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ABSTRACT

Simulation technologies are a must-use in software development and testing processes
in the automotive industry. In this thesis, an online real-time simulation environment
is presented with the purpose of evaluating vehicle control algorithms considering
their real-time response performance. Also, to perform an experiment driving a ve-
hicle from the cloud with energy consumption prediction is intended. Additionally,
reducing operational costs of Hardware-In-the-Loop (HIL) systems for small research
groups and companies is aimed. Alternatives to HIL approach are also discussed. In
the scope of this thesis, unique online real-time simulation use cases are defined. In
this context, these use-cases are driving a vehicle from the cloud, evaluating perfor-
mance of vehicle control algorithms, and design of an online HIL replacement with a
novel approach to embedded software testing. From this approach, the presented tool
is named Cloud-In-the-Loop (CIL). Moreover, to make the testing of controllers well-
coordinated it is useful to have a model of a vehicle as a separate process on a separate
computer in the network. It also makes the maintenance of the vehicle model and the
whole simulator easier. The presented environment in this thesis is designed to have
features such as terrain data extraction, graphical user interface, server/client com-
munication with socket programming, multiple client handling with multi-threading,
and ability to run vehicle models in the cloud. The developed environment was put
under evaluation to test these features. As a result of our evaluations, our environ-
ment can drive vehicles from the cloud for coordinated cloud driving applications, can
be used as a vehicle control algorithm evaluation tool in terms of real-time response

performance, and can serve as CIL service to replace HIL systems.
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OZETCE

Simiilasyon teknolojileri, otomotiv endiistrisindeki yazilim geligtirme ve test siirecle-
rinde kullanilmasi zorunludur. Bu tezde, ara¢ kontrol algoritmalarini gergek-zamanl
yanit performanslariyla degerlendirmek i¢in gevrim igi gercek-zamanli bir simiilasyon
ortami sunulmustur. Ayrica, enerji tiiketimi tahmini ile buluttan arag stiriis deneyinin
yapilmasi amaglanmaktadir. Son olarak, kii¢iik aragtirma gruplari ve sirketler igin
dongii i¢i donamim (HIL) sistemlerinin igletme maliyetlerinin azaltilmasi hedeflen-
mektedir. Bu tez kapsaminda, 0zgiin ¢evrim i¢i gercek zamanl simiilasyon kullanim
senaryolar1 tartigilmig ve alternatifleri tanimlanmistir. Bu baglamda, bu kullanim
senaryolar1 bir araci buluttan siirmekte, ara¢ kontrol algoritmalarinin performansini
degerlendirmekte ve gomiilii yazilim testine yeni bir yaklagimla ¢evrim ig¢i bir HIL
degisiminin tasarimini igermektedir. Bu yaklagim cercevesinde, sunulan ortamin adi
dongii i¢i bulut (CIL) olarak belirlenmigtir. Ayrica, kontrolorlerin testini daha iyi
koordine etmek amaciyla, agdaki ayri bir bilgisayarda ayri bir islem olarak bir arag
modeline sahip olmak daha verimli bir yontemdir. Bu durum, ara¢ modelinin ve
tiim simiilatoriin bakimini da kolaylastirmaktadir. Tezde sunulan ortam, arazi verisi
¢ikarma, grafik kullanic1 araytizii, soket programlama ile sunucu/istemci iletigimi, gok
izleklilik ile ¢oklu istemci kullanimi ve arag modellerini bulutta kosturma gibi ozel-
liklere sahip olacak sekilde tasarlanmistir. Degerlendirmelerimizin bir sonucunda,
ortamimiz koordineli bulut stiriig uygulamalari i¢in araclar: buluttan siirebilir, gercek
zamanl yanit performansi acisindan arag kontrol algoritmasi degerlendirme araci
olarak kullanmilabilir ve HIL sistemlerinin yerini alacak CIL hizmeti olarak hizmet

verebilir.
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Chapter I

INTRODUCTION

With changing trends in the automotive industry, a new approach needs to be im-
plemented every day in the area of production and development. Especially when it
comes to software development and implementation. In software development, simu-
lating existing work plays a crucial role to catch bugs that may be overlooked. Simu-
lations are also a must to verification and validation process of a software. Moreover,
with the increase of computational power in processors, running complex algorithms
in real-time for simulation of vehicle models becomes an easy task to do. Real-time
Simulations also are used as an online tool that helps to develop software without the
need for a target environment.

