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Abstract

Current and future regulations are increasingly pushing to replace fossil fuels with alternative
fuels. There are several other methods of energy sources available besides environmentally
harmful sources, such as fossil fuels. One possible solution is using fuel cells in combination
with a battery pack. This thesis aims to get an overview of how predictive control can be
used to keep the temperature of a battery within a specific temperature range. To this end, a
model predictive control system is being implemented in a hydrogen fuel cell truck. Typically,
fuel cell trucks gain the driving power from two energy sources: fuel cell and battery. The
fuel cell is an electrochemical process using hydrogen and oxygen. This outputs the desired
electrical power for the drive and, as a by-product, pure water. Thus, this fuel cell truck can
be considered emission-free for operation.

The battery energy is used as a backup source when the power demand exceeds the max-
imum fuel cell power. This happens especially on steeper routes. Another function of the
battery includes the recuperated energy during braking to be considered a buffer. An electric
powertrain is installed in the truck to control the power distribution in these two systems.
This powertrain regulates the energy management in the system and decides automatically
when the fuel cell power is not sufficient anymore and transmits the battery energy to the
drive.

For this system, there exist some restrictions, especially in the size of the cooling system,
because of the limited space in the truck. In order to ensure sufficient cooling for the truck’s
battery, a model predictive controller is investigated in this thesis. This uses a linear model
and constraint for the calculation. A reference target for the battery temperature and soft
constraint is implemented for better results to keep the battery temperature close to the desired
reference temperature. Higher temperatures lead to accelerated battery degradation, resulting
in a shorter lifespan and decreased efficiency. Therefore, cooling must be applied in advance
to keep the battery’s temperature within a predefined range.

A forecast on the route is used, which contains route information, including elevation and
speed limits. With this data, it is possible to forecast the electrical load on the system. In
addition, predictive energy management can be used to estimate the ohmic losses. All this
information is needed for the MPC, which predicts the desired cooling power of the battery.
The result of this study shows a significant improvement in maintaining the battery tempera-
ture close to the desired reference temperature under different load requirements. The use of
a predictive cooling strategy can, therefore, increase the service life of the battery.
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Kurzfassung

Aktuelle und kiinftige Vorschriften drangen zunehmend darauf, fossile Brennstoffe durch al-
ternative Brennstoffe zu ersetzen. Es gibt mehrere Methoden, um neben umweltschidlichen
Quellen wie fossilen Brennstoffen auch andere Energiequellen zu nutzen. Eine mdgliche
Losung ist die Verwendung von Brennstoffzellen in Kombination mit einer Batterie. Ziel
dieser Arbeit ist es, einen Uberblick dariiber zu erhalten, wie eine pradiktive Steuerung einge-
setzt werden kann, um die Temperatur einer Batterie innerhalb eines bestimmten Temper-
aturbereichs zu halten. Zu diesem Zweck wird ein modellpradiktives Regelungssystem in
einem Wasserstoft-Brennstoffzellen-LKW implementiert. Typischerweise gewinnen diese LKWs
die Antriebsenergie aus zwei Energiequellen, aus der Brennstoffzelle und aus einer Batterie.
Die Brennstoffzelle ist ein elektrochemischer Prozess, der Wasserstoff und Sauerstoff verwen-
det. Dieser liefert die gewiinschte elektrische Leistung fiir den Antrieb und als Nebenprodukt
reines Wasser. Damit kann dieser FC-LKW als emissionsfrei im Betrieb angesehen werden.

Die Batterieenergie wird als Reservequelle genutzt, wenn der Strombedarf die maximale
Brennstoffzellenleistung iibersteigt. Dies geschieht vor allem auf steileren Strecken. Eine
weitere Funktion der Batterie ist die Riickgewinnung von Energie beim Bremsen, so dass sie
als Puffer dienen kann. Ein elektrischer Antriebsstrang ist im LKW installiert, um die En-
ergieverteilung in diesen beiden Systemen zu steuern. Dieser Antriebsstrang regelt das EMS
und entscheidet automatisch, wann die Leistung der Brennstoffzelle nicht mehr ausreicht und
uibertragt die Energie der Batterie an den Antrieb.

Fiir dieses System gibt es einige Einschrankungen, insbesondere bei der Gréf3e des Kiihlsys-
tems, da der Platz im LKW begrenzt ist. Um eine ausreichende Kiithlung der LKW-Batterie
zu gewahrleisten, wird in dieser Arbeit ein MPC untersucht. Dieser verwendet ein lineares
Modell und Beschrankungen fiir die Berechnung. Um bessere Ergebnisse zu erzielen, werden
eine Batteriereferenztemperatur und weiche Beschrankungen implementiert, um die Batteri-
etemperatur nahe an der gewiinschten Referenztemperatur zu halten. Héhere Temperaturen
fihren zu einer beschleunigten Degradation der Batterie, was eine kiirzere Lebensdauer und
eine geringere Effizienz zur Folge hat. Daher muss im Voraus gekiihlt werden, um die Temper-
atur der Batterie in einem vordefinierten Bereich zu halten. Hierfiir wird eine Routenvorher-
sage verwendet, die Streckeninformationen, einschliellich Hohen- und Geschwindigkeitsbe-
grenzungen, enthalt. Mit diesen Daten ist es moglich, die elektrische Belastung des Systems
vorherzusagen. Dartiber hinaus kann das pradiktive EMS genutzt werden, um die ohmschen
Verluste abzuschiatzen. All diese Informationen werden fiir den MPC benétigt, das die gewtiin-
schte Kiihlleistung der Batterie vorhersagt.

Das Ergebnis dieser Studie zeigt eine deutliche Verbesserung bei der Aufrechterhaltung
der Batterietemperatur in der Nahe der gewiinschten Referenztemperatur unter verschiedenen
Lastanforderungen. Der Einsatz einer pradiktiven Kiihlstrategie kann daher die Lebensdauer
der Batterie erhéhen.

ii
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Chapter 1
Introduction

This chapter gives a brief overview of why the focus of development is moving away from combus-
tion engines in today’s society. Possible other vehicle power sources can be used, such as electric
and fuel cell power. The central part of this thesis is mainly the combination of those two power
sources inside a truck. This led to the motivation to implement cooling strategies for the batteries to
increase efficiency due to battery degradation in higher temperatures. The third section describes

the previously examined studies on various topics, which led to this work today.

1.1 Historical Development

The evolution of the automotive industry has a long history, and various drive technologies
have been explored to increase its efficiency until it reaches its current state. Besides all ex-
pectations, electrically powered cars are among the first developments in this field. It is hard
to pinpoint the first invention of the car, but in the 1800s, the first electric-powered vehi-
cle got on the road. However, who invented the first electric vehicle is still disputed today.
The only version tested earlier were steam-powered vehicles. This type of car was not prac-
ticable because it required long start-up times and was limited in range. On the other hand,
an electric-powered vehicle is easy to drive and has no issues with steam or gasoline. That
is why they were very popular with urban residents. The following invention of the four-
stroke engine pushed the steam-powered version more and more into the background. Due to
difficulties in energy storage, the development of electric cars has also yet to be able to com-
pete with fossil fuels. Gasoline-powered cars were cheaper than the electric version, and the
discovery of numerous oil fields lowered gasoline prices. Therefore, the evolution of gasoline-
powered cars was preferred, and the electric-powered options were neglected. At the end of
the 20th century, environmental impact became a more prominent role, and the demand for
fuel-efficient cars began to rise [24,25]. The first steps besides optimizing combustion engines
were their combination with an electric drive system. This was the beginning of a new era

with hybrid electric-powered vehicles (HEVs). This kind of development was the pioneer for



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

1.1. Historical Development 2

many car manufacturers to reduce the use of fossil fuels. This led to more profound research
on the electric components and, ultimately, battery improvements, such as higher efficiencies
and bigger capacities.

