<PF

SC,min SC — © SC,max

where Prcmax and Prcmin Tepresent the maximal and minimum power of stack, respectively. Prc decrcase
and Prcincrease are used to limit the dynamic power fluctuations of FC. Pscmin and Psc,max denote the

maximal charge and discharge power of SC, respectively.
Then the FC optimal reference power Prc,opt Can be obtained.

P

FC,opt = de P

SC,opt

(3.10)

lemand

where Paemand represents the load power and Psc,op represents the optimal power of SC. In addition, the
Pscopt 18 solved by the sequential quadratic programming (SQP) algorithm [12] (the specific

implementation process of the SQP algorithm is shown in Chapter 2).

3.3.2. Online extremum seeking approach

As can be seen from the above description, the online extremum seeking method plays a prominent role
in the presented EMS. This algorithm is proposed to update the coefficients (A and B) and seek the ME
and MP operating points throughout the operating cycle. Then the “safe operating zone” can be

determined.

Identification method is mainly divided into online identification and offline identification [6]. Offline
identification strategies can shorten the computational time and is good method to keep parameters of
system constant. However, if the varying load condition results in the change of system characteristics,
it is difficult to accurately reflect the operation characteristic of the research object, and the identification
accuracy is unsatisfactory. In order to improve the accuracy of identification, this chapter adopts the
forgetting factor recursive least square (FFRLS) algorithm to identify the efficiency and power operating
curves, because the parameters of the system to be estimated are time-varying. The FFRLS algorithm is
a data-driven online identification method that is often used to estimate system parameters [20]. This

algorithm also can be used to identify the power source performance variations to improve the power



source output voltage [21]. In addition, the FFRLS algorithm has become one of the feasible schemes
for modeling control of complex control objects due to its fast identification speed and strong linear

approximation capability [22].

The specific explanation of the FFRLS algorithm is as follows:

|

Power source
J +
0 A 4
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A
Power and efficiency -
mathematical model Yk,estimated

A

Update parameters ¢y

Figure 3.12. Parameters identification flowchart using the FFRLS algorithm.

As shown in Fig. 3.12, the FFRLS algorithm could be represented by a single-input single-output (SISO)

model as follows [3]:
Az (k) = B(z Yulk —d) + e(k) (3.11)

where y(k) is the discrete output variable of the model, u(k-d) is the discrete input variable of the model,
d is hysteresis time of the system, & is the system discrete time, and e(k) is the system identification error,

and

Az Y=1+az"'++a, z™
) (3.12)

B(z")=b,+bz" +eetb, 2™

where #, is the order number of 4(z-1), ny is the order number of B(z-1), and the Eq. (3.11) can be written

as the following least-squares form

yk)=-aylk-1)—--—a, y(k—n)+byu(k—d)+---+b, u(k—d—ny)+e(k)

A (3.13)
=" (k) 0(k)+e(k)
where the unknown parameters of system vector 8 can be defined by
0 = [al"" sy, ’bo~"' ,bn ]T € R(n“MbH)Xl (314)

b

where ¢'(k) is data vector which consists of measured values of output and input can be defined by
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[—y(k=1)

—v(k -
(D(k) — ug/k(_d;la) c R(na+nb+1)><1 (315)

_u(k—nb —d)_

The Eq. (3.13) shows a precise description of the system, € is parameter vector to be estimated. The
unknown parameters 6 are chosen in such way that the sum of squares of the error is a minimum. It can
be obtained from Eq. (3.13) that, this problem can be converted into finding the parameter vector that

minimizes the following performance criteria J
1 L
J==Ye(k) (3.16)
2 k=1
where e(k) can be calculated by the following equation
e(k)=y(k)- y(k) (3.17)

where y(k) = " (k)O(k) .

Through the analysis above, the parameters of efficiency curve can be defined by

Tees () = [T (0)] O+ e(k) (3.18)

Then define
o= T lne] B 3.19
ooy [ i o

According to Eq. (3.17) and Eq. (3.19), the least squares estimation of system parameters 6 at the

moment k can be calculated as follows:
o(k) = (®]®,) @Y, (3.20)

In order to convert formula (3.20) into recursive form, define:

T

P =([o,] o)
=[[o, ] @, + L[ L®] | (3.21)

[[P(k O]+ L O[ L (B)] T

Then formula (3.20) can be written as:
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0(k) = (k-1)+P(K) . (k)[nm )~ 0] 9(12-1@
(3.22)

=001+ L) ey )~ O] 0061
where L(k) = P(k)Irc(k).
According to formula (3.21) and ‘Matrix Inversion Lemma’ [23], formula (3.23) can be obtained as
follows:

PO = PU=1) = P Do 01+ 1 O] P=DI 0] [ O] PG (3.23)

The L(k) can be obtained by following equation:

L(k) = P(k)IFC (k) = P(k_l)IFC (k)|:l+|:1FC (k)]T P(k_l)IFc (k):| (3.24)
Substituting (3.24) into (3.23) we get:
P(k) = 1= () e (B)]" | P (k1) (3.25)

When the values of system parameters change continuously and slowly, in order to weaken the influence
of earlier data on the identification results, and to strengthen the sensitivity to recent estimation error,
the weighting of earlier data should be reduced and the recent data should be weighted. Therefor the
identification error e(k) is modified by using a forgetting factor u (0< u <1). Formula (3.16) could be

corrected as the following:
. L
J =Z,L1L"kez(k) (3.26)

Substituting x into formula (3.24) and formula (3.25), P(k), L(k), and the parameters to be estimated &

can be written as”

o(k) = 0(k - 1)+L(k)[nm<k) e (0] 0K - l)}

L(k) — P(k _TI)IFC (k) (327)
M+ [IFC (k)] Pk =11 (k)

1 T
P(k)=—|1-L(k)[1,.(K)]" |P(k-1
(0= 1= L0 e @] [PGe=1)

Then, the presented FFRLS algorithm can be implemented by the Eq. (3.27). The parameters online
identification flowchart using the FFRLS algorithm is depicted in Fig. 3.13.
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Figure 3.13. The process of parameters online identification.
The specific implementation process of the presented FFRLS algorithm is as follows:
Step I: Convert the discrete recurrence equation of the system into the form shown in Eq. (3.13);

Step 2: Set the initial value of (k) to [0, 0,:--, 0], set the initial value of the covariance matrix to 12000,
0,--,0;0, 12000, :--, 0; --+; 0, 0, ---, 12000], determine the initial value of the forgetting factor;

Step 3: Calculate the matrix K(k) of the FFRLS algorithm;
Step 4: Update the covariance matrix P(k);

Step 5: Input the voltage and current signals into the FFRLS algorithm every 200 milliseconds, and

calculate the system efficiency;
Step 6: Calculate the coefficients to be identified in the system;
Step 7: k—k+1, go back to step 3, keep updating the system coefficients.

According to the above steps, the updated model can be used to estimate the parameters of stack.
Thereafter, the optimal operating area and extreme operating point required for this chapter can be

identified.

3.3.3. Specific implementation process of the proposed strategy

As shown in Fig. 3.14, the specific implementation process of the proposed EMS is as follows:
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Figure 3.14. The implementation process of the proposed EMS.

