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Abstract

The long-term use of a large amount of fossil energy has broken the ecological bal-
ance of the earth and climate issue, especially global warming, has been regarded as
a common problem facing the development of human society. E-mobility is devel-
oping rapidly and has recently been recognized by most people as an essential part
of improving this issue. With a competitive driving range, short refueling time and
zero emissions, Fuel Cell Electric Vehicles (FCEVs) have been considered as 'The
real breakthrough of E-mobility’ which may be a possible solution for the future
vehicle.

In this thesis project, a complete fuel cell system submodel, including a fuel cell
stack, supplying system, and water management system was modelled. One Fuel
Cell Plug-in Hybrid Electric Vehicle (FC-PHEV) and one Fuel Cell Hybrid Electric
Vehicle (FC-HEV) model, as well as different components and control strategies,
were also implemented in the GT-Suite software to simulate the hydrogen consump-
tion under various driving cycles and scenarios. Furthermore, a cost analysis model
is also developed to determine the optimal battery size for the FC-PHEV. Finally,
a cost comparison among FC-PHEV, FC-HEV, and Battery Electric Vehicle (BEV)
was made based on current data available from the U.S market.

The Fuel Cell-PHEV model and the Fuel Cell-HEV model are validated against
the WLTC and NEDC driving cycles. The functionality of the main control units
is also evaluated. The simulation results show that: For the Fuel Cell-PHEV, the
combined hydrogen consumption is 0.29 kg/100 km for NEDC, and 0.34 kg/100 km
for WLTC. For the Fuel Cell-HEV, the hydrogen consumption is 0.68 kg/100 km
for NEDC, and 0.82 kg/100 km for WLTC.

The results of the initial cost comparison of energy source, based on current data,
show the ranking from the cheapest to the most expensive is FC-HEV, FC-PHEV,
and BEV. The ranking of the total cost of ownership, including running cost from
the cheapest to the most expensive is FC-PHEV, BEV, and FC-HEV. Overall, the
Fuel Cell Plug-in Hybrid Electric Vehicle could be the best choice based on the cur-
rent data.

This project also present a simple mathematical cost model for determining the opti-
mal energy capacity of the battery pack in FC-PHEV from economic aspect through
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the whole vehicle lifespan, it shows the optimal battery size of FC-PHEV based on
the data of this model in the U.S market is around 10.5 kWh which equals to a 50
km driving range roughly.

Finally, future work recommendations are suggested so that this research topic can
be further developed.

Keywords: Fuel Cell, Hybrid Electric Vehicle, Plug-in, Hydrogen consumption, Pow-
ertrain, Control Strategy, Battery Size, GT-Suite.
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1

Introduction

1.1 Background

The Automotive industry is presently undergoing a transition from internal com-
bustion engines towards hybridization and electrification. Adding sufficient battery
capacity to pure electric vehicles to reach a driving range like that of traditional
combustion engine vehicles drives up the cost and increases weight significantly,
also the recharging time should take into consideration for battery electric vehicles,
and it is a primary factor for consumer usage experience. According to [1], for BMW
i3, which contains a 33 kWh battery pack, it takes 3 hours for regular charging and
40 minutes if using supercharger (80% charge). For Tesla S60, which contains a
60 kWh battery pack, it takes 7 hours for regular charging and 30 minutes if us-
ing supercharger (80% charge). Some manufacturers, such as Toyota, Honda, and
Hyundai, are starting to offer fuel cell vehicles to their customers. With the fuel
cell technology, the system efficiency will increase, and the well-to-wheel greenhouse
gas (GHG) emissions will be significantly lower than traditional combustion engine
vehicles.

1.1.1 Environmental problems and greenhouse emission

Fossil fuel usages in our daily life can be one of the main reasons for climate changes
and pollutions, especially in the transportation field. The non-renewable energy will
run out someday in the future. Moreover, the impact of these pollutions on human
health is severe.

The Paris Agreement, with the long-term goal to keep the increase in global average
temperature to well below 2°C above pre-industrial levels, enables all countries to
work together to make ambitious efforts to address climate change and adapt to the
effects of climate change. All participants should make their best efforts through
Nationally Determined Contributions (NDCs) and will be assessed in every 5 years.
For example, the EU’s nationally determined contribution (NDC) under the Paris
Agreement is to reduce greenhouse gas emissions by at least 40% by 2030 compared
to 1990, under its wider 2030 climate and energy framework.

As a result, more and more policymakers and vehicle manufacturers in the world
have turned to more sustainable transportation solutions due to concerns about en-
vironmental pollution and greenhouse gas (GHG) emission [2].
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1.1.2 Trends in fossil fuel

According to the International Energy Agency (IEA), although renewable energy
has strong growth, the total share of fossil fuel in global energy demand remained
at 81% in 2017. This level is almost constant for more than three decades [3].

The world oil demand increased by 1.6% (1.5 million barrels per day) in 2017, which
is much higher than the average annual growth rate 1% in the past decade. The
transportation sector is one of the main reasons. This is also a factor in the European
Union, where oil demand has increased by 2%, the highest growth rate since 2001 [3].

1.1.3 State of play of Electric Vehicles

The vehicle as the main transportation has been playing a really important role in
people’s daily life for centuries. This subsection is going to introduce the market
condition of EV among some major countries around the world and discuss the
positive factor for EV’s development which may give a clear picture of the electric
mobility situation.

Based on Global EV outlook 2018 [4], the total sales of EV through the whole year
of 2017 have achieved 1 million and the total stock of EV has reached 3 million
globally in 2017. In addition, more than half of the total sales in 2017 happened in
the China market which is higher than the sales of any other countries sum together.
But the share of EV of total car sales in China through 2017 is still only 2.2%, while
the value in Norway has reached 39% which is the highest number around the world.

It’s not necessary to consult a crystal ball to realize that, EV market is currently a
fast growing market (Figure 1.1) and China is the largest one which owned highest
stock and sales, the united states and Europe rank 2 and 3 respectively.

Additionally, an expending list of nine countries including China, Denmark, France,
India, Ireland, Netherlands, Norway, Sweden and United Kingdom have announced
that fossil fuels vehicles will be banned in new vehicle sales during 2025 to 2040.
Costa Rica announced to remove all fossil fuel vehicles at 2021 and Israel will ban
all imported fossil fuel vehicle at 2030 [5].

The trend of EV is clear, more and more nations have announced their national
target for developing EV through 2020-2030 to embrace the development of EV and
give policy support, especially in China and Norway. With the policy support and
large demand of EV, the EV charging infrastructure has been growing into a large
scale. In 2017, the installed chargers have reached around 320,000 units, including
over 110,000 fast chargers and the scale is still growing fast [4].
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Figure 1.1: Variation trend of the global electric car stock[4]

So far the EV market is still growing fast with the cooperation of lots of coun-
tries and organizations, it is already been a common target for most people.

1.1.4 BEYV Barriers

Battery Electric Vehicles (BEVs) has been recognized as the most popular electrified
vehicle nowadays, but there are still some drawbacks wait for solutions. One signif-
icant factor in range limitations for BEV is the low specific energy of the battery
pack, which is around 0.25 kWh /kg compared with that of diesel fuel 12.7 kWh /kg
and 12.1 kWh/kg for gasoline fuel [6]. To achieve a 320 km range, the Tesla Road-
ster carries 450 kg of Li-ion batteries (this includes other electrical components),
which is more than a third of the total vehicle weight. That same range would take
around 26 kg of gasoline for a 30 mpg ICE car [7] and 3.2 kg of compressed hydrogen
under the assumption that the hydrogen consumption is 1 kg/100 km (Actually this
number could be even lower, the simulation results and the Fuel Cell Vehicles data
on the market can be found in results chapter).

When driving a gasoline vehicle, the range is not such a big problem due to the
short refueling time. However, the recharging time should take into consideration
for battery electric vehicles, and it is a primary factor for consumer usage experi-
ence. According to [1], for BMW i3, which contains a 33 kWh battery pack, it takes
3 hours for regular charging and 40 minutes if using supercharger (80% charge).
For Tesla S60, which contains a 60 kWh battery pack, it takes 7 hours for regular
charging and 30 minutes if using supercharger (80% charge). Meanwhile, the high
power DC fast charger needs the modification of the grid and a large number of DC
fast chargers will be a huge load of the grid. Besides, high power fast charging is
a way to reduce the charging time of BEV, but it also has a significant impact on
battery degradation which is the contradiction that needs to be solved urgently.
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Additionally, the cost ratio of battery in the whole vehicle manufacturing nowadays
is somehow too high, and the car manufacturer is hard to earn many profits com-
pared to conventional vehicles. Meanwhile, because of the low energy density of the
battery, the rate of loading of BEVs is not competitive than other types of vehicles.

1.1.5 State of play of Fuel cell Electric Vehicles

The FCEVs has been recognized as ’the real breakthrough for e-mobility’ because
of its competitive performance over conventional vehicles. First, the driving range
of FCEVs is comparable to the conventional vehicle thanks to the hydrogen with
high energy density. Moreover, the refueling time of a FCEV with a bkg tank can
be short as 3 to 5 minutes which is similar as conventional vehicles. Considered
as e-mobility, FCEVs have no emissions but heat and water vapor if made from
renewable sources which makes FCEV environmentally friendly [§].

The commercialization process of FCEV has been slow and in 2017, there were more
than 7,200 fuel cell vehicles in the world, far fewer than pure electric vehicles and
plug-in hybrid vehicles.(Advanced Fuel Cells TCP, 2018) The U.S has more than
3,500 fuel-cell vehicles, mainly in California, accounting for nearly half the world’s
total. Japan has the world’s second largest number of fuel-cell vehicles, at 2,300,
and the highest proportion (1.1%) of electric light passenger vehicles. By the end
of 2017, about 1,200 fuel-cell cars were on the road in Europe, mainly in Germany
and France. Installation of hydrogenation infrastructure is currently very limited.
In 2017, there were only 330 refueling stations operating around the world, mostly
in Japan. On a global average, there are about four refueling stations for every 100
fuel-cell vehicles, and even fewer in countries where fuel-cell vehicle penetration is
high (Japan and the United States). However, there are already encouraging signs
of hydrogen infrastructure and vehicle deployment in many markets, including the
united states, China, Germany, Japan and South Korea [4].

To accelerate the commercialization of hydrogen energy the support and promotion
of national policies is needed. In 2019, China included the development of hydrogen
stations for new energy vehicles for the first time in its Government Work Report
[9] and as the largest EV market globally, China will push the development of fuel
cell vehicles.

1.2 Motivation for the project

The Automotive industry is presently undergoing a transition from pure internal
combustion engines towards hybridization and electrification. Unlike internal com-
bustion engine vehicles, the battery electric vehicles are constrained by the range
anxiety, the long charging time, the lack of public charging infrastructures, and the
high price. By using hydrogen as fuel instead of gasoline or diesel, the vehicle can
retain the potential zero tailpipe emission feature. To investigate that powertrain,
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this project aims at modelling and investigating Fuel Cell Electric Vehicles, in which
the fuel cell is the primary source.

The regular Fuel Cell-HEV vehicles offer fast refueling and long driving range. How-
ever, the technology is presently expensive, and the hydrogen refilling infrastructures
are not yet in place. Combining a fuel cell stack with a limited size battery as range
extender can potentially result in fast charging and refueling, long driving-range
with cost and mass lower than pure battery electric vehicles (BEVs). Also, the ve-
hicle fuel economy is expected to get better since the fuel cell is about 40% more
efficient than the internal combustion engine [10]. Therefore the Fuel Cell-PHEV is
also modeled and simulated, which uses the battery as the first energy source and
the fuel cell as a range extender.

1.3 Problem definition

This project has the following goals:

1. Understand the working process of all sub-systems within a complete fuel cell
vehicle’s propulsion system.

2. Investigate previous studies about fuel cells.

3. Investigate previous studies of propulsion system modeling and simulation.

4. Find the optimal propulsion concept for battery size, electric motor and fuel cell
power, as well as hydrogen fuel storage amount.

5. Analyze the control strategies for Fuel Cell-HEV and Fuel Cell-PHEV models.
6. Build simulation models of Battery electric vehicle with a fuel cell stack (Fuel-cell
PHEV, Fuel-cell HEV) and analyze the simulation results in different driving cycles
and different case studies.

1.4 Objective

The aim is to perform system studies of battery electric vehicles with a fuel cell
stack. The complete propulsion system, as well as their different components and
control strategies, will be built in GT-Suite to analyze and the hydrogen and electri-
cal consumption and find optimal propulsion concept for battery size, electric motor
and fuel cell power, as well as hydrogen fuel storage amount. Attributes to consider
are driving range, performance, charging and refueling time, vehicle mass and cost.

Different scenarios and concepts will be studied. The results from simulations will
be compared to data from actual fuel cell vehicles on the market.
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1.5 Limitation

A complete propulsion system with a fuel cell will be modeled in GT-Suite. Thus
it will not be tested in a real vehicle. Meanwhile, the study will only focus on the
propulsion system instead of a complete vehicle. All sub-systems like chassis which
are not related to the propulsion system will not be covered in this study.

1.6 Methods

In order to get an overview of a propulsion system and get familiar with the work-
ing process of all sub-systems within a complete propulsion system with a fuel cell
stack, a literature study has been carried out at first. The literature study covers
the control strategy which related to different propulsion concepts. The complete
propulsion system, as well as their different components, will be built with GT-
Suite. Different scenarios and concepts will be studied and used to optimize the
model. The results from simulations will be compared to data from actual fuel cell
vehicles on the market.
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2.1 Hybrid Electric Vehicles

A hybrid vehicle uses two or more different types of power sources, such as using
an internal combustion engine to drive an electric generator that powers an electric
motor to drive the vehicle.

By using hybrid configurations, different components can work more efficiently in
different driving conditions. For example, using the electric motor will be more ef-
ficient at low speed and low load. The internal combustion engine is more efficient
for maintaining at high speed.

2.1.1 Powertrain configurations

A hybrid powertrain transmits power to the driving wheels, which has different ar-
chitectures and energy flows. There are three main powertrain configurations for
HEVs and PHEVs, which are series, parallel and power-split or series-parallel hybrid
powertrain configuration. For all these three configurations, one advantage is that
the electric motor can work as a generator to collect the kinetic energy and store it
as electric energy in the battery when braking.

2.1.1.1 Series Hybrid Vehicle

A series hybrid vehicle also called range-extended electric vehicle. The configura-
tion can be seen in Figure.2.1 below. For a series hybrid vehicle, which is driven by
an electric motor, the internal combustion engine is mechanically decoupled with
the drive axle, that the engine speed can be controlled independently of the vehicle
speed and can be controlled to follow its optimal operating line, which has best fuel
efficiency [11].
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Figure 2.1: Series configuration of the powertrain for a HEV or PHEV

If the battery has sufficient electrical energy, it will drive as an electric vehicle. If the
battery is insufficient, the engine will be turned on, and the mechanical output of
the engine will convert to electricity by using a generator. When the power demand
from the wheel is high, the engine will be turned on and both powers from the engine
and battery pack will flow to the electric motor. In some situations like highway
cruising, the vehicle can be driven in engine only mode, at that time the engine will
run at optimal operating points. However, in some situations, if the engine is on and
the power demand from the wheel is below the engine optimal operating power, and
meanwhile, the battery state of charge is low, then the engine will run at optimal
operating power and the extra power will be used to charge the battery.

To conclude, in a series hybrid vehicle, the electric motor can receive the energy
directly from the engine, or the battery, or both. Another advantage is that it
provides flexibility in locating the engine on the vehicle [11]. This configuration is
considered to be the one closest to a pure electric vehicle [12].

2.1.1.2 Parallel Hybrid Vehicle

For a parallel hybrid vehicle, the configuration can be seen in Figure.2.2 below. Both
electric motor and engine are mechanically connected to wheels. The vehicle can be
propelled by the engine alone, by the motor alone, or by both together. Compared
with a series hybrid vehicle, it has fewer components like a generator. Resulting in
a more cost-effective solution. Another advantage is that the electric motor does
not need to meet the peak power demand from the wheel.
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Figure 2.2: Parallel configuration of the powertrain for a HEV or PHEV

Compared with a series hybrid vehicle, the electric motor is usually smaller. When
the battery has sufficient electrical energy, and the power demand from the wheel
is low, it will drive like an electric vehicle and the engine will be turned off. During
highway cruising, the vehicle will be driven in engine only mode. When the engine
is on, but the traction power demand is low, and the battery state of charge is also
low, the engine will run on the optimal operating line. The power will split, part of
the power will be used for traction, the extra will be used for charging the battery.
During high power demand, both the engine and electric motor will be turned on
for traction [11].

2.1.1.3 Series-Parallel Hybrid Vehicle

For a series-parallel hybrid vehicle. The configuration can be seen in Figure.2.3
below. It is a combination of a series hybrid and parallel hybrid by incorporating a
power split device.
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Figure 2.3: Series parallel configuration of the powertrain for a HEV or PHEV

Compared with a series hybrid, the series-parallel configuration has a mechanical
connection directly from the engine to mechanical coupling part or mechanical trans-
mission part. Compared with a parallel hybrid, the series-parallel configuration has
a second electric motor which serves mostly as starter or generator [11].