In today’s society exists already various types of batteries. To get an overview of all these
kinds of batteries, it is possible to plot the energy density in Wh/kg versus the power density
in W /kg. With the logarithmic axes, comparing the shallow and high-power performances of
different devices is feasible. With the help of a Ragone plot, which is presented in Figure 1.1
it can be seen that the Lithium-ion batteries provide the highest specific power and energy.
This is the reason why these types of batteries are mostly used. While the y-axis represents

the available energy, the x-axis shows how quickly the energy can be delivered [2].
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Figure 1.1: Ragone plot for different types of battery cell chemistry [2]

This development of batteries continues to this day, and research is ongoing to create even
better options. Different approaches are examined, such as improving efficiency based on
extremum seeking control by Wang et al. [26]. Alternatively, add different additives, such as
graphene, to Lithium-ion cells [27].

Unfortunately, using lithium-ion cells also has some disadvantages to the environment.
Lithium extraction from ores is very energy-consuming and produces waste residue during
purification. In addition to optimizing ore mining [28], the reuse and recycling of these bat-
teries are also considered [29,30]. Nowadays, HEVs and EVs are primarily focused on private
and public transport.

Observation on another propulsion system for vehicles is the use of natural gases in com-
bustion engines. For increased energy density, the gas is compressed or liquefied. Liquefied
gases must be stored at about —160°C', which presents a significant obstacle in infrastruc-

ture [31]. Unfortunately, the use of this type of energy has not yet been accepted by society,
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1.1. Historical Development 3

and it is uncertain whether this will ever be the case.

To increase the range of electric vehicles, it is possible to use a fuel cell alongside the bat-
tery as an additional energy source. In this case, the battery serves as a reserve source, and the
fuel cell supplies the energy required for propulsion. Furthermore, the refueling time is short-
ened. The disadvantages compared to conventional battery-powered vehicles are the currently
higher energy costs and the low availability of hydrogen. Presently, there are only a handful
of options for refueling [32]. Therefore, some car manufacturers focus on the development
only on EVs [33]. However, fuel cell-powered trucks are suitable for long-distance transport,
which is why it is discussed in this thesis. Some truck manufacturers have already begun to

deliver the first fuel cell-powered vehicles, like Scania [34] or Nikola [35].

=

/ Components in
- the hydrogen truck

Hybrid power unit

Electric D‘;"\foﬂlaiﬂ

Fuel cell:wnem

Figure 1.2: Main powertrain components of a fuel cell truck [3]

To give an overview of how a fuel cell truck is built up, schematics of it with its components
can be seen in Figure 1.2. The main components are the fuel cell system, which is powered by
the hydrogen gas tanks; a battery pack as a backup power source if the fuel cell system can not
keep up with the power demand; and a control unit, the hybrid power unit, is added to combine
the fuel cell system with the battery pack. This controls the load distribution between these
two power sources. The electric powertrain converts this electrical energy from the battery
and the DC/DC converter, powered by the fuel cell, into mechanical energy and powers the
truck. The power split inside the fuel cell truck and the simplified power flow can be seen in
Figure 1.3. Further essential components not shown in these figures are a cooling unit for the
fuel cell and the battery pack, where the cooling of the battery pack is complex and will be

discussed in greater detail in this thesis.
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Figure 1.3: Power configuration diagram of a fuel cell truck [4]

1.2 Motivation

A challenging part of the configuration inside a fuel cell truck is the cooling of the components.
These include the fuel cells, which operate at the highest temperature level, the battery pack
classified as mid-level, then the electric motors as the low level. Each has different operating
temperatures where they operate at the highest efficiency. Too high temperatures can lead
to the degradation of these parts due to accelerating the chemical reaction and aging process,
which decreases life expectancy. As mentioned in the previous section, Lithium-ion batteries
are the preferred energy source for electric-powered vehicles. An example of the expected
degradation on Lithium-ion cells is illustrated in Figure 1.4. The most dominant degradation
mechanism includes the solid-electrolyte interfaces (SEIs) and electronic contact loss through
particle cracking. Through high temperatures, the solid-electrolyte interfaces (SEIs) are af-
fected by intensified side reactions, which lead to irreversible capacity loss by consuming ac-
tive lithium ions [36]. Further, if the battery temperature exceeds a certain point, it can result
in a thermal runaway (Figure 1.5). This causes smoke, fire and, in the worst case, an explosion

of the cell.
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Figure 1.4: Li-ion cell heat generation results [5]

The focus of this thesis is on the thermal management of the battery consisting of Li-ion

cells. Its optimal temperature range for this truck battery temperature is between 30 and
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Figure 1.5: Illustration of a thermal runaway process in Lithium-ion battery cells [6]

45°C. For this, a cooling strategy has to be developed and examined to prevent overheat-
ing of the battery. Typically, vehicles are equipped with radiators for cooling the batteries.
Nevertheless, as mentioned before, there is little space, so it can not keep up with the rising
temperatures. A more powerful cooling system is a chiller, which also takes up much space
inside the truck. Due to limited space inside the fuel cell truck, a standard cooling circuit is not
strong enough to dissipate all the produced heat by the battery. Therefore, a suitable solution
is to use drive cycles to predict the possible ohmic losses through the battery and counteract
with the predictive controller, in this case, a model predictive controller (MPC). With the help
of that controller and predictive information, it allows for a predictive cooling of the battery.
With this information, the input sequence can be optimized using different weightings. This
varies the speed and aggressiveness of the controller. Also, the length of the viewing horizon
can be adjusted.

The schematic function of a model predictive controller can be seen in Figure 1.6. A forecast
of future signals are required that represents as the prediction horizon. If it did not have this
information, it would end up as a typically used hysteresis controller in this situation. This
type of controller does not use a horizon to predict future cooling input. This means it sees
the current state of the battery temperature and reacts accordingly. It could be sufficient if
the cooling circuit is big enough to decrease the temperature in this system. That is the main
disadvantage of a hysteresis controller for the cooling circuit of the current fuel cell truck that
it would react too late to counter the rising battery temperature. Usually, this would be the
standard approach because it does not need a route profile with various amounts of data, just
the current and last state of the temperature.

As can be seen in Figure 1.6, the x-axis shows the measurement steps, where k is the current
time. The prediction horizon ends at k+p steps and is divided by the sampling time. The goal is
that the measured output approaches the reference trajectory. The y-axis represents the output
and the required control input. Left from the y-axis is the previous measurement and control
input. Additionally to the prediction horizon exists a control horizon, which is smaller than
the predictive horizon and represents the computed future inputs. This method uses a cost-

minimizing control strategy based on a plant model’s iterative, finite horizon optimization.
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Figure 1.6: Functionality scheme of a MPC [7]

1.3 State of the Art

The concept of thermal management in vehicles has been around for a long time, and there are
different approaches depending on the power systems used. Traditional fossil fuel-powered
cars typically have a thermostat, a water pump and a radiator fan. This configuration was
successfully applied over decades without modification [37].

