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Abstract

Fuel cell powered electric vehicles, with fast-refueling time, high energy density,
and zero COs emissions, are becoming a promising solution for future fossil-free
transportation. However, the relatively slow dynamic response and the inability of
recovering the regenerative energy make vehicles solely powered by fuel cells not
an immediately attractive solution. Instead, hybrid vehicles powered by fuel cells
combined with energy buffers such as batteries and supercapacitors could be of
more interest. Due to the unique characteristics of each energy buffer, the vehicle
performance may vary with the hybrid energy storage system configuration. This
thesis performs a comprehensive study on various energy storage configurations

for applications in fuel cell hybrid electric vehicles.

This thesis first examines the fuel cell/supercapacitor passive hybrid configuration
where the fuel cell and supercapacitor share the same DC-link voltage. The power
distribution between them is inherently determined by their internal resistances.
Therefore, the DC-link voltage varies and depends on the vehicle power demand. In
this work, a fuel cell /supercapacitor passive hybrid powertrain is first modeled and
evaluated. Simulation results show that the energy efficiency is 53%-71% during
propulsion and 84%-94% during braking, respectively. Moreover, a 3 kW lab-
scale fuel cell /supercapacitor passive hybrid system is designed and investigated.
Experimental results show that the fuel cell takes time to respond to a load change,
while the supercapacitor provides the transient power, which makes it possible to

downsize the fuel cell.

Since the passive configuration loses the active controllability, this thesis further
considers a fully-active fuel cell/supercapacitor system to improve the controllabil-
ity of the power distribution. This configuration requires a boost converter for
the fuel cell and a buck-boost converter for the supercapacitor. In this work, an
adaptive power split method is used to smooth the fuel cell current and prevent
the supercapacitor from exceeding its lower and upper charge limits. The cut-off

frequency of the low-pass filter is adaptively controlled by the spectrum area ratio.



Experimental results show that the supercapacitor state-of-charge is effectively
controlled within the desired range. Moreover, a load disturbance compensator
is proposed and demonstrated to improve the control performance such that the
DC-link voltage fluctuation caused by the load current variation is significantly

reduced.

This thesis also investigates the cost-effectiveness of different energy buffers hy-
bridized with fuel cells in various trucking applications. First, a chance-constraint
co-design optimization problem is formulated. Convex modeling steps are pre-
sented to show that the problem can be decomposed and solved using convex
programming. Results show that the power rating of the electric machine can
be dramatically reduced when the delivered power is satisfied in a probabilistic
sense. Moreover, the hybridization of fuel cells with lithium-ion batteries results
in the lowest cost while the vehicle using lithium-ion capacitors as the energy
buffer can carry the heaviest payload. This work also develops a robust co-design
optimization framework considering the uncertainties in parameters (e.g., vehicle
movement) and design decision variables (e.g., scaling factors of fuel cells and
batteries). Results show that these uncertainties might propagate to uncertainties
in state variables (e.g., battery energy) and optimization variables (e.g., battery
power), leading to a larger battery capacity and therefore a higher total cost in

robust optimal solutions.

In summary, this thesis performs a comprehensive study on control and opti-
mization of fuel cell based powertrains for automotive applications. This will
provide a guidance on component selection and sizing, as well as powertrain system

configuration and optimization for design of fuel cell powered electric vehicles.

Index Terms: Fuel cell, Electric vehicles, Batteries, Supercapacitors, DC-link
voltage, Power distribution, Cut-off frequency, Load disturbance compensator,
Chance-constraint co-design optimization, Convex programming, Robust co-design

optimization.
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Overview






Chapter 1

Introduction

This chapter introduces the background, motivations, and research questions that
are being addressed in this thesis. It describes the thesis outline and the main

contributions, followed by a list of the publications.

1.1 Technical Background

The development of internal combustion engine (ICE) vehicles is one of the greatest
achievements of the modern technology. Unfortunately, the highly developed
automotive industry is also a major factor worsening our environment: global
warming and greenhouse gas (GHG) emissions [1]. Moreover, the world’s crude
oil reserves are projected to run out within the next forty years [2]. To address
above issues [3], the exploration of alternative and sustainable energy resources is

essential.

Transportation electrification is one of the alternatives to reduce GHG emissions
and fossil fuel consumption. In fact, electric vehicles (EVs) have started replacing
ICE vehicles. Among others, EVs powered by batteries and fuel cells (FCs) are of
great interest [4]. In particular, FC powered EVs might be a promising solution
thanks to their high energy density and fast refueling time. Various types of FC
technologies have been developed: alkaline, phosphoric acid, molten carbonate,
solid oxide, polymer electrolyte membrane (PEM), and direct methanol [5-7].
The PEM-based FC (i.e., PEMFC) technology has been demonstrated to be
commercially feasible for transportation and automotive applications, especially
for passenger cars, buses, logistic vehicles, and trucks [8]. EVs powered by PEMFCs
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are efficient, environmentally friendly, and emission-free as they only emit water
and heat, if green hydrogen® is used as the fuel [9,10].

So far, the relatively slow dynamic response and the inability of recovering the
regenerative energy make vehicles solely powered by FCs a less attractive solution.
Instead, vehicles powered by FCs combined with energy buffers such as batteries
and supercapacitors (SCs) could be of more interest. In fact, there have been several
fuel cell hybrid electric vehicles (FCHEVs) in the market: Honda FCX [11,12],
Honda FCX Clarity, Honda Clarity Fuel Cell [13], Toyota FCHV-adv, Toyota
Mirai [14,15], and Hyundai NEXO [16] for passenger cars; Alpha [17], XCIENT
Fuel Cell [18], and GenH2 for trucks; Coradia iLint, Tangshan, Foshan, and Mireo
plus H for railway applications; Golden Gate Zero, CFT Flagship, and Hyseas III

for maritime applications.

During the past decades, FCHEVs have made significant progress in terms of envi-
ronmental adaptability, driving range, and performance. FCHEVs have achieved
-40 °C cold start. Heat dissipation at high temperatures is no longer an issue. The
driving range has been extended due to the development of the hydrogen tank. In
today’s passenger car, the hydrogen tank volume has increased to 60 L and the
pressure has increased to 700 bar. The mass ratio of hydrogen to tank has increased
to 5.7%. With improvements in power densities of the FC, power converter, and
electric machine, the size and weight of FCHEVs have been reduced. However,
there are still some challenges to be addressed. For instance, the durability of
FCHEVs has not met the U.S. Department of Energy (DoE) target due to the
relatively short lifetime of the FC stack. The hydrogen refueling infrastructure
needs to be expanded. In fact, only 553 stations have been established by the end
of 2020 although more stations are expected to be established in the future [8,19].
Moreover, the FCHEV cost is still relatively high (e.g., 60000 USD for a Mirai)
and the FC takes up to around 40% of it. Therefore, in addition to building up
more hydrogen refueling stations, efficiency improvement, lifetime enhancement,
and cost reduction of the FC stack are some of the perennial goals and main

challenges to be met concurrently, as shown in Fig. 1.1 [§].

1.2 Motivations

To reduce the FCHEV cost, one can reduce the FC system cost [20]. As can be seen
in Fig. 1.2, the cost of the FC system in light-duty applications has reduced 67%

1Green hydrogen is defined as hydrogen produced by splitting water into hydrogen and oxygen
using renewable electricity.
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Fig. 1.1: Status in 2015 (filled area) of fuel cell development with respect to the U.S.
DoE targets (blue points). Numbers from 0 to 100 indicate the percentage of
the targeted property.

since 2006. The cost is targeted to be further decreased to 40 $/kW in 2025 with
an ultimate target of 30 $/kW according to U.S. DoE. On the other hand, in most
commercial FCHEVs;, a full-power rating FC stack is utilized with a small-capacity
battery. Therefore, another way to reduce the cost of FCHEVs is to investigate
hybridization topologies and properly downsize the power rating of the FC stack,
leading to a lower cost of the auxiliary system and the FC system.
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Fig. 1.2: Light-duty fuel cell cost improvement. Data from the Annual Merit Review
and Peer Evaluation Meeting in 2019.

Hybridization topologies of FC with other energy storage technologies (i.e., batteries
or/and SCs) are classified into passive, semi-active, and fully-active configura-
tions [21,22]. Several valuable contributions have been made for FC/SC passive
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hybrid system, including component sizing [23-27], initial voltage connection [26],
experimental verification [26,27], powertrain system modeling as well as the driv-
ing cycles evaluation. However, due to that the FC is directly connected to the
DC-link, the DC-link voltage varies with the FC power that is determined by the
passive configuration and the load power demand according to the different driving
cycles. Also, a varied DC-link voltage might result in different energy efficiency in

both component and the whole powertrain system.

To maintain a relatively constant DC-link voltage, DC/DC converters can be
utilized to form a semi-active [28-31] or fully-active hybrid system [32-34]. In
such configurations, component sizing and power/energy management are critical
in reducing purchasing cost, increasing durability of FC stack and decreasing
operational cost. In terms of low-level controls, filter-based methods with con-
ventional PI controllers are widely adopted in real-time applications. However,
the cut-off frequency is highly dependent on the vehicle specifications and the
driving conditions [35,36]. A constant frequency cannot be suitable for all driving
conditions and the DC-link voltage experiences fluctuations when the vehicle

frequently accelerates and decelerates [37-39).

Regarding high-level controls, energy management and component sizing of FC
hybrid electric vehicles have been separately or sequentially optimized in auto-
motive applications, including buses, trams and trucks. However, their combined
optimization has only been well addressed in FC hybrid electric buses [40-42] and
has not been comprehensively studied for trucking applications. Due to imperfect
manufacture process, modeling simplification and uncertain parameters during
vehicle operation, the optimal results obtained from a deterministic co-design
optimization might not be robust to variations of parameters and optimization
variables [43].

1.3 Aims & Objectives

This thesis aims to address the above issues by answering the following questions:

e What are the possible configurations to hybridize FCs with different energy
storage technologies such as batteries and SCs and how do they differ in

performance?
For the passive hybrid topology:

e What is the drivetrain and component energy efficiency for different driving

cycles?
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Fig. 1.3: Research framework.

e How can a lab-scale experimental platform be designed for validation of the

dynamic characteristics?
For the active hybrid topologies:

e What is the performance of the adaptive power split and the load disturbance
compensator in active controlling the power distribution while maintaining

a stable DC-link voltage in electric bus applications?

e What is the performance of different energy storage technologies for applica-
tions in fuel cell hybrid electric trucks (FCHETS)?

e What is the performance of the robust co-design optimization when consid-

ering uncertainties in driving conditions for FCHET applications?

A graphical framework of this thesis is shown in Fig. 1.3. The objective of
this thesis is to perform a comprehensive study on FCHEVs: energy storage
hybridization configurations, simulation and experimental validation of a passive
hybrid configuration, power allocation of an active hybrid configuration, joint

component sizing and energy management.

1.4 Main Contributions

The main contributions of this thesis are summarized as follows.

e A FC/SC passive hybrid powertrain for a passenger car is modeled in a high
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level of detail. The performance of a pure FC system and the FC/SC passive
hybrid system are compared under a pulsed load current. The powertrain

efficiency is quantified for various driving cycles.

e A lab-scale FC/SC passive hybrid system is designed and implemented for a
light vehicle. The system is experimentally tested using a step load current

and a driving cycle current.

e An active FC/SC hybrid system in bus applications is considered and a
filter-based method is developed to adaptively control the power distribution
between the FC and the SC. To maintain a stable DC-link voltage, a
feed-forward compensator is adopted by using a load disturbance observer.
The observer can accurately estimate the load current, which makes the
feed-forward compensator applicable in cases where the load current is not

measurable.

e A chance-constraint optimization algorithm is proposed to evaluate the
performance of different energy storage technologies for FCHET applications.
The electric machine is sized in a way that the delivered power is satisfied in
a probabilistic sense. The sizing of power sources and energy management
are optimized considering the FC degradation and cycle life of the energy
buffer.

e A robust co-design optimization framework is formulated for FCHETs with
consideration of the uncertainties in vehicle movements and design decision
variables. The propagation of uncertainties from parameters and design

decision variables to other optimization variables is analyzed.

The remaining claimed contributions can be directly found in the research publi-

cations.

1.5 Thesis Outline

This thesis consists of two parts. Part I summarizes the author’s publications

listed in Section 1.6. Part II contains the included papers.

Chapter 2 reviews the theory and characteristics of the FCHEV components.
The hybridization topologies of FC with other energy storage technologies (e.g.,

batteries and SCs) are also covered.

Chapter 3 analyzes the FC/SC passive hybrid system in the time and frequency do-

mains. The powertrain is modeled and simulated with load-dependent component
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models. The system energy efficiency is analyzed and evaluated with consideration
of the varied DC-link voltage for various driving cycles.

Chapter 4 presents a detailed design procedure for a lab-scale FC/SC passive
hybrid system. The system is experimentally validated using a step load current

and a driving cycle current.

Chapter 5 considers an active FC/SC hybrid system and develops a filter-based
method to adaptively control the power distribution between the FC and the SC.
The feed-forward compensator is applied with a load disturbance compensator to

maintain a relatively stable DC-link voltage when the load changes frequently.

Chapter 6 develops a chance-constraint optimization algorithm to evaluate the
performance of different energy storage technologies for FCHET applications. The
formulated problem is decomposed into two sub-problems: (1) limiting demanded
power and electric machine sizing; (2) power sources sizing and energy management,

which are solved by convex programming.

Chapter 7 presents a robust co-design optimization framework for a FCHET con-
sidering uncertainties. The vehicle speed and design decision variables (e.g., scaling
factors of FC and battery) are considered to be uncertain and the propagation of
uncertainties is illustrated. The performance of deterministic and robust co-design

optimization frameworks is compared.

Chapter 8 summarizes the main conclusions and outlines the future work.

1.6 List of Publications

This thesis summarizes the author’s work reported in the following publications:

I. Qian Xun, Nikolce Murgovski, and Yujing Liu, “Chance-constrained robust
co-design optimization for fuel cell hybrid electric trucks”, Applied Energy,
(under revision after first round review), 2022.