2.1.1.4 HEV and PHEV

For a HEV, the battery can be recharged either by the engine or by regenerative
braking when decelerating. Because of the relatively smaller battery size the electric
mode is very limited. Typical HEVs today are equipped with a battery pack ranging
from 1.2 to 2.2 kWh [11].

For a PHEV, a large amount of electric energy is stored in the on-board battery,
which usually in the range of 7-16 kWh [11]. The largest differences compared to
a HEV are that it can be recharged by using an electric outlet and it can travel
powered only by the battery.

The main advantage for a PHEV is that it can be initially driven by using only
electric energy from grid stored in the on-board battery, and the on-board engine or
fuel cell stack can be used as a range extender for longer trips, thus the fuel economy
can be improved [13].

2.2 Fuel Cell Vehicles

A fuel cell vehicle uses a fuel cell stack, which can convert the chemical energy in
oxygen from the air and compressed hydrogen from on-board hydrogen tank into
electrical energy to power its electric motor and propel the vehicle as can be seen
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in Figure.2.4 below. Compared with conventional vehicles, most fuel cell vehicles
emit only water and heat [14]. A fuel cell vehicle combines both advantages of bat-
tery electric vehicles, which are high efficiency, quiet operating, zero emission, and
of conventional internal combustion engine vehicles’ long driving range and short
refueling time [15].

Fuel Cell Wheel
uel Ce : :
Battery (—=——= Electric Motor Mechar.ucjal
Transmission

mmmms) Mechanical

=== Electrical ( Wheel )

Figure 2.4: Fuel Cell Vehicle powertrain configuration for a HEV or a PHEV

The Hyundai Tucson FCV was the first commercially produced hydrogen fuel cell
automobile, which was introduced in 2013. Toyota Mirai followed in 2015, and then
Honda entered the market [16] [17]. Many fuel cell buses have been developed and
are in operation around the world for demonstration purposes [11].

2.2.1 Examples of Fuel Cell Vehicles on the market

2.2.1.1 Toyota Mirai

The Mirai, which is shown in Figure.2.5 is a mid-size hydrogen fuel cell car manu-
factured by Toyota. It is also the world’s first commercially available hydrogen fuel
cell vehicle with the range around 500 kilometers. TFCS (Toyota Fuel Cell System)
with both fuel cell technology and hybrid technology is equipped, and it only takes
3 to 5 minutes to refill the hydrogen [18][19].
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Figure 2.5: Toyota Mirai [20]

In Table.2.1 below, one can observe the main parameters for Toyota Mirai.

Table 2.1: The main parameters for Toyota Mirai [18].

Toyota Mirai

Electric Motor 113 kW
Fuel Cell 114 kW
Battery 1.6 kWh (Nickel-metal hydride)

Hydrogen Tank Capacity

5 kg Hydrogen

Tank Pressure

700 bar

Range

502 km

Hydrogen Consumption

0.76 kg/100 km

2.2.1.2 Hyundai ix35

The Hyundai ix35 FCEV is the first SUV-like vehicles sold commercially. The cur-
rent version is the 2012 fourth generation ix35 FCEV, which equipped with a 100
kW motor (136 hp), enabling the maximum speed of 160 km/h. It contains two hy-
drogen tanks with 5.64 kg compressed hydrogen in total, which enables the vehicle
to travel a total of 594 km on a single charge [18] [21]. Also, some energy is stored
in a 24 kW lithium polymer battery, together with the fuel cell stack can propel the

vehicle.
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Figure 2.6: Hyundai ix35 [22]

In Table.2.2 below, one can observe the main parameters for Hyundai ix35.

Table 2.2: The main parameters for Hyundai ix35 [18].

Hyundai ix35
Electric Motor 100 kW
Hydrogen Tank Capacity | 5.64 kg Hydrogen
Tank Pressure 700 bar
Range 594 km
Hydrogen Consumption | 1.0 kg/100 km

2.2.1.3 Mercedes-Benz GLC F-CELL

The Mercedes-Benz GLC F-CELL contains both fuel cell and plug-in battery pack
that can be charged from the grid using plug-in technology. Therefore, the gradual
expansion of the hydrogen infrastructure is considered in an ideal way. Also, there
is an important contribution to cost reduction due to the sharing of standard com-
ponents used in the drive train [23].

13
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Figure 2.7: Mercedes-Benz GLC F-CELL [24]

In Table.2.3 below, one can observe the main parameters for Mercedes-Benz GLC
F-CELL. The combined hydrogen consumption is 0.34 kg/100 km, the combined
CO2 emission is 0 g/km, and the combined electrical consumption is 13.7 kWh/100
km [25].

Table 2.3: The main parameters for Mercedes-Benz GLC F-CELL [18].

Mercedes-Benz GLC F-CELL (Plug-in)
Electric Motor 147 kW
Battery 13.8 kWh

Hydrogen Tank Capacity 4.4 kg Hydrogen

Tank Pressure 700 bar

Hydrogen Range 437 km

Battery-electric Range 49 km

Hydrogen Consumption (Combined) | 0.34 kg/100 km

2.3 Hydrogen production, delivery and storage

2.3.1 Hydrogen production

Hydrogen, like electricity as an energy carrier, can be used for different applica-
tions: transportation, power systems, industries,.etc. It has very high specific en-
ergy, nearly three times that of in gasoline or diesel and nearly seven times that of
in methanol[6] [8]. One can find it in Table.2.4 below. Hydrogen can be extracted
from materials containing hydrogen atoms, such as the electrolysis of water and hy-
drocarbons. Different technologies can be used from different starting materials for
the formation of the final H, molecule.
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Table 2.4: Higher and lower heating values for various fuels [26].

Fuel HHV (MJ/kg) | LHV (MJ/kg)
Hydrogen 141.9 119.9
Methane 55.5 50

Ethane 51.9 47.8
Gasoline 47.5 44.5

Diesel 44.8 42.5

Methanol 20 18.1

Today, hydrogen is mostly produced in the industry from fossil energy by steam
methane reforming (SMR) of natural gas, which is around 48%. Then the partial
oxidation (POX), which is about 30% and coal gasification, which occupies 18%. In
a tiny part, only about 4% of hydrogen will be produced by water electrolysis as is
shown in Table.2.5 [8] [27].

Table 2.5: The main hydrogen production methods [28].

Raw Materials Technology Production Percentage
Natural Gas Steam Reforming 48%
Refinery oil Partial Oxidation 30%
Coal Gasification 18%
Water Electrolysis 4%

For steam reforming (SR), the efficiency is around 74% to 85%. The significant
advantage for SR is its developed technology. The disadvantage is that it has C'O,
by product and it highly depends on fossil fuels. For partial oxidation (POX), the
efficiency is around 60% to 75%. The advantages of POX are the proved technology
and existing infrastructures. The disadvantage is the same as the SR. For electroly-
sis, the efficiency is around 40% to 60%. The significant advantages for electrolysis
are no pollution, if renewable electricity is used, the feedstock water is abundant,
and Os is the only byproduct. The disadvantages are low overall efficiency and high
capital cost [26].

According to [26], the capital cost for Steam Methane Reforming is 226.4 million
dollars, and the hydrogen cost is 2.27 $/kg. For Coal Gasification, the capital cost
is 545.6 million dollars, and the hydrogen cost is 1.63 $/kg. For Electrolysis, the
cost varies in different production methods. The capital cost for Solar PV Electrol-
ysis is from 12 to 54.5 million dollars, and the hydrogen cost is from 5.78 to 23.27
$/kg. The capital cost for Wind Electrolysis is 499.6 to 504.8 million dollars, and
the hydrogen cost is 5.89 to 6.03 $/kg.
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2.3.1.1 Steam Methane Reforming

Steam Reforming is a chemical process in which hydrogen is produced by hydrocar-
bon fuels and water steam at high temperature around 700 °C to 1100 °C and high
pressure under 3 to 25 bar. Natural gas mainly consists of methane, C Hy, which
has the highest H/C ratio within hydrocarbon [27]. Metal-based catalyst (Nickel) is
used, and the byproducts of this reaction are hydrogen, carbon dioxide and carbon
monoxide.

The chemical reactions for steam reforming process are shown below:

Ni-based (Ni-Al203) catalysts will enhance the reaction
Simultaneously, the water gas shift reaction produces further H2

2.3.1.2 Partial Oxidation

Partial Oxidation (POX) use fossil fuel and oxygen to get hydrogen and carbon
monoxide. The byproducts are water and carbon monoxide. Then the carbon
monoxide further reacts with water steam to yield hydrogen [29] .

The reactions can be expressed as

For higher hydrocarbons:

(T

CroHyp + (g)o2 — nCO + (5)Hy (2.6)

2.3.1.3 Coal Gasification

Coal gasification consists of a series of chemical reactions producing similar products
as reforming reactions: carbon monoxide and hydrogen.

The reaction happens at high pressure up to 60 bar and a temperature higher than
700 °C, with a controlled amount of oxygen and steam. The overall chemical equa-
tion (not balanced) can be written as [27]:

CH + Oy + HyO = CO + COy + Hy + other species (2.7)
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2.3.1.4 Water Electrolysis

Hydrogen can also be produced by water splitting such as electrolysis, which will
break the water molecules into oxygen and hydrogen by electrical current. FElec-
trolysis requires much electricity to produce enough hydrogen quantities [26]. The
overall reaction is shown below.

One significant advantage is that water is far more abundant and easy to get com-
pared with fossil fuel. If the required energy for electrolysis is from renewable energy
such as solar or wind, then it will be the cleanest energy carrier that can be used.

2.3.2 Hydrogen delivery and storage

There are several hydrogen delivery methods such as pipeline, tube trailers with
liquefying, and trailers without liquefying. According to [30]. Considering both cost
and environment impact assessment. Hydrogen delivery with the pipeline is most
suitable for large scale power plant, when the cost is 2.73% per kg hydrogen delivery.
Hydrogen delivery with tube trailers without liquefying is most suitable for small
scale power plant, when the cost is 2.86$ per kg hydrogen delivery. The costs for
operation and maintenance highly dependent on the served refueling stations’ num-
ber.

Hydrogen can be stored in large amounts for a very long time, which is difficult for
electricity. Physical-based and material based methods can be used. For physical
based method, hydrogen can be stored as compressed gas, cold /cryogenic compressed
hydrogen or liquid hydrogen. For material based method, hydrogen can be stored
with absorbent, liquid organic, interstitial hydride or complex hydride, etc.

For compressed hydrogen, hydrogen gas will be stored from 1 to 350 bar (5,000 psi)
or 700 bar (10,000 psi) under pressure, which can increase the energy density by
volume. This technology has been used in fuel cell vehicles, such as Toyota Mirai
and Mercedes-Benz GLC F-CELL. Composite tanks such as carbon fiber with a
polymer liner are used, and the hydrogen is stored at 700 bar [31].

For liquid hydrogen, which has higher energy density than gaseous hydrogen, it re-
quires liquefaction at —253 °C, similar to liquified natural gas (LNG) which is stored
at -162°C, which needs complex process and extra cost. Also, there could be an
efficiency loss of 12.79% or 4.26 kWh/kg out of 33.3 kWh/kg [32]. BMW has been
working on liquid hydrogen tanks for cars (BMW Hydrogen 7).

For the material based method, hydrogen can be stored or absorbed on the surface

of some solids or liquids. The storage media can be divided into hydrid storage,
liquid hydrogen carrier, and surface storage. However, most of those techniques are
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still being developed.

2.3.3 About the safety perspective

Security issues are also a matter of concern. For a fuel cell vehicle, the frame struc-
ture should be designed uniquely to effectively distribute the impact force. When a
collision happens, the force should be dispersed around the passenger compartment
and around the fuel cell stack and the hydrogen tank.

Also for the hydrogen tank, which has pressure up to 700 bar, it should be durable,
lightweight and very robust. For instance, there are three layers in the Toyota Mirai
hydrogen tank and can absorb five times as much energy as steel. The internal layer
is a polymer layer which closest to hydrogen. The intermediate layer is made of
carbon fiber that reinforces the can body. At the outermost layer, the glass fiber
can reduce the wear on the outside of the can [33]. In the event of a collision, the
hydrogen system will be shut off to avoid leakage. All components belonging to the
hydrogen system are located outside the passenger compartment and are designed
to prevent hydrogen leaks from reaching the passenger compartment. Because hy-
drogen is lighter than air, it dissipates quickly so that can minimize the ignition risk.
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Fuel Cell Vehicle Modeling and
Simulation

In this chapter, both Fuel Cell PHEV and Fuel Cell HEV models are built. They
both include similar components and control units such as vehicle model, electric
machine, driver model, brake control unit, electric machine control unit, and battery
management system. However, some of the components and control units are quite
different, like larger battery pack size in Fuel Cell PHEV and smaller in Fuel Cell
HEV, the fuel cell control unit and the State Selection model, which is the main
control for mode selection at the highest level.

The theoretical approach to design specific components such as Battery, Fuel Cell,
and Electric Machine is also shown. It includes the theoretical explanation and de-
sign values given by the stakeholder.

3.1 Fuel Cell Vehicle Powertrain Layout

In this project, both Fuel Cell PHEV and HEV are involved. The powertrain config-
uration is shown in Figure.3.1 below. Specific components parameters and control
units can be seen in the next sections.
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Figure 3.1: Fuel Cell Vehicle Powertrain
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The Fuel Cell Vehicle Powertrain layout modeled in GT-SUITE is shown in the
Figure 3.2 below. It contains a Vehicle Model, a Driver Model, an Electric Motor
Model with Electric Motor Control Unit (EMCU), a Battery Model with Battery
Management System (BMS), a Fuel Cell Model with Fuel Cell Control Unit (FCCU),
a Brake Control Unit (BCU) and a State Selection Block, which contains the Finite
State Machine (FSM) logic which has the control logic for switching between various
modes.

el

DRIVER

BrakeController Dashboard StateSelection

Figure 3.2: Fuel Cell Vehicle Powertrain model in GT-Suite

3.2 Vehicle Model

In this project for both Fuel Cell PHEV and Fuel Cell HEV, the car is equipped with
an electric machine with 150 kW maximum power and 330 Nm maximum torque.
A 30 Ah lithium-ion battery is used in Fuel Cell PHEV with 9.85 kWh. A 6.9 Ah
lithium-ion battery is used in Fuel Cell HEV with 1.82 kWh.

The model has a Rear Wheel Drive (RWD) drivetrain, which has a driveshaft con-
necting the rear differential and the two axles. Figure 3.3 is exploded from the
vehicle powertrain model in Figure 3.2.
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Figure 3.3: The vehicle model in GT-Suite

The Differential is currently modeled as a simple locking differential, where both the
half axles connected to it rotate at the same speed. The input and output shafts
to the differential are currently assumed to have a very low moment of inertia. The
Axles are modeled as rigid half axles, ignoring compliance or damping. The various

parameters are listed in the table 3.1 below.

Table 3.1: The main parameters for the vehicle.

Vehicle type Fuel Cell-HEV/PHEV
Drive Axle Rear wheel drive
Curb weight 1806 (kg)
Wheel base 2.73 (m)
Final drive ratio 8.57
Frontal area 2.58 (m?)
Drag coefficient 0.33
Electric motor max power 150 (kW)
Electric motor max torque 330 (Nm)

The path of power flow is such that the power demand from wheel given by the
driving cycle pass through the rear axles, rear differential, the driveshaft then con-
nected with the electric motor. The power demand will split between the battery
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and the fuel cell controlled by the strategies.

The basic Vehicle Model tries to describe the external resistance loads when driving
on the road, which is important to know at the beginning. Since it can explain
what load demands the powertrain need to deliver in order to drive. Here lateral
dynamics are not considered, only longitudinal dynamics are studied.

According to Newton’s second law of motion

d
m%”(t) = Eraction(t) - FTesistamce (t) (31)

Which means a vehicle will accelerate when the traction force is larger than the
resistance loads and will decelerates when opposite. When the two forces equal, the
vehicle will run at a constant speed.

The external resistance load Fj.cgistance is shown in Figure. 3.4

Fresistance = Lair + Froll + Fgrade (32)

where Fy;, refers to aerodynamic drag, F,y refers to rolling resistance, Fy,qq4. refers
to road grade resistance.
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Figure 3.4: External resistance loads [34]

3.2.1 Aerodynamic drag

Aerodynamic drag F;,. is a resistance force due to the oncoming air on the moving
vehicle body, which is unavoidable during driving. Aerodynamic drag may affect
the vehicle’s speed and performance. It has an extreme dependence on the square
of vehicle speed as is shown below

1
For = 5pCdAW (3.3)

Where p is the air density, Cy is the drag coefficient, A is the frontal cross-sectional
area of the vehicle. Wind speed has not been taken into consideration here.
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3.2.2 Rolling resistance

Rolling resistance F,.;, also called rolling friction is a force resisting the tire during
rolling, which is mainly caused by non-elastic effects.