As batteries began to be used as a power source, whether in a hybrid state or as the primary
power source, thermal management gained more attention. This source produces more heat,
which has to be kept in a smaller temperature range to increase efficiency. In our daily lives,
widely employed battery technology is based on lithium-ion for its superior characteristics of
high specific energy and power and long cycling life, as mentioned before [10]. These type
of batteries works best in specific temperature range, see Figure 1.7. Due to degradation at
higher temperatures, which eventually leads to the destruction of the battery cells, it has to be
cooled down. However, the efficiency also decreases when the battery gets too cold.
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Figure 1.7: Optimal battery operating range [8]

The temperature also affects the internal resistance of the battery, which in turn influences
the ohmic losses generated. An overview of four different temperature levels on a Li-ion
battery is shown in Figure 1.8, where it can be seen that low battery temperatures raises the

internal resistance R; in m{? significantly and increases the ohmic losses of the battery. The
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y-axis indicates the state of charge (SOC) for the battery and shows a clear trend downwards
to minimum internal resistance around 80 to 90%. Further the temperatures of 30 and 50°C'is
distinguishable small, which leads to the assumption that the battery has its highest efficiency

in that temperature range [9]. That assumption corresponds to the Figure 1.7.
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Figure 1.8: Internal resistance of battery over SOC at different temperature levels [9]

The cooling concept also depends on the construction of the battery itself. A for battery
thermal management system (BTMS) classification can be seen in Figure 1.9. A good overview
of the different cooling concepts and their advantages and disadvantages is given by Lu et

al. [38]. The following paragraphs 1.3.1-1.3.3 summarize this topic.
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Figure 1.9: Classification of BTMS based on working fluid medium adapted from Liu et al. [10]
and Arora [11]
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1.3.1 Air Cooling Configuration

The easiest and most traditional approach is the air-cooled configuration, where passive (nat-
ural convection) or active (forced convection) cooling is used. A short overview of such struc-
ture of Lithium-ion batteries can be seen in Figure 1.10. Here are the cells regularly arranged
inside the battery pack, and the air passes through the gaps of these cells. In the case of passive
air cooling, the flow of air originates through the relative movement of the vehicle. This means
that the cooling may not be sufficient if the car moves too slowly or the ambient temperature
is relatively high. A remedy to this problem is installing a fan into the circuit to ensure a min-
imum airflow for cooling. Additional blowers imply more weight to the vehicle and increase
energy consumption. Due to its overall thermal and reliable performance and low manufac-
turing cost, it is still the main cooling strategy for most original equipment manufacturers
(OEMs) [12].

Airin the
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a. Passive air cooling
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_}

Atmosphere | I I Inlet| ‘ ! —P% % %
A Cooling fan Q@ @ @
: i e ©®®

The exhausted air could be recycled according to its own temperature
and the required temperature from the battery pack

49949

b. Active air cooling

Figure 1.10: Schematic diagram of the air-cooling BTMS [12]

Several improvements for air cooling solutions were researched, and a short overview of
these topics is elaborated in the following paragraphs. Among other things, the flow direction
through the battery packs was observed by Chen et al. [13]. Variations in the positioning of
inlet and outlet vents made it possible to achieve a symmetrical airflow inside the battery packs
(Figure 1.11). This and the adopted cell’s uneven cell spacing increased the overall cooling
performance of the BTMS.

Next to airflow improvements, the arrangement of the cells inside the battery pack was

investigated by Fan et al. [39]. Aligned, staggered and cross arrangement were examined,
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Figure 1.11: Asymmetrical vs symmetrical BTMS battery packs [13]

whereas the aligned setup provided the highest cooling effect. Wang et al. [40] proved an
axis-symmetric battery pack layout as the best cooling setup, where the fan sits on top of the
cells. The air resistance inside the pack has a big impact on this whole airflow. Tilting the
battery pack case about 5° reduced this resistance, improving the heat dissipation [41].

An overview of how cell size matters is given by Erb et al. [42]. It is described that the op-
timization for battery packs depends on specific parameters, and it is possible to minimize the
cooling cost. The early stages of the design process help to cut costs and maximize attainable

energy density.

1.3.2 Utilization of Phase Change Material for Cooling

Phase change material (PCM) is another solution to decrease the battery’s temperature. Nat-
urally, they have a low thermal conductivity, which leads to a higher heat saturation. There-
fore, it cannot operate alone for a long time in higher power batteries, see Figure 1.13(a). It
can be divided into four different phase change types: solid-solid, solid-liquid, solid-vapor and

liquor-vapor. Developments in this section made it possible to increase the cooling power. Re-
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searches with different materials, like porous ones (e.g. metal foam) or nanotubes, were made.
One promisingly discovery was made with a copper mesh (CM) that is reinforced with paraffin
and expanded graphite composite material by Wu et al. [14] (see Figure 1.12). The copper mesh
enhanced the heat dissipation performance and the temperature uniformity. This solved the
low thermal conductivity, and copper fins allowed the heat to dissipate into the atmosphere.
Many developments in optimization in this field enhanced the cycle stability and thermal man-
agement even further. Depending on using different materials [43-45] or coupling heat pipes
to the system [46].

Figure 1.12: (a) Fabrication scheme and (b) Photograph of CM-PCMP [14]

The industry widely prefers heat pipes because it is possible to easily extract the heat of
the battery pack outside, where it is easier to be cooled down. This illustration is given in
Figure 1.13(b), where fins help dissipate the heat. A fan can be added if the natural convection
is insufficient. Figure 1.13(c) shows the heat transfer path of this setup [15].

The heat transfer capability can even be further improved with forced air convection.
Fathabadi [47] examined this with the results that it significantly enhanced the cooling power.

An observation of the temperature control of a city bus with a phase exchange material
fuel cell (PEMFC) system led to the conclusion that a simple cooling method using normal
ON/OFF or PI/PID control is not feasible. This is because of a large time delay of the real
system, and therefore, the temperature fluctuations in the phase exchange material fuel cell
system can not be easily avoided. Cheng et al. [48] used a first-order Padé method to transform
the model into a state-space form with four states. A feedforward controller is used for heat
generation at the fuel cell stack and the ambient temperature. A second controller is based
on the LOR algorithm as a feedback controller. They achieved good results in the outcome of
their observation, where the cooling water temperature is maintained in a range smaller than
+0.5°C [48].
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Figure 1.13: Schematic of the battery pack and the seperation type BTMS [15]

1.3.3 Liquid Cooling for Battery Thermal Management

Liquid coolants have a higher heat capacity and conductivity than air cooling. That leads to the
highest cooling efficiency and is why it is the most popular solution in electric vehicles [49].
The maximum battery temperature and temperature difference between the battery cells can
be reasonably controlled with active regulation of the liquid flow rate. Overall, it depends
on the liquid inlet temperature and structural layout inside the battery because higher flow
rates inevitably lead to increased pressure drop, decreasing its efficiency [50]. Although it is
the most used concept, it has some disadvantages, like a complex layout that includes many
components like evaporator, condenser and pumps. All of that increases the weight and cost
of the system. The liquid itself poses a threat of causing an electrical short circuit in case of
leakage. Therefore, the sealing requirement is essential, and a sealing layer between the liquid
and battery is needed, but at the cost of cooling efficiency.