STEPI: Use the online identification method based on the FFRLS algorithm shown in Eq. (3.27) to
obtain the ME and MP points of the FC, thereby determining the “safe operating zone” of the stack;

STEP?2: Calculate the current degradation degree of the power sources;
STEP3: According to Eq. (3.7) and Eq. (3.8), solve the penalty coefficients for power sources operation;

STEP4: Use formulas (3.1)-(3.6) and SQP algorithm to solve the real-time optimal output power of the
SC, and then obtain the optimal output power of the FC according to Eq. (3.10);

STEPS5: Use the DC/DC converter cascaded with the FC to control the stack output reference power.

Through above steps, the purpose of reaching optimal power distribution between SC and FC can be

realized.

3.4. Experimental validation and results analysis

To better highlight the superiority of the presented EMS, the optimization-based ECMS and rule-based
state machine control strategy are employed in this chapter. It should be noted that the ECMS have been
analyzed in detail in Chapter 2, so this strategy will not be repeated in this section. In addition, this

chapter redesigns the rules of the SMC based on the research [3], as shown in TABLE 3.4.

In TABLE 3.4, the SOC of SC is divided into three areas: low (SOC<0.2), normal (0.2<SOC<0.9), and
high (SOC>0.9). Through the TABLE 3.4, the state machine control strategy can be realized.



TABLE 3.4. State machine control strategy decisions.

SOC state Pdemand State Prcopt
If SOC low Pdemand™>PFC,max 1 Prc,opt=PFC,max
If SOC low Pdemand<PFC,max 2 Prc opt=PFC max—PsC,min
If SOC normal Pdemand>PFC,max 3 Prc,opt=PFC,max
If SOC normal  Pdemand € [ Prc,MEP, PFC,max] 4 PEc opt=Pdemand
If SOC normal Pdemand<PFc,MEP 5 Prc,opt=PFc,MEP
If SOC high - 6 Prc,op=PFc,min

3.4.1. Experimental performance testing of FFRLS algorithm

In order to test the feasibility of the proposed online extremum seeking method, this section conducts a
validation experiment using the platform shown in Fig. 3.9. The test condition is shown in Fig. 3.15.
What is more, it should be noted that since it is difficult to directly verify the performance of the
identification algorithm, this work first uses the FFRLS algorithm to identify the efficiency operation
curves, and then sets the ME and MP points as the reference power based on the identification results to
indirectly demonstrate the effectiveness of the FFRLS algorithm. This also means that in this validation
experiment, the stack always works at the ME point or MP point. The function of the SC in this
experiment is only to maintain the system power balance and maintain the bus voltage. Fig. 3.16 shows

the results of using the proposed FFRLS algorithm to seek the ME and MP operating points.
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Figure 3.15. Working condition for testing the FFRLS algorithm.
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Figure 3.16. The FFRLS algorithm performance verification.

The results in Fig. 3.16 show that as the external operating parameters change, the ME and MP operating
points will indeed fluctuate. Besides, it can be seen from Fig. 3.11 that the maximum output efficiency
of the S-1300 is about 51%, and its maximum output power is about 1300 w. Therefore, the effectiveness

of the online seeking method based on the FFRLS algorithm can be verified.

3.4.2. Power allocation of power sources using different EMSs

The scaled-down power demand curve is shown in Fig. 3.17, with power ranging from -750 W to 2000
W. In addition, the SC and FC output power curves under the control of different EMSs are shown in
Fig. 3.18. Specific indicators are analyzed in the next sections. It can be clearly seen that all the strategies
can meet the load demand. In this hybrid system, the FC continues to deliver power to the system, so it
can be seen that its output power is always positive. When the SOC of the SC is low, the FC not only
needs to provide power for the load but also needs to charge the SC. Besides, the SC provides the
required instantaneous power and quickly recovers system braking and excess energy. Therefore, it can

be seen that the output power of the SC is alternately positive and negative.

2000
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Figure 3.17. Scaled-down power demand of the hybrid electric tram.
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Figure 3.18. Power distribution curves of different power sources in different experiments.

3.4.3. Comparative analysis of different strategies

Fig. 3.18 presents the power output curves of the SC and FC when different EMSs (SMC strategy, ECMS
and the presented EMS) are used. To test the performance of the presented EMS, the SOC fluctuation
of SC, the efficiency of FC, system hydrogen consumption, and power sources operating stress are
analyzed in this section.

3.4.3.1. SOC fluctuation range comparative analysis

As the only energy storage system in the hybrid system, the SC plays a particularly important role. The
SOC curves of SC under the control of different strategies are presented in Fig. 3.19. In order to facilitate
the comparison of experimental results, the initial SC SOC values in all the strategies are set to the same
value (about 74%). In this section, the current and voltage of the SC can be measured directly through

the sensors, and the SOC of SC is calculated through formulas (3.2) and (3.3).

In Fig. 3.19, the end-state SC SOC of the presented EMS, SMC strategy, and the ECMS are 72.65%
(ASOC is about 2%), 88.92% (ASOC is about 15%), and 47.95% (ASOC is about 27%), respectively.
Obviously, the presented strategy can ensure that the SC end-state SOC is close to its beginning state
SOC. Compared with the ECMS and SMC strategy, the SOC of proposed EMS has the smallest variation
between the beginning state and end state, which helps to guarantee the stable and continuous operation

of the hybrid electric tram [2].
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Figure 3.19. The SOC curves of SC under the control of different strategies.
3.4.3.2. Comparative analysis of the efficiency and hydrogen consumption

The efficiency of the power sources can be calculated through the research of Chapter 2 (see Section
2.2). Fig. 3.20 shows the efficiency curves of FCs under the control of different strategies. When using
the proposed EMS, the average efficiency of the stack is 38.09%, which is 5.62% higher than that of the
ECMS and is 0.97% higher than that of the SMC strategy. It can be seen that the proposed EMS can
improve the operating efficiency of the stack and improve the system economy.
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Figure 3.20. Operating efficiency curves using different strategies.

Moreover, the fuel consumption rate of the SC and FC could also be obtained through the research in

Chapter 2. Then the total fuel consumption mass can be calculated by:

C = CHZ.FC + CHZ.SC (328)

H, ,total

with:

T
Cupe = L Cre (t)dt

) (3.29)
Cu,sc = L Csc (t)dt

where Crasc and Cip e denote the equivalent fuel consumption of the SC and hydrogen consumption
of FC, respectively. By calculating the equivalent hydrogen consumption rate of the SC and the fuel
consumption rate of the stack in real-time, the total amount of hydrogen consumption can be obtained,

as shown in Fig. 3.21.
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Figure 3.21. Total hydrogen consumption curves using different strategies.

The total mass of hydrogen consumed by the system using SMC strategy, ECMS, and the presented
EMS is 32.47 g, 23.8 g, and 18.21 g, respectively. It can be seen that in these strategies, the total

hydrogen consumption of the presented EMS is the smallest. It is proved that the proposed strategy
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could effectively reduce the fuel consumption.

3.4.3.3. Comparative analysis of the power sources operating stress

According to [6,15

], the key factor that affects the performance of power sources is related to power

fluctuations. The operating stress analysis results of power sources using different strategies are

presented in Fig. 3.22. These results are obtained using Haar wavelet transform technique, and the

fluctuation distributions of SC and FC provide a clear indication of how often each power source is

solicited.