Foon = frmgcos(gy) (3.4)

where f, is a dimensionless rolling resistance coefficient, m is vehicle mass, g is
gravity constant, ¢, is road inclination angle.

3.2.3 Road grade resistance

Road grade resistance is a gravitational force acting on a vehicle which is parallel
with the road surface. It can be calculated in the following formula:

Fyrage = mgsin(—py) (3.5)

When the vehicle travels uphill, the Fj,qq. Will act as resisting force. However, when
the vehicle travels downhill, this force will act as the traction force.

In this report, Fyrqqe equals to zero because the driving cycles used are based on
horizontal road inclination.

3.2.4 Traction force

The traction force Fj,qction, Wwhich comes from the powertrain to wheels is to over-
come the resistance forces mentioned before and maintain certain vehicle speed or
acceleration level given by

Ft'raction(t) - Facc(t) + Fair (t) + Froll (t) + Fgrade(t> (36)

The maximum traction force available between wheels and surface is limited by the
maximum powertrain capacity and also limited by the tire and road surface adhesive
capacity.

Ftraction = pumg (37)

Where g is the friction coefficient between the wheel and the road surface.
The torque demand at wheel can be written as

Twheel (t) = Ftraction(t)'rwheel (38)
Where 7pee is the radius of wheel.
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3.2.5 'Traction power and energy demand

The traction power demand from powertrain to wheels to propel a vehicle can be
calculated as

Pwheel (t) == Ftraction(t)v(t) (39)

where v(t) is the vehicle speed and w(t) is the angular wheel speed.

When P, e is positive, which means the powertrain provides positive traction force
and propels the vehicle. When P, is negative, which means braking power. If
the vehicle has regenerative braking mode. Then the wasted energy can be collected.

The energy consumed during driving can then be calculated from time integral of
power

Etraction(t) :/ Pwheel(t)dt (310)

3.3 Driving cycles

Laboratory tests for vehicles include fuel consumption, C'O, emissions, which are
directly related with fuel consumption, the pollutant emissions, and energy con-
sumption values of alternative powertrains as well as the range of electric vehicles.
Driving cycles has been developed so that they can be used in different world regions,
and the test results can be compared worldwide. However, studies have shown that
results from some driving cycles have a significant difference compared with results
from real-world driving. For example, the New European Driving Cycle (NEDC),
which was designed in the 1980s. The driving conditions have become outdated
today because of the newly developed technologies and more complicated driving
conditions [35].

3.3.1 WLTP

From September 2017, the old NEDC lab test for vehicles has gradually been re-
placed by the new WLTP test (Worldwide Harmonised Light Vehicle Test Proce-
dure), which is designed based on real driving data around the world and better
matches on-road performance and everyday driving profiles [36]

Vehicles are divided into three different WLTC test classes based on power/weight
ratio [kW /ton]:

For each class a different cycle is used.

o Class 1 - low power vehicles with ratio <= 22

o Class 2 - vehicles with 22 < ratio <= 34

o Class 3 - high-power vehicles with ratio > 34
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Figure 3.5: WLTC Class 3 cycle

Nowadays, most common cars’ power-weight ratios belong to 40-100 kW /ton, which
is class 3 as is shown in Figure. 3.5 above. Vans and buses can also belong to class 2.

In each class, there are several driving tests designed to represent real-world vehicle
operation on urban, extra-urban roads, motorways, and freeways. The duration of
each part is fixed between classes. However, the acceleration and speed curves are
shaped differently. The sequence of tests is further restricted by maximum vehicle
speed V,q. [37]. One can observe the main parameters for the WLTP Class 3 driving
cycle below.

Table 3.2: The WLTP Class 3 cycle: selected parameters|38].

WLTP Class 3 cycle
. Average Average - .
Duration StOI.) Distance Stop Maxnr{um Velocity Velocity Mmlmu{n Maxlmu.m
Phase Duration Velocity . . Acceleration | Acceleration
(s) (m) Percentage without stops | with stops
(s) (km/h) (km/h) (km/h) (m/s2) (m/s2)

Low 589 156 3095 26.5% 56.5 25.7 18.9 -1.47 1.47
Medium 433 48 4756 11.1% 76.6 44.5 39.5 -1.49 1.57
High 455 31 7162 6.8% 97.4 60.8 56.7 -1.49 1.58
Extra-High 323 7 8254 2.2% 131.3 94.0 92.0 -1.21 1.03
Total 1800 242 23266

Compared with NEDC, WLTC has the following properties:

¢ 4 more dynamic phases, 52% urban and 48% non-urban, more representative of
real driving.

o Longer test distance.

e Shorter stops.

 Higher average and maximum speed.

« Higher average and maximum drive power.

» More accelerations and decelerations.

From the regulation point of view, from September 2017, cars type approved using
NEDC before September 2017 can still be sold. WLTP type approval testing will be

introduced for new car types. From September 2018, all new cars must be certified
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according to the WLTP test procedure, and no longer on NEDC. An exception
should be made for end-of-series vehicles to allow for a limited number of unsold
vehicles in stock that were approved under the old NEDC test to be sold for one
more year. From January first, 2019, all cars in dealerships should have WLTP-CO2
values only to avoid any confusion among consumers, in the view of the automobile
industry. During 2020, the European Commission will convert today’s (NEDC-
based) CO2 targets to specific WLTP-CO2 targets of comparable stringency. These
new WLTP targets will apply for monitoring car fleet compliance [36].

3.4 Fuel Cell Electric Vehicle Model Control Strat-
egy

In this chapter, the operation and the control strategies for Fuel Cell-HEV and Fuel
Cell-PHEV are described and presented. Also, Volvo XC90 Twin Engine PHEV and
Toyota Mirai Fuel Cell-HEV are studied and see what lessons can be learned.

3.4.1 Volvo XC90 Twin Engine PHEV

First, the Volvo XC90 Twin Engine PHEV is studied and to see what can be learned
from this successful vehicle. Some components size can be seen in Table 3.3 below.

Table 3.3: The Volvo XC90 Twin Engine PHEV components size [39).

Engine maximum power 233 kW
Electric Motor maximum power | 65 kW
Battery size 9.2 kWh

There are mainly four driving modes in Volvo XC90 PHEV which are Hybrid mode,
Pure mode, Save mode, and Power mode. Selecting a drive mode affects the vehi-
cle’s driving characteristics to help make driving more enjoyable or more fuel can
be saved in certain types of situations.

In Hybrid mode, which is also the default mode, the amount of driving using only
the electric motor is determined by the hybrid battery’s charge level and the need
for heating or cooling in the passenger compartment. If sufficient electrical energy
is available, only the electric motor will be activated. However, when the driver
presses the accelerator pedal above a certain level when the response required can-
not be provided by the electric motor alone, the gasoline engine will be turned on.
When the battery SOC level is low, the gasoline engine will start more often to help
conserve electrical energy or switch to the save mode [39].

In Pure mode, which activates the electric motor only with as low energy consump-
tion as possible and the lowest possible carbon dioxide emissions. Pure mode is
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available when the hybrid battery is sufficiently charged. If the battery SOC level
gets too low, the gasoline engine will be turned on. The gasoline engine will also be
turned on if the vehicle’s speed goes above approximately 125 km /h or if the driver
wants more response than the electric motor alone can provide [39].

Using only the electric motor saves more fuel at low speeds than at high speeds.
Therefore, use the SAVE mode primarily when the hybrid battery’s charge level is
high and driving will initially be at highway speeds but will end with city driving
when electric driving is preferable. If the battery SOC level is low when this mode is
selected, the gasoline engine will start and charge the battery up to approximately
33%. If the battery’s charge level is already above 33%, this level will be maintained
by the engine management system, which will start or stop the engine in the same
way as in Hybrid drive mode. This mode increases fuel consumption because the
gasoline engine is used to conserve battery charge for later use [39].

Power mode is intended for more aggressive driving. This mode maximizes the com-
bined effects of the electric motor and the gasoline engine. Response to pressure on
the accelerator pedal is more immediate. In this mode, both the electric motor and
the gasoline engine are used continuously, which results in higher fuel consumption
[39].

From report [40], how customers use their XC90 Plug-in Hybrid in daily life is
studied by analyzing diagnostic readout (DRO) data, which is logged in cars and
extracted at repair shops. The statistics show that driving behavior when using
hybrid functions does not have much difference in different markets like Sweden,
Germany, and China. Hybrid mode is most commonly used, which is larger than
80% from a time perspective. Then followed with Pure mode which is around 8%
from a time perspective. In average, customers drive 44% from a time perspec-
tive and 33% from distance perspective electrically. At that time the engine will
be turned off. During driving and standstill, sustaining mode occupies 61%, and
depletion mode occupies 39% from a time perspective, and at 56% of the time, the
battery SOC is lower than 35% [40].

3.4.2 Fuel Cell-PHEV Control Strategy
For a Fuel Cell-PHEV, the main difference with PHEV like Volvo XC90 T8 is that

it does not have an internal combustion engine, which can provide power together
with an electric motor. All the traction power will come from a 150 kW electric
motor in this Fuel Cell-PHEV model. The energy will come from either a 9.85 kWh
battery or a 45 kW fuel cell stack or from both in some situations.

If the minimum fuel consumption wants to be achieved and does not know how long
the trip will be, the safest strategy is to first use battery only mode and after that,
start the fuel cell as a range extender. So any trip shorter than the maximum range
in battery electric-only mode will be driven with no hydrogen consumption.
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When the battery is almost empty. The fuel cell will be started. One reason why
the battery should not be empty before the fuel cell started is the battery needs to
provide extra power during acceleration and gradients. So there must be sufficient
energy remaining to handle a few minutes high power demand without discharge
the battery completely.

Basically, the charge depleting and charge sustaining (CDCS) control strategy is
implemented, which can be seen in Figure 3.6 below.

SOC

100%

Charge Depletion

Charge Sustaining
D e e

Time / Range

Figure 3.6: The charge depletion and charge sustaining (CDCS) control strategy

In charge depletion mode (CD), there is no need for any control. Since all the energy
comes from the battery and the fuel cell should be turned off except if the requested
speed or acceleration forces the fuel cell system to assist. In charge sustaining mode
(CS), the battery will sustain at about the same charge level. How to control the
fuel cell power to keep the SOC level fairly constant should be determined.

As is shown in Figure 3.7 below. The efficiency of the fuel cell is between 42% and
53.8%. The power efficiency curve for the fuel cell stack is just like the brake specific
fuel consumption (BSFC) map in an internal combustion engine, which shows for
one kWh energy, how much grams of fuel will be consumed. And based on that
map, some control strategies can be designed and implemented so that the fuel cell
system can work at optimal operating points. The maximum power for the fuel
cell stack is 45 kW, and the maximum system efficiency is 53.8% when the power
is at 16.5 kW. And the high-efficiency region is from 12.3 kW to 25 kW, where the
system efficiency is 52.8%. Taken both power and efficiency into consideration. The
trade-off optimal point is set to be 25 kW.
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Figure 3.7: The power efficiency curve for the 45 kW fuel cell stack

One really simple control is that due to the characteristic of the fuel cell stack sys-
tem, the fuel cell will be switched on and off in cycles which can be seen in Figure
3.8. And the battery SOC is sustained between lower limit 30% to upper limit 33%.
With this controller, the fuel cell power output will only switch between two fixed
values 0 and 45 kW and this controller will repeat itself.

Fuel Cell
Power (kW)
A5KW [----- e I e e e i e

_________.<‘:)________

Fuel Cell off
0 kW S o - _—
30% 33% 100%

SOC

Figure 3.8: One really simple CDCS control strategy

As is shown in Figure 3.9. The system could run more efficiently if the fuel cell can
switch between 0 or the optimal operating power (which is 25 kW in this fuel cell
stack system). For power demands up to 25 kW, the controller only use the peak
efficiency operating point, and the fuel cell will be switched between on and off in
order to produce the right power request by the electric motor and to charge the
battery.
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Figure 3.9: One simple but more efficient CDCS control strategy

The control strategy could be more complex and more realistic. If the battery SOC
level is lower than the lower limit, which is at 30%. Then the fuel cell stack will be
turned on and start to charge the battery at max efficiency power to see whether it
is enough. If the battery SOC continues to decrease, the decreasing SOC leads to
increasing fuel cell charging power. Then the battery SOC continues to decrease but
slower and slower until it reaches the level that the fuel cell charging power equals
the power demand from the wheel and to charge the battery. As is shown in Figure
3.23. If the battery SOC level reaches between 25% and 30%. The fuel cell output
power will increase linearly from the most efficient point 25 kW to maximum power
point 45 kW. If the SOC level decreases lower than 25%, which is a very urgent
situation, then the fuel cell will operate with maximum power.
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Figure 3.10: One more complex and more realistic CDCS control strategy

The aim for this Fuel Cell-PHEV model is that all power demand from the wheel
will come from the electric motor with as low energy consumption as possible and
the lowest possible carbon dioxide emissions. The battery usable SOC window is
set from 20% to 95%. If the hybrid battery is sufficiently charged the vehicle will
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run at charge depletion mode until the battery SOC reaches 30%, then the fuel cell
stack system will be switched on and start to charge the battery and the vehicle
will run at charge sustaining mode. The fuel cell stack system will also be turned
on when the traction power demand from the wheel is larger than 65 kW which is
the maximum power limit from the battery.
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Figure 3.11: One more complex and more realistic CDCS control strategy

3.4.3 Toyota Mirai Fuel Cell-HEV

According to the "Technology Assessment of a Fuel Cell Vehicle: 2017 Toyota Mi-
rai’ from U.S. Department of Energy, Argonne National Laboratory [41]. The test
vehicle is Toyota Mirai, which is a fuel cell dominant hybrid electric vehicle with a
strong load following control strategy and some main vehicle parameters are shown

in Table 3.4 below.

Figure 3.12: The test vehicle in Argonne National Laboratory[41]
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Table 3.4: Main parameters for the test vehicle (Toyota Mirai).

Vehicle specification
Vehicle type Fuel Cell Series Hybrid
Nickel-metal Hydrid Battery | 1.6 kWh
PEM Fuel Cell 114 kW, 370 cells
Hydrogen storage 690 bar, 5 kg H2

The fuel cell system peak efficiency for the test vehicle is 63.7% at around 7 kW.

During the test in the NEDC driving cycle, several interesting control logic can be
learned:

1. No power comes from fuel cell stack while the vehicle stopped.

2. Battery power is used for electric launch.

3. Fuel cell stack provides the majority of power during acceleration. For example,
during one acceleration 15 kW power comes from the fuel cell stack and 5 kW power
comes from the battery. Another case is that 20 kW power comes from the fuel cell
stack and 10 kW power comes from the battery.

4. The fuel cell will recharge the battery when traction power is low.

5. When traction power is low, the vehicle will run like a battery electric vehicle.
6. Fuel cell stack provides the power to cruise at steady state speed and the battery
is inactive.

7. Fuel cell stack will close when there is large regenerative braking power. But
when regenerative braking power is low, fuel cell stack still provides some power
(maybe for charging the battery).

During the test in aggressive driving (US06), several control logic can be learned:

1. Highly dynamic speed changes while cruising and the power from fuel cell stack
follows the dynamic load changes.

2. Regenerative braking limited by battery maximum power limit.

3. When really large regenerative braking, the fuel cell stack will be forced to close.
4. Large peak power demand during acceleration at high speed. (High power from
the fuel cell stack assisted with low power from the battery).

During the special 1 hour idle test to quantify the idle hydrogen consumption, these
control rules can observe:

1. When idling, stack stops producing power. The hydrogen flow is stopped.

2. The hydrogen consumption is zero most of the time when the fuel cell idles.

3. Fuel cell system recharges the battery at 5 to 10 kW when the battery SOC level
is low.

4. Fuel cell system will start once the battery SOC drops to 45.5%. The charging
power will change from 10 kW to 6 kW when the battery SOC level reaches to 50%.
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The battery polarization curve, which is a plot of current density versus electrode
potential for a specific electrode-electrolyte combination and the battery and fuel
cell system power graphs can be observed in Figure 3.13 and Figure 3.14 below. The
operating points are the 10 Hz data from NEDCx2, UDDSx3, Highwayx2, US06x2,
maximum acceleration x3, and steady-state speed tests. [41]
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Figure 3.13: The battery Figure 3.14: The battery
polarization curve for the test (green) and fuel cell (red) power
vehicle [41] operating points for the test
vehicle [41]

One can observe in the battery polarization curve (figure 3.13) that the charging
power is from 0 to -30 kW and the discharging power is from 0 to 20 kW. The power
range is wider on charging side for the test fuel cell hybrid.

In Figure 3.14, the green points represent battery operating points and the red
points represent fuel cell operating points. One can observe that the battery can
collect a maximum of 30 kW braking power and can provide a maximum of 20 kW
for traction. When traction power demand is low, the fuel cell system can charge
the battery and the maximum charge power from the fuel cell system to the battery
is around 10 to 15 kW. At that situation, the fuel cell system will provide 20 kW and
the extra 5 to 10 kW will be used as traction power. When traction power demand
is below 10 kW, use battery only.