There are different ways to design a liquid cooling setup, like direct contact of the battery
with the fluid. In Figure 1.14a, a possible design can be seen with its flow direction. Using
different flow pattern designs Figure 1.14b affects the thermal distribution inside the module
[51].
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(c) (d)
(b) thermal distribution [51]

(a) structural design [52]

Figure 1.14: Direct contact liquid cooling with flow pattern of battery cell and module

The design and quantity of channels have a big impact on cooling performance. Ding et
al. [53] conclude that a square cooling channel lowers the highest temperature more efficiently.
It is also relevant to temperature distribution, the flow rate and direction inside these channels
[54,55].

Cao et al. [56] studied the thermal management of batteries with liquid cooling and PCMs
and concluded that the specific latent heat plays a more critical role than thermal conductivity.
While Amalesh et al. [57] do not recommend PCMs in hybrid cooling if there is a design con-
straint on coolant flow rate. Increasing PCMs latent heat leads to no significant improvement
in the system. Three designs were observed, two with dielectric coolant and one with hybrid

cooling.

1.3.4 Summary of Cooling Methods

Heat spreaders and air cooling are one of the easier solutions when it comes to cooling meth-
ods. Through optimization in channeling the air flow the efficiency can be maximized to a
certain point. To increase the efficiency further liquid cooling is used. A liquid has a higher
efficiency due to the higher heat capacity of the medium and thus can remove more heat. Best
solution for cooling strategies is the combination in different methods, such as heat spreaders
with air or liquid cooling or phase change materials with liquid cooling. An overview of the

different cooling methods are summarized in the Table 1.1.

1.3.5 Energy Management of Electric Vehicles

For optimization of the power distribution in electric vehicles an energy management system
is implemented. This system collects and analyze data and efficiently distribute the energy

inside the vehicle accordingly. To this end, energy consumption is recorded in real time and
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Cooling Techniques/Materials Advantages/Applications
Method
Heat spreaders Highly thermal con- - Simple system
ductive material (e.g. - Small parasitic power
copper) or heat pipes - Very high thermal conductivity using
as heat spreaders heat pipes
Air cooling Separate air flow chan- - Simple system
nels for cooling
Liquid Cooling Cooling channels - Large cooling capability
embedded in battery - Efficient cooling
packs using antifreeze - Potential integration for fuel cell water
coolant management

- Common in large-scale or automobile
PEM fuel cell applications

Phase change Evaporative utilizing - Simplified system
material (PCM) latent heat absorption - Elimination of coolant pump
during phase change

Table 1.1: Potential cooling methods and materials [1]

an action plan is developed to improve performance and energy efficiency by monitoring and
controlling the savings targets through the system. This reduces the carbon footprint, costs

and energy usage by cutting down unnecessary consumption [58].
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In Figure 1.15, the different power flows for the energy management inside an electric
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vehicle are displayed, such as the mechanical flow and low and high voltage power flow. The
installed power distribution unit manages all of that. Through the transmission, the electric
motor propels the wheels as mechanical power. In the case of braking, the power flow can
be reversed to regenerate energy into the system. The low-voltage power is connected to a
DC-DC converter and provides energy to the auxiliary components, such as fans, lamps, etc.
The battery pack consists of the high voltage battery and a battery management system that
provides the high voltage power for the electric motor [19].
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Figure 1.16: Key functions of battery management [16]

A subpart of the energy management is the battery management and it is important for
the safe operation of the electrical energy storage systems of electric and hybrid vehicles. In
Figure 1.16 the key functions of the battery management is displayed and can be split up in
five main functions that all interact with each other. The performance management monitors
the temperature, current and voltage and is used for power balancing and a safe power mode.
This is diagnosed through the state of charge and state of health estimation. The interface
shows the status, logs the data and is applied for communication. It is used for the application
that controls the cooling and contact. All is protected against short circuit, overloading as
well deep discharge and overheating [16]. In vehicles, several battery cells are connected in
series and, or parallel to achieve a bigger capacity. The BMS offers two main topologies for
managing power balancing: centralized and master-slave BMS. Both concepts can be seen in
Figure 1.17. The centralized BMS is very compact and economical. However, all cells have to

be connected directly to the BMS; many wires are needed, making maintenance difficult. For
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many battery cells, the master-slave BMS is, therefore, to be preferred. The slave BMS monitors
only its designated battery package and controls the charging and discharging process. While
the master BMS is the communication point between all the slave BMS and the overall energy

management system [17].
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Figure 1.17: Two different types of BMS [17]

1.3.6 Eco-friendly Transport of the Future

An essential factor for fuel cell vehicles is their affordability in today’s society. Like every
production scenario, the cost decreases with more produced units. This cost is stated by the
value of euro per kilowatt over the annual number of units and can be seen in Figure 1.18.
While the material costs decrease with higher units, the manufacturing cost stays relatively
constant at the beginning, it slightly increases with higher units. The manufacturing and
material cost sums up to the production cost and from that the list price is calculated.
Research about hydrogen-powered fuel cell trucks (HFCTs) has increased almost exponen-
tially over the last few years (Figure 1.19), and many countries are involved in this to lead the
transportation sector to a carbon-free future [21]. Progress in optimization is a significant fac-
tor in increasing the lucrativeness in this field. Increasing the maximum travel distance while
minimizing the cost is essential to push this to an affordable sector for transportation [59].
Aminudin et al. [60] estimate that hydrogen fuel cells will soon significantly affect the trans-
portation industry. The production of fuel cells in large numbers and commercial selling will

soon be cheaper, which correlates with Figure 1.18.
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1.4 Outline of this thesis

One of the main challenging parts for a fuel cell truck is the cooling system due to the three
temperature levels: the lower level for electric motors, the mid level for the battery, and the
high level of the fuel cell. The battery’s temperature must be kept low even during heavy-duty
loads. Therefore, this thesis investigates a predictive thermal management system limited to
the battery. The reason that it has to be a predictive cooling strategy lies inside the fuel cell
truck, where the space is limited. It is impossible to use a regular cooling strategy, such as
a simple hysteresis controller, to keep the battery below a specific value, as seen in the next
chapter. This work is structured as follows.

Chapter 2 examines the cooling strategy for the battery and how to counter the ohmic
losses that accrue when the fuel cell can not compete with the power demand of the required
driving force. That usually occurs on steep parts during the route. The battery’s cooling circuit

is displayed, and the equations for describing the system are derived from this. In order to
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verify the equations for the simulation, real driving cycles of conventional diesel trucks were
used and prepared for use in the fuel cell truck. These data include the elevation profile, the
velocity, and demanding electrical power. In contrast, the electrical power consists of the fuel
cell power and the battery. From this electrical battery power, the ohmic losses are derived.
In order to use this data for predictive thermal management, it has to be prepared, such as
optimizing the computation time. For that the data was resampled to a higher sampling rate
due to the necessity for the prediction and control horizon of the model predictive control
(MPC) without any loss in information on it.

Chapter 3 uses these prepared driving cycles, and after formulating the mathematical nota-
tion for the model predictive control, the system was implemented into MATLAB. The aim was
to find an optimal solution in terms of achieving the desired result in keeping the battery’s
temperature trajectory relatively constant. Additionally, it has to be usable during real-life
applications on the fuel cell truck, such as fast computation time during driving to react to de-
viations from the predefined route profile. Another improvement in the computational time
besides the resampling of the driving cycle was achieved for the prediction of the maximum
provided cooling power Q) cxi,...- The three weighting matrices needed for the MPC were then
determined for the input variable, the cooling power, the output variable, the battery’s tem-
perature, and the battery’s output constraints. Lastly, the prediction and control horizon were
examined to increase the efficiency in computational power without losing accuracy during
simulation. With the obtained parameters, the thermal model predictive controller was com-
plete, and driving cycles can now be observed. Finally, examples of robustness on the model
were investigated, such as deviations form the route profile.