II. Qian Xun, Nikolce Murgovski, and Yujing Liu, “Joint component sizing and
energy management for fuel cell hybrid electric trucks”, IEEE Transactions
on Vehicular Technology, doi: 10.1109/TVT.2022.3154146, 2022.

ITI. Qian Xun, Vicente Roda, Yujing Liu, Xiaoliang Huang, and Ramon Costa-
Castello, “An adaptive power split strategy with a load disturbance compen-
sator for fuel cell/supercapacitor powertrains”, Journal of Energy Storage,
vol. 44, Part A, p. 103341, 2021.
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IV. Qian Xun, Stefan Lundberg, and Yujing Liu, “Design and experimental
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. Qian Xun, Yujing Liu, Xiaoliang Huang, Emma Arfa Grunditz, Jian Zhao,

Nan Zhao, “Drive cycle energy efficiency of fuel cell /supercapacitor passive
hybrid vehicle system,” IEEE Transactions on Industry Applications, vol.
57, no. 1, pp. 894-903, 2021.

Qian Xun and Yujing Liu, “Evaluation of fluctuating voltage topology with
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Journal of Energy Research, vol. 43, pp. 4807-4819, 2019.
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Chapter 2

Theoretical Framework of Fuel
Cell Hybrid Electric Vehicles

This chapter provides the theoretical framework of FCHEVs including the longitu-
dinal vehicle dynamics, key components, and a brief review of the hybridization

topologies of FCs with various energy storage technologies.

2.1 Longitudinal Vehicle Dynamics

The vehicle is considered to be a mass point moving on a road surface. Following
the Newton’s second law of motion, the force balance in time-domain is described
as

du(t) " C—dpaAfvz(t) + Myeng (sina(t) + cycosa(t)), (2.1)

FWh(t) = (mveh + mr) dt B)

where Fy,(t) is the wheel force. The term myep, is the vehicle gross (maximum)
weight and m, is the equivalent inertial mass of rotational components, including
all wheels and the electric machine. The term v(t) is the vehicle moving speed,
which is given by a driving cycle speed profile in simulations and experiments.
The notations cq, pa, At, g, a(t) and ¢, are drag coefficient, air density, front
area, gravitational constant, road slope, and rolling resistance coefficient. Due
to the involvement of mechanical braking, the wheel force can also be written
as Fyn(t) = Fem(t) + Fuk(t), where Feop(t) is the traction force of the electric
machine and Fy(t) is the friction braking force. The equivalent inertial mass can
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Chapter 2. Theoretical Framework of Fuel Cell Hybrid Electric Vehicles

be described as .

my = - (Jwh + kg dem) (2.2)
where ryn and Jy, represent the wheel radius and total inertia of all wheels,
respectively. The term kg, is the gear ratio of the entire transmission from the

electric machine to wheels, Jep, is the inertia of the electric machine.

The instantaneous wheel power is calculated as
Pun(t) = v(t) Fan(t), (2.3)

and the energy consumption is the time integral of the wheel power.

2.2 Electric Powertrain

The electric powertrain usually consists of a transmission, a three-phase DC/AC
inverter, a permanent magnet synchronous machine (PMSM) and associated
control unit. The transmission in an EV is used to adapt the output torque and
rotational speed of electric machine to driving wheels. With multiple gear ratios,
the transmission system has the capability to adjust a gear ratio according to the
different driving conditions. For simplicity and also the most common solution in
commercial EVs, it can be considered as a single-step gear with a constant gear

ratio.

The electromagnetic torque Top(t) and rotational speed nem(t) of the electric
machine in motor mode can be computed from the longitudinal force and the
vehicle speed, shown as

rthwh t)
Ty (t) = 7k( (2.4)
TlgrRgr
v(t) 60 60
nem(t) = k’grr(i}?g = kng(t)%, (25)

where 75, is the transmission efficiency from electric machine to wheels, the term

w(t) is the wheel angular speed.

As a mechatronic device, the PMSM generates losses in the process of electrome-
chanical energy conversion. The main losses include copper loss, iron loss and
mechanical loss. Without considering the mechanical loss, the mean electrical
losses [44] are calculated as

]Dloss,em = Z -Ploss = PCu + PF67

o (2.6)
= 3i2Ry + knfB® + ko f2B% + k. f3/2B%/2,
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2.8. Auwxiliary Loads

where ig is the winding RMS phase current, and Ry is the winding resistance,
which increases with temperature in reality but is not considered here. The term
ky, is the hysteresis core loss coefficient, f is the synchronous frequency, B is the
flux density, and (3 is the weight coefficient of the flux density. The term k. is the
eddy-current core loss coefficient and k. is the excess core loss coefficient.

The three-phase inverter, equipped with power electronic devices, converts DC
voltage to three-phase AC voltage required for PMSM. Due to high-frequency
switching and parasitic parameters of power electronic devices, the conduction
and switching of both transistors and diodes cause inverter losses. When an ideal
sinusoidal pulse width modulation (PWM) three-phase voltage is applied, the
average conduction losses and switching losses in IGBTs and free-wheeling diodes

during one switching period [45] can be estimated as

1 MPWMCOSP ) 1 | mpwwmcosy 2
Peond = (= + [PWMEOSP ) yp i (= £ EWMEORP ) 2, 2.7
d <27r 8 > th? +<8 37 ' 27)
L\ ks k
1 4 ! Vo \ ™Y
Py = fowBEon - . , 2.8
s fs on-off (eref) (‘/ref) ( )

where mpw is the PWM modulation index, ¢ is the phase angle between voltage
and current, which is obtained from machine-mapping. The term V;y, is the on-
state threshold voltage, and R, is the on-state resistance. The term fg, is the
switching frequency, Fo, o is the energy dissipated during the switch turned on
and turned off, I ¢ is the reference current, to which switching losses in data sheet
correlate, Vpo is the DC-link voltage, Vief is the reference DC voltage, to which
switching losses in data sheet correlate, k; is the current dependence of switching
losses with 1 for IGBTs and 0.6 for diodes, and k, is the voltage dependence of
switching losses with 1.35 for IGBTs and 0.6 for diodes.

2.3 Auxiliary Loads

During the movement of the vehicle, several auxiliary loads also contribute to
the power and energy consumption. These loads might include air conditioner,
cooling fan, compressor, water pump, lights, control unit, etc. However, the power
consumed by the auxiliary loads vary for different types of vehicles. For an electric
car, [46] indicates that the power consumption caused by the auxiliary loads varies
from 1.5 kW to 6.5 kW. For a 12 m electric bus or trolleybus, the main auxiliary
loads may consume the power ranging from 22.5 to 58 kW, while the air condition

and heating account for more than 50% of the auxiliary power [47]. The auxiliary
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loads consume an average power of around 5.7 kW and a maximum power of
around 60 kW in a line haul truck [48].

2.4 Power Sources

Power sources, such as FC, battery, and SC are essential to power an EV. They
can cooperate to both provide the propulsion power and store the regenerative

braking energy in battery or SC during vehicle operation.

FC, as an energy conversion device, converts the chemical energy from hydrogen
into electrical energy with the byproduct of water. A typical polarization curve
of a single FC cell is shown in Fig. 2.1. The cell voltage drops when the current
increases. Due to electrochemical reactions, the thermodynamic voltage, calculated
from Gibbs free energy, is the maximum voltage that can be obtained through the
chemical reaction. The losses that are always associated with the thermodynamic
voltage, include activation losses, ohmic losses, and concentration losses. When
FC works at low current, the activation losses dominates. While ohmic losses
become to dominate when the operation current increases. When the operation
current increase further, the concentration losses are dominating. Therefore, the
output voltage of an individual cell is the thermodynamic voltage subtracted by
all losses. A typical cell voltage varies within a range of 0.5-1 V depending on the
load current. Several cells are assembled in series to form a FC stack to meet the

voltage requirement.

1.4

Thermodynamic voltage
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Fig. 2.1: Typical polarization curve of a single cell. Adopted from [49].

The battery and SC, as energy storage devices, are utilized to hybridize with FC
to improve the power capability and the dynamic responses of the system. The
specific energy and specific power of each power source device are compared in
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2.5. Fuel Cell Hybrid Powertrains

Fig. 2.2. Tt is clear to see that the FC shows high energy density and low power
density. The SC shows high power density and low energy density. The battery has
the moderate power density and energy density. Due to the high power capability
of the SC, the cell can be fully charged within a very short time interval, such
as few seconds; by contrast, the charging time of the battery is relatively long,
which is limited by its power capability. Therefore, the SC might be suitable in
applications where the large transient peak power is required for a very short
time, while the battery might be suitable for applications where long-time medium
power demand is needed. With the development of current technologies, the energy
density of the SCs are expected to be comparable with batteries after decades.
Lithium-ion capacitor (LiC), as one of hybrid SCs, has the same anode as those
used in lithium-ion batteries (LiB) and the same cathode as those used in SCs.
The LiC shows advantages of both LiB and SC.
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700 10°3
2020 2030 I . 2

600 - . 1.7 terieS
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Fig. 2.2: Trends of the development of batteries and supercapacitors in energy density
along with the Ragone plot together with fuel cell. Adopted from [50].

Therefore, the hybridization of FC with battery or SC, or both is a great way to
make full advantages of each device.

2.5 Fuel Cell Hybrid Powertrains

Due to variable operation voltages of FC, SC and battery, DC/DC converters might
be required to hybridize FC with other energy sources. Depending on the number
of DC/DC converters and the way each device are connected, the hybridization
configurations are illustrated in Fig. 2.3 [4,21,51]. The main topologies, including
passive, semi-active, and fully-active are developed for different automotive applica-
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tions. Some assessment of differences between three configurations is summarized

in Table 2.1.

(T1) (T2)

(T3) (T4)

B DC/DC DC/AC

(T5) (T6)

Fig. 2.3: Hybridization topologies of fuel cell with other energy storage technologies in
FCHEVs. (T1) Passive hybrid. (T2), (T3), and (T5) are semi-active hybrid.
(T4) and (T6) are fully active hybrid.
Note: FC: fuel cell; B: battery; SC: supercapacitor; EM: electric machine.

The fully-active hybrid system has a function of full controllableness since DC/DC
converters are associated with each power source [52]. With a reduced number of
DC/DC converters, the semi-active hybrid system can only control the DC-link
voltage and the power allocation between each device indirectly. Both of them
allow an active control of the DC-link voltage and power distribution directly or
indirectly. The passive configuration, without any DC/DC converters, cannot
control the power distribution actively, which is inherently determined by the

internal resistance of each device.

Clearly, active and semi-active hybrid configurations require a well-developed
control strategy and additional DC/DC converters to improve the control perfor-
mance [53-56]. By contrast, without any DC/DC converters and control strategies,
the sizing and parameters design of FC and energy buffers in the passive hybrid

configuration becomes important. The basic criteria include the operation volt-

18



2.5. Fuel Cell Hybrid Powertrains

Table 2.1: Comparison of different powertrain configurations.

Structure Fully-active  Semi-active Passive hybrid
Controllability G M N
Redundancy A M G
Efficiency A M G
Stability G M A
Cost/Complexity A M G

Note: G=Good; M=Marginal; A=Acceptable; N=No acceptable

age matching and the energy storage capacity. Also, the FC operating current

dynamics can also be considered as the third design criterion [57].
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Chapter 3

Design, Modeling, and
Simulation of Passive Hybrid

Powertrain

This chapter is based on Papers V, VI, VIII, IX, and X. The objective of this
chapter is to present the working principle of the FC/SC passive hybrid system
in the time and frequency domains. The design criteria for such a passive hybrid
system is described, followed by a case study for passenger car applications. The
powertrain and component efficiencies are investigated considering the DC-link

voltage variation for several driving cycles.

3.1 Working Principle

3.1.1 Time-domain Analysis

For a general load, the equivalent circuit model of a passive hybrid system of
the FC and the SC is shown in Fig. 3.1. The FC is represented by a voltage
source connected in series with a resistor. The SC is represented by a nominal
capacitance with its equivalent series resistor (ESR). The load is represented by a
current source. To prevent the current flowing from the load to the FC, a diode

with rq represented as the resistance is placed between the FC and the SC.

The output voltage of the FC can be approximated as a piece-wise linear function,
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(a) Time-domain. (b) Frequency-domain.
Fig. 3.1: Equivalent circuit model.
which can be described as
Uge(t) = ugeo — Treite(t), (3.1)

where ug(t) and s (t) denote the FC voltage and current in the continuous time-
domain, respectively. wugo and rg represent the open-circuit voltage and the

equivalent resistance, respectively.

The output voltage of the SC can be obtained by solving the following first-order
differential equation, shown as

dusco (t)
dat '
where usc(t) is the open circuit voltage (OCV) of the SC and i is the SC current,

and Cg. is nominal capacitance. Following Kirchhoff’s law, the current balance

Isc(t) = Cye (3.2)

can be written as
ifc (t) + isc(t) = iload (t) (3'3)

Since the SC ESR is quite small, which can be neglected. By ignoring the diode

losses, interconnection losses and the ESR of the SC, one can get
Usco(t) = Uge(t) = uge(t) = Uioad (t). (3.4)

By substituting of (3.1), (3.3), and (3.4) into (3.2), we have

. . dig.
Zload(t) - ch(t) = _Cscrchi- (35)

Since the FC voltage is approximately equal to the SC voltage, the change rate of
the FC voltage is also same as that of the SC voltage. Therefore, the change in
FC voltage would result in a proportional change in FC current, as shown in

duse(t) _ dure(t) _ di(t).

dt dt dt (3.6)
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3.1.2 Frequency-domain Analysis

The transfer function from the load current to the FC current is derived as

1+ 8Cscrse

Gi(8) = .
f( ) 1+SCSC(TfC+TSC+Td)

(3.7)

Due to the small ESR of the SC, (3.7) performs as a low-pass filter (LPF) and the
cut-off frequency is 1/[27Csc (7t + 7sc)] by ignoring the diode resistance. At the
lower frequency, the DC gain is approximating to 1; while at higher frequency, the
DC gain is approximating to 0. Therefore, the FC supplies the DC component
while the SC supplies virtually all the high-frequency components. In the mid-
frequency region, the impedance of the FC and SC are almost at the same scale and
the current distribution is approximately equal. The mid-frequency characteristic
is dependent on the pole, which is limited by the selection of the the FC and the
SC.

