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ABSTRACT

A PREDICTIVE CONTROL STRATEGY FOR OPTIMAL POWER
SHARING AND BATTERY THERMAL MANAGEMENT IN HYBRID
ELECTRIC VEHICLES

Sanal, Ahmet Kaan
Msc, Electrical Electronics Engineering
Advisor: Dr. Emrah Biyik
January 2019

The rapid depletion of fossil fuels and their adverse environmental impact became a
serious problem that must be considered immediately. It is anticipated that we will
run out crude oil reserves in the near future. For this reason, fuel economy concept
for automobiles has become more significant in the past decades. Hybrid electric
vehicles (HEVs), is one of the best solution to overcome with these mentioned
problems. HEVs contains both internal combustion engine (ICE) and electric motor
(EM). In most cases, electric motors can be charged by only battery. However, in this
case, the life of battery becomes an important problem. Thus, supercapacitors are
also used to charge EM as an alternative component. Although, batteries have higher
energy density than supercapacitors, the ability of releasing energy (power density) is
lower. Also, cycling the battery at high depth of discharge (DOD) rate, high C-rate,
reduces the life of it. Because of the importance of battery’s life and advantages of
supercapacitor, total power demand that is needed for car will be split into ICE,

battery and supercapacitor.

In this thesis, the aims are to reduce the fuel consumption rate of the car and increase
the life of the battery. The key points to achieve these aims are improving energy
management strategy (EMS) for sharing the total power between ICE, battery and
supercapacitor in an optimum way and designing thermal management strategy
(TMS) to control battery temperature. For these purposes, optimization-based model
predictive control (MPC) is designed. Model predictive control is an advance method
that is used to control a process while tracking the references and satisfying
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constraints. MPC solves an optimization problem at each time step in order to adjust
the control action by predicting the plant output. In this project, a closed-loop model
is developed in order to get closer to the desired reference signal as much as possible.
Because of the complication of the plant, better solution can be evaluated by
examining the plant block by block. For this purpose, MATLAB/Simulink is one of

the most promising simulation program to take on the challenging steps.

The first step of realizing this thesis is to derive the mathematical model of each
block. The ICE, supercapacitor, battery, vehicle dynamic of HEVs and battery
thermal blocks are modeled independently. The outputs of these five blocks are fuel
consumption, supercapacitor state of charge (SOC), battery state of charge (SOC)
speed of vehicle and battery temperature respectively.

After deriving the mathematical models of each component, MPC is constructed into
the system and at the end, the results are investigated. In this step, we have applied
six different cases. In each case, we have achieved to track output references with
only small errors. In first two cases, the positive effects of supercapacitor on C-rate
and fuel consumption rate are demonstrated. By using supercapacitor, C-rate and fuel
consumption rate are improved 24.49% and 5.221% respectively. In another case,
speed control of fan is carried out to decrease the temperature of battery. When this
battery temperature control is included in the MPC, the speed and battery
temperature references are tracked by 0.03 m/s and 0.12 °C average error

respectively.

Keywords: Hybrid Electric Vehicles, Power Sharing, Battery Thermal Management,
Model Predictive Control, C-rate
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HIBRIT ELEKTRIKLI ARACLARDA EN iYI GUC PAYLASIMI VE
BATARYA ISIL YONETIMI ICIN BIR ONGORULU KONTROL
STRATEJISI

Sanal, Ahmet Kaan
Yuksek Lisans, Elektrik Elektronik Miihendisligi
Danigman: Dr. Emrah Biyik
Ocak 2019

Fosil yakitlarin hizla tiikenmekte olmasi, insanlar i¢in dikkate alinmasi gereken ciddi
bir problem haline gelmistir. Islenmemis yakit rezervlerinin yakin bir tarihte
tiikkenecegi tahmin edilmektedir. Bu sebeple, son yillarda otomobiller igin yakit
ekonomisi kavrami daha énemli hale gelmistir. Hibrit araclar, s6z konusu sorunlarin
iistesinden gelmek icin en 1yi ¢oziimlerden birisidir. Hibrit araglar hem igten yanmali
motor hem de elektrik motorunu birlikte tasimaktadir. Cogu durumda elektrik motoru
sadece batarya ile sarj edilmektedir. Ancak bu durumda da bataryanin émrii 6nemli
bir problem olmaktadir. Bu yilizden siiper kapasitorler elektrik motorunu sarj etmek
icin alternatif eleman olarak kullanilmaktadir. Bataryalar siiper kapasitorlerden daha
yiiksek enerji yogunluguna sahip olmalarina ragmen, enerjiyi aktarma konusunda
daha disiik yetenege sahiptirler. Ayrica desarj derinligi dongiisiinlin hizli olmast,
yuksek C parametresi, bataryanin 6mriinii kisaltmaktadir. Batarya dmrindin énemi ve
stiper kapasitor kullaniminin avantajlarindan dolay1, aracin ihtiya¢ duydugu toplam

giic, icten yanmal1 motor, batarya ve super kapasitor arasinda boliinmektedir.

Bu tezde amaclar, aracin yakit tiiketimini diisiirmek ve bataryanin 6mrini
uzatmaktir. Bu amaglar1 gergeklestirmek igin kilit noktalar, toplam gucu igten
yanmal1 motor, batarya ve siiper kapasitor arasinda optimum olarak paylastiran bir
enerji yonetim stratejisi gelistirmek ve batarya sicakligini kontrol edecek bir 1sil
ybnetim stratejisi gelistirmektir. Bu amaglar i¢in optimizasyon tabanli modele dayali
ongiiriilii kontrol (MPC) sistemi tasarlanmistir. MPC, siire¢ kontrolii yaparken
referans1 takip eden ve kisitlamalara uyan gelismis bir kontrol yontemidir. MPC,

kontrol eylemini ayarlamak igin sistem ¢iktisini1 tahmin eder ve bunu gergeklestirmek
Vi



icin her zaman adiminda bir optimizasyon problemi ¢dzer. Bu projede, istenilen
referans sinyaline olabildigince yaklasabilmek icin kapali ¢evrim kontrol modeli
gelistirilmistir. Sistemin karmasik yapisindan dolayi, sistemi bloklar halinde
incelemek daha iyi bir sonu¢ vermektedir. Bu karmasik yapiy1r ¢ézmek amaciyla,

MATLAB/Simulink programi en iyi ¢éziimlerden bir tanesini sunmaktadir.

Tezi gergeklestirirken ilk adim, her bir blogun matematiksel modelini ¢ikartmaktir.
Icten yanmali motor, siiper kapasitor, batarya, hibrit aracin dinamik yapisi ve batarya
1s1l bloklar1 ayr1 ayri modellenmistir. Bu bes blogun ciktilari sirastyla, yakat tiiketimi,
stiper kapasitoriin sarj durumu, bataryanin sarj durumu, aracin hizi ve batarya

sicakligr seklindedir.

Her bir bilesenin matematiksel modeli elde edildikten sonra, MPC sisteme
uyarlanmig ve son olarak sonuglar incelenmistir. Bu adimda, alti farkli ¢alisma
yaptik. Her adimda cikis referanslarini kiigiik hata paylar ile takip etmeyi basardik.
Ik iki caligmada, siiper kapasitdriin C parametresi ve yakit tasarrufuna olan pozitif
etkileri gosterilmistir. Siiper kapasitor kullanilarak C parametresi ve yakit tiikketimi
sirasi ile 24.49% ve 5.221% iyilestirilmistir. Bir baska durumda, batarya sicakligini
diistirebilmek i¢in fan hiz kontrol sistemi uygulanmigtir. MPC batarya sicaklik
kontroliinii kapsadig1 zaman, hiz ve batarya sicakligi 0.03 m/s ve 0.12 °C ortalama

hata ile takip edilmistir.

Anahtar Kelimeler: Hibrit Elektrikli Araglar, Gii¢ Paylasimi, Batarya Isil Yonetimi,

Model Ongoriilii Kontrol, C-Parametresi
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CHAPTER 1
INTRODUCTION

1.1. Motivation

The deterioration of environmental conditions is one of the biggest problems of
mankind. Since the crude oil reserves reduce and energy problems occur, subjects of
energy efficiency and saving the energy are getting more important day by day.
Especially, the decline of oil reserves and adversely effects of CO. on atmosphere

heads scientist for alternative energy sources.

The reduction of oil reserves has especially affected the automotive industry and it
directs automotive firms to design more efficient engines which consume less fuel
and to find different modes of energy in the last 20 years period. This seeking leads
the idea of integrating the electric motors into the car. Thus, the combination of
electric motor and internal combustion engine is used. The technology of the
combination of these two motor types is called as “hybrid technology”. In this
technology, the propulsion power which is demanded by car can be powered by
either power sources (motors) or both sources at the same time. Another alternative
technology, electric-only usage has not provided enough range for automobiles yet.
Also electric vehicles need some time to charge. Because of these disadvantages,

hybrid electric vehicles seem better solution for people.

Hybrid electric vehicles (HEVs) have been increasing in automotive market rapidly.
The improvement in hybrid car technology can offer considerably reduced fuel
consumption, compared to a conventional engine-only vehicle (Karabasoglu et al.,
2018; Poramapojana and Chen, 2012). Also HEVs offer some specific features such
as extended battery life, engine downsizing and regenerative braking. However, the
HEVs must be supported by some control strategies to improve performance and
achieve the aim of reducing fuel consumption. It means that, the overall performance

of HEVs is attached to the energy management strategy. The purpose of energy



management systems, which is developed by optimal control strategies, is to make

lower fuel consumption with a high performance of the vehicle.
The methods of reduced fuel consumption can be listed as:

In hybrid vehicles, power of internal combustion engine and electric motor can be

split by controller which allows the vehicle follow the optimum speed-torque points.

In most hybrid vehicles, the engine and the electric motor can give the power for
wheels at the same time. In most cases, the power can be derived by motor, so that

the engine size becomes smaller. This allows usage of lower power engines.

In hybrid cars, the usage of motor as a generator technology is valid. This technology
is called as “Regenerative Braking”. Regenerative braking is the recovery of kinetic
energy during braking. In a conventional vehicle, a majority of the kinetic energy is
converted during friction braking into heat and emitted unused into the environment.
Hybrid cars can use the electric motor to recuperate at least a portion of the kinetic
energy for reuse. This enables lowering fuel consumption and balancing CO:

emission.

The fuel economy is also dependent on the energy storage systems. The batteries
represent a big part of vehicle cost so that the life of the battery is another factor that
must be considered. The capacity and life of the battery can be adversely affected by
temperature, high or low state of charge and fast depth of discharge (Choi and Lim,
2002). Lowering the stress on battery and holding the battery temperature in a
specific interval, are the main purposes of energy management strategy. Thanks to
good energy management strategy, it is possible to reduce the cost of the battery and

increase the life of it.

1.2. Literature Review

Literature review can be examined into two groups, including modelling and control
strategies. Modelling is quite important for all types of vehicle design and control
strategies. When the whole process is thought, the modelling in some simulators
reduce the cost and time wasting. Simulators allow modify the models in a favor of
user. It is much easier to develop than prototypes. For this purpose, many
commercial simulation software programs are developed. In most cases, MATLAB®

Software is used because of the lower prices and high speed performance.



Modelling part is not that much vary from each other. In most cases, vehicle dynamic,
battery, ICE and transmission system are designed individually (Poramapojana and
Chen, 2012; Wang et al., 2014). When only the modelling part examined, the
difference appears when supercapacitor and thermal model are added to the system.
The benefits of using a supercapacitor with battery in the energy storage system are
discussed many times by some researchers. The researchers proposed the usage of
supercapacitor in HEVs reduces cycling the battery at high peak powers. In this
examination, the fuel consumption is also improved (Borhan and Vahidi, 2010).
Another research indicates that implementation of supercapacitor reduces stress on
battery and it helps reduce the size of the battery by adjusting high and short peaks of
power (Sadoun et al., 2011). Another approach is to add supercapacitors to the city
busses and to compare the results with only battery systems for different driving
cycles. In this research, it is reached up that the busses are better capable of storing
energy and recovering energy in braking mode. In addition, they have showed that
supercapacitors prolong the electric range of the busses (Lajunen, 2010). The
implementation of supercapacitor enables increasing the vehicle performances in
different ways. In different experiment, thanks to the ability of fast charge and
discharge of supercapacitor, the acceleration performance of the vehicle, working

condition of battery and fuel economy performance are improved (Jinrui et al., 2006).

The thermal aspect of the battery is also quite important for the life of the battery.
The temperature of the battery can be affected by various impacts. The examinations
proved that, the temperature of battery could be influenced by driving behavior,
battery initial temperatures and ambient temperatures. They also indicated that, initial
condition parameters for battery temperature are significant for fuel consumption of
vehicle (Li and Zhu, 2014). In most cases, the single cell model is used to make
better aspect for thermal model of battery. Then, it could be generalized for total cells
in battery module (Ismail et al., 2013). In thermal modelling part, these parameters

are thought individually in this thesis.