The combined fuel economy for the tested Toyota Mirai vehicle is 106.22 km /kg.
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3.4.4 Fuel Cell-HEV Control Strategy

For a Fuel Cell-HEV, the fuel cell system works as the primary power source and all
the traction power will come from a 150 kW electric motor. The main differences
with a Fuel Cell-PHEV are: the battery size will be much smaller. The battery pack
for the Fuel Cell-PHEV is 9.85 kWh and the battery pack for the Fuel Cell-HEV
is 1.82 kWh. However, the fuel cell stack size is much bigger than that of a Fuel
Cell-PHEV, which is around 100 kW.

Table 3.5: The main differences between Fuel Cell-PHEV and Fuel Cell-HEV.

Fuel Cell-HEV | Fuel Cell-PHEV
Fuel cell stack size 100 kW 45 kW
Battery size 1.82 kWh 9.85 kWh
Battery maximum power 50 kW 65 kW
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Figure 3.15: The operating characteristics of the 100 kW fuel cell system

For a fuel cell vehicle, if the fuel cell system is the only power source, then there
could have several drawbacks. For example, in high accelerations or driving aggres-
sively, the fuel cell system could have problems like long start-up time, and slow
power response. Moreover, as shown in Figure 3.15, if the power request from the
fuel cell system is too low or extremely high, then the fuel cell system will run in
the very low-efficiency region leads to higher hydrogen consumption [42].
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One can observe the fuel cell stack operating characteristics for the fuel cell-HEV in
Figure 3.15. The x-axis represents the stack current [A], the Y-axis on the left side
represents the stack voltage [V] and the Y-axis on the right side represents the stack
power [kW] and the fuel cell system efficiency [%]. The red curve is the power curve.
The maximum power is 118 kW at the beginning of life (BOL) and will reduce to
105 kW at the end of life (EOL). The usable power window for this fuel cell stack
is set from 0 kW to 100 kW. The green curve is the efficiency curve. The first blue
dot and the fourth blue dot represent the optimal operating region for this fuel cell
stack, which has at least 55% system efficiency and the corresponding power is 5 kW
and 64 kW respectively. The second blue dot shows the most efficient power, which
has 64% system efficiency and the corresponding power is 12 kW. The third blue dot
represents power with 60% system efficiency and the corresponding power is 38 kW.
Based on the power and efficiency of this fuel cell stack system, the trade-off optimal
operating range is set from 12 kW to 64 kW, which means the fuel cell system can
run with at least 55% system efficiency. The more detailed control strategy will be
described below.

The state selection model and the fuel cell control unit will provide signals to dif-
ferent sub-modules like the battery, the electric motor, the fuel cell, etc. The power
demand can be split, either only from the battery or from the fuel cell system or
from both when large power is needed. The battery SOC level is detected every
second and the controller will keep it in a specific SOC window, which is from 30%
to 70% for the HEV-battery here. The fuel cell control unit will monitor different
signal values and make decisions when the battery needs to be charged and how
much power is needed and when the fuel cell system needs battery to assist in order
to run as efficiently as possible and when it is suitable for using fuel cell only mode
to meet the traction power demand from the wheel.

The control strategy here is used to manage the power flow between the fuel cell
stack, the battery and the traction power demand from the wheel, which should
make sure that the power flow to the electric motor should always meet the traction
power demand and the SOC level in the battery should always be maintained in a
certain region, which has the ability to meet the power demand in sharp acceleration
and has the SOC-reserve to collect the potential regenerative braking energy in the
future. Another essential feature is that the fuel cell stack should run in the optimal
operating region which is shown in Figure 3.15 above as much as possible.

As shown in Figure 3.16, there are various operating modes based on different power
request from the wheel, the battery SOC level, the fuel cell optimal operating region,
ete.

The driving modes are decided by the State Selection Controller at first, which is
a Finite State Machine (FSM). It is a logic tool that allows for control algorithms
to have pre-determined modes that it can operate in. The modes and basic control
strategies are explained below.

35



3. Fuel Cell Vehicle Modeling and Simulation
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Figure 3.16: The flowchart for the fuel cell-HEV basic control strategy.

Standstill mode: There will be no power flow from the fuel cell system or from the
battery. As mentioned in the Technology Assessment of Toyota Mirai chapter, the
fuel cell system could be turned off or idling. When idling, stack stops producing
power. The hydrogen flow is stopped. The hydrogen consumption is zero most of
the time when the fuel cell idles.

Braking mode: When braking, the detailed control logic can be found in the Brake
Controller Model section. The fuel cell system could work at idling and the battery
will absorb the regenerative braking energy. But if the SOC level is below the lower
limit, then the fuel cell system will be switched on and recharge the battery. When
the regenerative braking power is really large, the fuel cell stack can be forced to
close.

In order to meet the driving performance demand, keep the battery SOC at a certain
level and run the fuel cell in the optimal operating region as much as possible. The
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traction mode is divided into four situations as following:

Performance boost mode: If the power demand from the wheel is larger than the
maximum power of the fuel cell system, then the performance boost mode is used.
The fuel cell will work at its maximum available power and the battery will assist
to provide traction power to propel the electric motor.

Efficient boost mode: If the power demand from the wheel is larger than the fuel cell
system optimal operating power range upper limit, then the efficient boost mode is
used. The fuel cell will work at its optimal operating power range and the battery
will assist to provide the rest of traction power to propel the electric motor so that
the hydrogen efficiency can be improved.

Standard power mode: If the power demand from the wheel falls into the fuel cell
system optimal operating power range, then the standard power mode is used. At
the same time if the battery SOC below a certain value, then the fuel cell system
will provide more power but still working in the optimal operating range. Part of
the power will go to the wheel while the other part of the power will be used to
charge the battery. However, if the battery SOC is quite high at that time. Then
the fuel cell system will work alone to propel the vehicle. In this mode, all power
comes from the fuel cell system.

Low power mode: If the power demand from the wheel is below the lower boundary
of the fuel cell system optimal operating power range, then the low power mode is
used. At the same time, if the battery SOC level is high, which means it does not
need charging, then the fuel cell system will idle and the vehicle will drive like a
battery electric vehicle. Otherwise, the fuel cell system will operate at the optimal
operating range and part of the power flow will charge the battery.

The Fuel Cell-HEV controller combines two rule-based control strategies. The first
one is the power following (maximum SOC of battery) control strategy, the other
one is the thermostat control strategy.

In the power following (maximum SOC of battery) control strategy. The fuel cell
system works as the main power source, follows the traction power from the wheel
and run at the optimal operating line as much as possible. The battery SOC level
will be kept at a high level for the future pure electric driving or hybrid driving with
battery assists. The battery will be charged when the vehicle speed is higher than
a certain value and the traction power demand is lower than the fuel cell optimal
operating power and the battery SOC level does not reach the upper limit. But if
the battery SOC level is already high and the traction power is low, then the fuel
cell will run away from the optimal operating points thus leads to lower efficiency.

In the thermostat control strategy, which is also called fuel cell on-off control strat-
egy. The on-off state of the fuel cell is controlled by the battery SOC level like
the temperature control of a thermostat. If the battery SOC reaches below the
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lower limit, the fuel cell will be switched on and work at the optimal operating re-
gion, which is the same as the power following (maximum SOC of battery) control
strategy. When the battery SOC reaches above the upper limit, the fuel cell will
be turned off and all the traction power will come from the battery until the SOC
reaches the lower limit again. By using this control strategy, the fuel cell will either
run in the optimal operating region or be turned-off. However, the battery needs to
meet all the instantaneous power demand. The current fluctuation of the battery
will be very large and there are a lot of large current charge and discharge condi-
tions, which is detrimental to the service life of the battery. Also, there are more
energy losses during energy conversion.

______________ Purs
sSoC - High
Low Medium High Py
Paemana [30%-45%) [45%-55%] (55%-70%] | f-==-m==———————— Puia
®p
Prc = Prow Prc = Prow Prc=0 Lo P,
Low Power (Pr) ow
[ ]
0-12 kW Pp_¢c=Prow-P, | Ppc=Prow-P, | Ppr="P 19 .
, Prc = Pumia Prc = Pumia Pec =Py
Medium Power (Py) l l FC optimal operating power:
12-38 kW Pp_¢=Pyia-Pu | Pp—c="Pumia-Pu Pp=0 Prow =12 kW, npc = 64%
Py = Py Prc=P Prc =P,
High Power (Py) | = 9" Fe Fe Prgia = 38 KW, nj¢ = 60%
P Pz=0 Pg=0
38-64 kW Pp_¢=Puign-Pu| Ip B Prtign = 64 KW, np¢ = 55%

Figure 3.17: The combined power following and thermostat control strategy for
Fuel Cell-HEV.

Combining the advantages and disadvantages of these two control strategies, the
high-efficiency range of fuel cell system and battery operation can be fully utilized
to make the overall efficiency better. This control strategy is based on the power
following strategy, assisted by the thermostat control strategy. One can observe in
Figure 3.17 above, the fuel cell optimal operating power is divided into three regions,
which are low power region from 0 kW to P, kW, middle power region from Py,
kW to Puriq kW and high power region from Ppriq kW to Prign kW. Points P, Py
Py are the demanded traction powers and Proy Paria Prign are the fuel cell optimal
operating power, which are 12 kW and 38 kW and 64 kW respectively. At those
points, the corresponding fuel cell system efficiency is 64%, 60%, and 55% respec-
tively. Similarly, the battery SOC level is also separated into three regions, which
are low SOC from 30% to 45%, medium SOC from 45% to 55% and high SOC from
55% to 70%, so that the control is based on the real-time traction power demand
and the battery SOC level.

For example, when the traction power demand is at point P, as shown on the left
in Figure 3.17, which is less than the fuel cell optimal operating power Pr,, the
fuel cell system can be operated at optimal power and charge the battery or turned
off, depending on the battery SOC level. When the traction power demand is at
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point P, if the battery SOC is in the high region, the fuel cell will provide the
power exact equal to the traction power and no power will flow in or out from the
battery. Otherwise, if the SOC level is in medium or low level, the fuel cell will run
at Py, and the charging power is Pyq — Pys. When the traction power demand
is at point Py, if the battery SOC is in either high region or medium region, the
vehicle will run in fuel cell-only mode. Otherwise, the fuel cell will run at Ppgp,
and the charging power is Ppjgn, — Pr.

3.5 Powertrain components design and control units

This section covers the main parameters for the powertrain components and how
the control units are designed and worked.

3.5.1 Driver Model

2
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Figure 3.18: The driver model in GT-Suite

The HEV Driver controller is used for performing dynamic driving cycle analysis
with hybrid vehicles. The input signals are target vehicle speed from driving cycle,
the actual vehicle speed from the vehicle body and some vehicle parameters such
as vehicle mass, vehicle frontal area, drag coefficient, tire rolling radius, etc. The
Driver Model calculates required power to follow the drive cycle, which is the target
speed.

The equations for traction force and the power demand to follow the driving cycle
are shown below. The road grade resistance force is neglected.
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Ftr(zction(t) — Facc(t) + Fair(t) + Froll (t) (311>

Pwheel (t) = Ftraction(t)v(t) (312)

3.5.2 State Selection Controller Model

State selection controller is the main control (also called Supervisory controller) for
mode selection, which has the highest level. It mainly consists of two modes: driving
mode and electric mode, which can be found in Table 3.6.

Table 3.6: The operating modes from the State selection controller.

Determines the operating mode
Driving Mode Electric Mode

0. Stand still
1. Stand still 1. Electric-tractive
2. Electric 2. Electric-regeneration
3. HEV 3. HEV
4. Fuel cell 4. Fuel cell

The control logic for the State Selection controller model is defined in a Finite State
Machine (FSM), which is a logic tool that allows for control algorithms to have
pre-determined modes that it can operate in.

A FSM consists of States and Transitions. States are pre-defined modes that the
machine can change into depending upon the conditions which match. Transitions
are conditions under which a FSM can change from one state to another depending
on the pre-defined logical statements. It is often represented graphically using a se-
ries of circles and arrows. In these graphical representations, circles represent states
and arrows represent transitions as shown in Figure 3.19 below.

Transition 1

State 1 State 2

Transition 2

Figure 3.19: The Finite State Machine graphical representation
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3.5.2.1

State Selection Controller for FC-PHEV Model
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Figure 3.20: The State Selection Controller for FC-PHEV Model in GT-Suite

The Finite State Machine (FSM) receives input signals from different submodules
like vehicle module or battery module as described in the Table 3.7 which compares
with the logical statements upon the conditions being satisfied the necessary actions
are performed. For example, for the finite state machine to switch from Electric
Tractive mode to Electric Regenerative mode the traction power should be less than
0 kW. When these conditions are satisfied the modes will be switched.

Table 3.7: The input signals in FSM.

Input signals

Signals from

Vehicle speed

Driving cycle

Tractive power demand

Driver model

Acceleration

Derivative of Driving cycle

Battery SOC

Battery

Fuel cell on-off trigger for charging
(0=off, 1=on)

Hysteresis control
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State 1: Stand still
* Electric Motor on-off: off

+ Fuel Cell on-off: depends on SOC
(normally off)

TractivePower < 0.0001
&& VehicleSpeed =0

TractivePower >= -0.0001
&& VehicleSpeed >0

‘VehicleAcceleration < -0.0001

State 2: Electric tractive && TractivePower < 0 State 3: Electric regeneration
« Electric Motor on-off: on = = « Electric Motor on-off: on
VehicleAcceleration >=-0.001
+ Fuel Cell on-off: off && TractivePower >=-0.001 + Fuel Cell on-off: depends on SOC
(normally off)
‘VehicleAcceleration < -0.0001
SOC ChargeTrigger =0 && TractivePower <0
. VehicleAcceleration >= -0.001
SOC ChargeTrigger — 1 && TractivePower >=-0.001
State 4: HEV mode State 5: Fuel cell only
i SOC ChargeTrigger =1 .
* Electric Motor on-off: on && SOC < 5% * Electric Motor on-off: on
* Fuel Cell on-off: on * Fuel Cell on-off: on

SOC >= SOC lower limit

Figure 3.21: The Finite State Machine control logic for FC-PHEV

One can find the mode shifting control logic in Figure 3.21 above. Based on the
comparison of inputs with the transition conditions, the FSM decides in which state
the vehicle should run. The text in between the states represents the transition
conditions based on which the states keep changing. State outputs like different
driving modes and electric modes will be sent out to other control models like bat-
tery management system model (BMS) or hardware models like the electric motor
model and battery model after the execution of each state.

Lower Threshold = 0.30

|
Upper Threshold = 0.33
Output Below Lower Threshold = 1
Output Above Upper Threshold = 0
0

0.30 0.33

Figure 3.22: The hysteresis controller for SOC Charging Trigger for Fuel
Cell-PHEV

Figure 3.22 presents how the SOC Charge Trigger switches between on and off de-
pends on the battery SOC level. It is controlled by a hysteresis controller, which
switches from one value to another at a specific threshold, and then switches another
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value at a second threshold. The lower threshold is set to be 0.30, and the upper
threshold is 0.33. If the battery SOC level is below the lower threshold, then the
charging trigger is switched on, and the fuel cell system starts to charge the battery
as follow the control strategy presented in Figure 3.23 below as described in the last
section until it reaches the lower threshold.

Fuel Cell
Power (kW)
i i B el
\
I
| &7
1
1 [\
W
Nmax kW : \.-—-'I:j>---. 25 kW
25 kW : | !
I 1 1
T
1
: l ! Fuel Cell off
I 1 1
0 kW = <— - L
25% 30% 33% 100%
soC

Figure 3.23: One more complex and more realistic CDCS control strategy for the
Fuel Cell-PHEV

3.5.2.2 State Selection Controller for FC-HEV Model
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Figure 3.24: The State Selection Controller for FC-HEV Model in GT-Suite

43



3. Fuel Cell Vehicle Modeling and Simulation

The input signals in the Finite State Machine (FSM) do not change much compared
with Fuel Cell-PHEV model. However the logical statements upon the conditions
being satisfied for the mode shifting change a lot based on different power request
from the wheel, the battery SOC level, the fuel cell optimal operating region, etc.

State 1: Stand still

* Electric Motor on-off: off

* Fuel Cell on-off: off

TractivePower >= -0.001
&& VehicleSpeed > 0

VehicleSpeed = 0

VehicleAcceleration < 0
State 2: Electric tractive && TractivePower < 0 State 3: Electric regeneration

= Electric Motor on-off: on = - + Electric Motor on-off: on
VehicleAcceleration >=-0.0001

&& TractivePower >=-0.001
&& VehicleSpeed > 0

= Fuel Cell on-off: off « Fuel Cell on-off: depends on SOC

VehicleAcceleration < 0
&& TractivePower < 0

Depends on the current
traction power and SOC as
described in combined power
following and thermostat
controller section.

VehicleAcceleration >=-0.001
&& TractivePower >=-0.001

State 4: HEV mode State 5: Fuel cell only

* Electric Motor on-off: on * Electric Motor on-off: on

* Fuel Cell on-off: on + Fuel Cell on-off: on

Figure 3.25: The Finite State Machine control logic for FC-HEV

One can find the mode shifting control logic for Fuel Cell-HEV in Figure 3.25 above.
Based on the comparison of inputs with the transition conditions, the FSM decides
in which state the vehicle should run. The text in between the states represents the
transition conditions based on which the states keep changing.