In line with these developments, an online real-time simulation environment is
presented as the scope of this thesis. Real-time simulation of a vehicle accessible as
a server process on a network is needed in multiple use cases. One such use case is
coordinated driving. Coordinated driving will eventually require us to control vehicles
from the cloud. From the viewpoint of a coordinated driving controller, every vehicle
can be regarded as a process running somewhere on the network. One implication
is that both the controller and vehicle must live with the delays introduced by the
network and the controller itself. The controller and vehicles must survive the test
when some commands are late or lost. Commands sent to a vehicle should be time-
stamped, and the vehicle should have a default policy when no command is received
for a particular time point at or before that time point. It is also useful to have
the model of a vehicle as a separate process and also on a separate computer (as

long as it is accessible through a network) because it makes the testing of controllers



much cleaner, especially when the controllers are developed by different groups. It
also makes the maintenance of the vehicle model and the whole simulator cleaner.
Moreover, using the presented simulator as Hardware-In-the-Loop (HIL) replacement
is possible. The possibility of an online HIL tool makes operations of HIL research
and development much cheaper and easier.

The presented environment is put to test on whether it can predict the energy con-
sumption of a vehicle, can it compare vehicle control algorithms in terms of real-time
response performance, and last but not least, if it can be used as HIL replacements.
Evaluations show that the presented tool can be used in all use-cases mentioned
above. Before diving into simulation details, there are several questions needed to be

discussed.

1.1 Problem Statement

The problems will be stated while asking some questions about the field of software
testing. The main problem that discussed about this field, as the scope of the thesis,
is why the need for online real-time simulation of vehicles. The question needs to be
divided into sub-questions so the answers can add up to understand and solve parent

questions. It is important to argue and understand the questions below;
e Why the Use of Simulation?
e Why Real-Time?
e Why the Use of Online Environment?

These questions will help to understand the scope of this thesis.
1.1.1 Why the Use of Simulation?

All research products need to be put in testing to be shipped. These tests are either

done in the final product or in an environment that behaves like a final product. When



it comes to the automotive industry it requires a considerable amount of money and
effort to do software testing on an actual vehicle. Also, any mistake or bug will cause
too much trouble in terms of health, money, and time-frame. For these reasons, every
vehicle manufacturer tests its software in the simulation environment. To get all
possible inputs and outputs combinations these simulations need to be as much as
close to reality. If there is any error or bug in the software that put under tests with
the help of simulations any damage will be prevented with zero cost.

Simulations can also be used in the algorithm developing phase. In the area of
Energy Management Algorithm (EMA) development, any research and development
process needs to be tested. The performance evaluation of an EMA needs to be
tested in real vehicles to see efficiency increase results. But for projects that have
limited funding, it is very difficult to test their product on actual vehicles. Simulations
become very handy tools at this point. In a simulation environment testings of these
algorithms can be done very efficiently. The presented tool in the thesis is well suitable
for comparing, developing, and evaluating EMAs.

The answer to the questions of why simulation of vehicles became obvious at this
point. Simulations are much cheaper test environments than testing on the actual
final product. Also, It is much less risky to do mistakes or face bugs in a simulation
environment than the real-world. A good simulation tool that has good features is

always a necessity when it comes to embedded software testing of vehicles.
1.1.2 Why Real-Time?