The outcome of this thesis about the investigation for the predictive battery thermal man-
agement system inside heavy-duty fuel cell electric truck is summarized in a short conclusion

in Chapter 4.
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Chapter 2
Battery Thermal Management System

In this chapter, the thermal management system for the battery will be introduced and it will
be investigated how the power distribution impacts the temperature of the components. The fun-
damental mathematical notation for the temperature derived from thermodynamics is described.
This information shows the first example of a drive cycle with its contained information. Then, it
is explained what kind of preparation has to be done with these drive cycles to implement it for
the simulation model. For increased performance in computation time, the data is resampled to a

higher sampling rate.

2.1 Cooling Strategy

In the fuel cell truck, there are several thermal systems integrated, one for the fuel cell and
one for the battery. In this work, only the thermal management of the battery was described
in greater detail. Besides the vehicle’s power distribution, the cooling regulation also impacts
energy management. While providing power from the battery to the powertrain, the battery
begins to heat up. To prevent too high temperatures, a cooling system is implemented. The
schematic of the cooling circuit can be seen in Figure 2.1 with the heat transfer displayed in
it. On the right-hand side, the battery pack can be found. It is connected to the oil circuit via
cooling plates, where the heat loss Q. is transferred. A pump is installed to keep the circuit
running. To remove the heat from the system, a chiller is added with its coolant circuit, which
is shown in cyan. The coolant circuit consists of the components condenser, evaporator, and

compressor. This cooling power of the system is called Qchill.

18
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Figure 2.1: Cooling circuit of the battery

The equations can be set up from this cooling circuit for a closed system using the first law

of thermodynamics for a closed system. The resulting equations lead to

dTy, .
Obat% - Qloss - kl (Tbat - Toil) (21)
dToi
Coilwl - kl (Tbat - Toil) - k2 (Toil - Tcool) (22)
choo . .
CCOOZTl - k? (Toil - Tcool) - Qchill (Tcooh mcoolaplow) (23)

Equation 2.1 describes the temporal change of the temperature multiplied by the heat ca-
pacity, which represents the inner energy of the battery. The right side equals the sum of the
heat transfer in the system. In this case, the battery’s heat loss QZOSS minus the heat transfer
between the battery and the oil circuit happens over the cooling plates as seen in Figure 2.1.
Here, the battery’s heat loss onss are the ohmic losses from the battery and represent the
disturbance to the system that must be removed.

Next up in Equation 2.2 similar is the inner energy written for the cooling circuit. On the
right side is the heat transfer between the battery and cooling circuit and the heat transfer
between the oil and coolant circuit. This happens through the chiller in the system.

Lastly, in Equation 2.3 the inner energy for the coolant circuit on the left side and on the
right side the heat transfer between coolant and oil circuit minus the chiller power Qchm.
Where Qchill is internally dependent on the coolant temperature, mass flow of the coolant,
and the pressure in the coolant circuit, this quantity is the controllable source of power that
will be delivered to cool the battery’s temperature.

The thermodynamic work in this system is neglected, respectively, non existent. The heat
transfer between the individual systems as written k;d 7', where k; is a constant factor, depends

on the heat exchanger’s surface and was provided with these equations for this thesis.
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Figure 2.2: Example of a driving cycle

In order to study the mathematical notation and simulation real driving cycles from con-

ventional Diesel trucks are used in this thesis. One example is shown in Figure 2.2.

At the top is the elevation profile, where the vehicle must travel over several inclines and
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declines. Right below the estimated velocity can be seen with an averaging speed of SOkTm
and GOkTm in the middle part. These two factors directly impact the power demand on the
system, as seen in the third plot. The fuel cell power Py quickly reaches its maximum value
on the incline part, which leads to the use of the battery power F,;. It can be seen that energy
is recuperated back into the battery on the declining route profile. Both powers combined
sum up to the electric power train F,;. The power split is done by the energy management
system of the truck. Qloss displays the ohmic losses of the route, which derivatives from the
battery power P,,. A hysteresis controller was implemented to calculate the temperature of
the battery 7j,; at the bottom of the plot. Here, the chiller power Qchm inhabits only two
states, on and off, with a maximum cooling power of about 12£1/. This maximum value was
set as a constraint on the controller due to the physical limitations of the fuel truck. As seen,

the cooling power can not maintain the maximum value due to efficiency loss.

2.2 Correlation between Predictive EMS and BTMS

Load demand on the fuel cell truck originates from different factors, including current speed
and slope. To reduce the complexity of the model, as seen in Figure 2.1, this thesis focuses only
on the two parameters: battery temperature and ohmic losses. The power distribution between
the fuel cell and battery pack requires an independent energy management system (EMS). It
constantly balances the power for the present load demand and helps to extend the fuel cell
lifetime by limiting shutdowns and high-power operations. Ferrara et al. [22,23] analyzed ef-
fective adaptive and model predictive control concepts for energy management systems on a
heavy-duty fuel cell electric vehicle. In their analysis, they state the challenging aspect of the
power-split of hybrid vehicles, as it encompasses various and divergent objectives, including
hydrogen consumption, fuel cell voltage degradation, maximum battery temperature, equiv-
alent battery charge/discharge cycles, and SoC control. Figure 2.3 gives an overview of the
control architecture for the predictive energy management system. It uses data from the navi-
gation system and the available route information for optimal generation of predictive SoC and
FCS power references. With that, an adaptive energy management strategy uses the on-board
power split. The same strategy is later used for the predictive battery thermal management
system (BTMS) on the battery cooling system.

To verify the improvements of such an adaptive and predictive energy management sys-
tem, the results for a specific drive cycle (Figure 2.4a) are presented in Figure 2.4b. On top
of the fuel cell power, where the adaptive and predictive EMS yields better-balanced power
distribution, and the SoC is nearly kept at the reference line. This directly impacts the battery
temperature to prevent it from overheating.

Besides the model predictive control, another method was observed: Pontryagin’s Mini-

mum Principle (PMP). Both methods use the minimization of a cost function to find its min-
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Figure 2.3: Control architecture for predictive energy management system [22]

imum. However, the PMP can not guarantee that it would be the global optimal solution. It
requires a complete knowledge of the drive cycle and can only be used offline. Compared to
the MPC, which is able to use predicted driving conditions over a finite time horizon and is
applicable for online formulation. To implement these control laws, one state variable of the
battery state of charge and one control variable as the fuel cell power Py.; was used. The final
comparison results between the two control laws, PMP and MPC, can be seen in Figure 2.5.
On top is the SOC over time ensuring the battery charge is sustaining for the energy manage-
ment system. This work resulted in a minimal higher fuel consumption at the MPC method
compared to the PMP, but was applicable for online solutions.

The battery’s thermal management system reacts directly to the energy management sys-
tem and counteracts the heat generated. That would be enough if the chiller in that system is
strong enough to cool everything down. Therefore, a forecast of the route profile is consid-
ered to improve the energy management system, which delivers a prediction of ohmic losses
Qloss. This forecast can then be used for the battery thermal management system to predict
the required cooling power. An illustration of this process can be seen in Figure 2.6.

Regarding the information gained through the predictive energy management system, the

battery thermal management system can be examined.