The control strategy is the key point of this thesis. After modelling all required data,
the controller should be developed to manage whole systems in a favor of user
desires. In literature, researchers investigated different control strategies for different
purposes. In some cases, they focus on fuel consumption and battery life, whereas in

some, they focus on energy management strategy for energy storage systems (ESS)



by taking the temperature of battery as a reference. Dynamic programming is one of
the best solutions that is used to find the most appropriate controller for these
purposes. In one paper, they have reduced the current demands to the battery by an
average of 62% over real world driving cycles. They have achieved prolonging the
battery life and performance (Karabasoglu et al., 2018). Another strategy for
optimizing the fuel consumption is equivalent consumption minimization strategy
(ECMS). Researchers have demonstrated that ECMS is also good option for these
purposes (Sciarretta and Guzzella, 2007). When the control parameters of the system
have increased, the model predictive control (MPC) gives the best solution to solve
these optimization problems. MPC is widely used for automotive applications in
literature. By using MPC controller algorithm, fuel consumption and cycling rate of
battery (C-rate) is reduced (Borhan and Vahidi, 2010). Another research
demonstrated that by maintaining desired battery state of charge (SOC) and speed,
the controller can minimize fuel consumption and improve the vehicle performance.
In this paper, they have achieved their target by considering torque split for different
types of engines (Poramapojana and Chen, 2012). In another paper, they presents a
novel MPC control strategy by taking different parameters into account like required
velocity, SOC, fuel consumption and torques for different sources. They have
proposed that MPC contribute the fuel economy by looking for fuel consumption and
engine efficiency (Lu et al., 2013).

In every energy storage system devices, there is an optimal temperature that these
devices should operate. If the battery temperature increases and exceeds the optimal
temperatures, because of the internal structure of the battery, the life of it will be
adversely affected. In one experiment, research workers focus on the terminal
voltage of the battery. They want to hold this voltage in a specific interval by
focusing on the temperature of the battery. They aim to keep the temperature between
15 and 40 °C and they succeed to get desired terminal voltage (Altaf et al., 2017).
Another approach for thermal management strategy is to take several parameters into
account such as fuel consumption, SOC etc. and to add cooling system for battery as
an assistant. It could be achieved either adjusting the mentioned parameters or the
cooling times (Hasselby, 2013). Also, another strategy is applied in literature that the

fan speed can be controlled by MPC controller to track desired parameters. By



speeding up the velocity of fan, the temperature of battery is kept below 40 °C
(Masoudi and Azad, 2017).

1.2.1. History of MPC

The first studies on MPC traced back to the late 1970s. Richalet et al. (1978) found a
new method which is called Model Predictive Heuristic Control. This method
simplifies the way of tuning the parameters of the systems that are hard to be
controlled by PID controllers. Calculating the constraints and finding the optimal
controller was not in this controller’s concern. Later, name of Model Algorithmic

Control (MAC) was given to this control strategy.

Engineers Cutler and Ramaker (1979) described a new MPC strategy which is called
Dynamic Matrix Control (DMC). The proposed optimization method for constrained
systems was based on the fact that the control action is solved by linear programming

in each time step.

Peterka (1984) found a new method which is called Predictor-Based Self-Tuning
Control. This method is developed to better overcome the measurable disturbances of
systems. This method is appropriate for real time computation since the algorithm of

this method is numerically robust.

Clarke et al. (1987) offered a method of Generalized Predictive Control (GPC). This
method is based on generalized minimum variance and pole placement. This method
can be used to handle either simple plants or a complex plant like nonminimum

phase and unstable open loop systems.

Clarke and Scattolini (1991) intended Constraint Receiding Horizon Predictive
Control (CRHPC) for handling the optimization problems where the conventional
controllers can fail. This method has beneficial stabilization features for small

horizons. It has robust capability of dealing with complex plants.

After researchers found new methods, they focus on improving the performance of
MPC. Kouvaritakis et al. (1992) proposed new algorithm for GPC to get more robust
stability theory. They improved stability margin of the system by changing the
transfer function operators with some polynomial operators. Bemporad and Morari
(1999) demonstrated new method that has strong ability to deal with constraints and

instability. Grimm et al. (2005) presented stability results for unconstrained discrete



time nonlinear systems. Griine et al. (2010) expressed a formula that satisfies all
controller criteria and stabilization conditions without stabilizing constraints. Prabhu
and George (2014) described easy way to choose the best prediction horizon and they
demonstrated the stability and high performance of overall system.

1.2.2. MPC Applications in Automotive Industry

MPC has several advantages that will be mentioned in Section 3.4. In recent years,
the development in MPC algorithms and computational speed of microprocessors

encourage scientist to be interested in MPC in automotive industry.

In automotive industry, there are many MPC applications, including diesel engine,
fuel consumption, traction, steering, speed and thermal control. In addition MPC
controller technology is supported by several automotive companies such as Ford,
BMW, Honda, Toyota, etc. (Hrovat et al., 2012). Garcia et al. (1989) shows the
superior futures of MPC in different industries. One approach of using MPC in
automotive industry is to focus on diesel engine air path. The researchers indicated
that MPC can improve the dynamic of air path and reduce the CO2 emission of the
car (Ortner and Del Re, 2007). Another approach is to carry out some experiments to
find optimal traction of car. The main purpose of this research is to minimize
required torque. Researchers achieved 20% reduction of peak amplitude and they
increase the performance of the car (Borrelli et al., 2006). In another experiment,
Cairano et al. (2010) improved MPC strategy to control steering of a vehicle by
actuating active front steering (AFS). They have tested their design with different
steering positions and they verified stabilization.

In many researches, including this thesis, the cornerstone of designing high
performance MPC is tracking vehicle speed. Cairano et al. (2012) focused on
improving idle speed performance and robustness by considering minimizing the
time and effort. They proved that the better performances can be obtained by
improving idle speed control and it directly affects other parameters of vehicle,
including fuel consumption. In another paper, researchers demonstrated the
importance of thermal management strategy for vehicle engine performance. They
improved model predictive control allocation (MPCA) for two actuators with
different constraints intervals (Vermillion et al., 2011).



Almost all types of MPC controllers for different purposes that are mentioned above,
are used by Ford Motor Company (Hrovat et al., 2012). By improving performance
of MPC controller, this control strategy can be embedded into Electronic Control
Unit (ECU) of all types of vehicles.

1.3. Aim of Study

Nowadays, studies mostly focus on reducing CO, emission in cars, because of
catastrophic effects of it. It is proved that, carbon emission adversely affects human
health and environment. One of the main reasons of this emission is that the burning
of fossil fuels releases carbon dioxide. Hence, there is a direct proportion between
fuel consumption and CO> emission. It could be inferred that if fuel consumption is
achieved to decrease, the catastrophic effects of CO. will also be decreased. For this
reason, scientists concentrate on developing energy management strategies to

decrease fuel consumption of car.

In this thesis, one of the top priorities is to make optimum power split and to
decrease hybrid vehicle’s fuel consumption because of mentioned reasons. To
achieve this, energy management strategy (EMS) should be developed. This strategy
should split power in most economic way between main power sources of vehicle,
including ICE, supercapacitor and battery, by considering minimization of fuel
consumption. Cornerstone of developing EMS is to design controller. In this thesis,

model predictive control (MPC) is determined to improve EMS.

Another purpose of EMS is to reduce stress on battery for prolonging life of it. Key
point of achieving this task is not to use battery frequently. Instead of using only
battery for electric part of vehicle, another alternative energy storage system (ESS)
which is supercapacitor is used. Since supercapacitor can be charged much more

times than battery, it is good alternative to help battery.

For the last purpose of this thesis, thermal management strategy (TMS) is developed.
The aim of this strategy is to adjust speed of fan, located next to the battery, to keep
the battery temperature in a specific interval. Temperature is the other negative

effects for battery life.

As a summary of aim of study is to develop EMS and TMS by using MPC to achieve
these three mentioned purposes. When overall system is thought, MPC will



determine the power of all three sources and speed of fan. While MPC is determining
these, it also considers some parameters, including state of charge (SOC) of battery
and supercapacitor. To get better results from this strategy, MPC should also keep
SOC values in specific interval. The reliability of MPC can be observed by looking

at whether MPC holds desired parameters in these intervals or not.

1.4. Outline of Thesis

Chapter 1 includes literature review related to this thesis. It also mentions about the

aim of this thesis.

Chapter 2 gives brief information about hybrid vehicles and its components. This
chapter describes the types of hybrid vehicles, battery and supercapacitor

technologies.

Chapter 3 describes basic information about MPC controller. This chapter conveys

the history, working principle and advantages and disadvantages of MPC.

Chapter 4 includes first step of designing energy and thermal management strategies.

It includes mathematical models of all process and Simulink block diagrams.

In Chapter 5, the design of MPC controller by considering EMS, TMS and combined
these two strategies are discussed. After that, the results of control process are
demonstrated.

In Chapter 6, the conclusion and contribution of thesis have been discussed. Then,

the future works was shaped according to obtained results.



CHAPTER 2
OVERVIEW OF HYBRID VEHICLES

2.1. Background and Types of Hybrid Vehicles

The history of hybrid cars almost stretches back as long as conventional automobiles.
The first hybrid car was built by Ferdinand Porsche in 1899. It was using the
gasoline engine to deliver the power to the electric motor that has the link to the
wheels. In the categorization of hybrid vehicles, this system is considered as parallel

system.

Hybrid vehicles are divided into three main groups, depending on the operation of

the motors in the vehicle, either interdependent or independent of each other.

2.1.1. Parallel Hybrid Vehicles

In parallel hybrid vehicles, two engines can operate together or at the different times
independently. Generally, on such vehicles, the electric motor is in operation during
start-stop operations, when the vehicle consumes the most fuel, and when the vehicle
rises above a certain speed, it leaves its place to internal combustion engine. The
battery is mostly charged during regenerative braking. It can be charged by electric
motor when the power demand of vehicle is low, by using electric motor as a
generator. Honda Civic and Honda Accord are used parallel hybrid technology
(Wikipedia, the free encyclopedia, “Honda Civic Hybrid”, 2015). Parallel hybrid

structure is shown in Figure 2.1.



Parallel Hybrid Cars
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Figure 2.1. Parallel Structure of Hybrid Vehicles

2.1.2. Series Hybrid Vehicles

Unlike parallel hybrid, this system requires generator. In series hybrid vehicles, two
engines operate interdependently. Internal combustion engine is used to charge
batteries via generator. The voltage in the charged batteries is transferred to the
electric motor via the powertrain. Electric motors provide the power to drive the
wheels. Series hybrid technology is generally used by buses and other urban vehicles
that must do a lot of start-stop action (Brahma et al., 2000). Series hybrid structure is

shown in Figure 2.2.

Series Hybrid Cars
High-capacity battery

Charge
ports

Figure 2.2. Series Structure of Hybrid Vehicles
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2.1.3. Power Split Hybrid Vehicles

These types of hybrid vehicles can be summarized as the combination of parallel and
series hybrid vehicles. By using this combination, the ICE can be used to drive the
wheel directly like parallel hybrid vehicles and it can be disconnected from the
wheels so that only the electric motor can deliver the power to the wheels like series
hybrid vehicles. Toyota Prius is one of the example which uses this technology.
Figure 2.3 shows the structure of power split hybrid vehicle.

Power Split Hybrid

Engine  Planetary Gear Set  Motor

— ik ] -': | | . Differential

Genarator =0 ssssgssssses
Electronics

H

— [AECRENICE] IR =
——  Battery
= nmuw Electrical link — Pack

Wheels

Figure 2.3. Power Split Structure of Hybrid Vehicles

2.2. Battery Technology

In HEVs, one of the most essential components is battery. Batteries are capable of
storing the high amount of energy in a small volume. Batteries provide the demanded
power to the electric motor. In addition, it recovers the vehicle kinetic energy in the
regenerative braking mode without using any plug-in device. The batteries use
chemical reactions while charging and discharging and produce a voltage between
their output terminals. The fundamental element is electromechanical cell which is
contained by batteries. Voltages generated by these cells are called electromotive

force.
Basically, there are three types of batteries that are used in HEVS.
2.2.1. Lead Acid Batteries

Lead acid batteries are safe and they have good proven performance to use in HEVS.
However, when it is compared with other types of batteries, the life of it is

considerably lower. Also, the energy capacity of lead acid batteries is lower.
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Furthermore, this type of battery is considered the most toxic one. Because of these

disadvantages, lead acid batteries are not being used in HEVs anymore.

2.2.2. Nickel-Metal Hydride (NIMH) Batteries

Hybrid vehicles mostly use NIMH batteries to power the engine. The most important
feature of this battery is that it can be easily rechargeable. It produces more energy
and it is more “green” than lead acid battery. However, these batteries store less

energy than lithium-ion batteries.

2.2.3. Lithium-ion Batteries

Lithium-ion batteries keep the largest amounts of energy when they are compared
with other two. It gives the car enough range until it is needed to be charged again. It
can be easily rechargeable like NIMH batteries. It is the most “green” battery type in
these three. Because of these advantages, Lithium-ion batteries seems to be best
option, however it is more expensive than others. Li-ion batteries contain cobalt in
their formula and this element tends to explode. Thus, scientists are working on it to

use alternative source instead of using cobalt.

2.3. Supercapacitor Technology

The supercapacitors are energy storage devices that can store much more energy than
typical electrolytic capacitors. The internal structure of supercapacitor contains two
conducting metal plates and dielectric material between them. In standard
supercapacitors, the conducting metal part is consisting of carbon/carbon layers. In
most supercapacitors, one layer of conducting metal consist of carbon, whereas other

layer being of metal oxides such as lead, nickel oxide and lithium-ion.

They typically store less energy than batteries, but in contrast, they have much more
energy density and cycling life. Because of these reasons, supercapacitors are used in
applications that require fast charge and discharge issues. Also, they have more

compact size, lighter and less harmful than batteries.