As can be seen from Fig. 3.22, compared with the SMC strategy and ECMS, the operating stress of stack

is the lowest under the control of the presented EMS. Thence, the presented strategy can effectively

smooth the fluctuation of stack output power, thereby prolonging the lifetime of FC. Although the

operating stress of

SC is not the lowest, SC has the advantages of strong durability and long cycle

lifespan, so it can be proved that the proposed EMS can improve the overall performance of the hybrid

system.
_ 30000 S Standard deviation of FC: 0.8871 . ________ ]
.g [ Standard deviation of SC: 0.8146| : ‘ ‘
=" | | | | |
5200001 e oeenens N \\\Z ———————— fenennnns femeneenns
| 7 |
: A\
E 10000 A
N NZN\N7 T
i o NEAZAVN

0 — - ' - ‘ :
-500 -400 -300 -200 -100 0 100 200 300 400

Power fluctuation(W/s)
(a) SMC strategy

30000 +

20000

10000 -

Number of point

Standard deviation of FC: 0.6064/ - ---------------—-——-- A—
Standard deviation of SC: 0.7037 | | |

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Lz
AURMMITIIIN

N

400  -300  -200  -100 0 100 200 300
Power fluctuation(W/s)

(b)ECMS

101



40000 | S Standard deviation of FC: 0.5116 I ]
F77] Standard deviation of SC: 0.7652| 3 3

30000

Number of point

0 ! : SZNZNZ 227, i

-400 -300 -200 -100 0 100 200 300
Power fluctuation(W/s)

(c) The presented EMS

Figure 3.22. Power fluctuation rate distribution of SC and FC using different strategies.

Furthermore, to highlight the superiority of the presented strategy more clearly, all the results using

different strategies are summarized in TABLE 3.5.

TABLE 3.5. Performance comparative analysis of different strategies.

SMC ECMS The presented EMS
SOC variation of SC 74.00%-88.92% 74.00%-47.95%  74.00%-72.56%
Average operating efficiency 37.12% 32.47% 38.09%
Total fuel consumption 32.47g 23.80g 18.21g
FC operating stress 0.8871 0.6064 0.5116
SC operating stress 0.8146 0.7037 0.7652

As shown in TABLE 3.5, among these three strategies, the proposed EMS has advantages in hydrogen

consumption, power sources operating stress, operating efficiency, and SOC fluctuation range of SC.

3.5. Conclusion

In this chapter, the online extremum seeking-based optimized EMS is presented for a SC/FC hybrid
electric tram. Firstly, the structure and configuration of the tram are introduced. Then, to improve the
operating performance of the stack, this study divides the “safe operating zone” according to its ME and
MP operating points. Considering that the stack is a complex nonlinear system, an online extremum
seeking method is used to estimate the ME and MP points of the FC. Therefore, the boundary values of
the “safe operating zone” can be updated in real-time. The FFRLS algorithm is proposed to implement
this process. Since the SC has the disadvantage of low energy density to ensure that the initial and final
SOC states of the SC are consistent and to ensure the continued operating of the tram, the constraint Ksc
is considered in the proposed EMS.

According to the structure of the studied heavy-duty hybrid electric tram (LF-LRV), a reduced-scale test
platform powered by SC and FC is established, and the scaled-down working condition of the tram is
adopted to test the performance of the presented EMS. The results demonstrate that the presented
strategy can ameliorate power sources performance, keep the initial state SOC of SC consistent with its

final state SOC, save fuel consumption, and smooth out the output power fluctuations of stack. The
102



presented EMS is also compared with the SMC strategy and ECMS to further certify its superiority.

The Chapter 3 mainly studies the energy management strategy suitable for a heavy-duty hybrid electric
tram powered by SC and FC, and in the next chapter, we will further investigate the study of power
distribution and coordinated control methods in multi-source systems (consisting of multiple energy

storage systems and multiple sets of stacks) for the higher power applications.
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Chapter 4. Performance consistent power distribution method for
a multi-source hybrid power system

4.1. Introduction

In Chapter 2 and Chapter 3, a detailed energy management study is conducted on the hybrid
applications powered by a dual-source system (battery/supercapacitor and fuel cell (FC)). However,
based on the existing studies, in the higher power applications (such as high-speed Electrical Multiple
Unit trains), the traction power required by the vehicle is often large (for example, more than SO0kW)
[1]. Due to the limitation of power level and existing technology, the dual-source hybrid systems utilized
in Chapter 2 and Chapter 3 are difficult to be applied to occasions with such high power requirements
[2,3]. Therefore, some studies combine multiple energy storage systems and multiple FCs in parallel to
form a multi-source hybrid power system to meet the above challenge[1,4—6]. Compared with the dual-
source hybrid systems, the multi-source hybrid systems have the following advantages in the high-power
applications: 1) The construction of multi-source hybrid system can increase the system power level and
redundancy without increasing the development cost of high-power battery and FC; 2) Better operating
performances in terms of efficiency, output power, hydrogen consumption, and operating state; 3) When
a certain power source fails to operate, the faulty unit can be removed in time to avoid affecting the
power supply stability of the entire system and increase the fault tolerance of the system [7-9]. However,
the application of multi-source hybrid power systems also brings new challenges to the control and
management of power flow. Reasonable energy management methods are beneficial to reduce the
system performance degradation rate and extend its service life [10,11]. At present, the research on the
power distribution among the power sources in the multi-source hybrid power system is still insufficient,

and it is necessary to further explore the control of the system.

Obviously, from the research content in Chapter 3, when the hybrid system works in a complex
environment such as rail transit, the different operating conditions (output power and operating
temperature) of each power source will lead to differences in the operating performance of each power
source, such as inconsistent state of charge (SOC) of batteries and inconsistent operating state of FCs.
However, most studies ignore the above differences, which are not conducive to improving the overall
performance of the system [1,3,4,9]. In order to fill the above-mentioned research gap, improve the
system consistency (battery SOC consistency and FC operating state consistency) as much as possible
and prolong the system service life, this chapter proposes a performance consistent power distribution
method for a multi-source hybrid power system. In addition, in this system, referring to the research in
the field of microgrid, in order to improve the fault tolerance and stability of the system, this chapter

adopts a droop control technology to realize the coordinated distribution of power.

The rest of this chapter is organized as follows. The structure and droop characteristic of the multi-



source hybrid power system is analyzed in section 4.2; In section 4.3, the presented power distribution
method is elaborated; Method validation and results analysis are detailed in section 4.4; Finally, the main

conclusions are drawn in subsection 4.5.

4.2. Multi-source hybrid power system analysis
4.2.1. System structure analysis

Due to that parallel-connected architecture performs better than serial-connected architecture in terms
of system flexibility and system performance [4,6,12—14], the structure of the multi-source hybrid power
system constructed in this chapter adopts the former one. As depicted in Fig. 4.1, the powertrain of the
multi-source hybrid power system developed in this chapter is mainly composed of two parts, one of
which is a multi-battery system and the other is a multi-stack FC system. The multi-battery system
includes N2 batteries and N2 bidirectional DC/DC converters. In addition, the multi-stack FC system
consists of N1 independent stack and N1 unidirectional DC/DC converters. The hybrid power system
also includes a power distribution controller, as well as some other auxiliary systems. The primary

parameters of the built hybrid power system are shown in TABLE 4.1.
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Figure 4.1. The structure of the multi-source hybrid power system.
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TABLE 4.1. Primary parameters of the system.