The second question is why real-time? Being real-time is important in the aspect of
real-time vehicle control application usage of control algorithms. EMAs will require
the prediction of energy consumption to optimize inputs of vehicles. To predict energy

consumption, a vehicle model needs to be simulated as realistic as possible. To drive



a vehicle with this energy prediction and optimization, simulations need to be real-
time and respond to the vehicle in real-time. Simulations will return the energy
consumption and after that EMA will optimize the vehicle’s certain inputs. This
thesis serves the purpose of comparing and monitoring control algorithms and EMAs

in real-time. This use case is discussed in our work [3].
1.1.3 Why the Use of Online Environment?

Simulation tool in an online network and interfacing through web services solves a
couple of problems at once. The first problem is related to HIL systems that able to
run complex vehicle models. HIL systems are very expensive hardware which causes
small research groups to struggle to research HIL systems. However, with being online
there is no need of buying costly hardware. Only buying service and configuring the
online server is enough which will be a lot cheaper than buying the HIL system itself.
With this amount of cost reduction, small research groups even research themselves
can research this online simulation environment.

Another problem with HIL systems has portability issues. This means that setting
up a HIL system requires too much software installation, and some libraries or .dll
files may be missing or corrupted in the target environment. Then buying technical
support will be needed which will also increase the cost. However, being online and
interfacing through web services makes the presented environment much more flexible
and easier to adapt to any project with a little tweak of configuration.

To sum up and answer the big question, why the need for online real-time simula-
tion? The answer is the need of a flexible, online, and no maintenance cost solution
for small research groups and for companies that don’t want to spend loads of money
on expensive HIL systems for a single project. The main motivation for this thesis
is to create an alternative solution for real-time simulation problems instead of HIL.

Moreover, other use cases also worth study to show interesting uses that can help to



create curiosity in different research areas.

1.2 The Vision of Cloud-In-the-Loop

Our CIL vision mainly focuses on eliminating the disadvantages of HIL systems in
automotive industry. HIL system requires a harness setup to work as a final product.
Working on a complex harness setup may take away the focus on software development
and cause wasting too much time. HIL systems are not so flexible also they require too
much software installation and the prerequisite libraries, files, and powerful hardware.
This issue brings up the problem of setting up a HIL system is too complex. With
CIL it is possible to eliminate all harness management and also the complex set-up
procedures.

To give more insight information, embedded software testing methods in the au-

tomotive industry are explained in upcoming sections.
1.2.1 Embedded Software Testing Methods

There are steps to test the embedded software of the vehicle control unit. Embedded
software testing is the process of validation and verification of both hardware and
software. These tests are done to ensure there are no defects in both hardware and
software. Also, testings help to ensure that the designed system meets the require-

ments that come from the end-user.
1.2.1.1 Model-In-the-Loop

The first step of the verification part of Model-Based Design is Model-In-the-Loop
(MIL). MIL basically feeding every possible input to the controller logic algorithm.
The first process of MIL is to develop a Plant model (hardware model). These devel-
opment phases usually take place in the MATLAB/Simulink environment. Then the
development phase of the controller model starts. With this phase, it can be verified

whether the controller can control the plant as requirements specified or not. In the



MIL phase controller logic is being tested on the simulated plant model. If the results
of MIL are satisfactory then the next phase on testing is Software-In-the-Loop (SIL).
Fig. 1 shows the general architecture of MIL testing.

Model-in-The-Loop

Controller Model

Plant model or stimulus signals

Figure 1: General architecture of MIL testing

1.2.1.2  Software-In-the-Loop

Since we are done with MIL testing now the code generation takes place. SIL is
basically checking whether you generated C code works on the Plant model or not.
In other words, this step is to check control logic that tested in MIL testing can be
convertible to generated C code and to see if code is hardware implementable. The
expected output on this step should be the same as MIL results. If there is a huge
difference between SIL and MIL results, a step back to MIL testing is recommended.