In this thesis, the well known supercapacitor Maxwell is selected. The specifications
of this supercapacitor are mentioned in section 4.2.4. Figure 2.4 shows the
comparison of supercapacitor and different types of batteries in terms of energy and

power densities.
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Figure 2.4. Comparison of Battery and Supercapacitor in terms of Energy and Power
Density Features

This figure is the summary of comparison of batteries and supercapacitor. As it can
seen from figure, supercapacitors have less energy density and more power density
than batteries. Therefore, supercapacitor can supply required power in a short period

of time.
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CHAPTER 3
OVERVIEW OF MODEL PREDICTIVE CONTROL

3.1. What is Model Predictive Control?

Model Predictive Control (MPC) is a feedback control system that uses a model to
make prediction about future outputs of a system. The goal of the controllers is to
calculate the input to the plant while the output of the plant follows desired outputs.
The MPC strategy of computing this input is predicting future.

MPC uses model of the plant and optimizer inside the controller. Optimizer is used to
be ensured that the system output tracks the desired reference. The aim of MPC is to
minimize the determined cost function by predicting the process behavior in specific
horizon. MPC also uses dynamic equations by shifting forward the horizon by one

time step. For this reason, MPC is also known as Receding Horizon Control (RHC).

In MPC, the signals, computed by controller and send to the plant, are called

manipulated variables whereas plant outputs are called output variables.
There are three main ideas behind Model Predictive Control (Rossiter, 2003):

e Predicting future process behavior using a dynamic equation of the process

over a prediction horizon
e Calculating control signal sequence that minimize the cost function

e After each optimization step, the first value of the calculated control sequence

is sent to the system while the horizon is shifting forward

The strategy of MPC is illustrated in Figure 3.1.

14



PAST FUTURE
AT

el

A

#— Reference Trajectory
/ Fredicted Output
Measured Output
Predicted Control Input
Fast Control Input

 — Prediction Horizon
< >

T e

|
|
-

| |
1 1 '
Sample Time

k k1 k+2 . k+p

Figure 3.1. The Control Strategy of Model Predictive Control

The strategy can be explained as:

e The state of a process is calculated at each time instant by considering the

known values such that past inputs and outputs and current output. The
estimated control states of the process can be represented as x(k). This state
will be the initial point of the optimization in the next step. The value of ‘k’ is
between 1 and p. In this figure, p is the prediction horizon that shows the
number of predicted future time steps. It shows how far the controller predicts
into the future.

e In next step, the plant model is used to anticipate the future sequence of the

measured outputs by considering future control signals. The controller
computes these future control signals in a specific horizon. This horizon is
called control horizon. In this horizon, the optimizer finds the best future
control signals by taking into account the action of keeping the outputs as

close as possible to the reference.

o At the last step, the controller takes the first instance move and ignores the rest

of the trajectory. After that, controller repeats all sequences for the next time

step.

3.2. MPC Design Parameters and Related Terms

There are several parameters that are used in MPC design process. Understanding

these parameters is also the essential point for learning the logic of MPC. The basic
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idea for designing controller will be mentioned in the next section. In this section, the

important parameters, that should be considered while designing, are indicated.

First of all, the general terms are explained. The inputs of the controller, which
directly affect the output of system, are called manipulated variables. In addition, the
plant output, which can be calculated, is called measured output. In all types of
controllers, including MPC, the general system is called plant. All plants are
influenced by some environmental factors. The environmental factors that affect the
controller performance are called disturbances.

Next step is to mention about design parameters. These parameters are:
e Sample time
e Prediction horizon
e Control horizon
e Constraints
e \Weights

All these parameters are briefly examined.

3.2.1. Sample Time

The sample time is the parameter that is used to determine the rate at which the
controller computes the control algorithm. It should be carefully adjusted because
when it becomes too big, the controller cannot give fast reactions to the disturbances.
On the other hand, when the sample time is too small, the controller can overreact to
disturbances, however this situation causes an excessive computational load. Because

of these reasons, finding right value for sampling time is quite important.

3.2.2. Prediction Horizon

At each time step, the MPC controller predicts the measured output and the optimizer
seeks the optimal sequence of manipulated variables that drives the measured output
as close to the set point as possible. The number of predicted future time steps is
called prediction horizon. If this time is too short, by the time the controller makes

the next movement, it could be too late to come up with disturbances. In a
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contradiction, If prediction horizon is too long, then unexpected situations, that

controller is not able to detect, can occur.

3.2.3. Control Horizon

If the set of future control actions leading to predicted plant output, the number of
control moves to time step are called control horizon. Each control move in the
control horizon is needed to be computed by optimizer. Thus, the value of control

horizon is important for duration of controller’s computations.

3.2.4. Constraints

Constraints are really important parameter that is used to prevent some damages for
system components. In MPC language, constraints are upper and lower limits of
desired zone that controller should operate. There are two types of constraints. One
of them is hard constraints which cannot be violated. Other one is soft constraints
that could be violated.

3.2.5. Weights

MPC can deal with different optimization problems at the same time. For a designer,
some problem can be more important than others. The designer can adjust the
weights of inputs and outputs according to significance criteria. Adjusting weight

coefficient in balanced, gives the smooth control action.

Another parameter is rate weight, which is used to penalize aggressive control moves.

3.3. Structure and Elements of MPC

All types Model Predictive Controller (MPC) have three basic elements (Camacho
and Alba, 2013). These are:

e Prediction Model
e Objective Function
e Optimization Algorithm to Compute the Control Law

Before talking about the components of MPC, the basic structure of MPC is

illustrated in Figure 3.2.
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Figure 3.2. Basic structure of MPC

3.3.1. Prediction Model

Modelling is the key point of MPC. As it is mentioned before, a model is used to
predict the future plant output and it is used to find optimal control actions, by

considering past and current values.

Modelling part can be examined into two groups that are the process model and
disturbances model. For the process model, the relationship between inputs and
outputs of the model can be constructed with different methods such that, impulse
response, step response, transfer function and state space. Constructing the model of
disturbances is also really important. It can be expressed by the difference between
the measured output and the real model output. The effects of disturbances cannot be

ignored.

3.3.2. Objective Function

When the whole system is thought, the optimizer is taking also quite important part
in controller design. The aim of the optimizer is to minimize objective function of the
system. Another purpose of the optimizer is setting the future output to follow

reference signal while the error is penalized.
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3.3.3. Optimization Algorithm to Compute the Control Law

Obtaining the control action values is the last component of MPC and this part is also
really crucial. To get the values of this control action, the cost function should be
minimized. To do this, the values of predicted outputs are calculating with respect to
past values of inputs, outputs and future control signals by taking advantage of model.
At the last part, iterative method of optimization is used to obtain an expression that

Is achieved to minimize objective function.

3.4. Advantages and Disadvantages of MPC

Model Predictive Control has several advantages. These are:

e MPC can handle multi-input multi-output (MIMQ) systems as well as single-

input single-output (SISO) systems.
e MPC can handle constraints.
e MPC has preview capability.

e MPC can deal with interactions between system inputs and outputs.

It is beneficial for both linear and nonlinear process models.

It is able to cope with the complex processes.

MPC also allows feed forward control to compensate for disturbances.

It is capable of satisfying constraints and tracking the reference point in
systems that has complex dynamic, non minimum phase, long delay times

and unstable ones.

e The MPC technology can be adapted for many sectors and it is an open

technology for future extensions.
MPC has the following disadvantages:

e MPC requires a powerful, fast processor with a large memory. Thus, it is more

expensive than most controllers which are used in industry.

e It requires the mathematical model. For this reason, it could be challenging to
get the model of process.
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e The derivation of control law can be harder when the number of constraints of

the system increases.
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CHAPTER 4
MATHEMATICAL MODEL OF HYBRID VEHICLE COMPONENTS

Designing both energy management and thermal management strategies in hybrid

vehicle by using MPC requires following steps:

e First step is to derive the mathematical model of each component in hybrid
vehicle individually.

e Then, the formulations should be embedded into the blocks that are created in
MATLAB/Simulink.

e The connection of system inputs and outputs for each block should be made.

e After all connections are carried out, the whole system is thought as one that

has multi input multi output (MIMO). This part is called plant of a system.

e Next step is constructing MPC. In this step, Model Predictive Control Toolbox

is used to design controller.

e Closed loop system is designed by making the connection between MPC and

plant of the system.
¢ Tuning all design parameters of model predictive controller is crucial point.
e After tuning, the controller is exported into the MPC block.

e The last step is observing the performance of controller by simulating overall
system in MATLAB®.

All these steps are examined in this thesis respectively. In this chapter, mathematical
model and Simulink model of vehicle components are investigated. Then the

mathematical model of MPC is briefly mentioned.

4.1. Mathematical Model of Hybrid Vehicle

Modelling of the vehicle is one of the most important part in this thesis. Since the

internal structure of hybrid vehicle’s components is so complex, the model can be
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represented by relatively simple. In hybrid vehicles, there are several components,
which should be considered, including vehicle dynamic, internal combustion engine,
battery, supercapacitor, and temperature of battery. Controller will share the power
between ICE, battery and supercapacitor optimally. Before designing MPC, the
mathematical models of these parameters are derived. The accuracy and stability of
controller depends on these mathematical models. In this section, plant model is

examined profoundly.

4.1.1. Vehicle Dynamic Model

In this section, the mathematical formulation of vehicle dynamic is derived by using
longitudinal motion of the vehicle. The total forces acting about the vehicle are
evaluated by taking Newton’s laws of motion into account. For better understanding

of this law, total forces acting on vehicle is shown in Figure 4.1.

acceleration

Figure 4.1. Longitudinal Forces on Vehicle
Using Newton’s law of motion, the force output by motors can be calculated from
following equation:
Fmotor = Fnet + Fresistive (4.1)
Fresistive = Fair + Froll + Fgravity 4.2)

While the net force in equation (4.1) is calculated from well known Newton’s law,
the net force can be written as the multiplication of vehicle mass and acceleration. In
equation (4.2), the total forces that resist the motion of the vehicle are formulated. In

this equation, Fr is a force which is acting opposite to the motion of vehicle with
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respect to surrounding air. Fron Stands for rolling resistance which occurs when wheel

rolls on a surface. This force causes dissipation of energy. Fgravity, can be simply

explained as attraction between two masses or the force that exists while one mass

pulled by another. The formulations of these forces can be expressed from following

equations (Karabasoglu et al., 2018):

where
Fret
a
Fair, Fron, Fgravity

v

VA

T

Fair = %pUZCdA
Fro= Croyymg cos 8

Fgravity = mg sin 8

Fret=ma
0.0289 0.0065+z, 2.0289+g
p = *101.325 * (1 — - )8:314+0.0065
8.314xT T

Net forces on vehicle [Newton]
Acceleration [m/s?]
Resistive forces [Newton]
Vehicle velocity [m/s]

Drag coefficient of vehicle
Effective cross sectional area of vehicle [m?]
Rolling resistance coefficient
Vehicle mass [kg]

Gravitational acceleration [m/s?]
Angle of slope [radians]

Density of air [kg/m?]

Vehicle elevation [m]

Air temperature [K]

(4.3)

(4.4)
(45)

(4.6)

4.7)

After finding total force on vehicle, it can be converted into total power loss of the

vehicle. The expression of total loss of vehicle can be concluded:
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Fresistive*V
P|OSS - restsﬁtwe (4.8)

where Pioss is the total loss of vehicle in watt, 1} is total drivetrain efficiency,

including mechanical and electrical efficiency.

4.1.2. Internal Combustion Engine (ICE) Model

In this thesis, for control purposes, we are interested in the power and corresponding
fuel consumption, and we assume constant gear ratio and ignore torque dynamics.
ICE is only used to observe fuel consumption of the vehicle. To get the fuel
consumption, the value of calorific value should be noticed. Calorific value is the
energy term which is contained by any types of fuel. It is the heat produced by
combustion of a specified quantity of fuel. Relationship between power and fuel

consumption can be simply expressed from following equation:

P
Pbrake = % (4-9)
F,=Zbrake , 0,72 (4.10)
Cr
where
Pick ICE power determined by MPC [W]
Pyrake Brake power of vehicle [W]
Cr Calorific value [J/kg]
E, Fuel consumption [It/h]

4.1.3. Battery Model

Battery is the main electric source of hybrid vehicles. In battery model, there are
three significant terms, including regenerative braking, state of charge (SOC) and C-
rate. In section 1.1, regenerative braking was already briefly mentioned.

SOC is defined as available capacity of battery which is able to provide required
power of vehicle. In other words, amount of energy left in a battery. In literature, the
formulation of SOC is more complex (Poramapojana and Chen, 2012). In this thesis,
the expression for charge level of battery is given by (Karabasoglu et al., 2018):
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Ppattery*At
Qk = Qk—l + ey ) PBattery< 0 (4-11)

Nchar

Qx = Q-1+ Nais * Ppattery * At , Pgattery> 0 (4.12)
where
Qx Latest charge level [kWh]
Qr-1 Previous charge level [kWh]
Pgattery Power consumption determined by MPC [kW]
At Elapsed time [hours]
Nehar Ndis Charging and discharging efficiencies of battery respectively

Another important term in battery model is C-rate. C-rate is described as the
discharge intensity of battery (Miller et al., 2005). In general cases, discharging the
battery at high C-rate adversely affects the battery life and it is proved by using the
combination of supercapacitor and battery (Miller, 2007). For example, a C-rate of
1C is known as one hour discharge and it shows discharge current will discharge
whole battery in 1 hour. The formulation of C-rate is expressed by (Borhan and
Vahidi, 2010):

Crate = 0.69*1121;‘::2:,};“”3, (4.13)
where
Voc Open circuit voltage of battery [V]
Chattery Battery cells capacity [Ah]

4.1.4. Supercapacitor Model

Supercapacitor is the assistant source of energy storage system in our designed
hybrid vehicle. The reason of using supercapacitor is to keep C-rate of battery in
optimal interval and to prolong the life of the battery. The mathematical model of
supercapacitor is exactly same as battery model. The mathematical formulation of

supercapacitor is given by:

_ Psupercapacitor*At
Qk - Qk—l + , ) Psupercapacitor <0 (4-14)
Nchar
Qk = Qk—l + Nais * Psupercapacitor * At Psupercapacitor >0 (4-15)
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where

Qx Latest charge level [kWh]

Q-1 Previous charge level [kWh]

Psupercapacitor Power consumption determined by MPC [kW]

At Elapsed time [hours]

Nais» Nehar Charging and discharging efficiencies of supercapacitor

4.1.5. Thermal Model of Battery

The temperature of battery is one of the main issues in this thesis. Since the
temperature adversely affects life of the battery, it is needed to be investigated. The
aim of thermal model is to keep the battery surface temperature in specific interval.
For this reason, the fan is used to cool down the temperature. Determining the rate of
cooling is attached to the term of heat transfer rate. In this part, some of the terms
related with heat transfer rate is also indicated with thermal model of battery for

better understanding.