3.5.3 PEM Fuel Cell System Model

The fuel cell is a kind of energy converter which converts chemical energy into elec-
trical energy. In other words, a fuel cell is a device which provides a place for
chemical reaction and outputs the energy produced by the chemical reaction. Pro-
ton exchange membrane(PEM) fuel cell is one of the most common fuel cells which
has a full application on vehicles recently.

A completed PEM fuel cell system consists of PEM fuel cell stack and auxiliary sys-
tem. The stack is where the chemical reaction takes place and it outputs electrical
power to the external circuit, which is like the cylinder in the combustion engine.
Moreover, the auxiliary system is to make sure the chemical reaction taking place
in stacks is processing stable and adequate. Usually, it consists of Hs/Os(air) sup-
plying system, water management system and heat management system.
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Figure 3.26: PEM fuel cell system model in GT-Suite

In GT-Suite, the new fuel-cell-PEM-Beta template is introduced to model the fuel
cell stack since it models the flow, mass transfer, heat transfer, and electric power
generation, which is one step closer to the real condition. Hydrogen is removed
from the anode pipe, oxygen is removed from the cathode pipe, and water vapor is
added to the cathode pipe at a rate based on electron production from the chemical
reaction needed to match the current being produced. The internal losses gener-
ate heat that is transferred to the thermal mass of the fuel cell. The heat is then
transferred to the anode and cathode fluid as well as the ambient environment or
external cooling system.

As shown in Figure 3.26, it is the simplified completed PEM fuel cell system model.

3.5.3.1 PEM Fuel Cell Stack

Similar to the battery, for the electrochemical reaction, there are also anode and
cathode in the fuel cell stack where hydrogen and oxygen are the reactants fed into
anode and cathode respectively. The reaction is shown as follows, and the reaction
enthalpy AH < 0, which means the reaction will produce heat.

1
Hy + §OQ_>HQO AH <0 (313)

The main feature of the PEM fuel cell is that there is a proton exchange membrane
between anode and cathode. The general structure of the PEM fuel cell is shown in
Figure 3.27 and an example of fuel cell stack which used in Honda clarity as Figure
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3.28 and 3.29.

P N
electric load ’/ \

i
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bi-polar

collector
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Figure 3.27: PEM fuel cell stack structure example [43]

Air Hydrogen Coolant

MEA Separator Separator

Figure 3.28: Honda clarity Figure 3.29: Honda clarity
PEM fuel cell stack 1 PEM fuel cell stack 2

The available energy for the external circuit is the Gibbs free energy difference
between products and reactants. The Gibbs free energy difference for reaction 3.13
can be defined as follows,

AG = G(products) — G(reactants) = G(Hy0) — G(H3) — G(O2) (3.14)

Depending on the phases of the water product, the Gibbs free energy is also differ-
ent. In standard condition (25°C, 100 kPa), the value of gaseous and liquid water
product are -228.57 k.J/mol(LHV) and -237.13 kJ/mol(HHV) respectively.

Theoretically, the open circuit voltage(OCV) is defined as equation 3.15 under stan-
dard condition, where F is the Faraday constant (96485.33289 C/mol) and n is the
number of electrons. In this chemical reaction n=2, since it delivered two H™* for
one H; molecule in the reaction.
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_AG

E'=—"2
nk

(3.15)

In real condition, the OCV is also affected by the temperature and pressure which
can be estimated by Nernst equation 3.16 in which T is the current temperature
of fuel cell stack(°C), R represents universal gas constant(8.3145 J/mol - K) [44]
moreover, P is the partial pressure.

E = B4 Tk Palon

o ) (3.16)

Pry,0

Besides, there are three losses within the cell, which are Activation losses, Ohmic
losses, and Concentration losses(mass transport losses). Therefore the terminal volt-
age(fuel cell voltage) which is available for the external circuit is shown in calculation

3.17.

V=F- Vact - ‘/ohm - ‘/conc (317)

Activation losses, which are defined by the Tafel equation, is shown as follows. In
which « is the charge transfer coefficient, ¢ is current density and iy is exchange
current density.

RT l

Vact = ﬁln( )

(3.18)

io
Ohmic losses, i represents the fuel cell current density, and R is the resistance.
Vohm =1- R (3.19)

Concentration losses or mass transport losses, C is the concentration loss coefficient,
and ¢; is limiting current density.

Vigne = —CHln(1 — ) (3.20)

1

All the coefficients can be pre-designed to define a specified fuel cell operating map
which called polarization curve. An example is shown as Figure 3.30.

47



3. Fuel Cell Vehicle Modeling and Simulation

1.2+
_V[C [V]
1 _Vncratlvl
Activation vV V]
Ohmic ===Vl V]
_ 0.8+ - Vconclv]
s
I3
E‘J 0.61
g Concentration
0.4F
0.2* ot o e o U R """I""I"'."
Y 4_-—--|----‘|"'_.-T

s AR ! ] i
0 100 200 300 400 500 600 700 800 900
Current Density| mA/cm2]

Figure 3.30: Example polarization curve [43]

As shown in Figure 3.31, it is the real measurements of single cell

polarization curve

which got from supplier A. To specify the fuel cell stack, this polarization curve has

been inserted into the fuel cell stack template in the GT-Suite.
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Figure 3.31: Specified polarization curve

3.5.3.2 Supplying System

The supplying system contents anode supplying subsystem and

1.6 1.8 2

cathode supplying

subsystem. In reactants supplying system, compressors or turbines are needed to

adjust the hydrogen and air mass flow to feed the reactants into
achieving the required chemical reaction rate.
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The hydrogen supplying system is in a closed loop for increasing the system effi-
ciency, since the hydrogen consumed by the stack may not be completed and the
outlet of the anode side can be used continuously for the future reaction as well. The
fuel(hydrogen) is stored in a compressed hydrogen tank under pressure of 70Mpa
usually for vehicle applications, and after that, the fuel will travel through a series
of throttles decreased to the proper pressure. The decompressed hydrogen will then
be injected into each anode channels of the stack.

To mimic the whole mass flow process, the hydrogen mass flow rate for the stack
needs to be calculated to estimate the amount of hydrogen needs to be injected
into the stack. The hydrogen mass flow rate(gram per second) can be estimated by
Equation 3.21, where ny, represents the molar flow rate of hydrogen and My, is the
molar weight of hydrogen (equal to 2).

My, = NH, - MH2 [g/S] (321>

To estimate the hydrogen molar mass consumption rate, equation 3.22 is defined.
In which I is the current of the stack and N is the number of cells. Again, the 2
times F' is because of 2 moles of exchange electrons per molar hydrogen within the
reaction.

I-N
NHy = 5 [mol/s] (3.22)

Besides, depending on the system design, a new quantity called stoichiometry A
(usually higher than 1) is taking into consideration and is defined by the reactant
molar ratio between feeding and consumption.

Nfeed

A= (3.23)

Neconsumed

Therefore, combining all the equations (3.21 to 3.23) the final estimation of hydrogen
mass consumption rate is calculated as,

I-N
mpg, = )\anode : MHQW [g/S} (324)

Based on this, a controller can be designed. The controller of the supplying system
in the model is simply a PID controller which is fair enough to simulate. Eq. 3.24
calculates the input value of the controller which considered as the targeting value
and the output signal is sending to the hydrogen compressor which used to adjust
the hydrogen mass flow.
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Figure 3.32: Anode reactants supplying system model in GT-Suite

As mentioned before, the stoichiometry A usually is higher than 1, which means the
amount of feeding reactant is always higher than the one of consumed reactants.
Therefore, to increase the system efficiency and to avoid the waste of hydrogen, the
anode mass flow is in a closed-loop. In Figure 3.32 the light blue line represents the
hydrogen mass flow the output of anode flows back to the inlet. The Mazarin blue
lines represent the signal read for the controller, one is for the compressor control-
ling to adjust the mass flow rate, and the other one is for the throttle to adjust the
anode pressure.

Similar to the anode mass flow system, the cathode mass flow system is also designed
based on Equation 3.21 to 3.24 with few differences. There are four molar exchange
electrons for per molar Oy, and the cathode injection is not pure O,. Therefore the
calculation of cathode mass flow rate should be as Equation 3.25, where z, is the
percentage of oxygen in the air.

I-N
air — )\ca ode * Mairi 3.25
m thod AF - 20, l9/s] ( )

As shown in Figure 3.33, the red lines are the air mass flow path. The air comes
from ambient and flows into the stack in a specific flow rate, which adjusted by the
cathode compressor. The blue lines represent the control signal for the compressor
controller, which is a PID controller as well, Equation 3.25 calculates the targeting
value, and the input signal of the compressor is the requested power. The products
of the cathode will finally be removed into ambient through a turbine.
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Figure 3.33: Cathode reactants supplying system model in GT-Suite

3.5.3.3 Water Management System

According to chemical function 3.13, the only product is water. It is also essen-
tial to know that water content of the proton exchange membrane will affect its
performance a lot, including protonic conductivity, water transport properties, gas
permeability, mechanical resistance, and dimensional stability [45]. Therefore, to
increase the system efficiency, the water product could be reused for humidifying
the membrane of the stack and proper water management is needed to achieve it.

As shown in Figure 3.34, the cathode output air flow through a water extractor
which separating the water from the cathode output air and injecting the water into
the water circulation loop used for humidifier and heat exchange device. Figure 3.35
and 3.36 show the structure of humidifier and extractor, which injected water from
water circulation and extracted water from stack outputs, respectively.
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Figure 3.34: Water flow path in GT-Suite

51



3. Fuel Cell Vehicle Modeling and Simulation

Cathode mass flow

- ‘ From air inlet

ToPart_46 Water_ FromPart_45
Injector-1

G Mass flow rate
il FromPart_ | from humidification controller
injection Gain-9-1

H20 ejector

From radiator h2o side

Figure 3.35: Humidifier in GT-Suite
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Figure 3.36: Water extractor in GT-Suite

The humidifier controller is modeled as Figure 3.38, the principles which the con-
troller is based on is explained as follow. Starting from ideal gas law (Equation
3.26) which explains the relationship between pressure P and temperature 7. In
the equation V' is the volume of gas, n means the molar of gas and R is the universal
gas constant.
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P-V=n-R-T (3.26)

Relationship between mass and molar is expressed as Equation 3.27, n is the number
of molars and M is the molar weight.

m=mn-M (3.27)

The specific humidity is defined as the mass ratio between vapor and dry air, which
can be expressed as Equation 3.28, m, and m, are the mass of vapor and dry air
respectively.

w=— (3.28)

Summarizing the Equations 3.26 to 3.28, the further calculation of specific humidity
is

P,
= 0.62198 - 2
w = 0.62198 - 0 (3.29)

and it is used in the humidifier controller design.
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Figure 3.37: Saturation properties of water[46]

The humidifier controller model in GT-Suite is shown in Figure 3.38 which calculated
the water amounts for injected into the cathode mass flow to keep the membrane in
the stack under a proper humidity. The curve in Figure 3.37 shows the numerical
relation of water between pressure and temperature. It has been inserted into the
model as a look-up table to read the saturated pressure.
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Figure 3.38: Humidifier controller in GT-Suite

3.5.4 Boost Converter Model

The DC-DC converter model is modeled in a straightforward way, which is a map-
based DC-DC system level template. The 'DC-DConverter’ template is used to
model a simple map-based (efficiency map) DC-DC Converter. The component
works with efficiency and an output power request (power on the DC-DC Con-
verter’s electrical output port). A positive output power request will source power
to the output and sink power from the input; whereas, a negative output power
request will sink power from the output and source power to the input.

The connection of the DC-DC converter is shown in Figure 3.41, which in the project
model has been linked between the fuel cell system and DC link. Figure 3.39 is the
efficiency map which inserted into the DC-DC converter, the X-axis represents the
output power of the converter, and the Y-axis is the converter output voltage.
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Figure 3.39: DC-DC converter efficiency map
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Figure 3.40: DC-DC converter required connection in GT-Suite

To DC bus

From DC bus

Figure 3.41: DC-DC converter connection

3.5.5 Electric Motor Model

Similar to the DC-DC converter model, the electric motor has been modeled most
easily since this project requiring a system-level propulsion system modeling.

To 1-D
Mechanics

To
a i
Electrical . b

Domain Motor
GeneratorMap

Figure 3.42: Electric motor required connection in GT-Suite
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Figure 3.43: Electric motor model in GT-Suite

As shown in Figure 3.43, the modeling is implemented by the map-based motor
template and connected to the shaft through mechanical connections (red lines).

3.5.6 Battery Model

Battery modeling using the electrochemical equation provides an in-depth insight
into the physical and chemical process occurring inside the battery. It provides in-
formation on battery charging, discharging, the transient behavior of the battery as
a function of factors such as temperature and discharge rate.

A simple way of modeling the battery is by equivalent circuit based modeling (ECM)
as shown in Figure 3.44, Where V,,. is the open circuit voltage of the battery, Ry
represents the internal resistance of the battery present in the electrodes, separator,
and bulk of the electrolyte. Further, the RC-link represents the added impedance
offered in the circuit due to the polarization effect [47].
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Figure 3.44: Equivalent circuit of simple battery model

State of Charge(SOC) is an essential characteristic of battery which is known as
the usable capacity. In other words, SOC describes the percentage of the remaining
usable energy in the battery, and it can be calculated as follows,

ftto I(r)dr
Qtot

where SOC;,itia is the initial SOC and )y, is the total charge capacity of the bat-
tery in (Ah).

SOC(t) = SOCimitial — (3.30)

The relationship between the state of charge and energy and the relationship between
cells and battery pack will be introduced,

Ecen = Ieen - Vsoc (3.31)

Where, E..; is the energy per cell, I..; corresponds to the current flowing through
each cell and Vi,o¢ is the voltage per cell depending on the SOC level of the battery.
Further, the number of cells in series can be calculated as

(3.32)

Neell =

Ecell

Where, Ep,; is the energy storage capacity of the battery and n..y is the total number

of cells in the battery. Additionally, the number of cells in series can be expressed
as,

Voc
Nseries = 7, 3.33
Vsoc=100 (3.33)

where, V. is the open circuit voltage and Vsoc—100 is the per cell voltage at 100
percent SOC level. Lastly, in order to calculate the number of cells in parallel and
current capacity of the battery it can be found as

Eq
Ahpgy = V” ! (3.34)
Ahy,
bat (3.35)

n llel =
paralle
Ahcell
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where npgraer is the number of cells in parallel and Ahy,; denotes the current ca-

pacity of the battery.

The following table introduced the parameters of the battery which used in the

GT-Suite model for PHEV and HEV.

Table 3.8: Battery data for PHEV

Parameter Value

Open Circuit Voltage at 100% SOC, V. 372.9[V]

Cell Current Capacity, Ahcey 30[Ah]

Cell Voltage at 100% SOC, Vsoc—100 4.1434[V]

Cell Voltage at 50% SOC (Nominal Voltage), Vsoc=s0 | 3.649[V]

Cell Voltage at 0% SOC, Vsoc—o 2.9457[V]

Number of cells in series, ng 90

Number of cells in parallel, n, 1

Battery Capacity, Epq: 9.852[kW h]
Table 3.9: Battery data for HEV

Parameter Value

Open Circuit Voltage at 100% SOC, V. 294.26[V]

Cell Current Capacity, Al 6.9[Ah|

Cell Voltage at 100% SOC, Vsoc—100 4.087[V]

Cell Voltage at 50% SOC (Nominal Voltage), Vsoc=so | 3.67[V]

Cell Voltage at 0% SOC, Vsoc—o 2.728[V]

Number of cells in series, ng 72

Number of cells in parallel, n, 1

Battery Energy Capacity, Epq; 1.823[kW h]

Figure 3.45 and 3.46 is the cell voltage curve for PHEV and HEV used in the battery

template.
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Figure 3.45: PHEV battery cell U-I curve
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Figure 3.46: HEV battery cell U-I curve

In GT-Suite, many templates can be used directly and simplify the model building.
The final battery model of this project implemented by battery template is shown
in Figure 3.47. The yellow, red, and black lines represent the electrical connections
connected to different components. The blue lines are the signals received from

BMS.
59



3. Fuel Cell Vehicle Modeling and Simulation

Wire-1-1  FromPart_6

Recy_
IfThenElse_InYyerter Battery-1
oD 1 2]
recu p_(?lraho-ﬁ g BatterySOC
Monitor-1
Wire-1-2

o} G
ToPart_ ToPart_Wire-

DCConverter- 1

1

Figure 3.47: Battery model in GT-Suite

3.5.7 Battery Management System Model
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Figure 3.48: The Battery Management System Model in GT-Suite

In the Battery Management System Model, one function is to calculate how much
traction power is requested from the battery and how much regenerative braking
power is charged to the battery with the electric motor. The inverter efficiency is
also considered by implementing an inverter block, as shown in Figure 3.48. When
discharging, the power request will be divided by the inverter efficiency, which means
more power is needed from the battery in reality. When charging, the power will
multiply with the inverter efficiency, which means less power can be charged and
stored in reality. The discharge and charge power of the electric machine is limited
according to the maximum available peak power of the battery, which is 65 kW for
the PHEV battery and 50 kW for the HEV battery.