Multi-source hybrid power system

DC bus voltage 750 V Power level ~ About 800 kW
Battery

Type Li-ion Rated voltage 336 V
Capacity 15Ah Set numbers 4 parallel

Mass About 140 kg - -

FC

Type Water-cooled  Rated power 110 kW

Voltage 420~720V Set number 4 parallel
Max current 320A - -

4.2.2. Components modeling

It should be mentioned that the battery and FC simulation models used in this chapter have been
introduced in detail in the Section 2.2 of Chapter 2, and the validity of the established models has been
verified, so this chapter will not repeat the modeling of the power supplies (battery and FC) in the
powertrain. In addition, as shown in Fig. 4.1, each power source delivers electric energy to the DC bus
through a DC/DC converter. Taking into consideration that the traction common bus voltage is 750V,
the maximum output voltage of the power sources used in this chapter (see TABLE 4.1) is lower than
the bus voltage. Therefore, two boost-type DC/DC converter models are established in this chapter, one
of which is a bidirectional DC/DC converter for connecting battery to the bus, and the other is a
unidirectional DC/DC converter for cascading FC [3,14,15]. The topologies are shown in Fig. 4.2. Each
model has two switching transistors, which can be controlled by two complementary pulse width
modulation (PWM) signals with dead time. By adjusting S; and S, then the power generated by FCs

and batteries can be determined.
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Figure 4.2. The built DC/DC converter models.

4.2.3. System droop characteristic analysis

In such a multi-source hybrid system, there are a large number of power sources. In order to maintain

the stable operation of the system, the droop control method is usually adopted [3,16—18]. The system



structure shown in Fig. 4.1 can be simplified to Fig. 4.3 (a), and the equivalent circuit on the load side
can be depicted in Fig. 4.3 (b). Where Veci and Irci represent the voltage and current of stack No.i,
respectively. Veai and Tvai represent the voltage and current of battery No.i, respectively. In addition, Vi
and /4 stand for the voltage and current of converter No.i respectively, Vius and Iy represent DC bus
voltage and current respectively, and Ry represents the line resistance of converter No.i (i = 1, 2, -+

represents the i-th system branch).
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Figure 4.3. Simplified equivalent circuit diagram of the multi-source hybrid power system.

In Fig. 4.3 (b), the I-V characteristic curve of the converter No.i can be expressed as:

*

V.

dci

—v (4.1)

e — LR

dei i

where Vg represents the reference voltage. When the output current change of the converter is A/, the

voltage change on the line resistance is AV, and there are:

AV

here, AV/AI represents the output voltage adjustment rate of the converter. According to Eq. (4.2), the



output voltage droop characteristic curve of the converter can be drawn, as shown in the figure below
[3,19].
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Figure 4.4. Output voltage droop characteristic curves.

In Fig. 4.4 (a), the positive half axis of the abscissa represents the battery discharging characteristic curve, and
the negative half axis represents the battery charging characteristic curve. It can be seen from Fig. 4.4
that when the system is discharging, the droop control method will reduce the DC bus voltage, on the

contrary, it will increase the DC bus voltage during charging.

In addition, according to Kirchhoff’s voltage law (KVL), the relationship between the voltage, current

and resistance in Fig. 4.3 (b) can be expressed by:

v

del

= IdclRll + I/bus
: (4.3)

Vin = Lin By +V,

deN

us

Moreover, according to Kirchhoff’s current law (KCL), the voltage and current of the bus have the

following mathematical form:
n (4.4)

where Riad 18 the load resistance. Since the load resistance is much larger than the line resistances (Rioad

> Rji), the output current of each converter can be obtained by:

with:

N

i=1

1 R

del m

1 N

i=1

R

m

(Vdcl/Rn )H Ry

(Vch /RIN )H Ry

N

)

i#l

|

1
R, + Ry
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. (4.5)

deN



R, =R, ZV; {(ﬁ R, j/R“j (4.6)

For a multi-source hybrid power system containing N power sources, each converter output current can
be calculated through the Eq. (4.5) and Eq. (4.6). In addition, it can be obtained from the equation (4.5)
that the power supplied by the converters could be determined by adjusting the output voltage of

converters or changing line resistances.

4.3. Power distribution method and control algorithm design

As the current research on the multi-source hybrid power system is still insufficient, related energy
management methods need to be improved [4,20,21], and most of research has been summarized in
Chapter 1. In addition, although a few studies have investigated power allocation methods for multi-
stack FC systems and multi-battery systems, the main concerns are system efficiency and energy
consumption, while the impact of power sources performance degradation on power allocation of the
system has been barely studied [1,3,4,6,22—24]. In the multi-source hybrid power system, since the
operating parameters (temperature, humidity, output power, etc.) of each power source are not
completely consistent, in this state, long-term operation will lead to differences in operating performance
and SOC among the power sources. If this difference in operating status is ignored and all batteries or
stacks are controlled to output the same power, it will lead to over discharge of the lower SOC batteries,
and cause the poorer performance stacks to degrade faster, which is not conducive to prolonging the

service lifetime of the system [25,26].

In order to fill the above-mentioned research gap, keep the operating performance of each stack in the
multi-stack FC system as consistent as possible, and make the SOC difference of each battery in the
multi-battery system as small as possible, it is necessary to study the operating state consistent power
distribution method under the premise of stabilizing the bus voltage. This chapter uses the battery SOC
evaluation method proposed in the Chapter 2 to measure the SOC (see Eq. (2.11)) of each battery in
real time, and then uses the performance degradation degree evaluation method to estimate the operating
state of each stack. In addition, the virtual droop control algorithm is used to adaptively adjust the output
power of each power source according to the measurement results, so as to realize the adaptive control
of the multi-source hybrid power system and achieve the purpose of consistent system performance

[16,21].
4.3.1. Operating state consistency distribution method for the multi-source system

In the multi-battery system, battery SOC is an important indicator. The inconsistency of the SOC of each
battery will lead to overcharge of the stack with large SOC and shorten the service lifetime of the entire

system. Therefore, this chapter firstly conducts research on SOC consistency coordinated control in the



multi-battery system. The battery SOC can be calculated using the Eq. (2.11). When in discharging mode,
a battery with a larger SOC should output more power to dissipate its power. When in charging mode, a
battery with a smaller SOC should recycle more power to increase its SOC. In addition, considering the
power balance relationship shown in Eq. (4.7), the reference power of batteries can be obtained, as

shown in Eq. (4.8).

P =B, +F.,++Fh

multi_bat batl bat2 batN2

(4.7)

where Pruii vat 18 the total required power of the multi-battery system, Pyai is the output power of battery

No.1.

B ret = B v X kg Discharging mode (4.8)
Pbaliircf = Pmultiibat X kci Charging mOde
with:
N2
kg =1
i1
B socr!
¢ 80CM +50CH + -+ SOC™
N2 4.9)

Dk, =1

i=1

2 socr
N2 SOC™ +SOC™ +---+SOC™

where Puai ref 1S the reference power of battery No.i, k.i and kg are the correction coefficients for battery
No.i charging mode and discharging mode, respectively. In addition, SOC; is the SOC of battery No.i,
nq and nc denote the acceleration factors for discharging mode and charging mode, respectively. In
summary, after the overall output power of the multi-battery system in the entire multi-source hybrid
power system is determined, the reference power of each battery can be determined by Eq. (4.8) and Eq.

(4.9).