There are three types of heat transfer terms, including conduction, convection and
radiation. Conduction is the heat transfer concept, transmitted through the material
from more energetic side to lower side. Convection is the heat transfer type, which is
occurred by the temperature difference between fluid and substance. In other words,
the energy transfer happens due to the molecular interaction of these two materials.
Radiation is the last type of heat transfer and it is defined as the heat transmission as
electromagnetic waves. In this case, there are conduction and convective heat
transfer types due to the interaction between battery and air flow. Figure 4.2

illustrates all types of heat transfer.
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Conduction Convection

Figure 4.2. All Types of Heat Transfer Methods

There are several terms which should be known to get the mathematical model of

convective heat transfer. These parameters are briefly examined.

4.1.5.1. Air Density

Air density is defined as the specific weight of an air divided by its volume. This
parameter varies with temperature and pressure. The formulation of air density is

given by:
p = % (4.16)
where, p is air density in kg/m3, m is mass of an air in kg, V is volume of air in m3,

4.1.5.2. Specific Heat

It is the amount of heat required to raise the temperature 1°C. In other saying,

specific heat is the derivative of material’s heat with respect to the temperature.
c=% (4.17)

ar

where, Cis specific heat in Joule/Kelvin, Q is material heat in Joule, T is material

temperature in Kelvin.

4.1.5.3. Dynamic Viscosity
This is the measurement of required force to deal with internal friction in a fluid.

H= T * g (4.18)
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where, W is dynamic viscosity in Ns/m2, T is shearing stress on fluid in N/m2, dy is

unit distance between layers in meter, dc is unit velocity in m/s.

4.1.5.4. Kinematic Viscosity
This term is defined as the dynamic viscosity divided by air density.

_n
V=2 (4.19)

where, Vv is kinematic viscosity in m?/s, u is dynamic viscosity in Ns/m?, p is fluid

density in kg/m?®.

4.1.5.5. Thermal Conductivity

Thermal conductivity shows the heat conduction capacity of materials.

__ Pxt
T AxAt

(4.20)

where, 1 is thermal coductivity in W/K.m, P is power in watt, A is transmitted
surface area in m2?, At is temperature difference causes heat transfer in Kelvin, t is

thickness of material in m.

4.1.5.6. Prandtl Number

Prandtl Number is one of the dimensionless numbers which is defined as the ratio of
momentum diffusivity to the thermal diffusivity. This number shows that how fast
the thermal diffusion takes place in its direction when it is compared with momentum

diffusion.

pr =12 (4.21)

where, Pr is Prandtl Number which has no unit, p is dynamic viscosity in kg/m.s, C

is specific heat in J/kg.K, A is thermal conductivity in W/K.m.

The values of parameters which are mentioned so far are illustrated in Figure 4.3.
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Specific Thermal Thermal Dynamic Kinematic Prandt|
Temp. Density Heat ¢, Conductivity Diffusivity Viscosity Viscosity Number
T.°C p, kg/m? Jhg-K k, Wim:K a, ms B, kg/m-s v, mijs Pr
=150 2.866 983 0.01171 4,158 x 10-% 8.636 x 10-° 3.013 x 10-¢ 0.7246
=100 2.038 966 0.01582 8.036 x 10°% 1.189 x 106 5.837 x 10°€ 0.7263
=50 1.582 999 0.01979 1.252 x 10°% 1.474 x 103 9.319 x 10°§ 0.7440
=40 1.514 1002 0.02057 1.356 x 10~ % 1.527 % 105 1.008 x 105 0.7436
=30 1.451 1004 0.02134 1.465 = 10-% 1.579 x 105 1.087 = 10-% 0.7425
=20 1.394 1005 0.02211 1.578 x 10°% 1.630 x 105 1.169 x 10-5 0.7408
=10 1.341 1006 0.02288 1.696 x 10-% 1.680 x 10-3 1.262 x 10-F 0.7387
0 1.292 1006 0.02364 1.818 = 10-% 1.729 x 10-3 1.338 x 10-% 0.7362
5 1.269 1006 0.02401 1.880 x 10°% 1.754 x 105 1.382 x 105 0.7350
10 1.246 1006 0.02439 1.944 x 10°% 1.778 x 105 1.426 x 105 0.7336
15 1.225 1007 0.02476 2.009 x 10°% 1.802 x 109 1.470 x 105 0.7323
20 1.204 1007 0.02514 2.074 x 10°% 1.825 x 105 1.516 x 10-5 0.7309
25 1.184 1007 0.02551 2.141 x 10°% 1.849 x 103 1.562 x 10-5 0.7296
30 1.164 1007 0.02588 2.208 = 10°% 1.872 x 105 1.608 x 10-° 0.7282
35 1.145 1007 0.02625 2.277 x 1075 1.895 x 105 1.655 x 105 0.7268
40 1.127 1007 0.02662 2.346 x 10°% 1.918 x 10-% 1.702 x 10-° 0.7255
45 1.109 1007 0.02699 2.416 x 10°% 1.941 x 109 1.750 % 105 0.7241
50 1.092 1007 0.02735 2487 x 10°% 1.963 x 109 1.798 x 105 0.7228
60 1.059 1007 0.02808 2.632 x 10°% 2.008 x 103 1.896 x 105 0.7202
70 1.028 1007 0.02881 2.780 x 10°% 2.052 x 105 1.995 x 10-5 0.7177
80 0.9994 1008 0.02953 2.931 x 107 % 2.096 x 103 2.097 x 105 0.7154
80 0.9718 1008 0.03024 3.086 x 10-% 2.139 = 10-3 2.201 x 10-5 0.7132
100 0.9458 1009 0.03095 3.243 x 10-% 2.181 = 10-5 2.306 % 105 0.7111

Figure 4.3. Properties of Air at 1atm Pressure

4.1.5.7. Reynolds Number

Reynolds Number is one of dimensionless numbers which is defined by the ratio of
inertial forces to viscous forces. This number tells us whether the flow of fluid is

laminar or turbulent. Figure 4.4 shows the difference between laminar and turbulent

flow.
Dye trace Dye trace
—_— —_—
ng - V“’E
T Diye injection f Dye injection
i) Laminar flow i) Turbulent flow

Figure 4.4. The Behavior of Fluid in Laminar and Turbulent Flow

If the Reynolds Number is low, the flow characteristic is laminar because the viscous

forces are dominant and the motion of fluid is smooth. In contrast, if the Reynolds
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Number is high, the inertial forces become dominant and it causes eddy current and

vortices. These additional forces cause turbulent flow.

Re = P*:*L (4.22)

where, Re is Reynolds Number which is dimensionless, p is the fluid density in
kg/m3, v is velocity of the fluid m/s, L is a linear dimension in m, u is dynamic

viscosity in kg/m.s.

4.1.5.8. Nusselt Number

This dimensionless number is quite important to determine convective heat transfer.
It is expressed by the ratio between convective and conductive heat transfers. There
are several formulations of Nusselt Number, but in this thesis, Nusselt Number is
determined as a function of Reynolds and Prandtl Numbers. Since the cells of battery
are assumed to be set of staggered tubes (Masoudi and Azad, 2017), the formulation

will be expressed with respect to this assumption.
Nu = C * Re™ » Pr;"3® x (Z)1/4 (4.23)
N

where, Nu is dimensionless Nusselt Number, Re is dimensionless Reynold Number,
Pr; is dimensionless Prandtl Number for ambient air, Pr; is dimensionless Prandtl
Number for battery surface temperature. C and m constants are determined with
respect to Reynold Number. Table 4.1 shows how to determine the values of these

constant numbers.

Table 4.1. Constants of equation 4.23 for Staggered Flow (Masoudi and Azad, 2017)

Reynolds C m
10-10? 0.9 0.4
10%- 10° 0.51 0.5
103-2x10° 0.40 0.6
2x10°—2x 106 0.022 0.84
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4.1.5.9. Heat Transfer Rate

The mathematical formulation of heat transfer rate is evaluated with respect to the
assumption of battery cells are considered as staggered tube. Also, external source of
the cooling battery temperature is fan in this thesis. In this section, effects of fan
acting on battery temperature is formulated. The geometric packing of a tube bank

under effects of air is shown in Figure 4.5.

Fluid in cross flow

Lg aver tube bank

Internal flow of fluid
through tube

Figure 4.5. The Geometric Arrangement of Tube Bank in Cross Flow

While examining the effects of fan on temperature, there are two conditions that the
maximum velocity of fan can be either occurred in transverse plane or the diagonal
plane (Bergman et al., 2011). The following equation is used to determine where the

maximum velocity occurs.

1
Sp =[S, + (D < L= (4.24)
where, Sp, is staggered tube distance in m, S; is battery transverse pitch in m, S; is
battery longitudinal pitch in m, D is diameter of tube bank (battery pack) in m.
Maximum velocity within the tube changes with equation 4.24 as follows (Bergman
etal., 2011):

St

Vinax = S7—D * Vfan (4.25)
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S
Vinax = 2*(55_1)) * Vfan (4.26)

where, Vrqy is linear speed of fan in m/s. If equation 4.24 is satisfied, maximum
velocity occurs in diagonal plane and equation 4.26 is valid. On the other hand, if
equation 4.24 is not satisfied, then maximum velocity occurs in transverse plane and

maximum velocity is found from equation 4.25.

In the next step, convective heat transfer coefficient should be found. This parameter
is used to calculate how much temperature is absorbed in tube. The formulation of

this parameter is given:

__ NuxA
D

h

(4.27)

where, h is convective heat transfer coefficient W/m2.K, Nu is Nusselt Number, 1 is

thermal conductivity in W/K.m, D is diameter of tube bank (battery pack) in m.

Since the motion of fluid in staggered tube is not aligned, the formulation of
Newton’s law of cooling is not simple. Figure 4.6 shows the motion of fluid within
the tube.

_:——f"'-_z_:\%é_jﬁ "'_ﬂ,_——--:.:___,
N %
===

=SS = A

Figure 4.6. Flow Condition in Staggered Tube.

After finding heat transfer coefficient, the outlet temperature which leaves from tube
should be evaluated. The mathematical formulation of outlet temperature is given by
(Bergman et al., 2011):

—DmNh

T, = Ts — (T — T;) x exp (pranNTSTC

) (4.28)
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where, N is the total number of tubes (total number of cells in battery pack), N is
number of tubes (cells) in transverse pitch, S; is length of transverse pitch in m, D is
diameter of tube bank in m, h is convective heat transfer coefficient in W/m2.K, p is
fluid density in kg/m3, Vg4, is linear velocity of fan in m/s, C is specific heat in
Joule/Kelvin, T is surface temperature in Kelvin, T; is the temperatures enters into
bank in Kelvin. The evaluated outlet temperature is used to calculate temperature
difference (AT) from Newton’s law of thermodynamic. AT is calculated from log-

mean temperature difference which is given by (Bergman et al., 2011):

AT = ST (4.29)
(7570

Finding temperature difference is cornerstone of determining the heat transfer rate in

tube. The last formulation of obtaining heat transfer rate is given by:
Qn = NThDATL (4.30)
where, L is length of tube bank in m (in this case length of cell). This parameter

shows the rate of heat transfer caused by cooling system.

4.1.5.10. Temperature Change

One of the most significant part in temperature modelling is to get mathematical
model of temperature change. In order to observe the effects of cooling system on
battery temperature, the heat generated by battery should be found. The total amount
of heat generated by battery is actually caused by internal resistance of battery. For

this reason, the mathematical model of generated heat in entire battery pack is given

by:
Qg.en = ngatRbat (4.31)

where, N is total cell in battery pack, | is the current flowing through cells, R is

internal resistance of battery cell.

Finally, change of battery temperature can be computed from (Masoudi and Azad,
2017):

T = Sgen O (4.32)

MpattChatt
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where, my . IS weight of battery in kg and C,,. is thermal capacity of battery

module in Joule/Kelvin.

4.2. Simulink Model of Hybrid Vehicle

In order to increase the reliability of model, all mathematical expressions embedded
into Simulink blocks. It also allows us to observe simulations of each components.

The mathematical models of each component are derived in section 4.1.

In this thesis, Toyota Prius 2018 Base Model is used as a hybrid vehicle. Thus, all
parameters in equations are taken with respect to this car. In this chapter, it is
examined that how mathematical model of each components are converted into

Simulink blocks.

4.2.1. Simulink Model of Vehicle Dynamic

The coefficients of vehicle model is taken by considering specifications of Toyota

Prius. Table 4.2 shows the real values of these coefficients.