Fig. 2 shows the general architecture of SIL testing.
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Figure 2: General architecture of SIL testing

1.2.1.3 Processor-In-the-Loop

The next phase of testing is Processor-In-the-Loop. PIL is where the generated C
code is put to the actual hardware processor. In the PIL phase, the plant model is
replaced by an actual processor. This test puts the developed model and the processor
under investigation whether they can work together in harmony or not. Checking if
the developed controller model can be run by the target embedded system. The
result of the PIL testing should be the same as SIL and MIL results. If there are
any differences between these testings, developed software should be revised and but
under the testing again as the same order of MIL, SIL, and PIL. Fig. 3 shows the

general architecture of PIL testing.
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Figure 3: General architecture of PIL testing

1.2.1.4 Hardware-In-the-Loop

After verifying the designed model in PIL testing, now the model can be tested in
real-time PC. This real-time PC is known as Hardware-In-the-Loop (HIL) system
and testing is HIL testing. Before putting the controller model into final product
hardware, it should be testing in the HIL system. HIL system is behaving exactly
like final product hardware and feeds controller model’s inputs with every possible
combination. This testing show every possible behavior of the controller model. In
Fig. 4 it can be seen that the HIL system hosts a plant model that feeds ECU with

inputs.
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Figure 4: General architecture of HIL testing

1.2.1.5 Cloud-In-the-Loop

CIL is the presented use case for the developed simulation tool. It is possible to do
all the testing in CIL instead of HIL. CIL is online so has very flexible features for
installation and setup. HIL’s maintenance requires a lot of workforces and can be very
complex but CIL is running online, so it has no installation or maintenance just needs
to be given correct inputs. With this flexibility, CIL becomes a very good replacement
as HIL for small research groups. CIL also not requires expensive hardware as HIL.
Just a service needs to be bought. With this feature, it is also great for small research
groups. Instead of harness in HIL, web-service interfaces will provide communication.
The process of model development and testing in CIL is the same as HIL. Fig. 5 shows

the general architecture of CIL testing.
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1.2.2 Racing Control Algorithms

Another use case for the offered online real-time simulation environment is the evalu-
ation of vehicle control algorithms in-terms of real-time response time performances.
By performance evaluations, it is meant that the response time of EMA. To be more
specific, EMA X can be very good at optimizing energy consumption but it may
require too much time to do its’ calculations which is not suitable for real-time vehi-
cle control applications. On the other hand, EMA Y can be very good at real-time
response time but it may not be that successful with the optimization of energy con-
sumption. EMA Y can be a better option than EMA X for real-time vehicle control
applications. At the end of the day, EMAs can be penalized or rewarded for their

response time.
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1.3 Previous Work

There are many works that contribute to the area of embedded software testing
methods. In this scope first topic to investigate is MIL testing. Franco’s [4] study
demonstrates a valuable use case of MIL testing in the vehicle’s dashboard system
with CAN interface. Cakmakei [5] presents a MIL system that verifies the vehicle
controller model and also has a plant model running in the MIL system.

The next step for testing is SIL and Taut’s [6] study examines the SIL testing en-
vironment and also gives insight information about the software testing process. How
MIL, SIL, PIL, and HIL operations progress. Moreover, Muresan [7] also investigates
a SIL system in the aspect of embedded code testing. Muresan compares HIL and
SIL in terms of data consistency and states that there is no difference between HIL
and SIL testing [7]. Furthermore, he states that SIL testing can be started before HIL
when the embedded system hardware is not present. For PIL testing Hu [§] presents
a PIL system that tests and validates space vehicle embedded software.

There are many studies for HIL systems that validate embedded software of ve-
hicles. Kendall [9] presents a work to test the vehicle body control unit with HIL
systems. King’s [10] study discusses how efficient HIL makes software development
for vehicle control units. A utilized HIL system for the generation of railway vehi-
cles” bending vibration is presented by Kabutomori [I1]. Another HIL testing while
developing a pure electric vehicle power train controller is presented by Hongyu [12].
Gozukucuk [I3] also explains how testing of the proposed energy management algo-
rithm in the HIL system is done.