60



3. Fuel Cell Vehicle Modeling and Simulation

Another function is to calculate how much power will be charged from fuel cell to
battery when the fuel cell is turned on. Auxiliary loads are also considered and
send to the controller. There is also a battery diagnostic block, which will stop the
simulation when the battery SOC reaches 5%.

3.5.8 Electric Motor Control Unit Model
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Figure 3.49: The Electric Motor Control Unit Model in GT-Suite

The main function for Electric Machine Control Unit is to calculate the traction
power and regenerative braking power request at current vehicle speed and send
those signals to the Electric Motor Model. The maximum and minimum electric
motor power limit at current speed can be calculated based on the electric motor
speed-torque curves which are shown in Figure 3.50, to make sure the current power
demand does not exceed the electric motor power limit. If the vehicle is in standstill
mode, then there will be no power send to Electric Motor Model.
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Figure 3.50: The electric motor torque line in GT-Suite

3.5.9 Fuel Cell Control Unit Model
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Figure 3.51: The Fuel Cell Control Unit Model in GT-Suite

The main function for the Fuel Cell Control Unit Model is to determine how much
power should be used to charge the battery if in charging mode and how much
power should come from the fuel cell to charge the battery or meet the traction
power demand. Also, the fuel cell charging power will change following the battery
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SOC level both in Fuel Cell-PHEV and Fuel Cell-HEV. So that the fuel cell stack

system can run as efficiently as possible.

When in charge sustaining mode, which means the fuel cell will be switched on to
charge the battery, there are two possible options:

1. Stop Fuel Cell charging when regenerative braking, because of the high battery
I?R losses in more significant power.

2. Continue Fuel Cell charging when regenerative braking to avoid the Fuel Cell
System frequently turning on-and-off in order to extend the Fuel Cell working life.

3.5.10 Braking Control Unit Model
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Figure 3.52: The brake controller model in GT-Suite

In the brake controller model, it mainly has two brake pedal situations. One is called
"HEV Brake Pedal’ situation; another one is called "Friction Brake Pedal’ situation.
In "HEV Brake Pedal’ situation, as can be seen in Table 3.10 it calculates the brake
power request during driving and determines the split between frictional and re-
generative braking. If the braking power request exceeds the maximum available
regenerative braking power, the difference will be accommodated via the friction
brake, and those signals will be sent into the four brakes in each wheel. ’Friction
Brake Pedal’ situation, which is shown in Table 3.11 will occur until the vehicle
slows to a certain speed when regeneration will cease, and the friction brakes as-
sume 100% of the braking request.
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Table 3.10: Brake Controller for HEV Brake Pedal situation.

Description Conditions Regenerative Braking Mechanical Braking
p power demand (kW) power demand (kW)
Limited Regeneration Brake Power Request<=Maximum Brake Power Request 0

available regenerative braking power

Brake Power Request>Maximum Maximum available Brake Power Request-Maximum
available regenerative braking power | regenerative braking power | available regenerative braking power

Full Regeneration

Table 3.11: Brake Controller for Friction Brake Pedal situation.

Situation Actions Conditions
Friction Brake Pedal If Vehicle Speed<5 km /h
HEV Brake Pedal If Vehicle Speed>=5 km /h

Another function in this model is brake override: an active vehicle safety feature
to work as a fail-safe measure. When working in the driving cycle, if the vehicle
speed reaches 0 km/h, then the brake pedal position is set to 100% to make sure
the vehicle stop.

3.6 Daily driving distance analysis

One of the main reasons why EVs have some obstacles to entry into the market is
range anxiety, because of the relatively short driving range for EVs compared with
traditional fossil fuel vehicle.

From a report by Deloitte [48], 80% of the U.S. participants of the survey want a
range of 100 miles or more from an electric car. Around 60% of them want to be
able to drive at least 200 miles before a recharge, and 37% expects a range of 300
miles or more [7].

It is essential to find what is the daily driving range in order to decide how large the
battery size should be, especially for EVs and PHEVs. Assuming that these kinds
of cars only can charge at home during the night.

According to the 2009 National Household Travel Survey from U.S.Department of
Transportation Federal Highway Administration, the average driving distance for a
driver is 49 km in weekday and 40 km in the weekend. The average commuting dis-
tance is 19.5 km. The average daily miles of travel per person also shows a different
picture of gender difference. It shows that women have traditionally traveled fewer
miles per day than men, regardless of age. The average daily driving distance was
45 miles and 36 miles for men and women respectively in 2001 and 41.5 miles and
32 miles for men and women respectively in 2009 [49].

In ample driving range for everyday deeds by Nissan Motor Corporation. In Euro-
pean countries, 90% of the people drive less than 120 km per day On average. In
the USA, 90% of the people drive less than 135 km per day On average [47] [50].
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Based on The Swedish Car Movement Data Project, the results show that 90% of
the cars travel less than around 70 km per day on average [51].

Distribution of daily driven distance for U.S. household cars
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Figure 3.53: Distribution of the daily driven distance for U.S.household cars

Based on the 2009 National Household Travel Survey from U.S.Department of Trans-
portation Federal Highway Administration, the distribution of the daily driven dis-
tance for U.S.household cars can be seen in Figure 3.53 above. About 93.9% of all
driving days have daily driving range below 150 km. About 86.3% of all driving
days have daily driving range below 100 km. About 68.7% of all driving days have
daily driving range below 50 km.

3.7 Cost model for determining energy capacity
of battery for PHEV

Nowadays, the hydrogen refilling network is not yet as convenient as fossil fuel re-
filling network, and it still needs an enormous scale of investment and long term to
construct. Therefore, a proper topological structure like PHEV may be an excel-
lent choice to satisfy all the requirements including competitive driving range, zero
emissions and better practicality in the early days of the hydrogen network.

Battery size determination is an essential task for PHEV design, to achieve that a
mathematical model is introduced. If the daily driving distribution is, for exam-
ple, shown as Figure 3.54 and the pure electric range has been set as X km. The
integration of the shadow part should be covered by electricity, and the rest part
will be covered by Hydrogen. In Figure 3.55, we can get the cost of using Hydro-
gen or electricity corresponding to X km pure electric range. To get the total cost
corresponding to the energy capacity of the battery, all the cost should be added
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which is shown as Figure 3.56 and there should be an optimal pure electric range
corresponding to the minimum TCO which can be used to define the battery size.
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Figure 3.56: Total cost

An example calculation for determining the proper energy capacity of the battery
is presented. In the U.S. market, the daily driving distribution is shown in Figure
3.53, which is in percentage. According to the data available from Statista®[52]
about "U.S. vehicles - projected average age 2017-2019” which is 11.8 years, roughly
4307days. By assuming different percentages of the life length the scenarios can be
simulated, for instance, 60%, 70% or 80% of the total lifespan the vehicle were used
as shown in Figure 3.57.

The parameters, for instance, needed for calculation are shown in Table 3.12.

Table 3.12: Parameters for example calculation

A:Vehicle energy consumption(kwh/km) ‘ G:Fuel cell system efficiency ‘ F:Battery efficiency ‘ H:Battery SOC window ‘

|

| 0.19 | 05 | 0.9 | 0.1-0.9 |
| B:Battery cost($/kwh) | C:Hydrogen tank cost($/kwh) | D:Hydrogen cost($/kg) | E:Electricity cost($/kwh) |
| 190 | 19 | 13.9 | 0.13 |

Theoretically, the energy density of compressed hydrogen in 700 bar which used for
most of fuel cell vehicles is 39.405 kWh/kg. This value can be used for calculating
the usage amount of hydrogen, corresponding to x km as equation 3.36, in which x
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Figure 3.57: Distribution of the daily driven distance for U.S.household cars in
number of days

is the pure electric range and f(z) is the number of days corresponding to z based
on Figure 3.57.

© D-A
H, cost = ; 739'405.G-x~f(x)dx (3.36)
The cost of using electricity can be also calculated if the pure electric range is x,
v [A
Electricity cost = ?:cf(:c)d:c (3.37)
0

The cost for battery and hydrogen tank per kilometre can be calculated according
to equation 3.38 and 3.39, respectively.

A-B
Battery cost = ——-x (3.38)
H
H, tank cost = o (3.39)

Additionally, the total cost, which contents the cost of using hydrogen/electricity
and the cost of battery/hydrogen tank, can be concluded as function 3.40.

AB A AE =

Total cost = ( I +C-G)'x+ o

A S)
xf(x)dx—i—?MOJ;G/x x-f(z)dr (3.40)

By inserting the value from Table 3.12, a new function can be presented as 3.41 and
the optimal value of x corresponding to the minimum total cost for scenario 60%,
70% and 80% life length driving can be calculated, which are 55 km, 60 km and 65
km respectively.
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Total cost = 45.145-x + 0.0274- /x x-f(z)dr + 0.134- /OO zf(x)dx (3.41)
0 T

The final step for determining the battery energy capacity can be done by multiply-
ing with vehicle energy consumption (A), divided by the battery SOC window (H),
which got 13.05 kWh, 14.22 kWh and 15.48 kWh respectively for scenario 60%, 70%
and 80% of lifespan.
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4

Results and discussion

In this chapter, the results from simulations of both Fuel Cell-PHEV and Fuel Cell-
HEV will be analyzed and discussed. The Worldwide Harmonized Light Vehicles
Test Cycle (WLTC) Class 3 driving cycle is used to evaluate the propulsion system
models and the control strategies to ensure the functioning in each time step.

Initially, some simulation results for components and control unit models which are
shared by both Fuel Cell-PHEV and Fuel Cell-HEV are described and studied to-
gether. For example, the Driver Model, the Electric Motor Control Unit Model, and
the Brake Control Unit Model. Then, simulation results for unique components or
control unit models for Fuel Cell-PHEV and Fuel Cell-HEV will be analyzed and
discussed separately. For example, the State Selection Controller Model, the Fuel
Cell Control Unit Model and the Fuel Cell Stack System Model. Finally, the con-
clusion will be made depending on the obtained results.

4.1 Driver Model

Firstly, driving performance from Driver Model is studied. As is shown in Figure 4.1
below, the red line is the target vehicle speed and the blue line is the actual vehicle
speed. Two lines are overlapping, which means both the Fuel CelllHEV and Fuel
Cell-PHEV propulsion system model follow each driving conditions like acceleration,
deceleration, and standstill during the WLTC Class 3 driving cycle well.
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Figure 4.1: Fuel Cell-HEV and PHEV driving performance during WLTC driving
cycle

4.2 Electric Motor Control Unit Model

The primary function for Electric Machine Control Unit is to calculate the trac-
tion power and regenerative braking power request at current vehicle speed and
send those signals to the Electric Motor Model. The positive and negative electric
motor power request and torque request can be seen in Figure 4.2 and Figure 4.3
below. For the simulation driving cycle, the maximum power request is 51.7 kW and
the negative power will be sent to Brake Controller Model for regenerative braking.
If the vehicle is standstill, then there will be no power send to Electric Motor Model.

4.3 Braking Control Unit Model

The brake power request from the wheel is presented in Figure 4.4. The braking
power request does not exceed the maximum available regenerative braking power,
which is the maximum charging power of the electric motor at current speed. There-
fore, all the braking power energy during deceleration will be collected.
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Figure 4.4: Brake power request

Figure 4.5 presents the result for the fail-safe measure, where the brake pedal posi-
tion for friction brake is set to 100% to make sure the vehicle stop when the vehicle
speed reaches 0 km/h .
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4.4 Fuel cell stack simulation

Figure 4.6 and 4.7 illustrate the fitting condition of the polarization curve in the fuel
cell stack model for HEV and PHEV, in which the dots represent the measurement
data from supplier A and the solid lines represent the auto fitting curve within the
fuel cell stack model. From the result, the curve fits quite well for both HEV and
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Figure 4.6: Polarization curve fitting for HEV fuel cell
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The performance of the FC stack in this project model is shown in Figure 4.8 and
Figure 4.9 for HEV and PHEV respectively. In general, the fuel cell stack can fol-
low the power request quite well but with few problems, for instance, the response
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time delay of the fuel cell system was not simulated accurately. That is because the
compressor used in the model is an ideal simple compressor model, and it can act
according to the signal from its PID controller with no delay. Meanwhile, the PID
controller has been adjusted to operate fast. Therefore the power output of the fuel
cell stack follows the request nearly without lagging time. In the real condition, the
compressor is connected to a motor through mechanical connection and the lagging
time of the motor is the main factor which caused the fuel cell system power-output
delay. To mimic the time delay a detailed motor model is needed for the future
working.

Compared to FC-HEV, the fuel cell stack of PHEV followed the power request better.
This is because the fuel cell stack in FC-PHEV works in a more simple condition
without many dynamic changes compared to HEV, and the transient load power is
mainly covered by battery. However, in FC-HEV the fuel cell stack is considered as
the primary power source of the vehicle and the transient load power is handled by
both fuel cell stack and battery which lead to frequent dynamic changes for the fuel
cell stack.
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Figure 4.8: HEV FC performance in WLTC driving cycle
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Figure 4.9: PHEV FC performance in WLTC driving cycle

Figure 4.10 and Figure 4.11 illustrate the voltage and current dynamics of fuel cell
stack for HEV and PHEV under WLTC driving cycle. In general, the stack power
output mainly follows the current output, and its output power increases when the
current increases and the current increment will lead to the voltage drop of the
stack. Figure 3.30 can explain this.
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Figure 4.10: HEV FC voltage and current dynamics in WLTC driving cycle
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Figure 4.11: PHEV FC voltage and current dynamics in WLTC driving cycle

4.5 Fuel Cell-PHEV

As was noted in Fuel Cell Vehicle Modeling and Simulation Chapter before. For this
Fuel Cell-PHEV, the maximum power for the fuel cell stack is 45 kW, the battery
size is 9.2 kWh with the maximum power of 65 kW. The results for the main system
models and energy management strategies are presented below.

4.5.1 Battery SOC level

The battery usable SOC window for this Fuel Cell-PHEV is from 20% to 95%. Two
cases are studied with different initial battery SOC level. The first case simulates
the situation that the customer drives the Fuel Cell-PHEV with some energy ob-
tained from a plug-in source, where the initial battery SOC is 50%. The vehicle
hydrogen consumption is 0.54 kg/100km in WLTC driving cycle, and the battery
SOC trajectory is presented in Figure 4.12 below. The small fluctuation in the SOC
trajectory is due to the absorbed regenerative power when the vehicle decelerates.

From report [40], which analyze the behavior of more than 12 000 XC90 T8 Plug-in
hybrid customers worldwide. The average customer spends more time driving in
sustain mode than in depletion mode. In addition, 56% of the time is spent driving
with a battery SOC below 35% (the combustion engine can be used to charge the
battery up to a SOC of 33%). The result could indicate that there are many cus-
tomers that do not plug-in their vehicles which then increases the amount of time
in the lowest SOC-interval [40].

The second case simulates that the driver starts driving the Fuel Cell-PHEV in lower

SOC value, where the initial battery SOC is 30.2%. So that the vehicle quickly jumps
into charge sustaining mode as is presented in Figure 4.13 below. The battery SOC

76



4. Results and discussion

Battery State of Charge

0.5000

0.4500

0.4000

0.3500

State of Charge

0.3000

0.2500
0 500 1000 1500 2000

Time [s]

Figure 4.12: Case 1: The initial SOC value is 50%, WLTC driving cycle.

increases quickly at the end of the driving cycle. The reason is that the SOC is lower
than the lower limit of charging trigger 30%, and the SOC difference reaches 2%.
So that fuel cell charging power will be larger than the power which has maximum
efficiency. The vehicle hydrogen consumption is 0.95 kg/100km in the second case
in the WLTC driving cycle.
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Figure 4.13: Case 2: The initial SOC value is 30.2%, WLTC driving cycle.

NEDC driving cycle, which is another official cycle, is also used to simulate the
second case. The SOC trajectory is presented in Figure 4.14 below. The vehicle hy-
drogen consumption is 0.92 kg/100km in the second case in the NEDC driving cycle.

The result could indicate that vehicle hydrogen consumption depends on the driv-
ing condition or the driving cycles a lot. Compared with the NEDC driving cycle,
hydrogen consumption has increased by 3.4% in the WLTC driving cycle With the
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4. Results and discussion

same initial battery SOC level and control strategy. The reason could be the higher
average and maximum speed and accelerations in the WLTC driving cycle.
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Figure 4.14: Case 2: The initial SOC value is 30.2%, NEDC driving cycle.