Table 4.2. Vehicle Coefficients (Toyota Prius 2018 Base Model Specifications,

2018)
Vehicle Parameters Value Unit
Cq 0.24 -
A 2.58 m?
Croll 0.015 -
m 1390 kg
g 9.81 m/s?
p 1.204 kg/m?
T 295.15 K
q 0.54 -

All these coefficients are used, from equation 4.2 to equation 4.8, to find total power
loss of vehicle. Equation 4.1 is used to calculate total demanded power to find
vehicle speed from equation 4.6. The Simulink model of vehicle dynamic is shown in

Figure 4.7.
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Figure 4.7. Simulink Model of Vehicle Dynamic

In this figure, it can be seen that the total demanded power is calculated by
subtracting total losses from sum of three different power sources determined by
MPC, including internal combustion engine, supercapacitor and battery. The power,
which is found, is called net power. Once Pret is found, the velocity can be obtained
by taking the integral of acceleration, which is given in equation 4.6. Finding
velocity is an important criteria since it should be tracked by controller. In each time
step, velocity is calculated again that is connected with feed-back loop. The values of
elevation and theta can be thought as a data coming from GPS. In this thesis, these

values are coming from workspace of MATLAB®.

4.2.2. Simulink Model of Internal Combustion Engine (ICE)

Mathematical model of ICE, can be easily implemented in Simulink block. Table 4.3

shows the coefficients of ICE used in mathematical model.

Table 4.3. ICE Coefficients

ICE Parameters Value Unit
f]electric 0.6 -
Nmechanical 0.9 }

Ct 47.3 x 10° J/kg

PICE 71 kW
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Calorific value (Cr), is taken by considering the source of fuel is gasoline. Efficiency
parameters are logical arbitrary numbers. Also, maximum power of ICE is 71kW.

Next step is to send these coefficients into Simulink blocks. Figure 4.8 shows

Simulink model of ICE:

Internal Combustion Engine

Figure 4.8. Simulink Model of ICE

The only input of this block is power of ICE determined by MPC. In addition, this

block has only one output, which is fuel consumption that is tried to be minimized by
MPC.
4.2.3. Simulink Model of Battery

In battery model, there are two important parameters, including SOC and C-rate.

Related coefficients are given in Table 4.4.

Table 4.4. Battery Coefficients (Toyota Prius Technical Specifications Including
Battery Details, 2012)

Battery Parameters Value Unit
Ndis 0.85 -
Nchar 0.85 -
QP 1.3 kWh
pBatt 53 kw
Voc 202 V
Chattery 6.5 Ah

Maximum power of Nickel-metal hydride battery in Toyota Prius is 53 kW and
maximum energy is 1.3 kWh. In this battery module, there are 168 cells and each are
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1.2 V. Total open circuit voltage is equal to multiplication of these two values which
is approximately 202 V. In addition, the battery capacity is equal to 6.5 Ah. Charging
and discharging efficiencies are again logical arbitrary numbers. All these data are
sent into the Simulink block. Figure 4.9 shows the Simulink model of battery:

o 1
SOC_der B » 1 )
l—l S0OC_Battery
Integrator

Power_batt

P_Batt
C_rate 4’@

Scoped

SOCBatt

Battery

Figure 4.9. The Simulink Model of Battery

Input of the block is battery power determined by MPC. There are two outputs of this
block, including SOC and C-rate. Since the output of SOC port is rate of change,
integral of this value is taken to see current value of SOC. In addition, this value is

controlled by MPC.

4.2.4. Simulink Model of Supercapacitor

Usage of supercapacitor in ESS with battery is a new technology. Toyota Prius has
not used this technology yet. For this reason, supercapacitor selection can be made
arbitrary. Figure 4.10 illustrates some of the supercapacitor specifications (Burke and
Zhao, 2015).

37



R _ Whike Wikg Wikg

Device v € | @onm) | BC (©5%) Match, | & | Vol
rate F) @) w0 o o)) Imped. (kg) lit.
Maowell 27 2885 375 1.1 42 904 8836 55 414
Macwell 27 6035 80 55 235 1139 9397 20 211
Vinatech 27 336 35 12 45 1085 9656 054 057
Vinatech 30 342 6.6 225 56 T10 6321 054 057
Toxus 27 3000 A5 14 40 828 7364 ] 49
Toxus 27 2000 54 11 40 973 8210 37 346
Skeleton
Technol. 34 3200 A7 1.5 an 1730 15400 A0 284
Skeleton
Technel. 34 850 8 .68 69 2796 24879 145 097
Yunasko*® 27 510 9 A6 50 2919 25962 078 055
Yunasko* 275 480 25 12 445 10241 91115 060 044
Yunasko*® 275 1275 A1 13 4355 8791 78125 22 A5
Yunasko* 27 7200 14 10 24 1230 10947 119 065
Yunasko* 2.7 5200 15 78 30 3395 30200 068 038
Mess 27 1800 55 1.0 36 975 8674 38 277
Mess 2.7 3640 30 1.1 42 928 8010 63 14
Ness (cvl) 27 3160 4 1.3 44 982 §728 522 379
LS Cable 28 3200 25 .80 37 1400 12400 63 A7

Figure 4.10. Summary of Supercapacitor Device Characteristics

From this figure, Maxwell supercapacitor is determined to use, because of high
power density capacity. To find the maximum power which can be delivered by
supercapacitor and energy density, more information is needed. Table 4.5 shows
weight and energy density of different types of supercapacitors (Burke and Zhao,
2015).

Table 4.5. Specifications of Different Types of Supercapacitors

Energy Storage System Weight of the Energy capacity
supercapacitor [kg]
Yunasko hybrid 12 300Wh
JM Energy hybrid 11 100 Wh
Yunasko C/C 22 100 Wh
Maxwell C/C 28 100 Wh
Skeleton 2014 C/C 3200 F 13 115 Wh

As it can seen from Figure 4.10, Maxwell Supercapacitor has 994 W/kg power
density. Since the weight of supercapacitor is 28 kg from Table 4.4, maximum power
density can be found as 27 kKW. Also, this supercapacitor has 100 Wh energy density.
Efficiency of supercapacitor is chosen same as battery values. Figure 4.11, shows the

Simulink model of supercapacitor:
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Figure 4.11. Simulink Model of Supercapacitor

Supercapacitor model has only one input which is power determined by MPC.
Output of this Simulink block is SOC. This value is again controlled by MPC same
as battery.

4.2.5. Simulink Model of Battery Temperature

In this part, temperature of battery is calculated by adjusting the speed of fan. To
calculate temperature from expressions given in section 4.1.5, required coefficients

should be given. In Table 4.5, all required coefficients are given:

Table 4.6 Coefficients of Battery Thermal Model

Battery Temperature Value Unit
Parameters
D 0.06 m
L 0.285 m
N 168 -
Nt 6 -
St 0.09 m
Sy, 0.09 m
My et 29.12 kg
Chatt 521 J/kg/°C
Rpat 0.015 ohm

Battery longitudinal and transverse pitch (S. and St) values are taken as 3 x R since

battery has symmetrically placed cells (Jilte and Kumar, 2018; Pesaran and Keyser,
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2001). The remaining values are taken from real battery of Toyota Prius (Toyota
Prius Technical Specifications Including Battery Details, 2012). In Figure 4.12,

Simulink model of battery temperature is illustrated.

p [ ]
- P patt Scopel3
P_Bat
P T_batt_surf T_Batt
) T_batt_rate > 15

@—b T_ambient fen

T_ambient

Integrator3

o

V_rpm
-P Battery Temperature I:J

L

Scopet

Figure 4.12. Simulink Model of Battery Temperature

There are four inputs and one output of this model. Fan speed and battery power are
determined by MPC. Initial values of air ambient temperature and battery surface
temperature are set to be 22°C and 30°C respectively. In each time step, model will
calculate battery temperature thanks to MPC and send these data as an input of
battery model with feedback loop. Complete MATLAB® code for Battery

Temperature block is given in Appendix 1.

4.3. Mathematical Model of MPC

The basic principle of MPC is to minimize objective function by using internal
system model to anticipate system behavior while satisfying constraints. The high-

level formulation of MPC can be expressed as follows:

Ut(x(t)) = min Y320 q(Xesr Uesic) (4.33)
Subject to x;= x(t) measurement

Xerk41= AXepp + BUpyy system model

Xey €EX state constraints

U EU input constraints

Ur = {ug, uqg, oo Uy_1} optimization variables
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As it is mentioned in section 3.1, at each sample time, MPC estimates the current
state x;. After that, it finds the optimal sequence of inputs u in prediction horizon (N),
such that the objective function q is minimized. This sequence gives us the set of
U = {u, upiq, -, Uepn—1}- The controller only implement the first control action u,.
For explicit explanation, the mathematical expression embedded to the block

diagram and shown in Figure 4.13.

N-1
nin Z q(iL'r,H:: 'U«f,-HJ)

I
Ui

R—— 2 P‘ant ==

Tpspt1 = Aoy, + Bugyy
Ttk € X, Ut eu

L J

Plant State x(t)

Figure 4.13. Structure of MPC with Mathematical Formulation

41



CHAPTER 5
MODELLING ENERGY AND THERMAL MANAGEMENT
STRATEGIES AND SIMULATION RESULTS

There are two different control strategies which are developed in this thesis,
including energy management and thermal management strategies by using MPC. In
energy management strategy, MPC determines optimal power split between ICE,
battery and supercapacitor and send these values to the plant. On the other hand, in
battery thermal management strategy, MPC determines optimal fan speed to keep
battery temperature in appropriate intervals. For explicit understanding, overall

system’s block diagram in shown in Figure 5.1.

Optimization Weights

Driving Cyle PICE CE Fuel Consumption
Target

PSC Supercapacitor SOC

MPC Controller P
Batt Battery Temperature
. T Batt
Disturbances AY pm . ey Barttery SOC
Vehicle Vehicle Velocity
Dynamic .

Figure 5.1. Block Diagram of Overall System

Internal structures and the values of coefficients inside these block diagrams are
mentioned in chapter 4. In this chapter, different scenarios for EMS, TMS and

combination of these two strategies are examined as follows:
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Table 5.1. Features of Different Control Cases

Test Case Available Component Configuration Battery Section
(for Optimal Power Split) Thermal
Management
by MPC?
ICE Battery Supercapacitor
1 + + + 5.1.1
2 + + 5.1.2
3 + + 5.1.3
4 + 5.1.4
5 + + 5.2
6 + + + + 5.3

5.1. Energy Management Strategy

Developing useful controller is the key point of energy management strategy for
hybrid car. As it is mentioned before, MPC controller is used to improve this strategy.
In this part of this thesis, there are several estimated cases to get important results.

For each case, making power split and designing MPC controller are the cornerstones.

As a first case, hybrid car contains ICE, battery and supercapacitor to propel the
vehicle. This shows us important results regarding the fuel consumption of vehicle
and SOC levels of both supercapacitor and battery. In second case, the forces for
propelling the car are ICE and battery. This case is actually considered the
conventional hybrid car structure. By using this scenario, the effects of
supercapacitor on fuel consumption rate of hybrid vehicle and battery C-rate can be
examined by comparing with first case. As a third case, power sources are battery
and supercapacitor, which means that the hybrid vehicle is thought as an electric
vehicle. This allows us to observe advantages and disadvantages of electric vehicles
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with good controller. Finally, the last case is to use conventional vehicle which has

only ICE. This lets us observe the change of fuel consumption.

In each case, the test driving cycles are tracked by controller as a references. This is
the proof for high reliability of MPC controller. The driving cycles are standardized
speed profile that allow us to compare results of different controllers for different
scenarios. Driving cycles are performed in zero slope roads (Fernandez, 2016) and
for this thesis, it is also performed assuming that the car is running in zero elevation
because the effects of elevation on required power is quite small. In each case, the
driving cycle of the Highway Fuel Economy Test (HWFET) is tracked by controller.
The duration and total distance of this driving cycle are 765 seconds and 16.45 km
respectively (Different Types of Driving Cycles, 2013). In addition, in only first
scenario, driving cycle of Urban Dynamometer Driving Schedule (UDDS), which
represents city driving conditions, is tracked by controller. The characteristic
parameters of time duration and total distance for UDDS are 1369 seconds and 12.07
km respectively. These two cycles are tried to prove the high ability of MPC
controller while tracking different desired references.

5.1.1. Power Split for ICE, Battery and Supercapacitor

In this first case, MPC controller is developed for making power split between ICE,
battery and supercapacitor. To find the optimal control strategy for a given HWFET
and UDDS driving cycles, the following problem by using MPC is solved:

min Tz W Osr = Ner DI + [IW* Qg — w)[? + [[WE * A ||? (5.0)

where
|74
Y = |Temp|
'PPICE ]
ws [y
Subject to,

SOCmin = Schatt < SOcmaX
SOCpin < SOCs¢ < SOC i ax

Vmin V< Vmax
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Tempp,in, < Temp < Temp ¢

and where u is manipulated variables, y is measured output, W?is output weight,
W* is input weight, W2 is input rate weight, k is time step, Nis number of time
steps, SOCy,tt,SOCsc, V, Temp are constraints which are battery state of charge,

supercapacitor state of charge, velocity and battery temperature respectively.

The aim of MPC is to solve the optimization problem mentioned above. While
solving this problem, MPC should take into account some parameters, which is
shown in Figure 5.1, including manipulated variables, measured outputs,
disturbances, reference and weights while satisfying constraints. This problem can be
summarized that MPC controller tracks the desired driving cycle and battery
temperature. In addition, it makes optimum power split between three sources and
send these data to the plant while satisfying,SOCy., SOCsc, V, and Temp intervals.
The values of SOCy,4:,SOCsc, V, and Temp are sent to the controller with feed-back
loop in each time step. Adjusting the values of these parameters is called tuning the
controller. The most important part after designing overall system is to tune these
variables by using MPC Toolbox in MATLAB®.