3.2 Design Criteria

To make a functional passive hybrid system, the SC cannot be overcharged by the
FC and the load. The output voltage over it should always be within the rated

voltage and the following equations should be met

uscO(t) > Ufco, (38&)
Usco(t) = wo(t)nses, (3.8b)

where ug is the OCV of the SC cell and ngcs is the number of series-connected SC
cells. The total capacitance of the SC bank with series connected SC cells can be

calculated as )

X1/
where C; is the capacitance of each individual SC cell. The energy capacity of the
SC bank is

Cue = (3.9)

sc,max sc,min

E.= %Csc(u2 —uZ ), (3.10)

where Use max and Uscmin are the maximum and minimum allowed operating
voltage of the SC bank, respectively. The energy capacity Fs. is designed to store

all or partially regenerative braking energy from the propulsion system.
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Fig. 3.2: Vehicle simulation configuration.

3.3 Powertrain Configuration

Honda’s Clarity FCHEV is studied as a benchmark in this chapter, and each
component is modelled and developed from the real world wherever possible to
make the simulation applicable. The vehicle system is developed using a quasi-
static backward method, shown in Fig. 3.2. The powertrain consists of a FC
stack, a SC bank, an IGBT-based inverter, a PMSM, a single-step fixed-speed
transmission, vehicle dynamics, and a driver model. The driver is modeled as a PI
controller. The transmission efficiency is modelled as a function of electric machine
torque and rotational speed. The inverter and the electric machine efficiencies
are modeled as functions of the electric machine torque, speed, and the DC-link
voltage since the different DC-link voltage might result in the different efficiency
at the same operation point. The FC and the SC are modeled by their equivalent
circuits.

The input of the simulation is the time-based speed profile from typical driving
cycles for passenger cars. The sampling time of the simulation is set to 0.1 s,
which is determined by the time resolution of the driving cycle data. To simplify
the analysis, auxiliary loads and mechanical losses are not considered. Each
component is calculated or modeled in the quasi-steady state, thermal energy
losses and other thermal aspects are neglected as such models could not be verified

based on previous publications.
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3.4 Component Modeling

3.4.1 Electric Machine

The efficiency and losses of electric machine are exported from a model built
up in Ansys Maxwell using finite element method (FEM), which is a redesigned
version of MCF31 machine in Honda FCX Clarity electric vehicle with parameters
published in [58,59]. The efficiency maps at DC-link voltage levels of 250 V and
400V are illustrated in Fig. 3.2. It shows that the higher DC-link voltage leads
to a wider range of high-efficiency area. The field weakening control can start at
a higher speed level as the DC-link voltage increases, and the maximum output

power increases with the increased available DC-link voltage.

3.4.2 Three-phase Inverter

The switch used here to calculate inverter losses is Infineon FS400R07A1E3-H5 with
a chip temperature of 125 °C and a gate voltage of 15 V, and detailed parameters
can be found in [60]. The efficiency map of the inverter varies with electric machine
torque and speed at two DC-link voltage levels, as shwon in Fig. 3.2. The efficiency
is calculated by the average conduction losses and switching losses of IGBTs and
free-wheeling diodes during one switching period described in (2.7) and (2.8). The
efficiency has stronger speed dependency than torque, and it increases with the
growth of speed. The lower DC-link voltage mostly makes the higher efficiency at

operation points with the same torque and speed.

3.4.3 Transmission

The torque losses are modelled as a function of the electric machine torque and

speed, and a generic torque loss [59] can be written as
Tioss (1) = b1+ 02T () +b3nem (t) +ba T2, (1) + 0502, (1) + b6 Tom () nem (), (3.11)

where by ~bg are the coefficients. The efficiency in motor mode is calculated as

Tem - ﬂoss

Ner = T x 100%. (3.12)

This gives a gear efficiency as a function of the machine torque and speed. The
efficiency decreases with increase of the speed, while it increases slightly with

increasing torque, as shown in Fig. 3.2.
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Fig. 3.3: Fuel cell characteristics. (a) Equivalent circuit. (b) Polarization curve. (c)

Efficiency curve.

3.4.4 Fuel Cell

A generic equivalent circuit model available in Simscape library in MATLAB/
Simulink is used. The detailed information can be found in [61-67]. The FC is
represented by a controlled-voltage source E connected in series with an internal
resistance 7., shown in Fig. 3.3 (a). The model has been validated by the test
data of 114 kW Mirai FC stack published in [68] as shown in Fig. 3.3 (b), (c). The
FC used in this study is a scaled down version of Mirai stack with 48 kW and the
terminal voltage varying from 336 V to 240 V to fit a current range of 0—200 A.

3.4.5 Supercapacitor

The behavior of the SC is represented by a two-branch equivalent circuit model,
shown in Fig. 3.4 (a), which has also been used to develop a port crane power-
train [69]. The equivalent parallel resistance, Ry, represents the leakage element,
() is the main capacitance, a group of series and parallel element (Rs, Cs and
Rs,) models the equivalent series resistance and terminal parasitic elements. The
SC pack is developed on the 2.7 V-BCAP3000 cell produced by Maxwell [70].
To match the voltage of the FC stack, 125 cells of SCs are connected in series.
Note, this parameter is not optimized, but simply taken as a design example to
investigate the performance of the FC/SC passive hybrid powertrain. The dynamic
characteristics of the SC pack under Worldwide harmonized Light duty driving
Test Cycle (WLTC) are shown in Fig. 3.4.
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Fig. 3.5: Dynamic behavior between pure FC and FC/SC passive hybrid system under
100 A, 0.02 Hz pulse load.

3.4.6 Passive Hybrid Power Supply

To demonstrate the operation principle of the FC/SC passive hybrid power supply,
the dynamic response under 100 A, 0.02 Hz pulse load current is compared with
the pure FC dynamic response, shown in Fig. 3.5, where the initial simulation
condition is set as no-load. In the pure FC system, the pulse load current causes
voltage drop at the transient state when the step load is applied, followed by
voltage recovery when the load is removed. In the FC/SC passive system, the SC
supplies all the load current and meets the peak load at the beginning due to the
smaller impedance of SC, and the SC is operating around an average current of

zero since the SC deals with the dynamic load current, while the FC provides the
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average load current.
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Fig. 3.6: Wheel energy per distance for selected driving cycles.

3.5 Simulation and Evaluation

3.5.1 Driving-cycle Characterization

To evaluate the performance of the powertrain system, 10 official driving cycles
are considered. They are categorized into low-, middle-, and high-speed category
depending on the driving time spent at speed levels of up to 60 km/h, between
60—90 km/h and above 90 km /h [71]. Therefore, all driving cycles are classified as

e Low-speed driving cycles: ECE, Federal Test Procedure (FTP72), and
Artemis Urban (ArtUrban).

e Middle-speed driving cycles: New European Driving Cycle (NEDC), Artemis
Rural (ArtRural), WLTC, and Extra Urban Driving Cycle (EUDC).

e High-speed driving cycles: Highway Fuel Economy Test Cycle ( HWFET),
US06, and Artemis Motorway 130 (ArtMW130).

3.5.2 Energy Consumption for Each Driving Cycle

The wheel energy per driving distance for the selected driving cycles is shown
in Fig. 3.6. For each cycle, the propulsion energy consumed by acceleration is
as large as the braking energy. In the low-speed driving cycles, ArtUrban has

the highest energy consumption due to the largest acceleration energy caused by
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Fig. 3.7: Powertrain average efficiency per cycle in propulsion versus braking mode.

large values in accelerations and power level which is also the highest one among
all driving cycles. Among the high-speed level, US06 and ArtMW130 consume
as much as 65% more energy than HWFET for propulsion, since the US06 has
large speed levels and acceleration, while the ArtMW130 spends more time on the

high-speed levels.

3.5.3 Driving Cycle Energy Efficiency

The average energy efficiency, including FC/SC passive hybrid power supply,
inverter, electric machine, transmission, and powertrain in both propulsion and
braking modes, can be seen in Fig. 3.7 for the selected cycles, and the DC-
link voltage range is shown in Table 3.1. Here, the FC/SC system efficiency in
propulsion mode is calculated as the hybrid energy efficiency of FC and SC, while
the efficiency in braking mode is only related to the SC, since all the braking
energy will be absorbed into the SC. The powertrain efficiency during propulsion
lies between 53% — 71%, whereas it is higher during braking, i.e., 84%—94%. For

all components, the efficiency is the same or higher during braking, but for the
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Fig. 3.8: Hydrogen consumption per cycle.

FC/SC system it is much higher since only the highly efficient SC is active. For
the selected driving cycles, the lower power demand leads to the relatively higher
DC-link voltage. Apparently, the higher DC-link voltage gives higher efficiency on
the FC/SC system, electric machine and inverter. In addition, the lower speed and

higher torque lead to a higher efficiency of the transmission as noted in Fig. 3.2.

3.5.4 Hydrogen Consumption

The hydrogen consumptions for each driving cycle are shown in Fig. 3.8, with
a range of 0.57 kg/100km to 1.08 kg/100km. These values are closely related
to vehicle speed, acceleration and power. US06 and ArtMW130 driving cycles
consume the highest amount of hydrogen among all driving cycles, and these
driving cycles also stand out in terms of average acceleration power and wheel
energy per distance. In Fig. 3.6, ArtUrban also stands out regarding the wheel
energy per distance, but the hydrogen consumption is much lower because of
low-speed levels and low average acceleration power. The third largest hydrogen
consumption is WLTC, since WLTC reaches the same speed levels as US06, while
US06 and ArtMW130 have the similar range of DC-link voltage. The FC consumes
more hydrogen at high speed, high acceleration and low DC-link voltage, which is
also reflected in Table 3.1.

3.5.5 Summary

This chapter conducts a comprehensive evaluation of the energy efficiency and
hydrogen consumption of the FC/SC passive hybrid powertrain under several
driving cycles considering the DC-link voltage variation. The DC-link voltage
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Table 3.1: DC-link voltage range for selected driving cycles.

Driving cycles DC-link voltage (V)
ECE 310—336
Low-speed cycles FTP72 293—-336
ArtUrban 305—336
NEDC 269—336
Middel-speed cycles ArtRural 267336
WLTC 259—-336
EUDC 269—-336
HWFET 291-336
High-speed cycles US06 260—336

ArtMW130  260—336

varies with the demanded power, which is determined by the driving conditions.
Results show that the energy efficiency is higher under low-speed driving cycles
and the hydrogen consumption is higher under high-speed driving cycles due to a

larger portion of energy consumption per distance under high-speed driving cycles.
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Chapter 4

Experimental Verification of a
Lab-scale Passive Hybrid

Configuration

This chapter is based on Paper IV. The objective of this chapter is to evaluate
the FC/SC passive configuration from both experiments and simulations. Separate
measurements are firstly conducted on the FC stack and the SC bank. Then,
their passive configuration is experimentally verified through step load current and

ArtUrban driving cycle current.

4.1 Design Specifications

Renault Twizy Urban 80 is selected as the benchmark vehicle and its main
specifications can be found in [46, 47]. The passive hybrid powertrain consists
of an FC stack, a diode, an SC bank, and a propulsion system as shown in
Fig. 4.1. The propulsion system, including a DC/AC inverter, an electric machine,
a transmission, and wheels, is considered as a dynamic load, which is simulated by
a controlled current source for simplicity. The Horizon H-3000 FC stack with a
voltage range from 36 to 68.4 V is used in this study and its main specifications
can be found in [51]. The Maxwell BCAP3000 SCs are selected to build up the
SC bank. According to (3.8), 26 cells are connected in series, giving the SC bank
a rated voltage of 70.2 V. The total energy of the SC bank is 195 kJ with the
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Fig. 4.1: Fuel cell/supercapacitor passive hybrid powertrain.
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Fig. 4.2: Test platform for fuel cell stack.

total capacitance of around 115 F. The total internal resistance of the SC bank is
calculated as 0.00754 ().

4.2 Development of Test Platform

4.2.1 Fuel Cell Test Platform

The FC test platform is shown in Fig. 4.2. A 10 L HYDROGEN 6.0 hydrogen
tank with an initial pressure of 200 bar from Aga Gas AB is used to provide
hydrogen to the FC stack. Due to the low operation pressure of the used FC
stack (0.45 to 0.55 bar), a two-stage pressure regulator is connected to adjust
the hydrogen pressure from the tank. The first stage is to generate a pressure

between 0~40 bar, and the second stage is to tune the pressure to around 0.5
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Fig. 4.3: Test platform for supercapacitor bank.

bar. During the FC operation, the unreacted hydrogen needs to be purged out
from the purge valve. The output of the purge valve is connected to the outside
to avoid the accumulation of hydrogen gas in the lab. The electronic load, EA-
9000HP, is connected to provide the dynamic current to the FC stack. The FC
controller is used to control the supply valve, purge valve, and air fans as well as
to detect the voltage, current, and temperature of the FC stack. The experimental
data is collected by LabVIEW interface through serial port communication and

oscilloscope.

4.2.2 Supercapacitor Test Platform

The SC bank is tested using the platform shown in Fig. 4.3. Two DC power
supplies, SM30-200, are connected in series to generate a maximum voltage of
60 V. The EA-9000HP is connected in parallel to discharge the SC bank. The
oscilloscope is used to collect the experimental data. The SC bank is charged
and discharged by a constant current of 50 A. The SC bank is charged to the
maximum voltage of about 60 V and discharged to 6 V.

4.2.3 Implementation of Passive Hybrid Configuration

The schematic of the FC/SC passive configuration is shown in Fig. 4.4(a) with
the experiment platform shown in Fig. 4.4(b). The diode, MUR2X100A02, is
used to prevent the energy exchange from the SC bank to the FC stack and the
power supply. The DC breakers, C65N-DC, are used to connect or disconnect the

separate devices.
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Fig. 4.4: Experiment configuration for fuel cell/supercapacitor passive hybrid system.
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Fig. 4.5: Verification of fuel cell stack model.