4.5.2 State Selection Controller Model
4.5.2.1 The Fuel Cell charging On-Off trigger

As shown in Figure 4.15, the operation of the vehicle in the WLTC driving cycle is
analyzed as follows. At time 0, the battery SOC is 30.2%. After 16.97 s the SOC
reaches the lower limit of the hysteresis controller and the system enters the charg-
ing mode in which the fuel cell starts to charge the battery. After 67.88 s, the SOC
reaches the upper limit 33%, and the On-Off trigger for charging is off at that time
step, which indicates the hysteresis controller follows the strategy well. Subsequent
similar situations will not be described. The fuel cell system charging power will be
analyzed in the Fuel Cell Control Unit section.

4.5.2.2 The Driving Mode and Electric Mode

To assess the functionality of the State Selection Controller for the Fuel Cell-PHEV,
the Driving Mode and Electric Mode are analyzed. Figure 4.16 shows the dynamic
response of the mode changes depending on the current vehicle speed, the traction
power, vehicle acceleration, and the battery SOC level.

By observing the simulation results, the only difference between the Driving Mode
and the Electric Mode is that the Electric Mode splits the electric driving mode
into the more specific electric-tractive and electric-regeneration mode. At time 0,
the Fuel Cell-PHEV is standstill the battery SOC is 30.2%, and the fuel cell stack
remains idle. The Electric Mode is 0, which is standstill mode. After 10.91 s the ve-
hicle starts to drive and the Electric Mode turns to 1, which is electric-tractive mode.
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Figure 4.15: The Fuel Cell-PHEV charging On-Off trigger

At 16.97 s, the battery SOC reaches the lower limit, and the Electric Mode turns to
3, which is HEV-charging mode. At that time, the fuel cell starts to charge the bat-
tery and the SOC curve starts to go up. At the time period of 35.16 s to 55.76 s, the
vehicle decelerates and the Electric Mode enters to 2, which is electric-regeneration
mode. The battery will absorb the braking power while the HEV charging mode
and the slope of the SOC curve become larger. At time of 66.67 s, the battery SOC
reaches the upper limit and the range extender fuel cell system will be switched
off, at the same time the Electric Mode switches from 3 HEV charging mode to 1
electric-tractive mode till 78.79 s.

Similar mode selection results also validated on the NEDC cycle in Figure 4.17.
However, the modes shifting less than that in the WLTC driving cycle due to the
more constant speed in the NEDC cycle. The simulation results from Figure 4.16
and Figure 4.17 indicate that the State Selection Controller function well and the
Driving Mode and Electric Mode run in the right mode depends on the current
vehicle speed, the traction power, vehicle acceleration, and the battery SOC level.

4.5.3 Fuel Cell Control Unit Model

The simulation result of the vehicle speed and power distribution for the Fuel Cell-
PHEYV is shown in Figure 4.18. During the test, all the traction power demand by
the electric motor does not exceed the maximum battery power limitation, which
is 65 kW. Therefore all the traction power will be provided by the battery if the
SOC level is above the lower SOC threshold. When the vehicle decelerates, the
battery will absorb the braking power. As presented in the battery power and fuel
cell system power figure, the negative power means charging, it is clear to see that
the fuel cell system will continue charging when regenerative braking to avoid the
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Figure 4.16: The Driving Mode and Electric Mode in State Selection Controller

with WLTC driving cycle for the Fuel Cell-PHEV in case two.

fuel cell system frequently turning on-and-off in order to slow down the degradation

of the fuel cell to extend the working life.
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Figure 4.17: The Driving Mode and Electric Mode in State Selection Controller
with NEDC driving cycle for the Fuel Cell-PHEV in case two.
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Figure 4.18: Vehicle speed and power distribution for Fuel Cell-PHEV.



4. Results and discussion

More detailed battery power and fuel cell distribution results can be found in Figure
4.19. The red line represents battery power and the blue line represents fuel cell
system power. The power request is provided primarily by the battery, and the fuel
cell works as an auxiliary power source or as a range extender. For example at the
time from 16.97 s to 67.88 s, the fuel cell starts working as a range extender and
charges the battery at its most efficient operating point, which is 25 kW. During the
same time period, the vehicle is decelerating, so that part of the negative charging
power for the battery is smaller than -25 kW. At the time from 1164.9 s to 1290.9
s, the fuel cell starts working as a range extender again, and the negative charging
power for the battery is from -2.2 kW to -19.9 kW. That is because part of the fuel
cell power will be used as traction power; the rest will flow to charge the battery.
At the time from 1652.1 s to 1749.1 s, the fuel cell operates away from the most effi-
cient point, and the power varies from 25 kW to 33.2 kW. The reason is the low SOC
level and the extra high speed at the end of the WLTC cycle as shown in Figure 4.18.
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Figure 4.19: Battery power and fuel cell stack power for the Fuel Cell-PHEV.

4.6 Fuel Cell-HEV

As was noted in Fuel Cell Vehicle Modeling and Simulation Chapter before, for this
Fuel Cell-HEV, the PEM fuel cell system works as the main power source and the
battery works as an auxiliary power source to handle transient conditions. The
maximum power for the fuel cell stack is 100 kW, the battery size is 1.8 kWh with
the maximum power of 50 kW. The results for the main system models and energy
management strategies are presented below.
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4.6.1 Battery SOC level

The battery SOC window for this Fuel Cell-HEV is from 30% to 70%, which leaves
some margin for start-up and regenerative braking. The battery SOC trajectory
is presented in Figure 4.20 below. Due to the smaller battery size compared with
the PHEV battery, the SOC drops down and goes up quickly. The initial SOC is
70%, and at the end of the driving cycle, the SOC reaches almost the same value as
initial. The vehicle hydrogen consumption is 0.82 kg/100km in WLTC driving cycle.
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Figure 4.20: The initial SOC value is 70%, WLTC driving cycle.

The NEDC driving cycle is also used to simulate the Fuel Cell-HEV. The SOC tra-
jectory is presented in Figure 4.21 below. As shown in the figure, the SOC level
increases quickly and goes beyond 70% and goes into the margin area leaving for
unexpected large regenerative braking at the end, therefore, all the braking energy
can be collected. The vehicle hydrogen consumption is 0.72 kg/100km in the NEDC
driving cycle. The hydrogen consumption in NEDC driving cycle reduces 12.2%
compared with WLTC driving cycle due to the lower average speed and maximum
speed.
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Figure 4.21: The initial SOC value is 70%, NEDC driving cycle.

4.6.2 State Selection Controller Model

4.6.2.1 The Fuel Cell charging On-Off trigger

As presented in Figure 4.22, the operation of the vehicle in the WLTC driving cycle
is analyzed as follows. At time 0, the initial battery SOC is 70%. After 745.46 s
the SOC reaches the lower boundary and the Fuel Cell System starts charging the
battery until 814.55 s. The same situation also happens from 1601.22 s to 1736.97
S.

In Figure 4.23 below, the fuel cell power output can be studied. When the fuel cell
active charging trigger is on, as shown from 745.46 s to 814.55 s and 1601.22 s to
1736.97 s. The fuel cell system power output line is nearly flat, which is one of
the optimal operating points 38 kW as noted in the Fuel Cell-HEV control strategy
chapter. The rest fuel cell power output is due to the vehicle running in the fuel
cell-only mode, which follows the control strategy well.

4.6.2.2 The Driving Mode and Electric Mode

To assess the functionality of the State Selection Controller for the Fuel Cell-HEV,
the Driving Mode and Electric Mode are analyzed. Figure 4.24 shows the dynamic
response of the mode changes depending on the current vehicle speed, the traction
power, vehicle acceleration, and the battery SOC level.

By observing the simulation results, compared with the results in Fuel Cell-PHEV,
the chance running in Electric Mode 4 increase dramatically, which is the fuel cell-
only mode, because the fuel cell works as the main power source in Fuel Cell-HEV.
When the vehicle speed is 0: from 0 s to 10.91 s, 100.61 s to 136.97 s, 387.88 s to
390.31 s, 446.07 s to 510.31 s, 567.28 s to 600.01 s, 987.88 s to 1023.04 s and 1453.34
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Figure 4.22: The Fuel Cell-HEV active charging On-Off trigger.

s to 1475.16 s the vehicle is in standstill mode which is Driving Mode 1 or Electric
Mode 0. In the time period from 745.46 s to 808.49 s and from 1603.64 s to 1727.28
s the vehicle runs in HEV mode which is Electric Mode 3. During this mode, both
the fuel cell system and the battery are working. Fither the fuel cell is charging
the battery, or the battery is assisting the fuel cell, therefore, the fuel cell stack can
run on the optimal operating points. When vehicle starting or the traction power is
low, the vehicle will run in battery-electric mode, which is Electric Mode 1. When
the vehicle decelerates for example from 77.58 s to 100.61 s, the vehicle will run in
Electric Mode 2.

Similar mode selection results have also been validated on the NEDC cycle in Figure
4.25. However, the modes shifting occurs less than in the WLTC driving cycle due
to the more constant speed in the NEDC cycle. The vehicle will run less time on
Electric Mode 4, which is fuel cell-only mode. However, it will run more time on
Electric Mode 1, which is battery-electric mode. Because of the lower power demand
compared with the WLTC cycle. After the SOC level reaches the lower limit, the
Electric Mode shifts to 3 immediately as shown from 940.03 s to 1034.57 s.
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Figure 4.23: The Fuel Cell power output for the Fuel Cell-HEV.
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Figure 4.25: The Driving Mode and Electric Mode in State Selection Controller
with NEDC driving cycle for the Fuel Cell-HEV.
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Figure 4.24: The Driving Mode and Electric Mode in State Selection Controller
with WLTC driving cycle for the Fuel Cell-HEV.

4.6.3 Fuel Cell Control Unit Model

The simulation result of the vehicle speed and power distribution for the Fuel Cell-
HEV is shown in Figure 4.26. During the test, as shown in the battery power line,
the positive battery traction power is lower compared with that for the Fuel Cell-
PHEV. All the battery traction power is around 10 kW, which mainly for vehicle
starting and when in low-speed driving. If the power demand beyond a certain level,
then the fuel cell will cover the rest of the power request. When the battery power
is negative, most of them concentrate in the region from 0 kW to 20 kW due to the
regenerative braking and fuel cell charging.
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Figure 4.26: Vehicle speed and power distribution for Fuel Cell-HEV.

More detailed battery power and fuel cell distribution results can be found in Figure
4.27. When the traction power is lower than 12 kW, and the battery SOC is higher
than a certain level, the battery will provide all the traction power, and the fuel cell
will remain idle. For example, from 0 s to 16.97 s, the vehicle starts driving and the
power demand is low at that time. Therefore the battery will cover all the power
request. However after 16.97 s, the fuel cell system will cover all the traction power
and meanwhile, the battery SOC is detected to see whether the fuel cell should run
in one optimal operating point and part of the power flows to charge the battery
or provide exactly the power requested from the wheel. As shown from 753.94 s to
808.49 s, the fuel cell system runs either at low optimal point 12 kW or medium
optimal operating point 38 kW. At that time the battery power is negative which
means it is being charged. From 1153.94 s to 1253.34 s, the vehicle is driven by fuel
cell only. The power from the fuel cell stack perfectly follows the power changes
requested by the wheel. The battery only provides 0.4 kW, which is set as auxiliary
power for the AC or the car display system.
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Figure 4.27: Battery power and fuel cell stack power for the Fuel Cell-HEV in
WLTC cycle.

Similar results have also validated on the NEDC cycle shown in Figure 4.28 below.
However, in the NEDC driving cycle, the vehicle can run more in battery traction
mode compared with that in the WLTC cycle as shown from initial to 648.41 s,
which simulates the city driving.
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Figure 4.28: Battery power and fuel cell stack power for the Fuel Cell-HEV in
NEDC cycle.
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4.7 Hydrogen Consumption Comparison

In this section, both the Fuel Cell-HEV and Fuel Cell-PHEV with their energy
management control strategies are tested under specific driving conditions, and the
hydrogen consumption is compared.

Longer driving cycles are used as presented in Figure 4.29 below:

The first figure shows running WLTC 5 times consecutively, which lasts for 9000
seconds with a total distance of 116.33 km. The second figure shows running NEDC
5 times consecutively, which lasts for 5900 seconds with a total distance of 55.12 km.
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Figure 4.29: Running WLTC and NEDC 5 times consecutively.

4.8 Hydrogen Consumption for the Fuel Cell-PHEYV

Firstly, the initial value of the battery SOC for the Fuel Cell-PHEV is set to be
95%, which is the upper limit of the usable SOC window.

The hydrogen consumption for the Fuel Cell-PHEV running WLTC 5 times consec-
utively is 0.61 kg/100 km, and the battery SOC trajectory is shown in Figure 4.30
below.
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Figure 4.30: Battery SOC trajectory for the Fuel Cell-PHEV driving WLTC 5
times consecutively with initial SOC 95%.

The hydrogen consumption for the Fuel Cell-PHEV running NEDC 5 times consec-
utively is 0.18 kg/100 km and the battery SOC trajectory is shown in Figure 4.31

below.
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Figure 4.31: Battery SOC trajectory for the Fuel Cell-PHEV driving NEDC 5
times consecutively with initial SOC 95%.

However, if the charge sustaining mode is kept from the beginning of the driving
cycle, and the SOC value at the end of the cycle is almost the same with the value
at the beginning, which is SOC neutral. The hydrogen consumption for running
WLTC 5 times consecutively will increase to 0.89 kg/100 km, which increases 45.9%
compared with the hydrogen consumption when the battery is fully charged. The
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battery SOC trajectory is plotted in Figure 4.32 below.
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Figure 4.32: Battery SOC trajectory for the Fuel Cell-PHEV driving WLTC 5
times consecutively with initial SOC 33%.

Similarly, the hydrogen consumption for running NEDC 5 times consecutively will
increase to 0.78 kg/100 km and the battery SOC trajectory is plotted in Figure 4.33

below.
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Figure 4.33: Battery SOC trajectory for the Fuel Cell-PHEV driving NEDC 5
times consecutively with initial SOC 33%.
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The current procedure for the determination of fuel consumption specifically for
PHEVs in Europe is described in the United Nations Economic Commission for Eu-

rope (UN-ECE) Regulation R101 [53].

As presented above a PHEV can drive in two operating modes, which are Charge-
Depleting (CD) mode and charge-sustaining (CS) mode. There is no discrete point
in time when the vehicle decides to transition from CD to CS mode, but the test
procedure provides for a calculation to estimate that point. The PHEV test pro-
cedure measures separate fuel and electricity consumption values for both of these
operation modes and combines them into one weighted average fuel consumption
for the final test result [53].

Combining the results for CD and CS mode, a weighted fuel consumption result, C,
can be calculated according to the following formula:

D6*01+Dav*02

O =
D€+D(l’l}

Where:

C' = fuel consumption in liters per 100 kilometers,

C1 = fuel consumption in liters per 100 kilometers in CD mode,

C5 = fuel consumption in liters per 100 kilometers in CS mode,

D, = electric range of the vehicle, and

D, = 25 km (average distance driven in CS mode, assumed by UN-ECE R101).

For the (1, the hydrogen consumption in CD mode is 0 kg/100 km. For the Cs, the
hydrogen consumption in CS mode is 0.89 kg/100 km for WLTC and 0.78 kg/100
km for NEDC as shown above. For the D,., as shown in Figure 4.30 and Figure 4.31,
the battery SOC will reach the lower boundary after 3364 seconds and 4664 seconds
for the WLTC and NEDC respectively. Corresponding to 39.7 km for the WLTC
and 43.4 km for the NEDC. Which means the electric range D, in WLTC is 39.7
km and in NEDC is 43.4 km. D,, is the weighting factor for the current CS test,
which is 25 km.

So that the Fuel Cell-PHEV combined hydrogen consumption can be calculated as:

39.7*0+25%0.89
=0.34 4.2
39.7+ 25 (42)

Cwrre =
and for NEDC,

43.4 %0+ 25 %0.78
=0.2 4.
43.4 + 25 0-29 (4.3)

CVNEDC =

In Table 4.1, one can see the hydrogen consumption for the modeled Fuel Cell-
PHEV in different driving cycles and scenarios. With the same driving cycle, for
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example running WLTC 5 times consecutively, the hydrogen consumption will in-
crease 45.9% from 0.61 kg/100 km to 0.89 kg/100 km if the initial battery SOC
changes from 95% to 33%. With the same initial battery SOC, for example, 33%,
the hydrogen consumption will decrease 12.4% from 0.89 kg/100 km to 0.78 kg/100
km if the driving cycle changes from running WLTC 5 times consecutively to run-
ning 5 times consecutively. The result indicates that for the Fuel Cell-PHEV, the
hydrogen consumption is largely determined by the initial battery SOC level and
the driving conditions have less impact on hydrogen consumption.

Table 4.1: The Hydrogen consumption for the Fuel Cell-PHEV in different driving
cycles and scenarios.

Vehicle Model Hydrogen Consumption
Fuel Cell-PHEV
(WLTC 5 times, initial SOC 95%) | 001 k&/100 km
Fuel Cell-PHEV
(WLTC 5 times, initial SOC 33%)
Fuel Cell-PHEV
(NEDC 5 times, initial SOC 95%)
Fuel Cell-PHEV
(NEDC 5 times, initial SOC 33%)

0.89 kg/100 km

0.18 kg/100 km

0.78 kg/100 km

In Table 4.2, one can see the hydrogen consumption for the modeled Fuel Cell-PHEV
classified by mode according to Regulation R101.