2.3 Analysis of the System Model

These prepared drive cycles were now used to verify the implemented MPC. However, it was
soon to be seen that the real-time calculation was not feasible. Long prediction and control
horizons are required to counteract the undersized cooling concept, which led to an overrun
of the actual computing time. Therefore, higher sampling times were examined to reduce

the complexity of the discretization. It was possible to use sampling times of up to 60 seconds
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Figure 2.4: Comparison between predictive and non-predictive EMSs [22]

without negatively impacting the outcome. This can be seen in Figure 2.7 based on a hysteresis
controller. In red, the real-time solution is one second compared to a sampling time of 60
seconds in blue. The threshold for the controller lies between 30 and 45°C, where it turns the
chiller on or off.

To recalculate the drive cycles to higher sampling times, using every sampled value was

impossible. The heat loss does not just disappear. It had to be summed up for the sampled
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period and compared to the cumulative sum of the real-time data and the data at another
sampling time, as shown at the bottom of Figure 2.7. Although the prominent peaks are sig-
nificantly smaller, the cumulative sum proves they inherit the same energy over the whole
horizon.

Summarizing the findings in this chapter, the equations to describe thermal management
were stated. With that, it was possible to set up the first optimization, such as increasing the
computational speed. That was achieved by resampling the real drive cycles up to 60s while
not losing any information. These real drive cycles were derived from conventional Diesel

truck routes and adapted for the fuel cell truck.
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In the next chapter, the equations will be prepared for the implementation in MATLAB.

With the drive cycles from this chapter and the mathematical notation, the simulation can be

done. Further investigations into the robustness of the system are observed.
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Figure 2.7: Qloss and the cumulative sum of a drive cycle for two different sampling times
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Chapter 3

Predictive Thermal Management

Strategies

This chapter states the mathematical notation for Model Predictive Controller (MPC) and includes
a description of these topics. It shows how predictive thermal management can be implemented in
a simulation environment. Further, the efficiency in terms of computational time is increased by
observing different types of constraints on the maximum chiller power. After that, it was possible
to experiment with the weighting matrices and the control and prediction horizons for the MPC to
find the optimal solution for the model to achieve the goal of holding the temperature at a certain
threshold. Lastly was the investigation of different route profiles on their outcome with the chosen
parameters and controlling the robustness of the systems, such as the deviation of the prediction

to the actual drive cycle.

3.1 Model Predictive Control

In this thesis, a standard linear model predictive control (MPC) formulation is used to achieve
the desired battery temperature through predictive cooling. Model predictive control has a
long history and is widely used in the academic community and the industry. While the
classical linear quadratic regulator (LQR) operates on a fixed time horizon, which leads to a
numerical problem if the prediction horizon gets too large, MPC benefits from a moving time
horizon. This offers the possibility for online optimization of a multi-variable control system
with soft and hard constraints on the model. Predictive control uses exponential orthonormal
functions such as Laguerre and Kautz functions. The mathematical problem can be solved with
a continuous time model, which is achieved by a derivative control signal or a discrete-time

model by incrementing the control signal [61].

26



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

3.2. Mathematical Notation 27

3.2 Mathematical Notation

Proceeding from the model in Figure 2.1 and its resulting Equation 2.1 to 2.3, these are now
rewritten into a discrete state space system [61]. Whereas the input vector is stated as the
provided cooling power, the disturbance vector is the ohmic losses from the battery. Finally,

the desired output vector consists of the temperatures.

Ty(k+1) = Az, (k) + Bhu(k) + E,,2(k) (3.1)
y(k) =Crz, (3.2)

To do this the equations were divided by the heat capacity for each line. The results can be

written directly in matrix notation

Tyar(k + 1) 5;1 % 0 That 0 . o .
Toil(k + 1) = C’Zlﬂ % le(il Toil + 0 Qchill + 0 Qloss (33)
TCOOZ (k + 1> O CI::OZ Cjcljjl TCOOI o C(iol O
~ /N < ) S R S S
z7n(k+1) Am zm(k:) Bm u(k) EwL Z(k})

The state vector x,,(k) contains the three temperatures from the battery, the oil circuit and
the cooling circuit. The input vector u(k) is equal to the cooling power Qniu multiplied by its
input matrix B,, (n, x n,). Lastly, the disturbance vector z(k) refers to the heat loss Qloss of
the battery. The direct feed through of the input does not exist, as a result, that the matrix D,,

is empty and therefore, the equation for the output vector y(k) with its size n,, x n, yields to

y(k) = [1 0 o} (k) (3.4)

————
CTYL

This state space formulation must now be augmented to suit a predictive control scheme. A

different operation on both sides achieved this. The resulting augmented state space model

z(k+1) A z(k) B E
-\ N 7~ s N % Y 7 % N e \
A 1 A 1A
T (k+1)| _ mo O | |ATn(K) n B, Au(k) + Enm Az(k) (3.5)
y(k+1) C,A, 1 y(k) C,.B,, C,.E,,
Az, (k)
k) = 3.6
k) = Jon 1] | A" (36)
—— —— —
(o z(k)

Where 0,, is a zero matrix with a size of n,, X n,.
After the state space equations have been set up, the cost function J (Equation 3.7) must be

defined. This function must be minimised for optimal results by finding the parameter vector
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AU. It can be defined with different weighting of inputs and outputs to control the speed and

quality of the outcome.
J= Y, -Y)'Q,(Y s —Y)+5"QyS + AU'R,AU (3.7)

The term Y refers to the battery temperature, which is the central temperature the chiller
should control. It can be adjusted with the quadratic output weight @), and describes how
strong the temperature should be kept close to the reference temperature. The next term is
the slack variable or soft constraint quadratic weight Q¢ on the system and defines the limits
for the temperature. A soft constraint turns into a hard constraint at a high value, and the
temperature is kept within the limit. Finally, the impact of the chiller can also be manipulated
by the linear weight R,, and can be seen as the speed of the cooling system. A linear weighting
of the slack variable was not considered in this progress.

Now we can insert for the term Y = Fa (k) — ®,AU — ®,AZ and rearrange the equation
that leads to

J =Y, — Fa(k) — ®,A2)7°Q,(Y ,e; — Fa(k) — ®,AZ) + ...
~ 20U 81Q, (Y s — Fu(k) ~ 2.A02) +5" Qs 8+ AUT (2,Q,®. + R.) AU

_fu HS Hu

(3.8)

The matrix F' contains the prediction horizon /V,, and has a dimension of IV,, x n,, whereas
the n, equals the augmented row size of B. The matrix ® has a Toeplitz structure and contains
the prediction and control horizon, resulting in a dimension of N, x V.. This matrix exists for
the input AU as well the disturbance vector AZ.

From this equation, we can define elements of an optimization vector f, and parts of the

Hessian matrix H, and H,. This can be written as

| fu _ |H. O
f= [fj and H = [05 HJ (3.9)

For f, a zero vector with the same dimension NV, x 1 was implemented due to the consis-
tency of the optimization vector’s matrix. The resulting Hessian matrix contains the quadratic
weighting for the output and slack variable. A zero matrix O, with the exact dimensions
N. x N, as each submatrix had to be added.