4.3 Modelling and Characterization

4.3.1 Fuel Cell Modeling and Characterization

The model parameters are obtained from the tested polarization curve of the
FC stack. Fig. 4.5(a) compares the measured and simulated polarization curves
using the FC model available in MATLAB/Simulink. The simulation results show
a good match with the experimental data with a voltage error within 2%. To
investigate the dynamic response of the FC stack to the step load currents, the
simulated and measured voltage profiles are shown in Fig. 4.5(b). The voltage has
an instantaneous change and there is a time delay for the voltage to reach the
steady-state, which suggests that the FC stack performs like a RL branch to the
step current. As shown in Fig. 4.5(a), the internal resistance r¢. is estimated to be
0.2388 2 when the FC stack works in the ohmic region.
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Fig. 4.6: Verification of the supercapacitor bank model.

4.3.2 Supercapacitor Modeling and Characterization

The charge redistribution is shown in Fig. 4.6(a), where the SC bank is charged
to 59.2 V by 50 A and then the charging current reduces to 0 A within several
minutes. The SC bank voltage drops to 55.6 V as the charge redistributes. The
simulation results using SC model from MATLAB/Simulink is compared with the
measured dynamic response, which are shown in Fig. 4.6(b). The smallest error
is obtained when Cy. = 105.85 F and ri. = 0.0225 2. Due to the resistors of the
connectors and cables, the resistance obtained from the experiments is 10 F lower
than the calculated value, and the obtained resistance is a bit higher than the

calculated value in Section 4.1.

The obtained voltage error is less than 3% when the voltage is above 16 V and the
voltage error is a little bit higher when the voltage is below 16 V. This is because
the low voltage is more difficult to model. In the meantime, the measurement
error should also be considered.

4.4 Experimental Verification

4.4.1 Short-term Scenario

To evaluate the performance of the FC/SC passive hybrid configuration, the
experiment is conducted using step load currents. Note that the FC stack, the
SC bank, the power supply, and the electronic load are connected in parallel and
they share the same voltage. Therefore, only the load voltage is measured. The
test results are shown in Fig. 4.7(a). When the load current with amplitude of

50 A is applied, the FC and SC together provide the current to the electronic
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Fig. 4.7: Experimental results of passive hybrid system under step load.

load. The SC bank responds instantly and supplies almost all the current and
power due to its smaller internal impedance. With the SC bank providing the
power, the SoC of the SC bank decreases, resulting in the decreased voltage. The
system voltage is always below 60 V, which means that the FC stack does not
operate at the OCV because of the long stabilization time of approximately 120
s, as shown in the figure. This can protect the FC stack against gas starvation
and degradation. From the polarization curve of the FC stack, it can be observed
that its current increases when its voltage decreases. In this way, the FC current
increases gradually to the steady-state due to the reduced system voltage and
the FC does not suffer from any current or power transients. When the load
current changes from 50 A to 0 A, the FC current decreases gradually from 50 A
to 0A, while the SC bank is charged by the FC current and the voltage of the SC
bank increases. Since FC stack performs as a RL characteristic under the step
load current and the FC current decreases until a new operation equilibrium is
reached. In summary, the SC bank responds to the transient current and power

instantaneously while the FC stack takes over the steady-state current and power.

The current distributions obtained from the equivalent circuit model and the
measurements are compared in Fig. 4.7(b). In the steady state, the FC currents
obtained from the equivalent circuit model have error within 4% compared to
the measurements, while the errors are slightly higher during transients. This
is because the resistance of the FC stack changes with the operating conditions,

such as temperature, pressure, and flow rate. The resistance of the SC bank also
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changes with the temperature.
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Fig. 4.8: Experimental results of the passive hybrid system under ArtUrban driving

cycle.

4.4.2 Long-term Scenario

The experimental results of the FC/SC passive configuration under a downscaled
ArtUrban driving cycle current are shown in Fig. 4.8. As shown in Fig. 4.8(a),
when the load current changes frequently, the SC bank reacts to this high-frequency
change while the current and power of the FC change gradually due to its relatively
higher internal impedance. The maximum FC current/power change rate is 0.62
A/s and 29.64 W /s, which is only 0.9% and 1% of the nominal current/power
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per second, respectively. Therefore, the FC degradation is reduced in this passive
hybrid configuration. The current distributions between simulation and experiment
with the same initial conditions are compared in Fig. 4.8(b) and the simulation
shows good consistent with the experiment. The histograms of load power, FC
power, and SC power are shown in Fig. 4.8(c) and "Pct" represents the percentage
of the specific power in the corresponded total power range. The FC supplies
almost the average power of the load while the SC provides nearly zero average
power. This results in an energy difference of 0.01 kWh during this driving cycle
test. Since the SC handles most of the peak power, the FC can be downsized. In
fact, the FC peak power is only about one fifth of the load peak power.

4.4.3 Summary

This chapter shows the design and characterization of a passive FC/SC configu-
ration for a light vehicle. The dynamic characteristics of the FC stack and the
SC bank are experimentally illustrated. The feasibility of the FC/SC passive
configuration is experimentally verified by a step load current and a driving cycle
current. Due to the smaller internal impedance of the SC bank, it provides the
transient current and power while the FC stack handles the steady-state current
and power. Therefore, it is possible to downsize the FC stack and its peak power

demand is only one fifth of the load peak power under the examined driving cycle.
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Chapter 5

Adaptive Power Allocation
Strategy for Active Hybrid

Configuration

This chapter is based on Papers III and VII. The objective of this chapter is to
demonstrate the effectiveness of the adaptive power split strategy and the load dis-
turbance compensator for an active hybrid configuration in electric bus applications

by performing extensive experiments.

5.1 Control Plant Modeling

The active hybrid powertrain considered in this study is shown in Fig. 5.1 and
the variables in time-domain are marked as small letters, while capital letters
are used in frequency-domain. Same as Chapter 4, the propulsion system is
treated as the dynamic load, where the power is calculated from the speed profile
through longitudinal vehicle dynamics. The FC and the SC are represented by a
voltage source, us.(t), and a capacitor, Cyc, respectively. The controller for the SC
buck-boost converter is designed to be faster than the controller for the FC boost
converter to make sure that the FC does not respond to the sudden load current
variation but gradually ramps up to follow the reference. The DC/DC converters
of the FC and the SC share the same DC bus capacitor Cyys. Therefore, their

output voltages are always the same.
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Fig. 5.1: A hybrid FC/SC system for electric vehicle applications.

By ignoring losses of power electronic converters, the power balance equation at
the DC-side is expressed as

pload(t) = pfc(t) + Dsc (t) (51)

5.1.1 Boost Converter for Fuel Cell

A boost converter is needed to boost the FC voltage as shown in Fig. 5.1. The
inductor L¢.; and the capacitor Ct. act as the input filter for the boost converter.
The inductor L. is the input inductor of the boost converter. Rg.; and R are
the parasitic resistors of Lg.; and L., respectively. The average voltage across
the switch St is denoted as Ugte = Dj Unus, where Di, = 1 — Dy and Dy, is the
duty ratio of the gate signal for the FC side of the boost converter. The input
current of the boost converter is derived as

Use(8) = (L1 Cres? + CreRie15 + 1) Uee( )

Iiea(s) = , 5.2
f 2( ) LfclLfCQCfc53 + Cfc(LfclRfCQ + Lfc2Rfc1) 52 + ]{518 + ko ( )
where
k1 = (CeRec1 Rec2 + Lecr + Lic2) (5.3a)
kO - (Rfcl + Rfc?) . (53b)
A variable change is introduced as
U (s
Unie( 8) re(5) Uecto( 5) (5.4)

B Lft:lcvfcs2 + Rfclcfcs +1 B
which can be used to limit the inrush current when the converter starts since the
variable change is set as 0 and FC voltage equals to switch voltage. The inductor

current changes slowly from 0 due to the second-order system.

The capacitor Cy. of the input filter indeed can be neglected at low frequency since

the FC has quite slow dynamics. With the first-order approximated model, the
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current of inductor L. is the same as that of inductor Lg.s with the denotation

of It.1 = Ifes = It.. The converter transfer function is approximated as
Ifc( S) N 1

Unte(s)  sLgc + R’

where Li. = L1 + Lieo and R = Rie1 + Res.

ch(s) = (5'5)

5.1.2 Buck-boost Converter for Supercapacitor

A Dbidirectional DC/DC converter is used to discharge and charge the SC. The
gate signals for Sg.; and Ssco are always complementary with a small dead-time
inserted. Lg. is the output inductor and R is the parasitic resistor. The average
voltage across Sgc2 is denoted as U and the high order switching ripples are

neglected. The SC current can be derived as

chc(s) - Usc(s) )

Ise(s) = 5.6
(s) L. T R (5.6)
Similar to the boost converter, the variable change is defined as
Unsc(8) = Uese(8) — Use(8) . (5.7)
Therefore, the transfer function of the converter is written as
I.(s 1
Guo(s) = 2el8) _ (5.5)

Umsc(s) B SLSC + Rsc ’

5.1.3 Current Control Loop

As shown in (5.5) and (5.8), the transfer functions of the DC/DC converters for
the FC and the SC show the same first-order linear time-invariant system structure.
The conventional PI controller is used to regulate the individual current and the

closed-loop transfer function can be described as

GPIz(S)Gz(S) T‘lzs“i’]-
Gaz(s) = : = : ,x = f , 5.9
1,4 (5) 1+ GPI,a:(S) Gm(s) TOQJSQ + 2€wTO,$S 1 x C Or SC ( )

K
with Gprs (s) = Kpg + ﬁ, where Kp, and Kj, respectively denote the
s
coeflicients of proportional and integral gains in the PI controller with the time
constant calculated as T; , = Kp /K1 4. 1o, and &, are the time constant and

damping coefficient, which are respectively identified as

Ti fo x
To » = 1 [ — 5.10
0,z KP’fo’z, ( a)
T 1
g | ; 5.10b
&= 9. ( * Kp,me,) (5-10b)
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where Tt , = L, /R, and Ky, = 1/R,. Considering the actual parameter values
of the current PI controllers, it can be observed that T¢, ~ 0 and 2¢, Ty, ~ Ti,.
Therefore, the closed-loop transfer functions of the current loop are approximately

equal to 1 in the low-frequency range.

A LPF is used to split the reference current into two parts due to the intrinsic
characteristics of the FC and the SC. The transfer function of the LPF is described

as
1

- Tis+1’
where T} = 1/(2wf.) with f. being the cut-off frequency. The low-frequency

Hypr (s) (5.11)

component is supplied by the FC and the high-frequency part is provided by the
SC. In case of negative current and large current change rate, a saturation block
and a ramp limiter are designed for the FC reference current, with the transfer
function denoted as Gim(s).

Therefore, the closed-loop transfer function of the DC bus current control, including

the LPF saturation block and the ramp limiter, can be derived as
chr (5) = Glim(S)HLPF (5) Gcl,fc (5) + (1 - Glim(S)HLPF (5))Gcl,sc (5) . (512)

Since (5.9) approximates to 1 at the low-frequency range, one can get (5.12) also

approximates to 1.

5.1.4 Voltage Control Loop

Using Kirchhoff’s current law, the transfer function from the DC bus current and

the disturbance (load current) to the DC bus voltage can be respectively derived

as
~ Upus(s) 1
Gbus(s) = Ibus(s) = SCbus, (513&)
Gload(s) = UbuS(S) - ! (513b)

" Doaa(s)  sChus

The voltage PI controller can also be designed and the closed-loop transfer function

of the DC bus voltage control can be derived as

o GPI(S)chr(S)Gbus(s)
GVOI(S) - 1+ GPI(S)chr(S)Gbus(S) . (514)

5.1.5 Dynamic Load

The dynamic load is simulated as a controlled bidirectional current source calculated

from the power required during the vehicle operation. Since the power level of
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the experimental setup is significantly lower than that of the real vehicle. Hence,
current used in the experiment is a scaled down current profile calculated from
the real vehicle.

5.2 Control Framework

The control framework for the FC/SC active hybrid system is illustrated in

Fig. 5.2, which features an adaptive power split strategy and a load disturbance

compensator.
Voltage control loop Doaa 8(s)
| .
PGs)
Ubus,ref - W(S) 1 E Ubus
=5 PI T
+ . y ¢ Cous |3 [ | »s)
+ E
iload §
5(s) :
- Y
p.
0]

...................................................................................................

Fig. 5.2: Control framework of FC/SC hybrid system.

5.2.1 Adaptive Power Split Strategy

The implementation of the adaptive power split strategy is described in Fig. 5.3.
Due to unidirectional power flow of the FC, a minimum cut-off frequency is directly
set when the load current is negative, while the cut-off frequency is adaptively
controlled by the area ratio in the frequency spectrum of the load current when
the load current is positive. The area ratio, K, is defined as the high-frequency
spectrum area over the total frequency spectrum area [72|, which is a function
of SC SoC and the load current. More details can be found in [37]. Once K. is

determined, the cut-off frequency f. can be calculated.
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Fig. 5.3: Flow chart of the implementation of the adaptive power split.

5.2.2 Load Distrubance Compensator

The disturbance d(s) is the load current, which has effects of —Gpyus(s) on the
system output y(s). A simplified block diagram of the control framework is shown
in Fig. 5.4 to highlight the load disturbance compensator. Therefore, the main
task of the load disturbance compensator is to estimate the load current and

compensate this current to the input w(s).

Fig. 5.4: Illustration of the load disturbance compensator.