In addition, according to the foregoing description, it is known that the performance among stacks in
the multi-stack FC system may be inconsistent. If there is a performance difference among the stacks in
the multi-stack FC system, the performance of the system will be limited by the worst performing stack
[27]. Consequently, in order to minimize performance differences among the stacks and maintain the
consistency of performance among the stacks, the influence of the performance difference among stacks
on power splitting should be taken into account. In addition, this chapter also considers that the larger
the rate of change in the output power of the stack, the faster the degradation of the stack performance
and the shorter the lifespan [28-30]. Therefore, a poorly performing stack should provide less power

fluctuation to improve its operating performance.



Since the output voltage and power of the stack can directly reflect the operating state of the stack [3,31],

the operating state of the FC can be simply expressed as:

(4.10)

where Arc; represents the operating state of the FC No.i, and the closer its value is to 0, the worse the
stack performance. Piqca Stands for the output power of the FC when the stack performance is good.
Then the operating state of the stack can be estimated by Eq.(4.10), and its range is [0-1]. Then the ratio

of the power fluctuation of each converter cascaded with the stack can be expressed by:

N e “ 4.11)
;Aeici =AP, multi_stack

where Kaivi j denotes the ratio of the output power fluctuation of converter No.i and the output power
fluctuation of converter No.j, APqi represents the output power fluctuation of converter No.i, and
APmuti sack stands for the multi-stack FC system demand power fluctuation. Then the output power

fluctuation of each converter cascaded with the stack can be calculated by Eq. (4.12).

AP =P _p _ APmultiistack
del — Tdel(t) del(t-1) — 1+Kd' . +...+Kd_ NI
: (4.12)
AP _ P P _ APmultiistack
deNT = FdeN1(t) — TdeNI(t-1) T 1+Kd' N +"'+Kd (NL1)
ivl ] iv(N1-1)_N1

Then, the real-time reference power of each converter cascaded with the stack can be calculated by:

Py = Buao) Z}:APM@)
(4.13)
t
Pchl(t) = Pchl(o) + ZAPchl(i)

where Pq.i(0) represents the initial output power value of converter No.i. In addition, considering the

power balance of the hybrid system, there is the following functional relationship between each system.

=P

demand

F’multiistack + P (4 14)

multi_bat

where Pgemand represents the load demand power of the whole hybrid system.



4.3.2. Equal distribution method

The equal distribution method is the most common power distribution method in multi-source system,
which has the advantages of strong stability and easy implementation [21,24]. Since the management
research on the output power of each power source in the multi-source hybrid power system is still
relatively limited, this chapter uses the above-mentioned power distribution method as a test benchmark
to compare and analyze the proposed method. The equal distribution method is also called the power
equal distribution control strategy, and the reference power of each power source in the system can be

calculated by the following formula.

N2
KFCi})FCiircf + : :Kbath)batjircf = I)dcmand
i=1 Jj=1
Koy = Kiey =+ = Ky

ri =1 (4.15)

N2
Z Kbatj =1
j=1

where Krcj represents the ratio of the output power of the i-th stack to the required power of the multi-
stack FC system. In addition, Ky represents the ratio of the output power of the j-th battery to the
required power of the multi-battery system. It can be seen from Eq. (4.15) that under the control of the
equal distribution method, the output power of each stack is the same, and in addition, the output power
of each battery is also the same. As mentioned above, although the equal distribution method is simple,

it is not conducive to maintain the consistency of system operating state.

4.3.3. Droop control algorithm based on virtual impedance

In this chapter, in order to minimize the operating state difference among the power sources in the built
multi-source hybrid power system, an operating state consistency power distribution method
considering multiple influencing factors (operating state of stacks and SOC of batteries) is addressed.
In this method, the reference output power of each converter is determined by the operating state of each
stack and the SOC of each battery, and the power splitting process could be realized by changing the
values of virtual resistances. Therefore, an instantaneous virtual resistance calculation technique is
proposed in this section. In addition, considering that the virtual droop control will increase the deviation
between the bus voltage and the reference voltage (750 V) [9,17], a voltage regulation technology is

also presented to stabilize the DC bus voltage.

4.3.3.1. Instantaneous virtual resistances calculation

According to the description in section 4.2.3, the purpose of controlling the output power of the



converters can be achieved by changing the line resistances. In order to not increase the complexity and

power loss of the system, and to ensure that each converter can adjust its output power according to the

operating state of each power source, a virtual droop control algorithm is added to the control strategy

in this chapter [16—18]. After adding the virtual resistance Raroop, the simplified and equivalent circuit

for the multi-source hybrid power system can be modified as shown in Fig. 4.5.
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Figure 4.5. Simplified equivalent circuit diagram of the multi-source hybrid system after adding virtual

resistances.

According to Eq. (4.5), after adding virtual resistances to the hybrid system, the output current of each

converter can be expressed as

with:

u 1
iZ¢1:£Rxl +in]

-1

R, +R

xN x1
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V= (Vdci / ( R; +Rdroopi )) ﬁ (Rn + Rdroopi )

i=1

R, =Ry i [(ﬁ (Ru F R oopi )j /(Rli + Rioopi )j (4.17)

i=1

in = Rli +R

droopi

According to Eq. (4.16), the added virtual resistances can affect the output current of each converter in
the hybrid system. The values of the virtual resistances added to the controller can be calculated
according to the reference power obtained in the sections 4.3.1 and 4.3.2. The instantaneous virtual
resistance in the controller can be calculated by substituting the obtained reference power into Eq. (4.16),

as shown below.

P | [Yo ] i[;] ) S
Vs | | Boty | |7\ Ry * Ruig R Ry Vaery
: = |+ : -, : x| (4.18)
Pch(t) YN -1 i 1 Vch(t)
L Vbus(l) | B Rm(l) B RxN(t) + Rxl(t) i=N RXN(‘) + RXi(t) i

Furthermore, due to the virtual resistances added to the multi-source hybrid power system, the reference
voltage of each converter will be affected [9,32]. After the values of the virtual resistances are
determined by the Eq. (4.18), the reference voltage of the converter No.i can be updated according to

Eq. (4.19).

Vd*cj = Vd*c - 1R (419)

droopi

In this equation, Vg denotes the traction bus reference voltage and Vai' represents the new reference

output voltage of converter No.i.
When the line resistance is taken into consideration, Eq. (4.19) should be rewritten as:

Vd: = Vd* -1 R — LRy (420)

c droopi

Based on research [3,33], the value of the line resistance is usually between 0Q2 and 1Q. Therefore, the

value of Rji in this study is also taken between 0-1.

4.3.3.2. Bus voltage regulation technology

From Eq. (4.20), it can be known that both the Raroopi and Ry will cause the bus voltage to drop, which is
not conducive to maintaining the stable operation of the system. Consequently, in order to achieve the
purpose of recovering the bus voltage variation caused by the virtual droop control without disturbing

the power allocation method, a voltage control strategy is presented in this chapter. This voltage control
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strategy adds a voltage correction factor (A V) to the reference voltage Va.". The AVier can be obtained
by inputting the difference between the reference voltage Vic+ and the bus voltage Vs into the PI

controller. The solution process can be expressed by:

AV =K, (Vi Vi )+ K, [ (Vi Vi )t (4.21)

where K and Kp present the integral gain and proportional gain of the PI controller, respectively. In
addition, the value of AV is limited so that the bus voltage fluctuation never exceeds the maximum
voltage deviation limit (+5% of the reference voltage). Through the voltage control strategy adjustment,

the new Vi~ value can be calculated by:

Vd*cT = Vd*c +AV  — IdciRdroopi — IRy (422)

The voltage control strategy can offset the issue of bus voltage drop caused by the virtual droop control.