5.1.1.1. Controller Synthesis for First Case

e Controller Tuning

First step of tuning the parameters of controller is to adjust default conditions of
number of manipulated variables, number of measured disturbance, number of
measured outputs, sample time T, prediction horizon Np and control horizon Nc. In
this case, number of manipulated variables is three, including ICE, battery and
supercapacitor powers. Number of measured disturbances is three, including ambient
temperature, elevation and slope of the vehicle. Ambient temperature is taken
constant and it is set to be 22°C. Elevation and slope are taken as 0. These three
variables are called measured disturbances, because these parameters directly affect
measured outputs. Another default parameter is number of measured outputs which is
four. Actually in Figure 5.1, it is illustrated that the number of measured output is
five. However, since there is a direct and linear relationship between ICE and fuel
consumption, controller makes error. To solve this problem, delay block should be
added to the system, but this block causes deterioration in graphs. For this reason,

fuel consumption is not taken as a measured output and the measured outputs are
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battery state of charge, supercapacitor state of charge, velocity and battery
temperature. Sample time, prediction horizon and control horizon are set to be 1, 40,

20 respectively and these values will be constant for all types of designs.
e Constraints

Second step is to adjust input and output constraints. In this case, manipulated

variable (input) constraints are imposed as:
0kW < Pg < 71kW

—53KkW < By < 53KkW

—27kW < Pgc < 27kW

The measured outputs are expressed as:
50% < SOCpaee < 100%

10% < SOCsc < 100%
Om/s<V<50m/s

10°C < Temp < 40°C

According to aim of controller, these constraints are adjusted as hard or soft
constraints. For this case, all manipulated variables and measured outputs are
adjusted as 0 (hard constraints). In MATLAB MPC Toolbox, these settings are valid
in constraint part as minECR and maxECR and both are taken as zero in this case.

e \Weights

Last step is to adjust both inputs and outputs of controller. P;-g, Ppq:: and Pg-weights
are set to be 0.1, 0.1, O respectively. These values show that even if the controller
does not satisfy desired constraints for supercapacitor, controller will not penalize
because supercapacitor is free to be used. Rate weight values for all these parameters

are 0.1.

Output weights, including SOCy,,SOCsc, V, and Temp are adjusted as 0,0,100 and
1 respectively. Since the controller must track velocity high significantly, the weight

value is taken quite big.
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5.1.1.2. Simulation Results for First Case

The most important criteria for all cases is to track driving cycle to get reliable
results. Thus, two different types of driving cycle tracking are made with same
controller. Figure 5.2 shows tracking performance of MPC for HWFET driving cycle.
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Figure 5.2. HWFET Driving Cycle Tracking

Figure 5.3 shows tracking performance of MPC for UDDS driving cycle.
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Figure 5.3. UDDS Driving Cycle Tracking
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From Figure 5.2 and Figure 5.3, it can be concluded that, the controller can produce
very good speed tracking performance. Tuning of the controller is adjusted with
respect to tracking results. If this tracking is not good, the parameters of tuning
should be changed. In this case, Mean Absolute Error (MAE) and Mean Absolute
Percentage Error (MAPE) values of velocity tracking for HWFET are equal to 0.59
and 2.72% respectively.

Another reference is battery temperature which is less important. This reference also
gives us some clue about controller performance, but good speed tracking
performance is sufficient to obtain required data. Figure 5.4 shows the battery

temperature reference tracking.
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Figure 5.4. Battery Temperature Reference Tracking

After looking for reference tracking performances of MPC controller, power split
analysis of controller should be made. In Figure 5.5, driving cycle and power split

analysis are shown.
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Figure 5.5. Power Split Analysis for Three Power Sources

As it is mentioned before, MPC controller determines manipulated variables of
system. MPC controller also has plant model inside, for this reason, it can give
logical values for three different power sources by making the prediction about road.
Since the road slope and elevation are considered as zero, MPC makes prediction
with respect to the velocity references. It can be interpreted that when the speed of
the vehicle increases, demanded power also increases. On the other hand, when the
speed decreases, controller can detect that power demand is small and battery and
supercapacitor can be charged like in regenerative braking mode. Since the car is
assumed to run on zero slope roads, controller can only understand negative slope
when the speed decreases. For this reason, controller makes the decision of charging

battery by predicting decrease of speed.

When the point of 300 seconds is investigated, it can be seen that the velocity of car
will increase. Since, designed MPC controller can see the reference signal 40
seconds (prediction horizon) in advance, it started charging battery and
supercapacitor, to decrease usage of ICE. By doing this, MPC can optimize fuel
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consumption. Figure 5.6 shows the fuel consumption rate of hybrid vehicle in
HWFET with designed MPC controller.

Fuel Consumption in HWFET
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Figure 5.6. Fuel Consumption of Hybrid Vehicle in HWFET

By using good controller, the fuel consumption rate can be lowered down to 0.7.
Another important parameters are state of charge levels for both battery and
supercapacitor. These two parameters are specified as constraints and they both
assumed to start from fully charged level. Controller keeps these two values in a
specific interval which is given in section 5.1.1.1. This is also important to interpret
about the performance of controller. Figure 5.7 illustrates the SOC level of battery
power source.
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Figure 5.7. Battery Power and State of Charge Level

It can be indicated that, controller is able to keep SOC level of battery in specified
interval. Final criteria of this scenario is to examine SOC level of supercapacitor.
This is another constraint of controller. Figure 5.8 shows the ability of controller in

terms of whether SOC level of supercapacitor is satisfied or not.
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Figure 5.8. Supercapacitor Power and State of Charge Level

From all illustrated figures, it can be concluded that, designed controller is able to

track desired references while satisfying desired constraints.
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5.1.2. Power Split for ICE and Battery

In this second case, MPC controller is developed for making power split between
ICE and battery. To find the optimal control strategy for a given HWFET driving
cycle, MPC has tried to solve the same problem which in given in equation 5.1.

5.1.2.1. Controller Synthesis for Second Case

e Controller Tuning

In this case, all the default conditions remain constant, because it is hard to change
the controller from beginning. The main criteria in this part is to adjust

supercapacitor power value as zero.
e Constraints

Second step is to adjust input and output constraints. In this case, manipulated

variable (input) constraints are imposed as:
0kW < Pcg < 71kW

—53KkW < Ppue < 53KkW

0kW < Psc < 0kW

The measured outputs are expressed as:
50% < SOCp,t: < 100%

10% < SOCgc < 100%
Om/s<V<50m/s

10°C < Temp < 40°C

The measured output constraints are again kept constant. However, in this case, SOC
level of supercapacitor is considered as a soft constraint, because there is no
supercapacitor. It means that the value of minECR and maxECR are taken as 1 for

supercapacitor.
e Weights

The values of weights for manipulated variables are taken same as first case. Thus,
Picg, Ppare and Pscweights are set to be 0.1, 0.1, O respectively. In addition, rate

weight values for P,z andP,,;.are again set to be 0.1 and P rate weight value
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adjusted as 0. Output weights, including SOCyt,SOCsc, V, and Temp are adjusted
as 0,0,100 and 1 respectively. In this case, the controller must track velocity high

significantly like before, so the weight value of velocity is taken quite big.

5.1.2.2. Simulation Results for Second Case

In this case, the main point is to look for benefits of using supercapacitor as an

assistant ESS. First of all, power split performance of MPC is investigated.
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Figure 5.9. Power Split Analysis for ICE and Battery

Figure 5.9 shows that MPC controller has again high ability of tracking velocity
reference. The values of MAPE and MAE are 2.12% and 0.46 respectively. Battery
temperature tracking performance is not examined repeatedly since velocity tracking
is sufficient to make a comment about controller performance. As a short comment
related with power split, the interval of 100-200 seconds could be investigated.
Approximately, at the point of 150 seconds, the speed of vehicle increases. For this
reason, controller has decided to charge battery in order to provide demanded power
from it. In Figure 5.10, the effects of supercapacitor on fuel consumption could be

indicated.
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Figure 5.10. Fuel Consumption Rate of Hybrid Vehicle without Supercapacitor

Figure 5.10 shows that the average value of fuel consumption is 0.7431 which has
increased when it is compared with first case. This result is quite important, because
the aim of hybrid car is to decrease the fuel consumption rate. It proves that another
method for decreasing fuel consumption rate is to use supercapacitor. Supercapacitor
does not only affect fuel consumption rate.

Figure 5.11 shows another benefit of supercapacitor.
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Figure 5.11. Battery C-rate Comparison for Two Scenarios: i) with Supercapacitor
and ii) without Supercapacitor

The definition of C-rate has made and the adversely effects of this parameter on
battery life has mentioned before. Figure 5.11 shows the values of C-rate for both
cases. The average value of this parameter is 3.207 in Case 2, whereas it is 4.009 in
Case 1. It is proved that, the life of battery could be increased by using combined

supercapacitor and battery.

As it is discussed in previous case, SOC level of battery is also important parameter
which could be considered. Controller has tried to keep SOC level in same interval
with Case 1. Figure 5.12 shows the constraint performance of controller.
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Figure 5.12. Battery Power and SOC Level without Supercapacitor

In this scenario, designed MPC controller has again high ability to satisfy constraints.
By using this case, the merits of using supercapacitor with battery have been

indicated.
5.1.3. Power Split for Battery and SC

In this third case, MPC controller is designed to make power split between battery
and SC. It means that, hybrid car has been transformed to the electric car by
eliminating ICE. To find the optimal control strategy for a given HWFET driving
cycle, MPC has tried to solve the same problem which in given in equation 5.1.

5.1.3.1. Controller Synthesis for Third Case

e Controller Tuning

In this third case, all the default conditions remain constant. The main criteria in this

part is to adjust ICE power value as zero.
e Constraints
In this case, manipulated variable (input) constraints are imposed as:
0kW < Pcg < 0KW
—53KkW < Pa < 53kW

—27KW < Psc < 27kW
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The measured outputs are expressed as:
50% < SOCp,¢t < 100%

10% < SOCsc < 100%
Om/s<V<50m/s

10°C < Temp < 40°C

The measured output constraints are again kept constant. All constraints except
temperature are set to be hard constraints which means that ECR values of measured
output are 0. ECR values of Temp is set to be 0.1, because temperature is controlled
by only battery power and this criteria is not that much important in this step. While

designing EMS, this term will become more significant.
e \Weights

The values of weights and rate weights for Pice, Peat and Pscare taken as 0, 0.1, 0.1
respectively. The weights for measured outputs are taken exactly same with first and

second cases.

5.1.3.2. Simulation Results for Third Case

In this part of thesis, simulation results of MPC performance without ICE has been
discussed. In Figure 5.13, performance of MPC is investigated.
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Figure 5.13. Power Split Analysis for Battery and SC

MPC is again quite good at tracking speed. The values of MAPE and MAE are found
as 1.84% and 0.4 respectively. It can also make good prediction about behavior of
speed and it charges battery and supercapacitor in logical points like 300 seconds. It
is explicit that, for providing total power which the vehicle requires to run at desired
velocity, vehicle only use battery and supercapacitor in this case. Thus, it is expected
that battery will discharge more than other cases. This concluded as, in this case,

battery C-rate value is bigger than other cases.
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Figure 5.14. C-rate Graph without ICE
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From Figure 5.14, C-rate of battery’s value has increased. The average value of C-
rate has increased up to 5.676. If the same case is carried out also without SC, C-rate
value will increase more than this value. The last control is again looking for interval

of constraints.
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Figure 5.15. Power and SOC Values for Both Battery and SC

Although MPC controller has made good velocity tracking, in this case it does not
satisfy constraints. The reason of this situation is that, vehicle requires big amount of
power. Power could be delivered only by battery and SC. For this reason, power
sources couldn’t find a time for charging. When the point of approximately 300
seconds is investigated, battery and SC are charged for a very short time. However,
vehicle needed to speed up, and the duration of charging has finished. To overcome

with this problem, the high capacity battery should be used in this case.
5.1.4. Power Split for only ICE

In this fourth case, MPC controller is developed for making power split for only ICE.
Aim of this case is to observe the effects of MPC controller on fuel consumption rate
of conventional vehicle. MPC again has tried to solve the same problem which is

given in equation 5.1.

5.1.4.1. Controller Synthesis for Fourth Case

e Controller Tuning
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The main criteria in this part is to adjust battery and SC power values as zero. Other

default values remain constant.
e Constraints
In this case, manipulated variable constraints are imposed as:
0kW < Pcg < 71kW
0kW < Ppge < 0KW
0kW < P, < 0kW
The measured outputs are expressed as:
50% < SOCp,t: <100%
10% < SOCgc < 100%
Om/s<V<50m/s
10°C < Temp < 40°C

In this case, one of the most important criteria is to follow speed reference. Therefore,
maximum and minimum ECR values are set to be 1 for SOC values and temperature.

ECR values of velocity are set to be 0.
e \Weights

The values of weights and rate weights for Picg, Pgat and Psc are taken as 0.1, 0 and 0
respectively. The weights for measured outputs of SOC values and Temp value are

set to be 0 whereas velocity becomes 1000.