The control plant of the DC bus voltage can be written as P(s) := Py(s) + A(s)
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with the nominal dynamics P,(s) used for controller design and the uncertain
dynamics A(s). In which, P,(8) = Geur(8)Gous(s). Q(s) is the LPF with a relative
degree greater or equal to that of P,(s) [73]. For simplification, a first order LPF,
with a same format as (5.11), is used in this work. do(s) is sensor noise. The load
current disturbance can be estimated with a linear function of the system input

u(s) and the output y(s), which is shown as

0(s) = Q(s) (u(s) = Py (s)y(s) — Py '(s)do(s)) (5.15)
and the closed-loop transfer function from w(s) to y(s) then becomes
Hipc(s) Pls) (5.16)

T 1+ Q(s) (P(s)Pa(s) L - 1)’

we can see that for low frequencies where Q(s) ~ 1 and Hypc = Py,(s), which
means that the closed-loop system with the load disturbance compensator can
make the system perform the same behavior as the nominal plant model. One
can get y &~ Pyw — 0y and the system output y(s) can track the reference w(s)
without the influence of the disturbance ¢’(s), where §’(s) = 0(s)/Geur ().

5.3 Experimental Verification

The experimental work is carried out in the IRI fuel cell laboratory (UPC-CSIC) in
Barcelona (Spain) using the test station shown in Fig. 5.5. The test station includes
the following components: the FC system from Ballard with nominal parameters
of 26 VDC, 46 A, and 1200 W; the SC module from Maxwell with the rated
capacitance of 165 F and the rated voltage of 48 V; the DC/DC converters from
Semikron™: the programmable source/sink from Hocherl & Hackl; the DC source
LAB/SMS470; the ZS electronic DC load; and the CompactRIO 9049 controller.
The DC source is used to simulate the FC before performing experiments on Nexa
FC system.

The control strategy is implemented in CompactRIO 9049 controller using LabVIEW.
The measurement data is collected by the host computer using a sampling time
of 0.1 s. Two bus driving cycles, i.e., Manhattan Bus Cycle (MBC) and City
Suburban cycle (CSC) are considered in this work. The dynamic load is simulated
by the programmable source/sink, which is controlled by LabVIEW using the host
computer. The demanded vehicle power is calculated by using the parameters
listed in [40]. The dynamic load current is scaled to have the value within [—10, 10]
and the DC bus voltage reference is set as 75 V. Due to the unidirectional current

of the FC system, the lower limit of the FC current reference is set 1 A, and the

47



Chapter 5. Adaptive Power Allocation Strategy for Active Hybrid Configuration

Fuel cell NEXA™

Inductors

Supercapacitor

DC/DC Converter
Semikron™

National
Instruments cRIO-
9049 CompactRIO
Controller™

Source/sink
H&H GMBH™

Fig. 5.5: Experimental setup for FC/SC hybrid system.

change rate is limited within +£10% of its rated current per second to avoid the

FC system experiencing the large current change rate.

5.3.1 Validation of Load Disturbance Compensator

The performance of the load disturbance compensator is first validated when the
DC source is used to simulate the FC. A constant voltage of 32 V is set for the DC
source. The time constant in the load disturbance compensator should be selected
properly, since a smaller time constant makes the system more sensitive while a
bigger time constant makes the system more stable. According to multiple tests,
the time constant is selected as 0.025. As can be seen from (5.15), the performance
of the load disturbance does not affect by the power distribution between the FC
and the SC. Also, to limit FC power variation and maintain a reasonable SC SoC
level, the cut-off frequency should be properly selected. Therefore, a constant
cut-off frequency of 0.04 Hz is suitable for this particular case for comparison, and
a same cut-off frequency is set for the control schemes with and without the load

disturbance compensator.

According to (5.13), the effect of the load current disturbance to the output voltage
is described by the transfer function —1/(sChys). This effect is designed to be
rejected by the voltage control loop in the conventional cascaded PI control. Since

the voltage PI control loop is 10 times slower than the current inner PI loop. There
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is always a voltage lag in the DC bus voltage regulation due to the error-based
PI controller. Due to the frequent acceleration and deceleration of the electric
vehicle, the load power varies accordingly and causes large variations of the load
current. As shown in Fig. 5.6, the DC bus voltage fluctuates a lot without the
load disturbance compensator, especially at large transient current variations.
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(a) Results under MBC test cycle. (b) Results under CSC test cycle.

Fig. 5.6: Experimental results of load current and the DC bus voltage without load
disturbance compensator. The load current is applied to the source/sink with

a sampling time of 0.2 s.

When the load disturbance compensator is applied, the DC bus voltage fluctuation
is significantly reduced. These observations are more clearly shown in Fig. 5.7
when the smaller and less varied load current is applied. For example, in the
time periods of [160, 220] s in MBC test cycle and [1000, 1400] s in CSC test
cycle, the DC bus voltage fluctuations are significantly reduced with the load
disturbance compensator applied. However, due to the time delay of the load
current estimation and also the estimation errors, the DC bus voltage fluctuations
cannot be perfectly canceled in some cases. As illustrated in the time periods
of [430, 470] s in MBC test cycle and [400 450] s in CSC test cycle, the DC bus
voltage fluctuations are reduced in some extent but still exist.

To further verify the performance of the load disturbance compensator, the
DC source is replaced by the Nexa FC system, the test results are shown in

Fig 5.8. Due to the larger sampling time of the applied load current, the DC bus
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Fig. 5.7: Experimental results of load current and the DC bus voltage with load dis-
turbance compensator. The load current is applied to the source/sink with a

sampling time of 0.2 s.

voltage fluctuations are slightly higher than that shown in Fig. 5.6 when the load
disturbance compensator is not applied. However, the DC bus voltage fluctuations
are significantly reduced with the load disturbance compensator introduced. As
aforementioned, due to the time delay and the estimation error of the load current,
the DC bus voltage fluctuation cannot be compensated for some cases. In summary,
the proposed load disturbance compensator can significantly reduce the DC bus
voltage variation caused by the load current change compared to the conventional
PI controller without the load disturbance compensator. The performance of the
load disturbance compensator is dependent on the load current variation rate and
the sampling rate. When the load current changes in a high variation rate, the
DC bus voltage still shows some fluctuations with the proposed load disturbance
compensator.
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Fig. 5.8: Experimental results with and without load disturbance compensator using
Nexa FC system. The load current is applied to the source/sink with a sampling
time of 1 s. The blue line and red line in load current plots represent the actual
applied load current and the estimated value, while in other plots represent the

results without and with load disturbance compensator, respectively.

51



Chapter 5. Adaptive Power Allocation Strategy for Active Hybrid Configuration

5.3.2 Validation of Adaptive Power Split Strategy

Similarly, the effectiveness of the adaptive power split strategy is first verified
when the DC source is used to simulate the FC. The experimental results of the
SC SoC under constant and adaptive cut-off frequencies are compared in Fig. 5.9.
A constant cut-off frequency of 0.04 Hz is used as the baseline. Under this constant
cut-off frequency, the SC SoCs increase from 68.5% to approximately 74.8% under
MBC test cycle and from 69.1% to approximately 83.4% under CSC test cycle.
The SC may experience over-charge if this driving cycle continues to repeat more
times. When the adaptive cut-off frequency is applied, the SC SoC is controlled in
the desired range. In fact, the SC SoC varies from 68.2% to 69.1% under MBC
test cycle and from 69.1% to 71.4% under CSC test cycle with the adaptive cut-off
frequency. To further verify the performance of the adaptive power split strategy,
the DC source is replaced by the Nexa FC system, the test results are shown in
Fig. 5.10.

5.3.3 Summary

This chapter develops an adaptive power split strategy with a load disturbance
compensator for the fully-active FC/SC hybrid system used in electric bus ap-
plications. Experimental results show that the SC SoC is effectively controlled
within the desired range by adaptively controlling the current distribution between
the FC and the SC. The load disturbance compensator can reduce the DC-link
voltage fluctuation caused by the load current variation. Due to the estimation
error and the time delay of estimating the load current, the fluctuation is not

perfectly cancelled, especially when the load current changes quickly.
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Fig. 5.9: Experimental results for adaptive power slpit strategy validation. The load
current is applied to the source/sink with a sampling time of 0.2 s. The red
line represents the results under the constant cut-off frequency and the blue

line represents the results under the adaptive cut-off frequency.
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Fig. 5.10: Experimental results for adaptive power slpit strategy validation with Nexa
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FC system connected. The load current is applied to the source/sink with a

sampling time of 1 s. The red line represents the results under the constant

cut-off frequency and the blue line represents the results under the adaptive

cut-off frequency.



Chapter 6

Joint Component Sizing and
Energy Management for

Various Trucking Applications

This chapter is based on Paper II. The objective of this chapter is to evaluate
the performance of different energy storage technologies in FCHEVs for various

trucking applications.

6.1 Mathematical Model

The considered powertrain topology is shown in Fig. 6.1. More details see [74].

Fuel cell
system

Inverter Electric
machine

Energy buffer
(SC, LiC, LiB)

Wheel
Buck-boost converter
SC: supercapacitor; LiC: Li-ion capacitor; LiB: Li-ion battery.

Fig. 6.1: Architecture of the powertrain system.
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6.1.1 Driving Cycles

Four typical truck driving cycles developed by the European association of car
manufacturers (ACEA), including urban delivery, regional delivery, construction,
and long-haul are adopted. The maximum acceleration and deceleration are defined
as 2m/s? and —1m/s?, respectively. The total traveling length for all driving

cycles is around 100 km.

6.1.2 Power Balance

The FC and energy buffers are supposed to provide all demanded positive power,
while energy buffers are designed to store all or partial percentage of braking
energy depending on the involvement of the mechanical braking. This can be

mathematically expressed as

Pebt (t)
Tbb

min (Pebt (t)nbbv ) + Pfc(t)nbo > Pwh (t) + Hoss,em (t) + Paux(t), (61)

where Pept(t) is the terminal power of the energy buffer, P () is the output
electrical power of the FC, and 7, and 7np, are the efficiencies of the boost
converter and buck-boost converter, respectively. The term Ploss em (%) is the power
losses of the drivetrain system, including the final gear, the electric machine, and

the inverter, P,ux(t) is the power consumption of the auxiliary loads.

6.1.3 Electric Drive System

A 200 kW PMSM with the associated three-phase inverter is adopted as a baseline.
The peak torque and peak speed reach to 2850 Nm and 2500 rpm, respectively.
The electric power at the DC side varying with the torque and speed is shown in
Fig. 6.2(a). The electric power can be approximated by a quadratic function in
torque with dependence on angular speed [75]. From the approximated model,
the relation of the efficiency varying with the torque and speed can be computed,

which is graphically illustrated in Fig. 6.2(b).

The baseline electric machine can be scaled by a scaling factor sey, to meet the
wheel power demand. Therefore, the electrical power in a scaled electric machine
can be derived as

Pem (Tem(t),1) = Z Sé;iai(w(t))Teim (t), (6.2)

where a; with ¢ € {0,1,2} are the speed-dependent coefficients in the baseline

approximation and 7T, represent the electromagnetic torque in the scaled model.

56



6.1. Mathematical Model

& Efficiency [%]

Torque limits

150 | | << Speed (rpm)

Z 100
5 50 Z
2 0 e
e g
2 =
§ -0 630 g -
@ 100 [ —
N
150 J/ //7
-2000 -1000 O 1000 2000 0 500 1000 1500 2000 2500
Torque (Nm) Speed (rpm)
(a) Electric power. (b) Efficiency map.

Fig. 6.2: Electric power and efficiency map of the electric machine with the associated

inverter. The electric machine torque is limited by speed dependent bounds.

The scaling factor se, should be bounded within

Sem € [Sem,mirn Sem,max]~ (63)

Due to the involvement of the mechanical braking, the torque balance can be
relaxed as

Tom(t)2Tgem(t), (6.4)

which can also avoid the calculation of braking torque [76]. The longitudinal wheel
force that electric machine can provide is limited by the available electromagnetic
torque, gear ratio and the vehicle speed. The electromagnetic torque limit is fitted
by two parts, where one is determined by the power bound of the baseline electric
machine Pemb min and Pemb,max, Which limits the wheel force by

Fyn (t) S [sempemb,min/v(t)v SemPemb,max/U(t)] . (65)

Another one is constrained by torque limits Tsmb min; Zemb,max, Shown as
Tem(t) S [Temb,min(w(t))sem, Temb,max(w(t))sem] 9 (66)

where Tomb,min @1d Temb,max are the minimal and maximal torque limits of the
baseline electric machine, which are functions of rotation speed.
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Fig. 6.3: Quasi-static fuel cell system model.

6.1.4 Fuel Cell System
Hydrogen Consumption

A 50kW PEMFC is used as the baseline model in this chapter, which is adopted
from the Advanced Vehicle Simulator (ADVISOR) software. The consumed
hydrogen varying with the electrical power is illustrated in Fig. 6.3(a), which can
be modelled as a quadratic function of the generated electrical power.

The baseline FC model can be scaled by a scaling factor s¢., which is bounded
with

Stec € [sfc,miny Sfc,max]- (67)

The relation between the consumed hydrogen and the generated electrical power
in the scaled model is derived as

Py, (t Z si7e; PL(t) (6.8)

where ¢; with ¢ € {0, 1,2} are fitting coefficients in the baseline model. The term
Py is the electrical power in the scaled model, which is constrained by

Pfc(t) S [schfcb,mina schfcb,max]» (69)

with Pich min and Pch,max being the minimum and maximum output power of the
baseline FC system.
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Performance Degradation

Due to cyclic load variations, the output voltage of the FC fades with time
going on. The state of degradation (SoD) is defined as a combination of the
number of start/stop cycles and the integration of the degradation rate over
time [77,78]. In this study, the FC is considered as always in "ON" state and
thus the start/stop-cycle-based degradation is ignored. The degradation rate is
described as a quadratic function determined by the FC operation power in a

baseline model, which can be described as

2
sodp(t) = Y disy ' Pro(t), (6.10)
=0

where d; > 0 is the fitting coefficient. The FC SoD rate varying with its operation
power in a baseline model is shown in Fig. 6.3(b). This gives the FC lifetime of at
least 25000 hours according to the 2030 target for long-haul trucks. It can be seen
that the fading rate of the SoD is greater when the FC operates at high or low

power.