Therefore, this strategy can ensure that the bus voltage is close to the reference voltage.

In summary, the presented power distribution method can be implemented by the framework diagram
shown in Fig. 4.6.
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Figure 4.6. Structure diagram of the proposed power distribution method for the multi-source hybrid power

system.

Firstly, the optimal output power of the multi-stack FC system and the multi-battery system can be
obtained according to the energy management strategies used in the dual-source hybrid system proposed
in Chapter 2 and Chapter 3. Next, the proposed consistency power distribution method will be used to
determine the reference power of each converter according to the real-time operating performance of
the stack and the SOC of the battery. Then, based on the reference power, the added virtual resistances
can be solved by using the instantaneous virtual resistance calculation technique. Finally, the voltage

control strategy is presented to stabilize the bus voltage.



4.4. Comparative analysis of experimental results

In this chapter, I use the hardware-in-the-loop (HIL) simulation platform to demonstrate the
effectiveness of the presented operating state consistency power distribution method. The HIL
simulation platform can demonstrate the effectiveness and practicability of the presented method online.
The structure of the test bench is depicted in Fig. 2.21. It should be mentioned that the HIL test bench
has been introduced in detail in Section 2.4 of Chapter 2, so this chapter will not repeat the introduction.
In the test experiments in this chapter, 4 sets of stacks and 4 sets of batteries are used to form a multi-
stack FC system and a multi-battery system, respectively. To test the effect of the proposed power
distribution method when the performance of some stacks in the multi-stack FC system is degraded, this
chapter uses a stack with a working time of 800 hours (stack No.3) and a stack with a working time of
1200 hours (stack No.4). In addition, in order to obtain the operating condition to test the effectiveness
and performance of the presented power distribution method and droop control algorithm, this chapter
adopts power following (PF) strategy presented in the Chapter 2 to disassemble the tram driving cycle.
The total required power of the multi-source hybrid power system is shown in Fig. 4.7 (a), and the
respective required powers of the multi-battery system and the multi-stack FC system can be obtained

by using PF strategy, as shown in Fig. 4.7 (b) and Fig. 4.7 (c).
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Figure 4.7. Systems operation test conditions.

Fig. 4.7 presents the power output curves of the multi-stack FC system and multi-battery system when
PF strategy is used. To test the performance of the presented power distribution method, this chapter
analyzes the output power of each power source, the SOC fluctuation of battery, the stack operating

stress, and also tests the fault-tolerant control capability of the hybrid system.

4.4.1. Comparative analysis of output power

On the test platform, the equal distribution method and the proposed operation consistency power
distribution method are tested under the working conditions. Under the control of different power

distribution methods, the output power curves of FCs and batteries are shown in Fig. 4.8.
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(b) The FCs output power curves under the control of the proposed distribution method
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(d) The FCs output power curves under the control of the equal distribution method

Figure 4.8. Power sources output power curves using different power distribution methods.

As can be seen from Fig. 4.8, under the control of the equal distribution method, each stack outputs the
same power, and each battery also outputs the same power, and the demand power of each system is
equally distributed. In addition, under the control of the proposed consistency distribution method, the
output power fluctuation of each stack can be adjusted in real time by its operating state, and the output
power of each battery can be adjusted by its SOC. It can be seen that the constructed multi-source hybrid
power system can be controlled according to the proposed power distribution method, and can operate

continuously and stably.

4.4.2. Battery SOC fluctuation analysis

SOC is a particularly important indicator of the multi-battery system [34]. According to Eq. (2.11) and
the output current of each battery, the real-time SOC of each battery under the control of different
distribution methods can be calculated, the output current curves of the batteries and the operating SOC

curves of the batteries are shown in Fig. 4.9.

119



300

— Batt'ery No.l- — Batt'ery No.2 '
2001 - - Battery No.3 --- - Battery No.4
2 | |
E 0 ’.j:.- f B L .h--.v I‘J L _‘hﬁ
c LA A M A VAL V|
-100 : :‘ ‘: ul . 4
-200
0 200 400 600 800 1000 1200 1400
Time(s)
(a) The batteries output current curves under the control of the proposed distribution method
70 — — Battery No.1- - - Battery No.2]|
—— Battery No.3 —— Battery No.4
2 60F N | 3
™~ N NG
N’ . P \\ /“‘\\
Q i WA N 45.470, 45-11%
2 50 A TN A Ay 54T

[~V o/
40 44.39%
0 200 400 600 800 1000 1200 1400
Time(s)
(b) The batteries SOC curves under the control of the proposed distribution method
200" —'Batt'ery No.l- - - 'Batt'ery No.2 ' . ' '
— - — Battery No.3 - - - - Battery No.4 l |
§’ 100 | ' |
= ‘ 1
N S DRGNP
= 0 hr rf Wt FF.‘\J’_‘J N 1 ‘ _).r_
o T TN 1! YRNERY, k,' 1
Viy V I
-100 V
0 200 400 600 800 1000 1200 1400
Time(s)
(c) The batteries output current curves under the control of the equal distribution method
7 VN
58.06%
~ ~ o= -
§ a4 e _.\— L —. a // \.\’f <~ 47.6§% |
8 50 “’ .\‘J, 4 v \\.4* _-—\
@ 40 — — Battery No.1- - - Battery No.2|
vV N —— Battery No.3 — Battery No.4
30 \_\Jﬁ"\ /\V,-\V. 25.44%
L\_/A
0 200 400 600 800 1000 1200 1400
Time(s)
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Figure 4.9. The SOC curves of batteries using the different distribution methods.
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In order to highlight the advantages of the proposed consistency distributed method, the SOC initial
value of battery No.1 and battery No.2 is both set to 60%, the SOC initial value of battery No.3 is set to
40%, and the SOC initial value of battery No.4 is set to 70%. In the Fig. 4.9, under the control of the
proposed distribution method, the final SOC values of each battery are 45.11% (battery No.1), 45.11%
(battery No.2), 44.39% (battery No.3), and 45.47% (battery No.4), respectively. In addition, under the
control of the equal distribution method, the final SOC values of each battery are 47.65% (battery No.1),
47.65% (battery No.2), 25.44% (battery No.3), and 58.06% (battery No.4), respectively. It can be seen
from Fig. 4.9 (a) and Fig. 4.8 (a) that under the control of the proposed distribution method, when the
system is in the discharging mode, the battery with a larger SOC outputs a larger power, and when the
system is in the charging mode, the battery with a smaller SOC absorbs more power. Therefore, as the
system operates, the SOC difference of the batteries in the system gradually becomes smaller. It is
proved that the proposed consistency distribution method is beneficial to improve the SOC consistency

in the multi-battery system, thereby improving the operating performance of the system.

4.4.3. Stack operating stress analysis

According to [9,14,28], it is mentioned that the key impact on stack degradation is allocated to power
dynamics. The analysis of the fluctuation of the FC output power through wavelet transform can give a
clear indication of how often each stack is solicited [25]. When the change rate of the stack output power
is larger, the performance of the stack decreases faster, resulting in a shorter lifespan. Therefore, the
poorer the operating state of the stack, the more its output power should be smoothed. Under the control

of different distribution methods, the results of the operating stress of stacks are presented in Fig. 4.10.
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Figure 4.10. The stacks operating stress using different power distribution methods.