To implement the operating constraints in MATLAB, some equations must be set up. Three

expressions are considered: the input rate AU, the input U itself and the output Y. Auxiliary
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matrices M and N are implemented for simplification. The inequality for the input rate is

expressed as
AU™™ < AU < AU™™ (3.10)

Transferring it into matrix form leads to

AU < (3.11)
I AUmlll’
Mg, N au
Whereas the input vector is written
u(k) I I0 0 Au(k)
u(k+1 I ... 0 Au(k +1
N Y o PO ey 612
u(k+ N.—1) I I 1 ... 1| |Au(k+N.—1)
N ~ g \/ N ~ A ~ g
U C, C» AU

following matrix form

Considering the inequality similar to the input rate in Equation 3.10 leads Equation 3.12 to
~U™" 4+ Cru(k — 1
1 )] (3.13)

—C AU < .
C, U™ — Chu(k — 1)

—— N -~ _
M., N,

Lastly the output constraint is stated as

~S4+ Y™ < Fx(k)+ ®,AU +®,AZ <Y + 8 (3.14)

AU + (3.15)

I [—Y + Fz(k)+®.AZ

Rewritten in matrix form to conform the previous results leads to
YY" — Fe(k) — ®,AZ

_(Du
®,
N—— ~
M, M, N,

N

Combining these equations (3.11, 3.13 and 3.15) with the auxiliary matrices and considering
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the slack variables leads to the following equation

Mdu Os Ndu
AU
M, O, g < |N, (3.16)
My MS N—— Ny
T £ ——
Y

Whereas the matrix M (n, - N, x n, - N,) is an identity matrix specified as above, and the
matrix O, ( N, x n, - N,) is empty. These two are needed because of the slack variable S and
serve the purpose of implementing constraints to the system.

Most of the derivations in this chapter can be found in Model Predictive Control System
Design and Implementation Using MATLAB by Wang [61] with some additions such as the slack
variables.

Now, formulating the optimization problem is possible with all those equations. Therefore,
reformulating Equation 3.8, whereas the first notation can be neglected because this does not
influence the optimal solution £*. With the variables as stated, gives the following mathemat-

ical statement

& =arg mgin %ETHﬁ + f¢€ (3.17)

such that M¢ <«

In the next sections possible constraints are observed for a feasible solution for provided
drive cycles. Implementing the constraints with the Equation 3.16 in MATLABleads to the

desired initial situation for the simulation.

3.3 Implementation and Simulation

Stating the augmented state space equation (Equation 3.2) and the optimization problem (Equa-
tion 3.17), it is now feasible to find an optimal solution. With the MATLAB in-built function
quadprog(H,fM,N) the constrained optimization problem can be solved.

The implemented cooling circuit is limited in power and can not provide infinite cooling
energy. That is the reason why a maximum chiller constraint has to be implemented. This
limitation affects the predicting cooling power over the whole prediction and control hori-
zon. The first solution used the maximum power of 10kW over the whole prediction hori-
zon, shown in red in Figure 3.1. Due to physical limitations, the chiller cannot provide this
constant power because the heat absorption depends on the coolant flow, and therefore, this

solution was not very convincing. The logical next step was to use the exact maximum chiller
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power, which implies a prediction. To achieve that, the previous forecast of cooling power
was implemented in the equation of the built-in function. The initialization was the starting
condition of an overall maximum of 10k . This achieved far better results on the outcome
but increased the computational time tremendously. To counter this calculation time, a third
possible solution was examined, and that was to use an underestimated maximum power of
5kW over the prediction horizon. The result does not vary much from the predicted version,
but the computational time decreased by about 40%. Therefore, the logical step was to use the

underestimated approach for the simulation.

12

)

Qchii,,,, in kW

Underestimated

’ ————— Constant — — — Predicted

Prediction horizon

Figure 3.1: Constraints of Q.

max

The realization of the real-time solution was achieved using SimuLINK. Figure 3.2 shows
an overview of the structure of the calculation path. Starting at the top, the real-time data
is shown in orange that goes directly into the battery cooling system, which is schematically
shown in Figure 2.1. The real-time data includes the external influences such as the ambient
temperature 7},,,pient and the heat loss Qloss that is dissipated by the battery. Additionally, the
cooling power Qchi”, which the MPC calculates in red, is another input for the battery cooling
system. These outputs the three temperatures T}t 15,1, Tepiy and the maximum chiller power
Qcnin.... that is currently possible. For the MPC to work, prediction is also needed. These are
shown in blue and include a forecast of the route profile, which contains the heat loss Qloss
and ambient temperature 7,,p;ent- Inside the MPC block, the calculation is done to provide
the needed cooling power, and therefore, the circle closes. This block can calculate solutions

at a specific sampling data, which is mentioned in section 2.3.

3.4 Optimization for Full Drive Cycle

A pre-evaluation took place before the real-time implementation in SimuLINk. This was the
optimization for the whole drive cycle or the so-called offline solution for the MPC. To achieve
this solution, the prediction and control horizon is set to the entire drive cycle period. The sam-

pling time had to be increased within this calculation because the computation time exceeded
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Figure 3.2: Simulink model
load forecast data from route profile
MPC at specific sampling time

the practical benefit. As mentioned in section 2.3, it was possible to go up to 60 seconds for
the sampling time without losing the accuracy of the outcome while decreasing the computa-
tion time significantly. In order to optimize the full drive cycle, the weighting matrices had to
be selected. Therefore, various settings were examined to find the optimal solution. Because
the goal was to stay within certain limits for the battery temperature, the weighting @, on
the slack variable was set very high. The upper boundary is set to 45°C', and no limit was
assumed downward. Conversely, the weighting @, on the battery itself did not have to be set
high and was kept at the standard value of one. This is because these two variables almost nul-
lify each other when they are set to the same value. In Figure 3.3 (including 3.4), the blue line
describes the result for the chosen parameters, which can be found in Table 3.2. A difference
in the power distribution of the chiller can be seen in the lower parts of these figures. If both
values are very high, the chiller reacts much faster than the settings where both values are set
to standard. However, in the end, the outcome of the battery temperature does not differ too
much from each other.

The last part of this section was to observe the parameters for the input. The last weighting
value R was set low to speed up the chiller’s reaction. In Figure 3.4, the difference in the speed
is visible in the lower subplot. If the R-value is set to one, the system is prolonged and sluggish,
trying to avoid the upper boundary. Because of that, the temperature decreases below 20°C’

for that case.

3.5 Online Implementation

The online implementation describes the solution for real-time data and, therefore, during

driving. The forecast for this was decreased because the longer the prediction, the less flexible
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Figure 3.3: Simulation results on different weighting on slack variable
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Figure 3.4: Simulation results on different weighting on input

the system can react to unexpected events. The online implementation could be done with
information achieved during the full drive cycle optimization. The settings were copied, ex-
cept for the prediction and control horizon. These were evaluated during this process, and
the results can be seen in Figure 3.5 and Table 3.1. In the beginning, both horizons were

set equally during the examination. The computation time increased rapidly as the horizon



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

3.5. Online Implementation 34

increased, leading to a slow time constant. In the top sub-figure, the blue line represents a
ten-minute horizon length and exceeds the upper 45°C' temperature mark more often than
the other two because the system could not pre-cool the battery fast enough. The calculation
is quickly terminated at five seconds, while the green line at 70 minutes horizon length can
almost stay below the border. However, the computation time is three times the 40-minute
horizon length and can also keep the battery temperature inside the borders. The maximum
battery temperature listed in the table for 40 and 70 minutes is equal because of the beginning
of the trajectory. Due to the prediction and control horizon length, the MPC cannot correctly
process the first peak of the battery heat loss trajectory. Therefore, for comparison, the first
five minutes can be neglected to compare the different temperatures for varying prediction
horizons, shown in brackets inside the table. The mean battery temperature is also listed in
the table and is decreasing by about 1°C' per 30 minutes. Considering all the information, the
best decision was to take the option with the 40-minute horizon length. This combines the

accuracy and still fast calculation at the same time .

|— N, =10min N, = 40min —— N, = T0min

Tba.', in OC

Qepint in kKW

Time in min

Figure 3.5: Simulation results on different prediction horizons

With the decision on the prediction horizon, the control horizon was observed. Figure 3.6
compares a ten-minute and a 40-minute control horizon. As can be seen, there is not much
difference between these two. The calculation time for the shorter one is about seven seconds,

which is twice as fast as the one with a control horizon of 40 minutes (see Table 3.1).