5.1.4.2. Simulation Results for Fourth Case

In this part of thesis, simulation results of MPC performance without battery and SC
has been discussed. Figure 5.16 shows performance of MPC in this case.
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Figure 5.16. Power Split Analysis for Only ICE

The speed tracking performance of MPC is again good. The values of MAPE and
MAE are 0.184% and 0.04 respectively. Since the system still detects battery and
supercapacitor as a manipulated variable, in some parts of tracking, controller
follows desired velocity with a small delay. To overcome with this problem,
controller should be changed from beginning and default conditions should be
changed. However, the tracking ability is still good for us to interpret about fuel

consumption of conventional car.
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Figure 5.17. Fuel Consumption Analysis for Only ICE
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The average fuel consumption rate is 0.9586, which is still too low. This figure
indicates that, fuel consumption rate of even conventional vehicle could be

minimized by using good MPC controller.
5.2. Battery Thermal Management Strategy

In this part of thesis, MPC controller is designed to improve thermal management
strategy and this part is called fifth case from Table 5.1. Battery thermal management
strategy is quite important for all types of hybrid vehicles to prolong the life of
battery. The aim of this strategy is to control the battery temperature of hybrid
vehicle by using fan. Although this strategy has less input and output, it is much
more complex than energy management strategy, because the model of thermal part

is quite nonlinear.

MPC controller is designed to solve same problem which is pointed out in equation
5.1. In this equation, the terms of measured output (y), manipulated variable (u) and

constraint are given below:

y = [Temp]
u = [Vepm]
Subject to,

Temp,i, < Temp < Tempy,ax

5.2.1. Controller Synthesis for Thermal Management Strategy
e Controller Tuning

The essential point of this part is to control fan speed by MPC. Therefore, the only
manipulated variable is speed of fan. MPC should determine the value of
manipulated variable by considering temperature of battery. Temperature of battery is
the only measured output of this system. Number of measured disturbances are two,
including ambient temperature and battery power. The values of both measured

disturbances are taken as 10.
e Constraints

In this case, manipulated variable constraints are imposed as:
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20rpm < Vipyy < 800 rpm
The measured outputs are expressed as:
10°C < Temp < 40°C

In this strategy, the only reference, that controller should track, is arbitrary
temperature. This temperature is taken as 23°C. Since there is only one measured

output, constraint is thought as hard constraint.

¢ Weights

The values of weights and rate weights for Vimp are 0.1. The value of measured

output is taken 1000.
5.2.2. Simulation Results for Thermal Management Strategy

In this part of thesis, simulation results of battery cooling system are discussed.
Before explaining this control strategy, illustrating overall block diagram of thermal
part is necessary. Figure 5.18 shows block diagram of thermal management control.
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Figure 5.18. Block Diagram of Nonlinear Model

After all tuning parameters are embedded into the MPC controller, the system is
executed. After execution, MPC estimates speed of fan in each time step. The output

and manipulated variables are shown in Figure 5.19.
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Figure 5.19. Speed of Fan and Temperature Change of Nonlinear Model

As it can seen from Figure 5.19, the values of battery temperature and speed of fan
are not logical. The reason of this situation is that system has nonlinear mathematical
model. Therefore, these variables cannot converge to specific point. This strategy
needs linear mathematical model to converge to desired points. Instead of changing
the mathematical model from beginning, linear model should be created from
nonlinear one. One of the MATLAB Toolbox, which is called, System Identification
Toolbox let us convert nonlinear model into linear model. This toolbox creates state
space model by taking data from unstable model. In this thesis, first order state space
model is constructed. In this case, when the order increases, the model will become
unstable. Figure 5.20 shows the comparison of nonlinear model and first order state

space model which is designed by System Identification Toolbox.
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Figure 5.20. Comparison of Linear and Nonlinear Model

There is 74.45% identity between linear and nonlinear model. Actually, when the
order of state space model increases, the identity ratio will increase. However, as it is
said before, system becomes unstable again. For clear explanation, block diagram of

state space temperature model is illustrated, in Figure 5.21.
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Figure 5.21. Block Diagram of State-Space Model

MPC controller is developed with respect to state-space model, instead of using

nonlinear model. Before executing the system, stability control can be done by
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looking at the eigenvalues of A in state space model. In this case, eigenvalue of this

parameter is -0.005 that is stable.

The results of measured output and manipulated variable of state-space thermal
model are shown in Figure 5.22.
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Figure 5.22. Speed of Fan and Temperature Change of State-Space Model

It can be interpreted that, controller has some trouble to overcome with constraints,
but temperature of battery converges to one point. It means that, temperature strategy
has become stable. The fan is turning with the speed of 1 rpm. This speed is not
enough to decrease the battery temperature. Hence, the temperature of battery

increases up to 46°C and then it has become constant.

In summary, the unstable mathematical model of battery temperature turns into stable
model by using system identification. When EMS and TMS are combined each other,
this process will become more important. Therefore, tuning of controller is not that
much significant in this case. In this part, the main problem was obtaining stable

model and it has become successful.
5.3. Combined Energy Management and Thermal Management Strategies

This part of thesis is the last step of design procedure and it is called sixth case from
Table 5.1. In Figure 5.1, overall system block diagram was illustrated. Now, the
Simulink block diagram of combination of EMS and TMS is shown in Figure 5.23.
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Figure 5.23. Simulink Block Diagram of Combined EMS and TMS

In this combined strategy, the aim is to make power split between three different
sources and to control the speed of fan in order to keep battery temperature in

specific interval.

MPC controller is designed to solve same problem which is given in equation 5.1. In
this equation, the terms of measured output (y), manipulated variable (u) and

constraint are given below:

o
Y= |Temp
[ Pice
Pbatt
u=| Psc
_Vrpm
Subject to,

SOCmin < Schatt =< SOCmaX
SOChyin < SOCgc < SOCax
Vmin SV< VmaX

Temppin < Temp < Temp ¢
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In next steps of this part, detailed design procedures is mentioned.
5.3.1. Controller Synthesis for Combined Strategies
e Controller Tuning

The significant point of this part is to make power split and to control fan speed by
MPC at the same time. Therefore, the number of manipulated variable is four
including three power sources and speed of fan. MPC should determine the values of
manipulated variables by considering SOC levels, velocity and battery temperature.
Number of measured disturbances is three, including ambient temperature, elevation
of car and slope of road. Ambient temperature is set to be 22°C, whereas other two
disturbances are 0. Velocity of vehicle and temperature of battery are taken as
references. Controller should strictly track these data. Velocity of vehicle is taken
again from HWFET driving cycle and the value of battery temperature is taken 25°C

as a references.
e Constraints
In this case, manipulated variable constraints are imposed as:
0kW < P < 71kW
—53kW < Pygr < 53 kW
—27KkW < Psc < 27 kW
20rpm < Vi, < 800 rpm
The measured outputs are expressed as:
50% < SOCpaet < 100%
10% < SOCgc < 100%
Om/s<V<50m/s
10°C < Temp < 40°C

In this case, controller aims to track velocity and battery temperature. Therefore,
maximum and minimum ECR values are set to be 1 for both SOC value, because it is
not necessary to strictly track these values. \elocity has higher priority to be tracked
by controller. Thus, ECR values for velocity and temperature are 0 and 0.1

respectively.
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e \Weights

The values of weights for Picg, Psat Psc andVmp are taken as 0.1, 0.1, 0 and 0.1
respectively. Rate weights values are taken as 0.1 for all manipulated variables. The
weights for measured outputs of SOCy,,SOCgc, V and Temp values are set to be 0, 0O,
100 and 1 respectively.

5.3.2. Simulation Results for Combined EMS and TMS

After tuning controller parameters, system is executed. In first trial, plant model
includes vehicle model and nonlinear battery temperature model. The reliability of
controller is checked from speed tracking performance. Although EMS and TMS are
combined and controlled by same controller, the results of these two control
strategies are discussed separately. In Figure 5.24, speed tracking ability of controller

is shown.

HWFET Speed Tracking for combined EMS and nonlinear TMS
T T T
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Figure 5.24. Speed Tracking for Combined EMS and Nonlinear TMS

It is enough to look for a short period of time to understand whether the output of
system converges or not. Figure 5.24 proves that nonlinear model cannot be used to
perform this task in initial situation. Therefore, same state-space model which is

designed by using system identification toolbox is embedded into the overall model.
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HWFET Speed Tracking for combined EMS and linear TMS model
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Figure 5.25. Speed Tracking and Power Split for Combined EMS and Linear TMS

Figure 5.25 proves that the speed tracking ability of MPC controller has increased by
using linear temperature model. In this case, the values of MAPE and MAE are
found as 0.92% and 0.2 respectively. The effects of good MPC controller on fuel
consumption rate is also satisfactory. Figure 5.26 illustrates the effects of MPC

controller on fuel consumption rate.

Fuel Consumption for combined EMS and TMS
T
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Figure 5.25. Fuel Consumption Rate for Combined EMS and TMS
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This figure can be interpreted that fuel consumption rate of vehicle could be
decreased by using combination of two types of control strategies. The average fuel
consumption rate is brought down to 0.34 It/h.

Last step of designing procedure is to show speed of fan and temperature change. As
it is mentioned before, at the beginning of this process, nonlinear temperature model
has tried to control by MPC. Then, linear model is developed and this model is
achieved to control by MPC. In this step, there is a tricky point which is carried out.
First of all, the overall model is executed with state-space model and MPC controller
has adjusted required variables with respect to this model. After that, nonlinear
model is converted into state-space model with same MPC controller. Since MPC
still detects state-space model, even the nonlinear model is executed, MPC can
control the output of overall system without giving an error. The comparison of fan

control and temperature change of battery is given in Figure 5.26.
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Figure 5.26. Comparison of Fan Control and Temperature Change for State-Space
and Nonlinear Model

As it discussed before, the aim of this strategy is to keep battery temperature by
changing the velocity of fan. Desired temperature of battery was adjusted as 25 °C.
In both cases, MPC controller has become quite successful to keep temperature in

this value. The initial condition of battery surface temperature is taken as 30°C. Since
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this value is far away from our desired temperature, controller executes the fan with
maximum speed. Then, controller has achieved to cool down the battery temperature
and it has come down to specified value. When the power removed from battery
increases, controller speeds up the fan in order not to exceed desired temperature.
Since there is 74.45% identity between two models, the initial conditions of battery

temperature and maximum velocity of fan are different from each other.
5.4. Discussion of Results

In this part of thesis, the summary of different types of control strategies are

discussed. Table 5.2 shows C-rate changes in different cases.

Table 5.2. Different Estimated C-rate VValues for Case 1, Case 2 and Case 3

C-rate max C-rate mean
Case 1 15.7 3.207
Case 2 30.91 4.009
Case 3 31.28 5.676

Comparison of Case 1 and Case 2 indicates the benefits of additional ESS. In first
case, since supercapacitor is used with battery, stress on battery is achieved to be
lowered. Therefore, the average value of C-rate can be decreased from 4.009 to 3.207
by using supercapacitor. This proves that the life of battery is achieved to prolong

thanks to additional ESS and good MPC control strategy.

We were expecting that, without using ICE, stress on battery and supercapacitor
increases. When we look at the Table 5.2, it shows that C-rate value is maximum in
Case 3. This is the important issue which should be considered to prolong the life of
battery in plug in electric vehicles. It is explicit that if we had not used additional

ESS, the value of C-rate would have been bigger.
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Table 5.3. Different estimated fuel consumption rate values for Case 1, Case 2, Case

4 and Case 6
Mean Fuel Consumption Mean Fuel Consumption
(It/h) (I/200km)
Case 1 0.7043 0.9064
Case 2 0.7431 0.9563
Case 4 0.9586 1.2337
Case 6 0.34 0.4375

Now, the fuel consumption rates in different cases are discussed. As it is expected
that the maximum average of fuel consumption rate is observed in Case 4. Although
this value is maximum when it is compared with other cases, it is quite low when

compared with real world applications.

When case 1 and case 2 are compared, positive effects of additional ESS on fuel
consumption rate can be seen. These values are again too low thanks to good MPC
controller. This result actually demonstrates that additional ESS contributes both the

life of battery and fuel consumption rate.

The lowest value of fuel consumption is obtained when EMS and TMS are used and
controlled by MPC like in Case 6. By combining both management strategies, MPC
estimated the best results about fuel consumption rate and reference tracking

performance.
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CHAPTER 6
CONCLUSIONS AND FUTURE RESEARCH

6.1. Conclusion

Conventional vehicles play one of the important roles in affecting the environment in
a bad way. They emit some harmful gas like carbon dioxide and nitrogen gas. The
idea of having greener and cleaner environment led scientists to find new sources.
They have improved the idea of using only electricity as a propulsion power of
vehicle. However, in this case, they have faced with low mileage problems. This

problem has widened the usage of hybrid vehicles.

Using hybrid vehicles can contribute to decrease the emission of harmful gas.
However, the best results can be obtained when the vehicle is supported by good
controller. The hybrid vehicles have several complex components and taking the
model of each component is quite challenging. Designed controller should deal with
each component and satisfy different desired purposes at the same time. Therefore, in
most literature studies, model predictive controller is chosen to perform these tasks.
In previous studies, researchers have focused on energy management strategy for
hybrid vehicles to decrease fuel consumption. Also, they have investigated this
strategy with additional energy storage system which is supercapacitor. However in
most case, researchers have investigated these two tasks separately. We have
combined these two objectives and we have added one more task which is TMS.

Three main purposes of this thesis have been achieved successfully; the first one was
to develop EMS to make optimum power split and to get low fuel consumption rate.
The second one was to use additional ESS which is supercapacitor for decreasing the
stress of battery. The last objective is to keep the battery temperature in desired

interval by designing TMS. All three objectives have been carried out by using MPC.