It can be observed from the Fig. 4.10 that under the control of the equal distribution method, the output
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power of each stack is the same, so the operating stress of each stack is also equal, which is 96.5269. In
addition, under the control of the presented power distribution method, the more serious the performance
degradation of the stack is, the smaller the output power fluctuation of the stack is. The experimental
results show that the operating stress of the stacks No.1, No.2, No.3 and No.4 are 99.3928, 99.2887,
93.1347, and 91.8891, respectively. It is obvious that the proposed power distribution method helps to

make the stacks’ performance uniform, thereby extending the lifespan of the system.

4.4.4. Bus voltage fluctuation analysis

In addition, under the control of the droop control algorithm based on bus voltage regulation and the

traditional droop control algorithm, the DC bus voltage fluctuation curves are shown in Fig. 4.11.
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Figure 4.11. DC bus voltage fluctuation curves.
In Fig. 4.11, the black curve is the bus voltage fluctuation curve under the adjustment of the traditional
virtual resistance droop control algorithm, and the voltage fluctuation range is 735 V-755 V. In addition,
the red curve is the bus voltage fluctuation curve adjusted by the voltage regulation technology
mentioned in section 4.3.3.2, the voltage fluctuation range is 745 V-755 V, and the voltage fluctuation
is small. Therefore, compared with the traditional droop control algorithm, the proposed voltage

regulation method has better performance and is more conducive to maintaining the bus voltage stability.
4.4.5. System fault-tolerant analysis

Taking into consideration that in the multi-source hybrid power system, a certain power source (battery
or FC) may suddenly fail and cannot work, this chapter also tests the function of the presented method
and system for fault-tolerant operation. This chapter uses the test condition shown in Fig. 4.12 to perform

a plug-and-play functional test for the multi-battery system.
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Figure 4.12. Test condition used to test fault-tolerance control of multi-battery system.

In this experiment, it is assumed that the battery No.1 failed at about 20 s, and then reconnected battery

No.1 to the system at about 114 s. The experimental results are shown in Fig. 4.13.
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Figure 4.13. Experimental results for testing multi-battery system fault-tolerant control capability.

It can be clearly observed in Fig. 4.13 that when the operating time is about 20 s, the battery No.1 is
stopped by turning off the switch connected to the bus, which is used to simulate the sudden failure of
the battery during operation. When the system operating time is about 114 s, the switch is closed, so that
the battery No.1 can continue to provide power for the system. It can also be seen that before the switch
is turned off (before 20 s), the four batteries distribute the demand power according to their respective
SOC. After the switch is turned (between 20 s and 114 s), the output power of the battery No.1 is 0, its
SOC doesn’t change, and the remaining three batteries still distribute the demand power according to
their respective SOC. When the switch is closed (after 114 s), the four batteries support the demand
power according to their respective SOC again. Therefore, it can be seen that even if one of the batteries
suddenly fails to operate, the remaining batteries can provide power to the system according to the
presented consistency power distribution method, thereby verifying the plug and play function of the
multi-battery system. In addition, Fig. 4.13 (c) shows the bus voltage fluctuation curve. It can be seen
during the entire operation, the bus voltage fluctuation range is 748 V-752 V, which indicates that the
system stability is satisfactory, and the system can ensure stable operation even in the event of a sudden
failure of the battery. It should be noted that in this experiment, the multi-stack FC system only outputs

the minimum power, so the operation of the stacks is not discussed.

In addition, this chapter uses the test condition shown in Fig. 4. 14 to further verify the fault-tolerant

control capability of the multi-stack FC system.
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Figure 4.14. Test condition used to test fault-tolerance control of multi-stack FC system.

Assuming that the FC No.1 is out of operation due to a fault when the system operating time is about 50

s, and reconnects when the system operating time is about 100s, the operation results are shown in Fig.
4.15.
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Figure 4.15. Experimental results for testing multi-stack FC system fault-tolerant control capability.

It can be seen from Fig. 4.15 (a) that during 0 s-50 s, the system allocates the load power to four stacks

according to the proposed power distribution method. When the operating time is about 50 s, the FC
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No.1 is removed due to the fault, the output power of FC No.1 suddenly becomes 0, and the remaining
FCs supplement the system load power according to their respective operating states. When the
operating time is about 100 s, the FC No.1 is reconnected, the four FCs support the demand power
according to the proposed power distribution method. In addition, from the bus voltage fluctuation curve
shown in Fig. 4.15 (b), it can be seen that the bus voltage fluctuation range is small during the entire
operation process, and is hardly affected by the removal and connection of the FC. In this experiment,
the output power of the multi-battery system is set to 0, therefore, the operation of the batteries is not

discussed.

The above experiments prove that the built system has strong robustness under the control of the
proposed operating state consistency power distribution method. Even if there is a power source failure,
the system can still run continuously and stably. In addition, to highlight the superiority of the proposed
power distribution method more clearly, all the results using different power distribution methods are

summarized in TABLE 4.2.

TABLE 4.2. Performance comparative analysis using different power distribution methods.

Equal distribution method The proposed method

SOC variation of battery No.1 60%-47.65% 60%-45.11%
SOC variation of battery No.2 60%-47.65% 60%-45.11%
SOC variation of battery No.3 40%-25.44% 40%-44.39%
SOC variation of battery No.4 70%-58.06% 70%-45.47%
FC No.1 operating stress 99.3928
FC No.2 operating stress 99.2887
FC No.3 operating stress 76.3296 93.1347
FC No.4 operating stress 91.8891

As shown in TABLE 4.2, the proposed power distribution method is beneficial to improve the operating

consistency of the system, thereby increasing the overall service lifetime of the system.

4.5. Conclusion

This chapter mainly focuses on the research of multi-source hybrid power system suitable for high-
power applications such as high-speed Electrical Multiple Unit trains, and puts forward an operating
state consistency power distribution method that considers multiple factors such as the SOC of battery
and operating state of FC. The presented power distribution method distributes the power among the
power sources in the hybrid system according to the SOC of batteries and the operating state of stacks.
Therefore, the impact of FC output power fluctuations on its operating state is analyzed in this chapter,
which is also considered in the power distribution method. In addition, this chapter presents the virtual
droop control algorithm and the instantaneous virtual resistances calculation technology to facilitate the

expansion of system. To maintain the bus voltage stability, a voltage regulation technology is also



presented. Furthermore, this chapter also tests the practicality of the system and the effectiveness of the
proposed method on the HIL platform. The results show that even if one of the power sources suddenly
fails in the system, the whole hybrid system can still operate stably and allocate power according to the
proposed method, which proves that the presented method has plug and play function. What is more,
the experimental results show that the proposed method helps to maintain the consistent operation of the

system, thereby improving the service life of the system.
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Chapter S. Conclusion

5.1. Summary of the research works

This thesis mainly takes the hybrid power systems used in the field of rail transit as the research object,
and carries out experimental research on the energy management strategies of different hybrid power
structures to ensure the economical operation of the system under the premise of stable operation. In
addition, this thesis mainly conducts experimental research on extreme value tracking algorithm, energy
management strategies of dual-source hybrid power systems, and energy management strategies of

multi-source hybrid power system.