It is assumed that the FC lifetime does not change with its power rating. Therefore,
the degradation rate in a scaled FC system, sc;d(t), is the same as that in the
baseline model. The SoD over one driving cycle in a scaled model is constrained
by

sod(t) € [0, Asod], (6.11)

Sf

with Asod = s0dmax, where s¢ is the length of the driving cycle, L.y is

avgYveh
the average travel distance per year, yyen is the truck service years, and soday is

the maximum allowed degradation during its lifetime, which is usually set as 1.

To reduce the degradation caused by large power variation, the power variation
rate Ppes (t) should be bounded within a certain range, which can be expressed as

Pfc(t) € [Rfcb,minsf07 Rfcb,maxsfc]; (612)

where Rtch min and Rfch max denote the lower and upper bounds of the power

variation rate in a baseline model.

6.1.5 Energy Buffer

Different energy buffer technologies, including SCs, LiCs and LiBs, are investigated.
The individual cell can be uniformly modelled as a series connected resistor, Rep

with a controlled voltage source represented as OCV, uep,. For SCs and LiCs, the
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Fig. 6.4: OCV model of LiC and LiB with respect to the SoC levle.

OCVs almost linearly increase with the SoC levels if ignoring the capacitance
change. However, the voltage of LiBs varies a lot at lower and higher SoC levels,
but the relationship between the OCV and the recommended SoC level can still
be approximated to a linear function. The OCVs of representative technologies,
Aowei UCK42V28000, and Toshba SCiB20Ah, are illustrated in Fig. 6.4. Following
the model by [42,79], a linear approximation for the OCV of the energy buffer is

expressed as
Ueb(t) = gEb S0Ceb (t) + Ugeh, (6.13)
eb

where Qgp, Cep, S0Ce, and uge, represent the rated capacity, rated capacitance,

SoC and the initial voltage of the single cell.

The pack energy and power are only dependent on the total number of cells and
are not affected by the connection pattern. The targeted energy buffer is a scaled

version of the pack with ne, known a priory. The scaling factor s, satisfies
Seb € [Seb,min7 Seb,max]a (614)

where Sch min and Seb,max are lower and upper bounds. The dynamics of the scaled

pack is given as

ECb(t) = cb(t)a (615)
where a positive power indicates that discharging current is applied to the energy

buffer. The terminal power of the scaled buffer pack is calculated as

B Ren,Cep P, (1)
2Eqy, (t) + u(z)ebcebsebneb

Pcbt(t) = Pcb(t) (616)
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Due to the physical limitation of the SoC level and the operation current for a
single cell, the internal energy and power of the target pack during the operation
need to be restricted to a safe range, which can be described as

Eeb(t> € [Eeb,minvEeb,max]7 (6.17&)
Peb(t) € [Peb,minv Peb,max}a (617b)

with lower bounds and upper bounds expressed as

Eeb,min = SebnebCeb (ugb (SOCeb,min) - ugbo) /27 (618&)
Peb,min = ieb,min \/Sebneb (2Eeb(t)/ceb + Sebnebugbo)v (6 18b)
Eeb,max = Sebnebceb (Uzb (SOCeb,max) - Uzbo) /27 (6186)
Peb,max = ieb,max \/Sebneb (2Eeb (t)/ceb + Sebnebugb0)7 (618d)

where s0Cep, min and S0Ceh,max are the minimal and maximal SoC of the cell while
feb,min and feb max denote the maximal charge and discharge current, respectively.
Additionally, considering the cycle life of the energy buffer, the energy throughput
in a given driving cycle should satisfy

Eebcl(t) S [Eebcl,mina Eebcl,max]a (619)

the lower bound and upper bound are described as

Ecbcl,min = 0, (620&)

o 2-Z\]clsebneb-Eclsf

Ecbcl,max - (6201’))

yvehLavg

where N is the number of cycles in a whole lifetime and E is the maximum
allowable energy change per cell in a charging or discharging cycle. The energy

throughput is computed as

Eebcl(t) = |Peb(t)| . (621)

6.2 Problem Formulation

6.2.1 Objective Function

The objective function is formulated to minimize a total cost consisting of the
operation cost (hydrogen and electricity consumption) and the capital cost (FC

system, the energy buffer and the electric machine). All costs are evaluated as
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euros per unit traveling length to make them comparable. The hydrogen cost is
computed as

Bu b
Oy, = —2_ [ py.dt, (6.22)

- Lq LHV J,
where Sy, is the hydrogen unit price in €/kg, Lq. is the driving cycle length in
meters, and LHV is the lower heating value of hydrogen in J/kg. The electricity

cost is written as

Cc - 7(Ecb(0) - Ecb(tf))a (623)

with Bee being the unit price of electricity, Ee,(0) and Ee(t¢) being the stored
energy of energy buffer at the beginning and the end of a driving cycle, respectively.
The energy change during a travel range Lyange, typically in the order of 600-
800km, should be limited to the maximum stored energy. As a driving cycle
has shorter length than Lyange, it is assumed that this energy change is evenly
distributed into each driving cycle. Therefore, the energy change over one driving
cycle should satisfy

Sf St

A-Eeb,max <Eeb (0) - Eeb (tf) <

range range

AFEeh max; (6.24)

where AFE; max is the maximum allowable energy change during the travel range,
which can be calculated as

C
Al?eb,max = Seb"le% (ugb(soceb,max) - ugb(soceb,min)) . (625)

The capital cost of the FC system and the battery pack are dependent on their
power rating and energy capacity, respectively. They can be calculated as

C‘PC max C
Cp = Diellebmaxste o (6.26a)
Lavgyveh
BebSsebN0Ceb , o 2
Cyy = DebebMoCeb (2 2 g 6.26)
o (SR N (6.260)

where B and Bep are the price of FC and battery in unit power and unit energy,
respectively. The terms uch min and Ueh max denote the minimal and maximal
OCYV of the cell. The vehicle has an annual traveling length of L,., with total
service years in a whole lifetime denoted as yyen. The notation CF is a cost factor

dependent on the yearly interest rate and the service years.

Similarly, the capital cost of the electric machine is denoted as

em emPem max
Cop = M—hcp, (6.27)
Lavgyveh
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where Bem is the electric machine price in unit power and Pempb, max is the maximum
electrical power of the baseline electric machine. By adding all costs together, one
can get the total cost over a unit traveling length, which is described as

Otot = CHg + C(ele + Cfc + Ceb + Cem- (628)

6.2.2 Chance-constrained Programming

Since the driving cycle data might represent different power ratings of trucks, the
peak wheel power demand calculated from the driving cycle speed will be scarce
in some cases, which also infers small probability of peak wheel power demand. It
is of interest to investigate possible cost-benefit if the demanded power is satisfied
in a probabilistic sense [81]. This method can also remove outliers of the noisy
measurement and give a sensitivity analysis on how component sizes change with

the demanded power.

When the demanded wheel power satisfies in a probabilistic sense, the power rating
of the electric machine can be reduced, which also minimizes cumulative power
provided by the FC and the energy buffer. Therefore, the power balance in (6.1)

is rewritten as a chance-constraint

] ( i (P ()15, P (£)/155) + Pre(t)100 ) -

6.29
2 Pwh (t) + Ploss,ern(t) + Paux(t) ( )

where v € (0,1] is a pre-assigned probability for constraint satisfaction. For
any ~ satisfying v < 1, it is allowed to downsize the FC, energy buffer, electric
machine and associated power electronics by delivering less power than demanded
for some time intervals. The power balance satisfaction with a known probability
v € (0,1] gives a wheel power trajectory Pyn ,(t) and a reduced electric machine
power rating. This consequently will cause the vehicle operation speed to deviate
from the requested driving cycle speed. Since the power trajectory Pyn (t) and
the power rating of the electric machine are only determined by the cumulative
distribution function (CDF) of the wheel power demand for a given driving cycle.
This can be separated before performing the remaining component sizing and

energy management. Further details can be found in Section 6.3.

Therefore, the chance-constrained power balance in (6.29) can translate into a

deterministic equation, shown as

. P (t
min (Pebtmnbb, 7;;5)) - Pe®mo > Pano(t) + Ploss.om(t) + Pane(1). (6.30)
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As aforementioned, the problem consists of several optimization variables, including
design decision variables Sem, St., and Sep, time dependent control variables
Pi.(t), Pep(t), and Thk(t), and time dependent state variable Eep(t), sod(t), and
Eeba(t). Let d, x, u, and p represent the vectors of design decision variables,
state variables, control variables and parameters. Therefore, one can get d =
[Sems Stc, Seb)s W(t) = [Prc(t), Peb(t)], and x(t) = [Eep(t),s0d(t), Eebel(t)]. Due to
numerous fixed parameters in p, the elements of the parameter vector are not
explicitly listed here but are assumed to appear in the objective function and the
constraints. Hence, the total cost expressed in (6.28) can be written as a function
o(d,x(t),u(t), p(t),t), which is determined by vectors d, x, u, and p. The problem
is formulated to minimize the objective function ¢(d, x(t),u(t), p(t), t) with respect
to inequality constraints h, equality constraints g, and system dynamics x(t) —
f(d,x(t),u(t),p(t),t) = 0. This can be mathematically described as

aoiin @(dx(?), u(t), p(t),#), (6.31a)
s.t. g(d,x(t),u(t),p(t),t) =0, (6.31b)
h(d, x(¢), u(t), p(t), <0, (6.31¢)
x(t) — £(d,x(¢),u(t), p(t),t) = 0. (6.31d)

By summarizing all constraints, inequality constraint (6.31c) comprises (6.3), (6.4),
(6.5), (6.6), (6.7), (6.9), (6.11), (6.12), (6.14), (6.17), (6.19), and (6.30). System
dynamics (6.31d) include (6.10), (6.15), and (6.21).

To transcribe the infinite dimensional problem into a finite dimensional problem,
the problem (6.31) can be discretized as

aon ¢(d, x(k), u(k), p(k)), (6.32a)
s.t. g(d,x(k),u(k),p(k)) =0, (6.32b)
h(d, x(k), u(k), p(k))<0, (6.32¢)
x(k + 1) — f(d, x(k),u(k), p(k)) = 0, (6.32d)

where x(k) is the vector of the discretized form of state variables, u(k) is the
vector of discretized form of control variables, p(k) is the vector of discretized
form of parameters, and f (+) is the vector of discretized form of dynamic equality
constraints. It is clear to see the formulated problem in the present form is
nonlinear and non-convex dynamic program.

64



6.3. Convexr Modelling Steps

6.3 Convex Modelling Steps

The convex modelling steps are introduced to show the process of obtaining power
trajectory Pyn,(t) can be formulated as a convex problem after sizing electric
machine. Then, the electric machine sizing can be excluded from the problem

(6.32), and the remaining sub-problem can also be solved by convex programming.

6.3.1 Sub-problem I for Limiting Demanded Power and
Electric Machine Sizing

The target of the sub-problem is to maintain the vehicle to drive as close as
possible to demanded speed and travel time but with limited power rating of the
electric machine. In practice, this means that the acceleration is limited for some
instances due to the limited power rating of the electric machine while higher
speed is allowed for some other instances to make sure that the truck still arrives
on time. It is noted that the probability v should be selected properly since it
may not be possible to maintain the desired travel when « is too low. Hence, the

constraint on final arriving time is modeled as a soft constraint.

The problem of closely following the original speed, while keeping the delivered
power limited and trying to finish the route in about the same time, can be

formulated in spatial domain as

s¢
mn  Ciimeo + / (Ex~(s) — Ex(s))” ds, (6.33a)
0'7Ek,'y;th,'y;t'y 0
dEk 'Y(S) paCdAf
WAL E Fy — F.(s), 33b
O - P (5) 4 P (5) = Fa(s) (6.330)
1 Vs € Sarv
dt;(s) — V2B (5)/(myentm:)’ s d , (6.33c)
§ Atgs(8)d(s), Vs € Sgs
0 < Ex~(s) < max(Ex(s)), Vs € Sdrv, (6.33d)
Ex~(s) =0, Vsé€ S, (6.33e)
t,(0) =0, t,(s¢) <t(ss)+o, (6.33f)
PIIIELX(,Y)
Fun(8)= — wh ,Vs € Sdrv, (6.33g)
’ V2B (5) [ (mven, + )
Pmax
Funy(s) < i () Vs € Sarv, (6.33h)
\/2Ek7‘v (s)/(myen + mx)
Tcm min ka T Tcm max ka T .
b s _ Do @)senb g

Twh Twh
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where o is a slack variable and cyime is a weighting coefficient penalizing longer
time. The variable Ex . (s) denotes the vehicle kinetic energy when the delivered
power has a cumulative probability not greater than . More detailed information
and convexity of each constraint see [74]. After solving the problem (6.33), the
power trajectory Py, can be calculated from the optimization variables E ., and

Futr-

6.3.2 Sub-problem II for Power Sources Sizing and Energy
Management

After performing the electric machine sizing in Sub-problem I, the Sub-problem II
can be reorganized as minimizing ¢(-) excluding the electric machine cost with
respect to (6.3)-(6.6), (6.7), (6.9), (6.10), (6.11), (6.12), (6.14), (6.15), (6.17),
(6.19), (6.21), and (6.30).

The objective function ¢(-) is convex. The constraints (6.3)-(6.6), (6.7), (6.9),
(6.11), (6.12), (6.14), (6.15), (6.17a), (6.19) are affine relations, and therefore
convex. The constraint (6.17b) is nonlinear, but it defines a convex set. To
convexity the constraint (6.10), a variable change sodx is introduced, which is also
used to scale up the SoD variation over one driving cycle to improve the solver
convergence. The term sodx can then be written as
sod(t)
Asod
where sod(t) € [0, Asod] with t € [0,¢¢]. At the beginning of the driving cycle,
sodx(0) = 0 and at the end of the driving cycle, sodx(t¢)<sg.. Take the derivative
of (6.34) to obtain

sodx(t) =

(6.34)

. . st
dx(t) = sod(t . .
sodx(t) = sod( )Asod (6.35)
Therefore, constraint (6.10), in a relaxed form, can be rewritten as
sodx(t A —~ Zdz st LPL(t) (6.36)

which becomes a convex constraint [82].