Another area that is focused on during this project is web services. There are many
studies on different areas that help to understand the usage of Google Maps APT ([14],
[15], [16], [I7]). Mufid [I4] presents an interesting formula to calculate estimated fuel
consumption and is using Google Maps API to get distance data between two points.

Another study is published by Gao [I5]. Gao implements a trip planner with multiple

11



waypoints and optimizes the issue multiple waypoint trip path. Implementation is
done in Google Maps API Javascript API. Pejic [16] implements an expert system
for trips. He uses Google Maps API with AJAX interfaces and has great insight
information on the development process. Konarski [I7] implements a web portal on
NET framework. He explains the implementation of the web portal step by step and
it is a great guide on understanding Google Maps APIs.

Another important topic was the communication interface during the develop-
ment of the study. Matloff [18] has a great guide on network programming and
explains the pillars of it clearly. Regnier [19] presents an alternative solution to
increasing the efficiency of the TCP/IP socket data process. He also provides a
great overview of Transmission Control Protocol/Internet Protocol (TCP/IP) Pro-
cessing which helps to understand overall architecture, connection, receiver-side, and
transmitter-side processes. Kalita [20] also provides a indepth details on socket pro-
gramming over TCP/IP and compares it with User Datagram Protocol (UDP). Xue
[21] also presents a Client/Server (C/S) application and gives a deep understanding
of TCP and UDP.

There are also several use cases for the proposed tool one of them is Coordinated
Driving([22], [23], [24], [25]). Gerla [22] presents an interconnected autonomous driv-
ing method and states how safety and traffic congestion can be reduced by vehicular
cloud applications. There are also other researches on improving traffic flow by co-
ordinated driving and Xiaoping’s [23] work is one of them. Sasaki [24] also proposes
a remote control system for coordinated driving and investigates cloud-based ap-
proaches. Another cloud-based application for the automotive sector presented by

Zheng [25]. He also presents the network requirement for coordinated cloud driving.

12



1.4 Contributions of the Thesis

The contributions of this thesis to the literature are the following:

e An energy consumption prediction tool over the cloud in the context of the

coordinated cloud driving.

e A vehicle control algorithm comparison tool in-terms of real-time response per-

formances is proposed.

e (Cloud-In-the-Loop environment that can be used as a HIL replacement.

1.5 Owutline of the Thesis

Chapter II presents the tools that are used during the development of the CIL envi-
ronment. Chapter III presents the simulation details and implementation. Chapter
IV shows the evaluation of the environment as an energy calculation prediction of a
light-duty commercial vehicle. Also presents the vehicle control algorithm comparison
results in terms of real-time response performances. Last but not least, the result of
CIL as HIL replacement. Chapter V is the last chapter that has the final discussion

and future work proposals.
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Chapter 11

CLOUD-IN-THE-LOOP SOLUTION

Our CIL solution consists of a combination of different tools. These tools are detailed
in this section to give a better understanding of the development of the presented
project. This project relies heavily on terrain data collection and realistic vehicle
models to make precise energy consumption. It also requires a good network ar-
chitecture to provide reliable communication between a vehicle and a cloud-based

server.

2.1 Terrain Data Collection

Terrain data collection is a crucial part of this dissertation because input data must
be accurate as it is in the real world to make energy consumption realistic. There are
plenty of web services that provide terrain data and Google Maps API is the famous
one among them. Others are OpenStreetMap API, Yandex Maps API, and HERE
Maps API. In this thesis, Google Maps API is used because of several reasons these

reasons will be explained in next chapter named method.

Google Maps Web Services
There are a lot of Google Maps Web services from Wi-Fi locator to Route finder
between points. In this project there are several Google Maps APIs are used. Back-

ground work about these web services is presented in upcoming sections.