First of all, the research background, the current research development status of the hybrid electric
vehicles, the research status of hybrid electric trams, a brief overview of the current state of research on
energy management strategies, and the research status of multi-source power systems. Then, an optimal
system economic energy management strategy is proposed for a battery/fuel cell hybrid electric vehicle,
and compared with various energy management strategies. Thereafter, an online extremum seeking-
based optimized energy management strategy is presented for a supercapacitor/fuel cell hybrid electric
tram, and a detailed comparative study of energy management strategies is carried out. In the end, in
order to study the multi-source hybrid power system suitable for high-power applications, an operating
state consistency power distribution method that considers multiple factors is proposed. The main

contributions and originality of this thesis are as follows:

The optimal system economic energy management strategy: considering that in the hybrid power
system, the operating cost of the power sources is high and the lifetime needs to be improved. Therefore,
in order to further promote the use of hybrid power systems, this thesis studies the coupling relationship
between lifetime loss and output power of each power source by analyzing the impact of output power
on power sources durability and converts lifetime loss into system operating costs. In addition,
considering the equivalent hydrogen consumption cost of the battery during operation, a system optimal

operating cost function is formulated.

The online extremum seeking-based optimized energy management strategy: in order to improve the
operating performance of the stack, a “safe operating zone” is divided. In addition, an online
identification algorithm is proposed to update the zone boundary value in real time to ensure the
efficiency operation of the system. Since the supercapacitor has the disadvantage of low energy density,
in order to ensure the consistency of the initial and final SOC states of the supercapacitor and ensure the
continuous operation of the tram, the SOC fluctuation constraint is considered in the proposed energy

management strategy.

The performance consistent power distribution method. the presented power distribution method



distributes the power among the power sources in the multi-source hybrid power system according to
the SOC of batteries and the operating state of the stacks. Therefore, the impact of FC output power
fluctuations on its operating state is analyzed, which is also considered in the power distribution method.
In addition, the virtual droop control algorithm and the instantaneous virtual resistances calculation
technology are proposed to facilitate the expansion of system. According to the real-time operating state
of each power source, the adjustment factors are designed to adaptively adjust the droop coefficients to
control the converters output reference power. To maintain the bus voltage stability, a voltage regulation

technology is also presented.

In order to verify the effectiveness of the proposed energy management strategies and power distribution
method, a hardware-in-the-loop (HIL) simulation platform for hybrid power systems is established
based on RT-LAB simulation development software and OP5600 real-time digital simulator. The HIL
experimental results show that all the proposed energy management strategies could be effectively
embedded into the target hardware and executed correctly on the target hardware, thus verifying the
effectiveness and real-time applicability of the proposed methods. In addition, in order to test the actual
effect of the proposed method, a corresponding physical reduced-scale experimental platform is also
built. The physical system mainly include supercapacitor, fuel cell, DC/DC converters, core control units,

and sampling and conditioning peripheral hardware circuits.

5.2. Future research directions

The main focus of this thesis is on energy management strategies for different hybrid power systems.
Although the corresponding research work has been carried out on the hardware-in-the-loop (HIL)
simulation platform and the physical scaled-down hybrid power test bench, and certain research results
have been obtained, the research content of this thesis can still be further improved. Specifically, future

works concentrate on the following aspects:

1) In this thesis, only the “voltage-current” polarization curve is analyzed in the study of the method for
evaluating the real-time operating performance of the stack. In order to further improve the evaluation
accuracy of the performance state of the stack, the internal resistance can be also analyzed. Therefore,
in the future, on-line measurement and analysis of the electrochemical impedance spectroscopy of stack

can be carried out, and a new method for evaluating the state of health of stack can be proposed.

2) In recent years, with the continuous development of machine learning methods, more and more
powerful algorithms with better optimization effects are emerging. Some studies have applied it to the
hybrid power system to optimize the distribution of system power and predict operating conditions, and
the results are satisfactory. Therefore, in the future, I intend to carry out research on optimal energy

management based on machine learning methods.



3) Although this thesis has carried out a lot of research on different energy management strategies and
achieved certain results, it doesn’t involve the research on the methods of working condition prediction.
Predicting the driving conditions of the vehicles and cooperating with appropriate energy management
strategies are more conducive to improving the service life and operating performance of the power
sources. Therefore, in the future research plan, the research on the working condition prediction method

will be carried out.

4) The operating conditions used in this thesis are obtained from the simulation of the electronic load
and power supply. In order to further prove the stability of the system and the effectiveness of the energy
management strategies, the performance of the proposed strategy can be tested with actual application

objects in the future.
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Figure 4.7. Systems operation test conditions. (a) Total operating condition of the multi-source hybrid
power system. (b) Demand power for multi-battery system. (¢) Demand power for multi-stack FC
system.

Figure 4.8. Power sources output power curves using different power distribution methods. (a) The
batteries output power curves under the control of the proposed distribution method. (b) The FCs output
power curves under the control of the proposed distribution method. (¢) The batteries output power
curves under the control of the equal distribution method. (d) The FCs output power curves under the
control of the equal distribution method.

Figure 4.9. The SOC curves of batteries using the different distribution methods. (a) The batteries output
current curves under the control of the proposed distribution method. (b) The batteries SOC curves under
the control of the proposed distribution method. (¢) The batteries output current curves under the control
of the equal distribution method. (d) The batteries SOC curves under the control of the equal distribution
method,

Figure 4.10. The stacks operating stress using different power distribution methods. (a) The equal
distribution method. (b) The proposed consistency distribution method.

Figure 4.11. DC bus voltage fluctuation curves.

Figure 4.12. Test condition used to test fault-tolerance control of multi-battery system.

Figure 4.13. Experimental results for testing multi-battery system fault-tolerant control capability. (a)
Batteries output power curves. (b) Batteries SOC curves. (c) Bus voltage fluctuation curve.

Figure 4.14. Test condition used to test fault-tolerance control of multi-stack FC system.

Figure 4.15. Experimental results for testing multi-stack FC system fault-tolerant control capability. (a)

FCs output power curves. (b) Bus voltage fluctuation curve.
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Nomenclature

PV Photovoltaic

WT Wind turbines

PHEV Plug-in hybrid electric vehicle

EV Electric vehicle

FC Fuel Cell

FCV Fuel cell vehicle

ESS Energy storage system

HEV Hybrid electric vehicle

EMS Energy management strategy

HIL Hardware-in-the-loop

SOC State of Charge

SC Supercapacitor

GM General Motors

SMC State machine control

PF Power following

FLC Fuzzy logical control

WT Wavelet transform

GA Genetic algorithm

PSO Particle swarm optimization

DP Dynamic Programming

SDP Stochastic Dynamic Programming
DDP Deterministic Dynamic Programming
PMP Pontryagin’s Minimum Principle
CP Convex programming

QP Quadratic programming

SA Simulated annealing

MPC Model predictive control

ECMS Equivalent consumption minimization strategy
RL Reinforcement learning

DDPG Deep Deterministic Policy Gradient
SARSA State-action-reward-state-action
MEOP Maximum efficiency operating point
SQP Sequential quadratic programming
RCP Rapid Control Prototyping

TI Texas Instruments



ADC
DAC
ME

MP
LF-LRV
FFRLS
SISO
PWM
KVL
KCL

Analog/digital conversion
Digital/analog conversion

Maximum efficiency

Maximum power

100% low floor light rail vehicle
Forgetting factor recursive least square
Single-input single-output

Pulse width modulation

Kirchhoff’s voltage law

Kirchhoff’s current law