Table 4.2: The hydrogen consumption for the Fuel Cell-PHEV classified by mode
according to Regulation R101.

. Hydrogen Consumption | Hydrogen Consumption | Combined Hydrogen
Range in CD-mode in CD-mode in CS-mode Consumption
NEDC | 43.4 km 0 kg/100 km 0.78 kg/100 km 0.29 kg/100 km
WLTC | 39.7 km 0 kg/100 km 0.89 kg/100 km 0.34 kg/100 km

According to [25] as shown in the Table 4.3 below, the (combined) hydrogen con-
sumption for Mercedes-Benz GLC F-CELL, which is also a Fuel Cell-PHEV (with
a 13.8 kWh storage battery) is 0.34 kg/100 km. From the data source, it mentions
that the combined hydrogen consumption was provisional and was determined by
the technical service for the certification process in accordance with the WLTP test
method and correlated into NEDC figures. The certificate of conformity with official
figures is not yet available. Differences between the stated figures and the official
figures are possible.

For the reference Fuel Cell-PHEV on the market, the initial SOC, the combined
driving cycles used and the driving conditions are unknown. Therefore, the hydro-
gen consumption cannot be compared. However, it can be listed as a reference and
give the reader a general idea about the hydrogen consumption for Fuel Cell-PHEV.
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Table 4.3: The Hydrogen consumption for the reference Fuel Cell-PHEV on the
market [25]

Vehicle Model Hydrogen Consumption

Mercedes-Benz GLC F-CELL '
(Plug-in) 0.34 kg/100 km (Combined)

4.9 Hydrogen Consumption for the Fuel Cell-HEV

The initial value of the battery SOC for the Fuel Cell-HEV is set to be 70%.

The hydrogen consumption for the Fuel Cell-HEV running WLTC 5 times consec-
utively is 0.82 kg/100 km, and the battery SOC trajectory is shown in Figure 4.34
below.

Battery State of Charge
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0.6750

0.6500

0.6250

State of Charge

0.6000 -

0.5750

0.5500
0 2500 5000 7500 10000

Time [s]

Figure 4.34: Battery SOC for the Fuel Cell-HEV driving WLTC 5 times consecu-
tively with initial SOC 70%.

The hydrogen consumption for the Fuel Cell-HEV running NEDC 5 times consec-
utively is 0.68 kg/100 km and the battery SOC trajectory is shown in Figure 4.35
below.
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Figure 4.35: Battery SOC for the Fuel Cell-HEV driving NEDC 5 times consecu-
tively with initial SOC 70%.

In Table 4.4, one can observe the hydrogen consumption for the modeled Fuel Cell-
HEV in different driving cycles. Compared with the hydrogen consumption in the
NEDC driving cycle with the same initial battery SOC, the hydrogen consumption
increases 20.6% when running in the WLTC cycle. The result indicates that for
the Fuel Cell-HEV, hydrogen consumption has a direct correlation with the driving
cycle.

Table 4.4: The Hydrogen consumption for the Fuel Cell-HEV.

Vehicle Model Hydrogen Consumption
Fuel Cell-HEV
(WLTC 5 times, initial SOC 70%) | -52 k8/100 km
Fuel Cell-HEV
(NEDC 5 times, initial SOC 70%)

0.68 kg/100 km

According to [54], the combined hydrogen consumption for some reference Fuel Cell-
HEV on the market can be observed in the Table 4.5 below.

For the reference Fuel Cell-HEV on the market, although the initial SOC does not
have an enormous influence, the combined driving cycles used and the driving con-
ditions are unknown. Therefore, the hydrogen consumption cannot be compared.
However, it can be listed as a reference and give the reader a general idea about the
hydrogen consumption for Fuel Cell-HEV.
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Table 4.5: The Hydrogen consumption for the reference Fuel Cell-HEV on the
market

Vehicle Model | Hydrogen Consumption
(T(?ngiﬁ/ég?i 0.76 kg/100 km
?ﬁﬁ%%a}@im 1.0 kg/100 km
?1\%%%}1\11\]552? 0.84 kg/100 km
?gfiiifiiﬁity 0.86 kg/100 km

4.10 Cost comparison based on different combi-
nations

This section will present the results of a simple cost comparison among different com-
binations of power sources. The parameters in Table 4.6 were used in the calculation.

Table 4.6: Parameters used in general cost comparison

U.S Dollars to Swedish Krona (2019.5.16) | Fuel cell system efficiency Battery efficiency Battery cost($/kwh)
1:9.6 0.5 0.9 190
Hydrogen on-board storage cost($/kwh) | Fuel cell system cost($/kw) | Hydrogen cost($/kg) | Electricity Price in Sweden($/kwh)
17 50 11.8 0.21

4.10.1 Initial cost comparison

Figure 4.36 shows the cost comparison of energy source based on energy capacity.
It is important to note that this cost comparison is only for energy source, and the
precondition of it is the rest components are the same for both fuel cell vehicles and
BEV. The contents for fuel cell vehicles are hydrogen onboard storage tank, fuel cell
system, and battery PHEV and HEV. As for BEV, it only contents the cost of the
battery.

In Figure 4.36, the x-axis is the energy capacity of the energy source, and the y-
axis is the cost of energy source. With the increase of energy capacity, the cost of
BEV has a vast increase, which is because of the high price of battery per kWh($
190/kWh). However, the cost of onboard hydrogen storage is only $17/kWh, which
is much cheaper than battery. It is no need to ask crystal-ball to find that when the
request of energy capacity is high, the cost gap between BEV and fuel cell vehicle
is enormous.
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Figure 4.36: Cost comparison based on energy capacity

4.10.2 Total cost comparison

The total cost contents initial cost and using cost, the ratio between using electricity
and hydrogen has been set as around 2:1. In other words, 2/3 of the trips will be
covered by electricity and 1/3 of the trips will be covered by hydrogen, this is based
on the data from U.S Department of Transportation Federal Highway Administra-
tion which mentioned in section 3.6. Meanwhile, most of conventional ICE Plug-in
hybrid vehicles have set the pure electric range as 50 km. Therefore the ratio for
using electricity and hydrogen has been set as 2.

As from Figure 4.37, the x-axis is the life span of a vehicle which is expressed as
a range in km and y-axis is the total cost in Swedish Kronor. The starting point
of the curve represents the initial component cost, which is based on the 78.5 kWh
energy source and cooresponding to 500 km driving range, and there is a significant
initial cost advantage for fuel cell vehicles compared to BEV. For using cost, it is
still cost-efficient for using electricity instead of hydrogen currently. For fuel cell
HEV which are blue and green lines, even it has an apparent initial cost advantage
from BEV, but the total cost is still higher than BEV when the expected lifespan is
higher than 150,000 km or 200,000 km for 150 kW HEV and 100 kW HEV respec-
tively. According to the data from U.S Department of Transportation, the typical
lifespan of a household vehicle is around 150,000 miles (241,400 km), it is easy to see
that based on current state-of-play of hydrogen cost BEV still has cost advantage
than fuel cell HEV. However, the total cost of fuel cell PHEV is still lower than BEV.
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Figure 4.37: Total cost
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Figure 4.38: Total cost of ownership

Sum the results of initial cost and using cost, an XYZ plot can be defined, and
Figure 4.38 is the XYZ plot for total cost regarding energy source capacity and
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total driving range. The x-axis represents the energy source capacity, and the y-axis
is the total driving range through the whole lifespan. From this XYZ plot, it can be
found that for a specific size of energy capacity, the relationship between total cost
and different total lifespan. Alternatively, the total cost difference of different size
of energy source capacity for a specific lifespan.

4.11 Battery size determination for PHEV

Battery energy capacity determination method is presented in section cost model
(3.7), this section will present the result for the best battery size from cost aspect.

Table 4.7: Parameters for U.S market

‘ Vehicle energy consumption(kwh/km) ‘ Fuel cell system efficiency ‘ Battery efficiency ‘ Battery SOC window ‘
| 0.157 | 0.5 | 0.85 | 0.2-0.95 |
| Battery cost($/kwh) | Hydrogen on-board storage($/kwh) | Hydrogen cost($/kg) | Electricity cost($/kwh) |
| 190 | 17 | 11.8 | 0.13 |

Table 4.7 presents the parameters used for the battery size determination. Among
the parameters, vehicle energy consumption and battery SOC window come from
this project simulation. Besides, the data of cost of hydrogen and hydrogen on-
board storage(if manufacturing volumes of 100,000 systems/year) came from U.S
Department of Energy. Furthermore, the cost of the battery is based on the data
from Bloomberg NEF.

Distribution of daily driven distance for U.S. household cars
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Figure 4.39: Distribution of the daily driven distance for U.S.household cars in
days
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Figure 4.39 illustrate the daily driving distribution of U.S market, based on the cost
model in section 3.7 the result is 593 days, and the optimal battery size for entire

lifespan, 80% lifespan, and 70% lifespan are 10.5 kWh, 8.37 kWh, and 6.28 kWh
respectively.

The parameter used in the cost model is changing at any time; a discussion of how
the parameters will affect the result will be presented. It can be predicted that the
cost of hydrogen and hydrogen on-board storage will have a massive decrease in the
future when large-scale production is implemented, and the decrease in either of
them will have a positive effect for battery downsizing. While the cost reduction of
battery and electricity will push the battery size going up. Therefore, what is the
optimal battery size should be based on the data at the moment. Meanwhile, the
distribution of daily driven distance for the different market is also different, which
is another critical factor for the battery size determination. In general, specific
analysis is required for the specific market.
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Conclusion

In this thesis project, one Fuel Cell-PHEV and one Fuel Cell-HEV model, as well
as their different components and control strategies have been modeled using GT-
Suite software to analyze the hydrogen consumption under various driving cycles
and scenarios. One cost analysis model has been developed using Matlab to find
the optimal battery size for the Fuel Cell-PHEV. The conclusions of the study can
be summarized as follows:

[1] The initial cost comparison for energy source components has been made in this
project; The results of the initial cost comparison based on current data show the
ranking from the cheapest to the most expensive powertrain is FC-HEV, FC-PHEV,
and BEV.

[2] Using electricity from the grid is still much cheaper than using hydrogen to propel
the vehicle. For FC-HEV it has no cost advantage compared with BEVs for the total
cost of ownership through the whole vehicle lifespan since the only energy source of
it is hydrogen. However, the total cost of ownership through the entire lifespan for
FC-PHEV has advantages, that is because the energy source of FC-PHEV includes
both electricity from the grid and hydrogen. The ranking of the total cost of owner-
ship, including running cost from the cheapest to the most expensive is FC-PHEV,
BEV, and FC-HEV.

[3] A summary of the hydrogen consumption for the modeled Fuel Cell-PHEV and
Fuel Cell-HEV can be seen in Table 5.1 and Table 5.2 below

Table 5.1: The Hydrogen Consumption from the modeled Fuel Cell-PHEV.

Range in CD-mode .Hydrogen Consumption Comblned-Hydrogen
in CS-mode Consumption
NEDC | 43.4 km 0.78 kg/100 km 0.29 kg/100 km
WLTC | 39.7 km 0.89 kg/100 km 0.34 kg/100 km

Table 5.2: The Hydrogen Consumption from the modeled Fuel Cell-HEV.

Hydrogen Consumption
NEDC | 0.68 kg/100 km
WLTC | 0.82 kg/100 km
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Since the FC-PHEV use both electricity from the grid and hydrogen as energy
source. Therefore, the combined hydrogen consumption of FC-PHEV is much lower
than that of FC-HEV configuration.

[4] A summary of the advantages and disadvantages of the different powertrain con-
figurations can be seen in the Table 5.3, where '+’ represents 'Better’, ’-’ represents
"Worse” and ’0’ represents "Middle’.

Table 5.3: The Comparison Summary.

BEVs | Fuel Cell-HEV | Fuel Cell-PHEV
Emissions +

Recharging/Refueling time -
Range -
Initial cost of energy source -
Total cost of ownership -
Fuel consumption ++ -

vl
+|+| o+ |+ |+

Overall, the Fuel Cell Plug-in Hybrid Electric Vehicle could be the best choice based
on the current data.

[5] This project also present a simple mathematical cost model for determining the
optimal energy capacity of the battery pack in FC-PHEV from economic aspect
through the whole vehicle lifespan, it shows the optimal battery size of FC-PHEV
based on the data of this model in the U.S market is around 10.5 kWh which equals
to a 50 km driving range roughly.
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Future Scope

This chapter will present some ideas which can be further developed but exceed time
limitation or beyond the project scope.

6.1 PEM fuel cell system

The PEM fuel cell system in this project is a simplified model aiming to mimic the
whole working process of the fuel cell system, but there are still lots of developments
that need to be implemented in the future.

In the supplying system for both anode and cathode side, the compressors were
modeled as ideal models. This part can be modeled as a detailed model and insert-
ing the real measurements to improve the model dependency. In real condition, the
compressor is connected to a motor through mechanical connections, and the future
work needs to model a detailed motor model to get the reasonable lagging time of
fuel cell system power-output. Moreover, the lagging time is an essential factor for
energy management system implementation.

Overall, the PEM fuel cell system is lacking model validation. Until the whole
model has been submitted, the model was only built but without validation since
the limited time. The future work will cover the data collecting and model validation.

6.2 Electrical connection instead of power flow
connection

In the project model, so far, all the components were connected by wireless sig-
nals instead of real electrical connections. If all the component models within the
completed electrical architecture are available in the future, the model should be
connected with electrical connections.

Fig.6.1 is an example to connect the components with electrical connections, but
the results were not accurate and due to lacking necessary components model, the
results were not present. This is where future work can modify.
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Figure 6.1: Electrical connection instead of power flow connection in GT-Suite

6.3 Different control strategies

In this thesis project, mainly rule-based control strategies are used to manage the
energy and power flow. However, there are many other control strategies which can
be further developed and implemented in the Fuel Cell-HEV and Fuel Cell-PHEV
models. The following control strategies can be implemented and analyzed in the
future:

- The ECMS (Equivalent Consumption Minimization Strategy) aims to minimize
a sum of power from fuel and battery at each timestep [55]. The power from the
battery is converted into fuel consumption by using an equivalence factor.

- The stiffness-coefficient-model (SCM) determines the fuel cell power according to
the actual SOC of the battery and the power demand. The charging and discharging
behaviors of the battery are triggered by the adjustment of the stiffness coefficients.
The basic ideas of the SCM for fuel economy are to operate the fuel cell in high-
efficiency areas and in doing so also in load following modus and that the battery
has to cope with the dynamic charging and discharging conditions [56].

- Fuzzy-logic-controller (FLC) makes the transition between quantized steps smooth,

and also weighs the control signals in such a way that the best representative, ac-
cording to certain rules, is picked [57]. The input variables Pjemang and SOC are
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assigned to membership functions and passed to the FLC [56].

6.4 Using supercapacitor instead of battery

Another configuration of Fuel Cell Vehicle powertrain is using the PEM fuel cell
system as the main power source to handle the steady-state conditions and using
supercapacitor as the secondary or auxiliary power source to handle transient con-
ditions. In report [58], the simulation results showed that the hybridization of FC
and supercapacitor has the better performance due to the more effective assistance
of the supercapacitor for FC, since the high charge current and discharge current
can be obtained in the supercapacitor. Moreover, the supercapacitor can remove
the peaks from the required drive power, which makes the power supplied by FC
flatter, leading to a longer lifetime of the FC. In the future, this kind of powertrain
configuration can be modeled and simulated.

6.5 The fuel cell vehicle drivability evaluation

The term driveability describes the driver’s complex subjective perception of the
interactions with the vehicle [59]. However, for a fuel cell vehicle, it may face a
problem called fuel cell starvation, the compressor motor for replenishing oxygen is
not easy to be regulated during power generation. This task needs to be achieved
rapidly and efficiently to avoid oxygen starvation and degradation of the stack volt-
age [60], which could affect the rapid power response of the fuel cell vehicle. In the
future, the simulation results can be implemented into the driveability evaluation
tool AVL-DRIVE to predict the vehicle driveability without using the vehicle [61].

6.6 Driver mode selection

In the future, the active driver mode selection system can be further studied, where
the driver can select the driving or charging mode following the current driving con-
dition or the future driving conditions are known a priori. For the fuel cell vehicle,
besides modes like ECO, Sport, and Normal. One could add a range-extend mode,
which the fuel cell system will charge the battery until the SOC upper limit when
this mode is selected. For example, when the driver will have a long journey and
the driver is going to the hydrogen station. After selecting the range-extend mode,
the fuel cell system will start charging the onboard battery until refilling. Therefore,
the driving distance can be extended significantly.
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6.7 Battery size determination

About the battery size determination, the method in this project is only from the
economic aspect. The future work can investigate more factors into the analysis to
make the result more accurate. Meanwhile, the results were based on the data from
current U.S market which needs to be updated at any time to get a reasonable result
of the moment and collecting data from a different markets to get the result for a
specific market.
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