These calculation times were achieved with the following pc configuration: Intel i7-4770k @3,9GHz, 12GB
DDR3 RAM
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Prediction horizon N, | Thas,,.0n Toat,nn Calculation Time !
in min in °C in°C ins
10 40.8 (40.8) | 50.4 (50.4) 5
40 39.5 (39.4) | 48.7 (48.0) 14
70 38.8 (38.5) | 48.7 (46.9) 49

Table 3.1: Difference between prediction horizon and their impact on the calculation
(numbers in brackets neglecting the first 5 minutes of the trajectory)

\—NC = 10min —— N, = 40min
T T T T
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Qerant in kKW
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Figure 3.6: Simulation results for different control horizons

Summarizing the observation, the final parameters were chosen for the MPC and can be
found in Table 3.2. The resulting trajectory of the battery temperature and the power distribu-
tion of the chiller is shown in Figure 3.7. At the top, the battery temperature is plotted in blue,
including the upper boundary of 45°C' and the reference temperature at 40°C' in red. Due to
the limited chiller power, as shown at the bottom, the battery temperature exceeds the upper
boundary slightly, but this is neglectable. The heat loss of the battery is visible in the middle
part of this figure. The results in numbers for this Figure 3.7 is presented in Table 3.3. These

values are already neglecting the first five-minute peak for the heat loss.
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sampling | weighting | weighting | weighting on | prediction control
Time on output on input slack variable horizon horizon
dt Qy R Qs Np NC
60s | 1 | <1 > 1 | 40min | 10min
Table 3.2: Chosen parameters for the MPC
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Figure 3.7: Resulting trajectories with chosen parameters
Average Average cooling | Average battery Maximum Calculation
heat loss power temperature battery Time
temperature
Qlossmean Qchillmean Tbatmean Tbatmaz 4
3.4kW 3.4kW 39.4°C 47.6°C s

Table 3.3: Results for Figure 3.7

3.6 Robustness Investigations

Now that the settings have been defined, the system can be observed for its robustness to
various disturbances. These sources of error can occur due to all kinds of unpredicted circum-
stances due to the fact that the used model is a simplified version from real driving,.

Starting with a deviation for the actual heat loss over the predicted heat loss Qloss, that can
result from traffic congestion or not considered construction zones during the route. These lead
to a different speed limit, which affects the energy distribution in the system and thus changes

the produced heat loss. This is achieved by adding random noise over the data in the range
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of £5kW. The result of this deviation can be seen in Figure 3.8. Compared to the optimal
outcome, which can be seen in Figure 3.7 the resulting temperature rises due to an incorrect
prediction. The chiller also works less effectively. As information on different heat loss onss
it has to be mentioned that in Figure 3.8 is displayed summed up for the sampling time of 60s
compared to the one in Figure 3.7, where it is shown in 1s sampling time. The reason for that

is a better comparison with the deviation of Qloss.
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Figure 3.8: Random interference over heat loss Qloss

Another possible source of error can be a detour due to blocked roads. Then, no data
would be available for this forecast and therefore, the predicted heat loss onss is set to zero
for a particular time. An example is shown in Figure 3.9 where no data is available during
minutes 200 to 250. As before, when data is incorrect or missing, the temperature on the
battery rises because it can not keep up the cooling on site.

Suppose the system receives completely wrong data for the heat loss Qjoss, as shown in
Figure 3.10, no reliable outcome can be expected. Such as loading a wrong route profile for
the chosen path can lead to this situation. The cooling for the battery is random and will not
dampen the temperature peaks of the system.

Another possible interference would be an incorrectly predicted ambient temperature.
However, this did not significantly impact the outcome and is therefore not presented in this
thesis.

The most likely error in this configuration would be the difference between reality and the

model that was used for simulation. This could differ from slightly simplified assumptions to
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Figure 3.10: Random data for heat loss Qloss

create the resulting equations for the system model. Another plausible solution is that the

internal resistance of each battery deviates from one another with different temperatures and
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3.6.

SOC, which was seen in Figure 1.8, and therefore is limited in reproducing an exact model.

To show a basic example of that deviation, the ohmic losses of the battery were in Figure 3.11

Robustness Investigations
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Figure 3.11: Deviation in the prediction of heat loss Qloss

39



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

3.6. Robustness Investigations 40

where in Figure 3.11a, the heat loss was underestimated for the whole horizon. That led to
exceeding the battery’s temperature over the desired limit over the whole horizon. Compared
to Figure 3.11b where the ohmic losses on the battery were overestimated and ended up in
much stronger precooling that helped them to keep the battery trajectory near the desired
temperature of about 40°C. Summarizing both aspects led to the assumption that it would
be overall better to overestimate the battery’s ohmic losses to achieve better results on the
battery’s temperature trajectory.

In addition to these examples of disturbances, many other possibilities have led to miscal-
culating the system. The entire calculation of a model prediction system relies on the correct
prediction of the route profile since the battery’s cooling capacity is not strong enough to cool

on-site.
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Chapter 4

Conclusion

In this thesis, a predictive battery thermal management strategy (BTMS) for heavy-duty fuel
cell electric trucks was developed and investigated. The primary goal was to maintain the
battery temperature within an optimal range to enhance efficiency and extend battery life
under various operational conditions.

Derived from this research, implementing a model predictive control (MPC) system led to
significant improvements in maintaining the battery temperature close to the desired reference
point. This leads to a reduced thermal stress on the battery and increased the durability and
reliability of heavy-duty fuel cell trucks, ultimately leading to lower operational costs and
enhanced sustainability. Using route information like elevation and speed limits allows for
accurate predictions of electrical loads and cooling needs. This predictive approach helps the
system anticipate and counteract thermal issues before they affect battery performance.

The study highlighted the need to optimize the truck’s cooling system within its spatial
constraints. With limited space for cooling components, it was essential to maximize effi-
ciency. The MPC system achieved this by dynamically adjusting cooling power based on real-
time demands.

Simulations of the MPC system with real-world driving cycles confirmed the approach’s ef-
fectiveness, demonstrating that the predictive thermal management strategy successfully kept
battery temperatures within safe limits under various driving conditions. This highlights the
strong potential for real-world application and integration into current fuel cell truck systems.

Using a MPC for BTMS is only one step forward for optimizing heavy-duty fuel cell trucks.
Implementing an MPC for the energy management system (EMS) could further increase the
efficiency of power distribution and thus enhance the cooling strategy. Both concepts, the EMS
and BTMS, go hand in hand regarding optimization for hydrogen fuel cell trucks. Real-time
data analytics and adaptive control algorithms could improve the responsiveness and accuracy
of the predictive thermal management systems.

In conclusion, the predictive BTMS significantly advances heavy-duty fuel cell trucks by
maintaining optimal battery temperatures, enhancing performance, and supporting the sus-

tainability of hydrogen fuel cell technology.

41
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