To avoid the absolute value in constraint (6.21), one more variable Pepy is intro-
duced and (6.21) can be relaxed as

Eepel(t) = Pebx(1), (6.37a)
Pebx > Peba (637b)
Pebx > P (637C)

66



6.4. Case Study and Simulation Results

100 - - = 100 - =
€ 5 CDF € 5 CDFE
= %  Pointat v =100% - X Point at y = 100%
X Point at v =98% %  Pointat y=98%
0 O Pointat y=96% 0 O Pointat vy =96%
-500 0 500 1000 -500 0 500 1000 1500
Wheel power demand (kW) Wheel power demand (kW)
(a) Urban delivery. (b) Regional delivery.
100 - - 100 - =
S CDF S CDE
IS X Point at v =100% IS % Point at y = 100%
XX  Pointat y=98% %  Pointat y=98%
0 O Pointat y=96% 0 O Pointat y=96%
-1000 -500 0 500 1000 1500 -1000 0 1000 2000
Wheel power demand (kW) Wheel power demand (kW)
(¢) Construction. (d) Long-haul.

Fig. 6.5: Cumulative distribution function of the wheel power demand for different

trucking applications.

Since constraint (6.30) contains a min function, it can be reformulated as

Pepy (t)nbb + Pfc(t)nbo - Ploss,em(t) - Paux(t)>Pwh,fy (t),

Pope(t (6.38)
7;);5) + Pfc(t)nbo - }Dloss,cm(t) - Paux(t)>Pwh,'y (t)

As can be seen that Sub-problem II is convex and can be effectively solved by
convex programming.

6.4 Case Study and Simulation Results

All simulations are conducted with CVX toolbox using solver MOSEK in MATLAB
R2020b on a PC with the configuration of Intel Core i7-7700K CPU 4.2 GHz and
64 GB RAM.

6.4.1 Electric Machine Sizing and Modification of Velocity
Trajectory

Electric Machine Sizing

The CDF of the estimated power demand for four trucking applications is shown

in Fig. 6.5 and the main parameters are adopted from [74]. The maximum power
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of the electric machine is designed to satisfy a CDF of the upper bound of the
wheel power demand. The upper bound of the wheel power demand monotonically
decreases with the decrease of CDF. This means that a lower CDF value gives a
lower upper bound of the wheel power demand, leading to a lower power rating of
the electric machine and a lower cost accordingly. However, the power rating of
the electric machine significantly influences the acceleration characteristic. The
minimum upper bound of wheel power required for typical trucks with acceleration
from 0 to 50 km/h within 25s is computed to be 170kW, 247kW, 330kW, and
360 kW for applications of urban delivery, regional delivery, construction, and
long-haul, respectively. To satisfy this acceleration characteristic, the electric
machine should have the corresponded rated power, which covers 92.8 %, 94.3 %,
95.3 %, and 96.5% of each driving cycle power demand. In the case study, electric
machines are selected to meet the above acceleration characteristics and also to
be able to cover at least 94 % of the wheel power demand in each driving cycle
application. Therefore, the rated power of the electric machine is set as 218 kW,
247kW, 330kW, and 360 kW for applications of urban delivery, regional delivery,
construction, and long-haul, respectively. The scaling factors are computed to be
1.09, 1.235, 1.65, and 1.8, accordingly.

Modification of Velocity Trajectory

With the determined maximum power of the electric machine, the delivered power
is thereby limited during the truck movement. This could cause the velocity
trajectory of the truck to deviate from the velocity of the original driving cycle.
The velocity trajectory and the travel time for trucks in applications of urban
delivery, regional delivery, construction, and long-haul can be obtained by solving
problem (6.33). The optimal results at the selected ~ for each driving cycle are
compared with the original driving cycle for v =1 in Fig. 6.6-Fig. 6.9. In the
application of urban delivery, the velocity trajectory at v = 94% almost exactly
follows the original velocity of the driving cycle, see Fig. 6.6(a). The same trends
can also be found in applications of regional delivery, construction, and long-haul.
This is due to the penalty of the summation of the kinetic energy in the objective
function. From the enlarged view of the velocity trajectory as shown in sub-figure
(b) in Fig. 6.6-Fig. 6.9, the velocity derivatives are reduced at the selected . This
is owing to the maximum allowable peak power of electric machine for each journey,
which is limited by the cumulative distribution function of the wheel power demand
with the probability of the saturated power illustrated in sub-figure (c). It can also

be seen that the velocity at the selected v on some distance instances is higher
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Fig. 6.6: Optimal results in the application of urban delivery.

than that at v = 100%. This is due to the time penalty in the objective function
that ensures that the truck finishes the journey without much delay, even though
the delivered peak wheel power is limited. Fig. 6.6-Fig. 6.9(d) show that travel
times along each journey at the selected v and v = 100% have a good coherence.
The trucks can finish all journeys at about the same time compared to v = 100%
as shown in Table 6.1.

Table 6.1: Time Elapsed at the End of Each Driving Cycle with Different ~.

Driving cycles Elapsed time (s)

Urban delivery 13127 at v = 100% 13156.2 at v = 94%
Regional delivery 5806.9 at v = 100% 5821.3 at v = 94.3%
Construction 8178.1 at v = 100% 8168.3 at v = 95.3%
Long-haul 4466.9 at v = 100% 4518.2 at v = 96.5%

6.4.2 Fuel Cell and Energy Buffer Sizing

In this section, the determined electric machine and the modified velocity trajec-
tories from Sub-problem I are used to solve Sub-problem II. The optimal sizing
of FC and energy buffer for several trucking applications are obtained. Three
different energy buffer technologies are also compared for each driving cycle. The
optimal sizing of power sources and their optimal power split can be simultaneously
obtained by solving Sub-problem II. The optimal values of the FC system and the

energy buffer for four driving cycles are shown in Table 6.2. Since the total truck
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Fig. 6.9: Optimal results in the application of long-haul.
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mass is assumed to be constant, the payload significantly differs with the change
of the scaling parameters of FC and energy buffer. Therefore, a heavier FC and
energy buffer will result in a less payload. This is reflected in the difference in mg,

which is also listed in Table 6.2 for comparison.

Table 6.2: Optimal parameters of the fuel cell, different energy buffers, chassis mass, and

total cost.

Pfcs,max Ps,max Es,max mo Ctotal
kW kKW  kWh kg  €/100km
SC 111 652 3.43 16812 25.07

Driving cycles Buffers

Urban .
delivery LiC 76 223 9.93 17246 25.35
LiB 73 478 59.51 16870 24.56
SC 210 665 3.48 25375 29.30

Regional )
delivery LiC 176 221 9.78 25822 29.37

LiB 165 376 46.82 25642 27.52
SC 190 1496  7.82 30576 35.85
Construction  LiC 158 336 14.92 31652 35.06
LiB 147 512 64.71 31437 32.47
SC 340 791 4.14 37685 37.64
Long-haul LiC 266 226 10.15 38421 37.10
LiB 248 o17 64.98 38047 34.92

The FC maximum power in the case with SC is much higher than that of LiC
and LiB as the energy buffer in all driving cycles. This is because SC has the
lowest energy density and it cannot provide high power for a long time duration,
which makes the FC provide the major power demand in most time periods. By
contrast, LiC and LiB have a certain amount of energy capacity and they can
provide relatively higher power resulting in lower power ratings of FC. However,
the energy capacity of LiB in all driving cycles is much higher than that of other
energy buffers. For instance, the energy capacity of the LiB in urban delivery
application is almost 6 times and 17 times than that of the LiC and the SC,

respectively.

Among all driving cycle applications, the truck using LiB as the energy buffer
shows the cheapest cost, which is around 2%, 6%, 9%, and 7% lower than that
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Fig. 6.10: Comparative total costs in the hybridization of different energy buffers among

driving cycles.

of SC as the energy buffer in urban delivery, regional delivery, construction, and
long-haul application, respectively. However, the cost in the case of SC and LiC
as the energy buffer does not seem to have big difference. In the driving cycles
of urban delivery and regional delivery, the cost of the truck with the SC as the
energy buffer is slightly lower than that of LiC but it shows the opposite trend
in construction and long-haul driving cycles. It is of interest to see that trucks
with the LiC as the energy buffer can accommodate more payload than others
even though they show higher cost than trucks with LiB as the energy buffer. The
major reason of the difference in payloads is due to the different energy density
of three energy buffer technologies. The energy density of the investigated LiB
is 13.3 times and 3.3 times than that of the SC and the LiC. The difference of
energy capacity also contributes to the difference in payloads. As a result, take
the long-haul driving cycle as an example, the truck with LiC can carry 374 kg
and 736 kg more payload than that of LiB and SC as the energy buffer.

To further understand the difference of the total cost caused by energy buffers,
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Fig. 6.11: Optimal power allocations in long-haul driving cycle.

the cost distribution is presented in Fig. 6.10. The hydrogen cost accounts for the
highest percentage while the electricity cost is the lowest in each hybridization
among all driving cycles. Also, the hydrogen cost in the hybridization with LiB
shows the lowest expense compared to the hybridization with SC and LiC among
all driving cycles due to a cheaper electricity unit price and high energy capacity
of LiB. The FC cost in the case of LiB as the energy buffer is the lowest compared
to other energy buffers among all driving cycles owing to the smallest FC power
rating. The energy buffer cost differs for all driving cycles due to the big difference
of the unit price and the energy capacity. For example, in construction driving
cycle, the energy capacity of the LiB and the LiC is around 8.27 times and twice
than that of the SC. However, the unit price of the SC is around 16 times and
twice than those of the LiB and the SC, respectively. For these reasons, the LiC
cost is almost the same as the SC cost, whereas the LiB cost is around half of
the SC cost. Due to the extremely cheap unit price of the LiB, its cost is still the
lowest among all energy buffers for all driving cycles even though much higher
energy capacity of LiB is used.
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6.4.3 Illustration of Power Allocation

Based on the optimal power rating of the FC and the energy capacity of the
buffers, the optimal power allocations in long-haul driving cycle are illustrated
as an example in Fig. 6.11. It is evident that the energy buffer mainly charges
when the truck decelerates and discharges when the truck accelerates. Also, the
power variation tendency of the energy buffer is severe and in general similar to
the changes of the demanded load power. By contrast, the FC power is relatively
stable due to the FC power variation rate being set within +10% of the power

rating per second in the case study.

It can also be seen that in propulsion mode, the FC and energy buffer together
provide the load demanded power. In the hybridization with the SC, the FC is
forced to provide more power compared those with the LiC and the LiB when
the demanded power is continuously high. This is because the SC has limited
energy and cannot provide high power constantly, which can be seen in 25-28 min.
Moreover, the FC power maintains a minimum output power, which is set as 10%
of its power rating in the case study. This enforces the energy buffer to be also
charged by the FC power when working in regenerative braking mode. Among
the investigated energy buffers, the LiB attempts to recuperate as much power as
possible since it has relatively big energy capacity. The SC can only receive very

small part of the negative power as shown in 30-34 min.

6.4.4 Summary

This chapter formulates a chance-constrained program to evaluate the performance
of different energy storage technologies hybridized with FC for various trucking
applications. The program is decomposed into two sub-problems and convex
modeling steps are proposed to effectively solve them. Results show that the
power rating of the electric machine is drastically reduced when the delivered
power is satisfied in a probabilistic sense. Moreover, the cost effectiveness of
the configuration with LiB is the best while the truck with LiC can carry more

payload.
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Chapter 7

Robust Co-design Optimization
with Consideration of

Uncertainties

This chapter is based on Paper I. The objective of this chapter is to formulate a
robust co-design optimization framework for a FCHET in long-haul application

considering the uncertainties in the driving conditions.

7.1 Model Development

The FCHET powertrain structure studied in this chapter is shown in Fig. 7.1. All
component models are same as the ones in Chapter 6, but more simplified versions

are considered in this chapter. Some other differences are addressed below.

7.1.1 Power Balance

The FC and the LiB are designed to provide all demanded electric power, while
the LiB is assumed to capture all regenerative braking energy from the electric

machine. The power balance can be rewritten as

RebCop
TR 22 eC - ij’b(t) — Pop,(t) + Pom (t) + Paux(t) — Pre(t)nae = 0, (7.1)
e Oeb ~'eb“e e

where the inverter and the electric machine are considered as a whole. The electric
power at the DC-side is denoted as Pey, ().
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Fig. 7.1: FCHET powertrain structure.

7.1.2 Electric Drive System

For simplicity, the sizing of the electric machine is same as that in the long-haul
application shown in Chapter 6, which is set as 360 kW with a scaling factor of
1.8. The electrical power in a scaled electric machine can be written as

Pem(t) - Semfem (U.J(t), Tem(t)/sem)7 (72)

where Py, (t) = Sem Pemb (t) and Tem (t) = SemTemb (t). The function fen,(+) repre-
sents the electric power varying with the rotational speed and the electromagnetic

torque in the baseline model.

7.1.3 Fuel Cell

Without losing any generality, the consumed hydrogen power in the scaled FC

model is written as
PH2 (t) = Sfcsz (Pfc(t)/sfc); (73)

where the function fi, (-) represents the consumed hydrogen power varying with
the electric power in the baseline model. The FC degradation is not considered in

this chapter.

7.1.4 Energy Buffer

It is assumed that the LiB can only be charged from the FC, the following constraint

is used to maintain energy balance
Eep(t)2Eep(to), Vte [to,tf], (7.4)

where ty and ¢; represent the starting and ending time samples of a driving cycle.

For simplicity, the cycle life constraint of the LiB is not considered here.
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7.2 Problem Formulation

7.2.1 Objective Function

Similar to Chapter 6, the target of the objective function is to minimize a total
cost of operation cost and all components cost. Due to the energy balance of the
LiB, the operation cost only includes the hydrogen consumption. Also, the cost of
the electric machine is not needed since it is a constant. The objective function is
denoted as ¢ (up, px (k), u(k), pp(k)) in the discrete form.

7.2.2 Deterministic Problem

As can be seen in (7.1), the summation of the FC power and LiB power is supposed
to meet the power requirement of the electric machine, either P (t) or Pe,(t) can
be used as the control variable, which will not affect the optimal solutions since

one can be computed by another.