In order to achieve objectives, six different cases have been carried out and each case,
we have achieved to track driving cycle. Given a look at Case 2 and Case 4, the
average fuel consumption rate is 0.9563 1t/100km and 1.2337 It/100km respectively.
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This results indicate that optimum power split can be made and fuel consumption
rate can be decreased by controller. When Case 1 and Case 2 are investigated, we
have achieved that by using supercapacitor, fuel consumption rate can be reduced by
5.221%. In addition, by using additional ESS, C-rate can be reduced by 24.49%.
Lastly, by using the combination of EMS and TMS, fuel consumption can be reduced
by 51.72%. The summary of these results could be pointed out that fuel consumption
rate can be minimized and life of battery can be extended by using high performance
MPC controller.

6.2. Future Work

Optimal system configuration and sizing can be determined by combining “design
optimization” and “operational optimization” under the MPC framework. In this
study, we only interested in operational optimization part. By using different types of

components, the results can be changed and improved.

Another future work is that more advanced vehicle models can be used in the MPC
controller to better represent dynamics, by addressing tuning and converge

challenges.
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APPENDIX 1 — Battery Temperature Code

MATLAB® code for battery temperature block in Simulink is given below:

function T batt rate = fcn(P _batt,T batt surf,T ambient,V_ rpm)
%$Constant parameters for battery and fan

D = 0.06; $ diameter of battery cell [m]

0.285; % length of the battery [m]

168; % number of cells in entire pack [-]

= 6; % number of cell in each module [-]

= 28; % number of battery module [-]

= 0.09; % battery transverse pitch taken 3*R [m]
L =0.09; % battery longitudinal pitch taken 3*R [m]
N Voltage=1.2; %cell voltage [V]

m module=1.04; $module weight [kg]

m batt=m module*N L; S%battery weight [kg]

Cp_batt=521; %Heat capacity of battery [J/kg/celcius]
D fan = 0.2; % diameter of fan [m]

[
Ha e

n nzzz -

$Air Properties for different ambient temperature
if (T _ambient>=0) && (T _ambient<bd)
rho i = 1.292; % air density [kg/m"3]
Sh i = 1006; % specific heat [J/kg-K]
Kv_ i = 1.338e-5; % kinematic viscosity [m"2/s]
Tc 1 = 0.02364; % thermal conductivity [W/m-K]
Pr i = 0.7362; % Prandtl number [-]
elseif (T ambient>=5) && (T ambient<10)
rho 1 = 1.269;
Sh i = 1006;
Kv_ i 1.382e-5;
Tc 1 = 0.02401;
Pr i = 0.7350;
elseif (T _ambient>=10) && (T _ambient<15)
rho i = 1.246;
Sh i = 1006;
Kv i = 1.426e-5;
Tc i = 0.02439;
Pr i = 0.7336;
elseif (T _ambient>=15) && (T _ambient<20)
rho i = 1.225;
Sh i = 1007;
Kv i = 1.470e-5;
Tc_ i = 0.02476;
Pr i = 0.7323;
elseif (T ambient>=20) && (T _ambient<25)
rho i = 1.204;
Sh i = 1007;
Kv i = 1.516e-5;
Tc i = 0.02514;
Pr i = 0.7309;
elseif (T ambient>=25) && (T _ambient<30)
rho i = 1.184;
Sh i = 1007;
Kv i = 1.562e-5;
Tc i = 0.02551;
Pr i = 0.7296;
elseif (T _ambient>=30) && (T _ambient<35)
rho i = 1.164;
Sh i = 1007;
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Kv i = 1.608e-5;
Tc 1 0.02588;
Pr i = 0.7282;
elseif (T _ambient>=35) && (T _ambient<40)
rho i = 1.145;
Sh i = 1007;
Kv i = 1.655e-5;
Tc_ i = 0.02625;
Pr i 0.7268;
elseif (T _ambient>=40) && (T _ambient<45)
rho 1 = 1.127;
Sh i = 1007;
Kv i = 1.702e-5;
Tc_ i = 0.02662;
Pr i = 0.7255;
elseif (T ambient>=45) && (T _ambient<50)
rho i = 1.109;
Sh i 1007;
Kv_ i = 1.750e-5;
Tc_ i = 0.02699;
Pr i = 0.7241;
elseif (T ambient>=50) && (T _ambient<60)
rho 1 = 1.092;
Sh i 1007;
Kv_ i 1.798e-5;
Tc 1 = 0.02735;
Pr i = 0.7228;
elseif (T _ambient>=60) && (T _ambient<70)
rho i = 1.059;
Sh i = 1007;
Kv i 1.896e-5;
Tc 1 0.02808;
Pr i = 0.7202;
elseif (T ambient>=70) && (T _ambient<80)
rho i = 1.028;
Sh i = 1007;
Kv i = 1.995e-5;
Tc i = 0.02881;
Pr i = 0.7177;
else
rho i = 0.9994;
Sh i = 1008;

Kv i = 2.097e-5;
Tc i = 0.02953;
Pr i = 0.7154;
end

%$Prandtl number selection for battery surface
if (T _batt surf>=0) && (T batt surf<b)
Pr 1 = 0.7362; % Prandtl number [-]

elseif (T _batt surf>=5) && (T _batt surf<l0)
Pr 1 = 0.7350;

elseif (T batt surf>=10) && (T batt surf<l))
Pr 1 = 0.7336;

elseif (T batt surf>=15) && (T batt surf<20)
Pr 1 = 0.7323;

elseif (T _batt surf>=20) && (T _batt surf<25)
Pr 1 = 0.7309;

elseif (T batt surf>=25) && (T batt surf<30)
Pr 1 = 0.7296;

elseif (T _batt surf>=30) && (T _batt surf<35)
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Pr 1 = 0.7282;

elseif (T batt surf>=35) && (T batt surf<40)
Pr 1 = 0.7268;

elseif (T _batt surf>=40) && (T _batt surf<45)
Pr 1 = 0.7255;

elseif (T batt surf>=45) && (T _batt surf<50)
Pr 1 = 0.7241;

elseif (T _batt surf>=50) && (T _batt surf<e60)
Pr 1 = 0.7228;

elseif (T _batt surf>=60) && (T _batt surf<70)
Pr 1 = 0.7208;

elseif (T batt surf>=70) && (T batt surf<80)
Pr 1 = 0.7202;

else
Pr 1 = 0.7177;

end

$Determining maximum velocity of fan

V_ang = (1/60)*(V_rpm*2*pi); % fan angular velocity [rad/s]
V_line = (D_fan/2)*V_ang; % fan linear velocity [m/s]

D1 = (S_L"2 + (0.5*5 T)"2)"0.5; % staggered tube distance [m]
D2 = 0.5*(s_T + D); % comparison distance [m]

if D1 > D2

V. max = (S _T*V line)/ (S _T-D); % max air velocity [m/s]

else

V_max = (S_T*V line)/(2*(D1-D));

end

%$Reynolds Number
Re = (V_max*D)/Kv_i; % Reynolds number [-]

%Nusselt Number
%Determine Cl and m constants
if (Re>=10) && (Re<l1l0e2);

C = 0.90;

m = 0.40;

elseif (Re>=10e2) && (Re<1l0e3);
C = 0.51;

m = 0.50;

elseif (Re>=10e3) && (Re<2*10e5);
C = 0.40;

m = 0.60;

else

C = 0.022;

m = 0.84;

end

Nus = C*(Re”m)* (Pr 170.36)*(Pr i/Pr 1)70.25; % Nusselt number [-]

%Heat Transfer Coefficient for convective heat
h = (Nus*Tc_1i)/D; % heat transfer coefficient [W/m"2-K]

$Air Outlet Temperature
To=T batt surf (T batt surfT ambient)*exp(( D*pi*N T*N L*h)/(rho i*V_
line*N T*S T*Sh 1i)); %outlet temperature [C]

$Log-Mean Temperature Difference
T log = ((T_batt_surf—T_ambient)—(T_batt_surf—To))/log((T_batt_surf—
T ambient) /(T batt surf-To)); % log-mean temperature [C]

%Heat Transfer Rate
g p = N*pi*h*D*T log*L; % heat transfer rate [W]

83



Generated heat by battery
(P_batt*1000)/ (N*N Voltage); % current in battery cells
= 0.015; % internal resistance of battery cell [ohm]
N*I"2*R; % heat generated in whole battery pack [W]

Q 0 H oe
Il

%$The rate of battery temperature
T_batt_rate=((q—q_p)/(m_batt*Cp_batt)); %Rate of temperature change
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APPENDIX 2 — A Sample MATLAB/Simulink MPC Toolbox Interface
for Only Test Case 6

Adjustment of MPC parameters and Toolbox interface is mentioned step by step. After entering the
MPC block, the default conditions of MPC controller is adjusted as shown in Figure App.2.1.

P DESIGNER TUNNG SCENARIO PLOT BEiB Lo
od B & KEs d e B o
Open  Save  MPC 10 Lnearize Import Import Pt Edit Compare  Update and
Session Session  Structure Aftrbutes  Model Plant Controler Scenario v Scenaro v Controlers v Simulate
FILE STRUCTURE INFORT SCENARIO RESULT
Data Browser @ | scenariolnput | scenariol: Output i |
¥ Plants
plant MPC Structure
3 Measured Disubances 0 unmeasired
4 anipuated variaies NN P | Qs
0 Unmeasured Distrbances 4 Mewsred
v Controllers I | -
mpcl
Plant Inputs
Signal Type Size Channel Indices
Manipulated Variables (MV) 4 1234
Measured Disturbances (MD) 3 [567]
Unmeasured Disturbances (UD) 0
¥ Scenarios Plant Qutputs
scenario]
Signal Type Size Channel Indices
Measured Outputs (MO) s 2341
Unmeasured Outputs (UQ) o
OK| |Hep

Figure A2.1. Adjustment of MPC default conditions

Next step is to make input and output configuration from 1/0O Attributes tab. Figure App. 2.2 shows the
interface of this configuration. This tab allows us to enter the name of parameters and nominal values.
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1PC DESIGNER TUNNG SCENARID PLOT EW DELAEDIRERE
DH B B P& L =
Open  Smve  WPC U0 Lhemize mpot ot Pt Bt Compare  Updsteand
Session Sesson  Stucture Afriutes  Model  Pant Contioler Scenar v Scenar v Cortrolers v Simuate v
me | swucwe | WoRT [ sewmo | ResuLT
Data Browser @ | scenariol:Input | scenariol: Output ¢ |
v Plants Input and Outp annel Specifications
plant
Plant Inputs
Channel Type Name Unit Nominal Value Scale Factor
u(1) M pice ew I I 3
u2) W phatt oW i i
" uG) W psC oW i i
v Controllers i v fipm o ; i .
mpel
Plant Outputs
v Scenaros Channel Type Neme Unit Neminal Value Scale Factor
scenaro! 0 1o sockat: n 13 i n
@ MO SOCSC kWh 0.1 1
3) MO Velocity m/s 10 1
@ Mo Tatt Celeius 2260100720243 i v
0| [4pply| [cancel [Hep

Figure A2.2. Input and output configuration of MPC

Then the values of sample time, prediction horizon, control horizon and constraints should be adjusted.
Figure App. 2.3 shows the adjustment of these parameters.

WPC DESIGNER SCENARIO PLOT P =0

3 Sample time: 1 . fx @ B .
i LI B —— A Robust  Closed-Loop Performance  Aggressive L0
Internal Pt plant = ; Constraints  Weights Estimation o Review Store  Export
Control herizon: 20 Models ~ - Design Controler Controller .
Slower State Estimation Faster
CONTROLLER 1} HORIZCN 1 DESIGN 1 FPERFORMANCE TUNING I} ANALYSIS
Data Browser ® : | scenariol:lnput | scenariol: Output 3 |
v Plants | Constraints (mpc’
plant Input Constraints o
ainst internal plant)
Channel  Type Min Max RateMin RateMax T T T
u(1) My 0 n -0 Al " [ mpct]
u(2) MV -53 53 -10 10
u3) v -7 27 -10 10
) oy n 100 100 hd
+ Constraint Softening Sefings 1 1
T T
w Controllers
Output Constraints
mpcl
Channel Type Min Mex
(1) Mo 065 14 n
@) MO 1005 0.1
V) Mo o 50 : !
(4) MO 10 a0 hd
~ Constraint Soflening Settings
 Scenarios Channel Type MinECR MaxECR
- y(1) MO 1 1 “ L L
scenariol y@ MO h 1
3) MO o ) ! !
et w0 nt nt hd
OK| |Apply | |Cancel| |Help
L L I I
0 1 2 3 4 5 8 7 8 9 10
Time (seconds)

Figure A2.3. Sample time, prediction horizon, control horizon and constraints
adjustment interface

The last step is to adjust weights parameters. Figure App. 2.4 shows the adjustment weights.
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SCENARIO PLOT

Robust

@
Closed-Loop Perfarmance

Data Browser

w Plants
plant
~ Input Weights
Channel Type Weight Rate Weight Target
u(1) MV 0.1 01 nominal
u(2) MV 0.1 01 nominal
u(3) MV 0 01 nominal
uid) MV 0.1 0.1 nominal
¥ Controllers
mpcl
[ Output Weights
Channel Type Weight
(1) MO o
yi2) MO 0
vi3) MO 100
¥ Scenarios 4) L1 !
scenario]
ECR Weight (di
’7 Weight on the slack variable: | 100000
[ok| [Apply| [cancel| [Hei|

Figure A2.4. Weights adjustment interface

After all tunings, the output response of MPC controller is illustrated in App. 2.5.
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Figure A2.5. Output response of MPC controller
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