By solving the quadratic polynomial equation (7.1), the internal power of the LiB

pack at each time sample can be derived as

ube(t) - \/Ube(t)2 - 4Rebube(t) (Pem(t) + Paux(t) - Pfc(t)'r]dc)
2Reb ’

Pep(t) = (7.5)

where upe(t) = 2B (t)/Ceb + Ul Sebnen. Apparently, the power P, (t) is a
function of variables Eep,(t), Seb, Pr(t), and Pey, ().

Let sg and sep be the design decision variables, P (t) or Pep(t) be time dependent
control variable, and FEe,(t) be the time dependent state variable. Therefore,
one can get d = [Sge, Sep), U(t) = [P (t)] or u(t) = [Pep(t)], and x(t) = [Een(t)].
Due to numerous fixed parameters in p, the elements of the parameter vector
are not explicitly listed here but are assumed to appear in the objective function
and the constraints. By summarizing all constraints, inequality constraint (6.32c)
comprises (6.4),(6.5), (6.6), (6.7), (6.9), (6.14), (6.17), and (7.4). System dynamics
(6.31d) include (6.15) only.

7.2.3 Robust Problem

For illustration of uncertainties propagation in robust problem, P (¢) is used as
the control variable. The control variable still remains deterministic [83] since
a backward simulation method is used, which is considered to be an open loop
control system without feedback. The robust problem can be formulated based

on the deterministic problem described in Section 7.2.2. There is no equality
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constraint g, which can be removed from the compact form (6.32). Following
the work in [43, 84], the discrete form of the robust co-design optimization is
formulated as

“D,ng(l(ilgl)vu(k)wl(un,ux(k)m(k%up(k)), (7.6a)
s.t. h(pp, pux (k), u(k), pp(k))) +mon<0, (7.6b)
px (k + 1) — f(pp, px (k), u(k), pe (k) =0, (7.6¢)
Var(px (k + 1)] — Var[f(up, px (k), U(k), pp(k)))] = 0, (7.6d)

where pg; is the expected value of the function ¢1, pp, px, and up are vectors of
discretized expected values of decision variables, state variables, and parameters,
respectively. Different from the work in [43,84], more states might be required
to compute the uncertainties in state variables. Since the LiB energy is the only
state variable in this work, the variance of the LiB energy appears as another state
variable. The dynamics are described as shown in (7.6d) and further details are
given in Section 7.3. The notation m is the shift index of the inequality constraints
and oy, is the vector of standard deviation of all inequality constraints. The
shift index m is selected by designer, representing m times of standard deviation
satisfaction of the inequality constraints h with respect to expected values. This
ensures that the robust optimal design is at least moy, away from the infeasible
region of each inequality constraint. A common value of 3 is selected for shift
index m in robust optimization, which shows that the satisfaction of inequality

constraints is 99.7% when Gaussian distributions are assumed.

7.3 Uncertainty Analysis

Due to roadway shapes, traffic signs, driver behaviors, and weather condition, the
vehicle operation speed at each location is differed even running on a same road.
The vehicle speed and road slope at each time sample are uncertain, which can
be assumed as Gaussian distributions. These uncertainties result in uncertainties
in wheel power demand and also in electric power demand, which can also be
propagated to uncertainties in state variables. The discrete system dynamics (7.6¢)

in robust co-design optimization problem can be rewritten as

x(k+1) = f(up, px (k), u(k), pp (k))). (7.7)

By applying the first moment to (7.7), the expected value of state variables at

time instance k + 1 can be obtained as

E[px (k +1)] = f(pup, px (k), u(k), pp(k))). (7.8)
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Fig. 7.2: Speed references and road altitude varying along traveled distance.

By applying the second central moment to (7.7) and ignoring covariance terms,

one can get the variance of state variables

Var[px (k + 1)] = Varlf(up, px (k), u(k), pe(k)))]. (7.9)

The proposed method may work with any smooth nonlinear function, or even with
multiple states.

7.4 Case Study and Simulation Results

The co-design problem is implemented in MATLAB by using an open source
software tool CasADi on a PC described in Chapter 6. The standard deviation
values for the random scaling factors are given as 0.05.

7.4.1 Vehicle Movement Uncertainties

To analyze uncertainties of the vehicle movement, numerical speed trajectories are
generated by using the Truck Benchmark Model published in [85]. More detailed
information can be found in [86,87]. A 118 km highway road from Sédertélje to
Norrkoping in Sweden is adopted with the speed reference and the road slope
shown in Fig. 7.2. To obtain different power capability of the truck, a scaling
factor varying from 0.75 to 1.5 is used to scale the engine torque and power. To
mimic the traffic condition, 10 multiplication coefficients within 0.9 and 1 are
randomly generated, which is used to scale the speed reference shown in Fig. 7.2.
Since the truck movement is also affected by the payload and the driver behavior,
a PI controller with multiple groups of parameters is used and the truck gross
weight is initialized by a value changing between 24 tons and 40 tons. By looping
over several times of the simulation, 2040 speed trajectories associated with road

slopes are obtained. The variations at time instance k are considered to follow
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distributions, with expected values denoted as py (k) and pa(k) for vehicle speed
and road slope, respectively, and standard deviations denoted as oy (k) and o 4(k).

They are graphically shown in Fig. 7.3.

7.4.2 Power Sources Sizing

When a constant efficiency of the electric drive system with 90% is assumed,
the maximum electric power at the DC-side, Py, is computed as 400 kW. This
saturates the mean trajectory with its 3 times of the standard deviation of the
electric power demand, which gives the power reference for the sizing of the FC and
the LiB as well as the energy management. For comparison, the same mean power
trajectory of the electric power is used for the deterministic co-design optimization
and the robust co-design optimization. The saturated standard deviation of the
electric power is used in robust co-design optimization. The optimal designs of FC
and LiB in deterministic co-design optimization and robust co-design optimization
are compared in Tab. 7.1. As can be seen that the fuel cell maximum power does
not show big difference while the maximum power and energy capacity of the LiB
pack are forced to be bigger in the robust co-design optimization. Since the fuel
cell power is selected as the control variable, which remains deterministic in the
robust co-design optimization and the power capacity of the fuel cell does not show
big difference. Due to uncertainties in the vehicle movement, the LiB energy is
significantly affected, which results in a larger energy capacity of the LiB pack. It
is noticed that the optimal results in robust co-design problem may differ slightly
if the LiB power is selected as the control variable. The different results affected

by the selection of the control variables is out scope of the study.
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Table 7.1: Optimal designs of power sources.

Parameter (unit) Deterministic Robust

Premax (kW) 233.65 233.59
Pepmmax (KW) 179.91 420.85
Eebmax (KWh) 1165 27.24

7.4.3 Energy Management

The optimal power distributions in deterministic co-design optimization and robust
co-design optimization are shown in Fig. 7.4. The fuel cell peak power does not
show any big difference, although its power variation is reduced in robust co-design
optimization. Since the electric power follows a distribution at each time instance,
the LiB power is also robustly constraint, leading to a larger power capacity in
robust co-design optimization. Meanwhile, as shown in Fig. 7.5, the uncertainties
of electric power results in a certain uncertainties in the LiB energy, which forces
a larger LiB energy capacity. The total costs, including FC, LiB, and hydrogen,
between deterministic co-design optimization and robust co-design are compared
in Tab. 7.2. The hydrogen cost accounts for the highest percentage while the LiB
cost is the lowest expense in both deterministic and robust co-design optimization.
The hydrogen cost and fuel cell cost are almost the same in robust co-design
optimization compared with the ones in deterministic co-design optimization.
However, the LiB cost is doubled in robust co-design optimization due to the

larger LiB capacity considering the uncertainties in truck movement.

Table 7.2: Total costs.

Costs (unit) Deterministic Robust
Fuel cell (€/100km) 2.86 2.86
Battery (€/100km)  0.45 1.06
Hydrogen (€/100km) 25.80 25.73
Total (€/100 km) 29.11 29.65

7.4.4 Summary

This chapter formulates a robust co-design optimization framework for a FCHET.
The truck movement is expressed as uncertain parameters in vehicle speed and

the road slope. The propagation of uncertainties to state variables is illustrated
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Fig. 7.4: Optimal power distributions.

25 T T T .
)
&
_H
3
5
0 20 40 60 80 0 20 40 60 80
Time (min) Time (min)
(a) Deterministic co-design optimization. (b) Robust co-design optimization.

Fig. 7.5: Battery energy trajectories.
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by considering the uncertainties in the design decision variables. The case study
indicates the importance of the robust approach in the joint component sizing and
energy management framework. The uncertainties of the truck movement result
in uncertainties of the battery energy and power requirements and finally to a
bigger battery capacity. The energy capacity is around 2.4 times higher than that

without considering the uncertainties.
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Chapter 8

Conclusions and Future Work

This chapter summarizes the work presented in this thesis and outlines the future

work.

8.1 Conclusions

This thesis performs a comprehensive study on FCHEVs, including the modeling,
control, and optimization of various hybrid powertrain configurations. Main

conclusions are summarized as follows.

e The FCHEV powertrain configuration needs to be determined based on
its specific applications. While the passive hybrid topology is the simplest
structure, it loses the active controllability. The semi-active hybrid topology
has a certain degree of controllability and requires a proper control strategy.
The fully-active hybrid topology shows the best controllability with a trade-off

of a more complex structure.

e For the passive FC/SC topology, its inherent characteristics make the pow-
ertrain DC-link voltage passively determined by the load conditions. To
examine the effects of the DC-link voltage variation, the energy efficiency
and hydrogen consumption of a FC/SC powertrain for a passenger car are
evaluated using 10 driving cycles. Results show that the energy efficiency
is 53%—71% during propulsion and 84%—-94% during braking, respectively.
Moreover, the energy efficiency is higher during low-speed driving cycles,

which results in a lower hydrogen consumption.
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e A 3 kW lab-scale passive FC/SC configuration for a light vehicle is validated

with each component experimentally modelled. Experiments show that the
internal resistance of the FC stack is around 10 times larger than that of
the SC bank and the SC bank performs as a LPF for the hybrid system.
Therefore, when a step load is applied, the SC bank provides most of the
transient current and power while the FC stack handles the steady current
and power. Under the ArtUrban driving cycle current, the LPF effect of
the SC makes it possible to downsize the FC stack, which only needs a peak
power of one fifth of the load peak power. The SC evens out the current and
power from the FC to prevent the FC from experiencing large currents and

power variations.

For the fully-active FC/SC system in bus applications, an adaptive power
split method is used to smooth the FC current and prevent the SC from
exceeding its lower and upper charge limits. The cut-off frequency of the
LPF is adaptively controlled by the spectrum area ratio, which is determined
by the SC SoC level and the load condition. Experimental results show that
the SC SoC is effectively controlled within the desired range by adaptively
controlling the current distribution between the FC and the SC. The load
disturbance compensator improves the control performance in that the DC-
link voltage fluctuation caused by the load current variation is significantly
reduced. The proposed method can be easily tailored to other types of
hybrid systems.

A chance-constraint joint component sizing and energy management opti-
mization framework is developed to evaluate the performance of various
energy buffers for several trucking applications. The power rating of the
electric machine is only around 18% of the wheel peak power demand when
the delivered power meets the wheel power demand in a probabilistic sense.
Moreover, the vehicle can finish the journey at a similar speed and in about
the same time compared to those from the original driving cycle. When LiB
is used as the energy buffer, the total cost of the vehicle is the lowest. If LiC
is used as the energy buffer, the truck carries the heaviest payload.

A robust co-design optimization framework is formulated for FCHETs with
consideration of the uncertainties in its movements and design decision
variables. Due to such uncertainties, the robust optimal solutions differ
significantly from the deterministic optimal solutions. These uncertainties
can also propagate to state variables and other optimal variables. For

example, the battery energy and power become uncertain, which forces a
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larger battery capacity and therefore a higher total cost in robust optimal

solutions.

8.2 Future Work

Based on the work presented in this thesis, the following research can be conducted

in the future.

e Hybridization of FCs with other energy storage devices for various vehicle
applications.
As two mainstream energy sources for EVs, FCs and batteries can complement
each other as propulsion sources. However, vehicle design specifications such
as driving range and pattern, lifetime, and power capability differ significantly.
For example, batteries may be more suitable for urban applications (e.g., light-
duty passenger cars) while FCs could be preferred for heavy-duty applications
(e.g., forklifts, long-haul trucks, long-distance ferries, and more electric
aircraft). To better utilize FCs and other energy storage technologies, a

comprehensive investigation can be performed for various vehicle applications.

e Real-time energy management and power control for FCHEVs.
While many aspects of FCHEVs have been extensively investigated, this
technology is still under development. In fact, the FC lifetime has not met
the U.S. DoE target and the hydrogen cost is still relatively high. One
possibility is to develop a moving horizon real-time energy management and
power control strategy to prolong the FC lifetime and minimize the hydrogen

consumption.

e A mixed-integer nonlinear optimization framework for FCHEVs with simul-
taneous component sizing and energy management.
Joint component sizing and energy management optimization for FCHEVs
have been investigated. Usually, the optimization variables that determine
the sizing of power sources and electric machines are treated as continu-
ous quantities. However, these variables are discrete in nature. Therefore,
mixed-integer nonlinear programming can be utilized to solve such problems.
Also, accurate component models are required with the effects of degradation

taken into account.

e Thermal effects of components on vehicle modeling, simulation, and opti-
mization.

The modeling, simulation, and optimization work conducted in this thesis
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has not taken into account the thermal effects of the components, which
need to be considered for more accurate component models. Moreover, the
sensitivity of the FCHEV energy efficiency and hydrogen consumption needs

to be swept at different temperatures.

Modeling and simulation of a FC power plant considering off-board hydrogen
utilization.

Hydrogen can be used as a long-term energy storage solution for renewable
energy sources. In a FC power plant, the heat generated during the hydrogen-
to-electricity process is a critical asset. Therefore, the FC power plant needs
to be properly modeled and analyzed to maximize the overall energy efficiency
of the off-board hydrogen.
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