Geo-Coding API.
Geo-coding API is a crucial sub-component of this project. Because to interact

with the driver in-terms of coordinate points, origin and destination points need to

14



be requested. Svennerberg [26] has a good explanation about Geo-coding APT and
the rest of the web services as well. Geo-coding takes street addresses and converts
them into coordinate points like latitude and longitude. Geo-coding also has reverse
Geo-coding function which converts latitude and longitude points into actual street
addresses. Another good study is Lemke’s [27] on the accuracy of Google Maps
Geo-coding API to OpenStreetMap Geocoding API.

Directions API

Directions API is the main API in which road information is gathered from. Di-
rections API requests origin point and destination point in place ID format from
geo-location APT and then returns route between input points. Socharoentum [28§]
has a really good comparison and very deep study to understand how Google’s and
other mapping algorithms work. Also, Socharoentum is explaining the distance cal-
culation methods of different Web Mapping APIs (WMAs).

Another good example is Li’s [29] work to understand how routing services are
working. An in-depth explanation of how traffic data can be added to adjust routes
throughout the trip. Adding traffic information can be an accuracy increasing feature

for this thesis.

Maps Elevation API

This project is mainly focused on the automotive/transportation area. In the
automotive industry, to make accurate simulations, it is needed that the input data,
which is the terrain, slope, elevation, etc., must be accurate. Han [30] conduct a very
beneficial study about the accuracy of Google Maps Elevation API. Which explains
that how it has better accuracy on different route profiles. Han [30] states that
measured data with GPS and gathered data from Google Elevation API has in the
range of 50 cm to 70 cm difference than adds that Elevation API can be useful on

low-resolution elevation data required automotive applications.
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2.2 Vehicle Modeling

Vehicle modeling is paramount for this project. In order to get accurate energy
consumption, the vehicle model that runs in the server should be identical to the real
world. To achieve this goal there are several methods. To decide on which method to
use firstly vehicle power-train type should be decided. There are several power-trains

to consider and details of these power-trains will be given in the upcoming section.

Vehicle Power-train Model

Details about vehicle power-trains will be given in this section.

e Internal Combustion Engine (ICE) Power-train
e Full-Electric Power-train
e Hybrid Power-trains

— Series Hybrid Power-train
— Parallel Hybrid Power-train

— Power-split Hybrid Power-train

Internal Combustion Engine (ICE) Power-train

ICE is the most traditional power-train type that is used since the early 1880s in the
automotive industry which we can call the modern car industry. Only one engine is
turning wheels in this type of power-trains. The engine is connected to transmission
and transmission is connected to wheels. Power is generated by burning fuel inside

cylinders of ICE. ICEs cylinder timings are shown in Fig.6.
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Figure 6: Four stroke cylinder timing [I]

General configuration of ICE power-train shown in Fig.7.

ENGINE DIFFERENTIAL

DRIVE SHAFT
TRANSMISSION

Figure 7: General ICE power-train configuration

The modeling of the ICE power train depends on the level of detail. In some

simulations valve timing, cylinder timings might also be needed then the model of
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engine will be very complex. If only power output needed than a simple mathematical
model can do the job. Cook’s study [31] is use full to understand the modeling
approach for ICEs. Another study on automotive engine modeling has been done by

Weeks [32] to show a wide range of use of engine modeling methods.

Full-Electric Power-train

Full electric power-train is the most straightforward power-train among all other
configurations. It only consists of a battery, a traction inverter, and an electric motor
in terms of torque generation. General configuration of full-electric power-train shown

in Fig.8.

Battery <= Inverter Electric Transmission
Motor

DC-DC
Converter
IT

| EGENDS

s—p NMechanical Power Flow

<11:ll> Electrical Power Flow

Figure 8: General electric power-train configuration

Walker [33] has an explanatory study about full-electric power-train modeling.
Walker states that there are four main components of full-electric power-train mod-
eling which are battery pack, electric motor, transmission, vehicle, and driver model.

He explains in detail with mathematical models of each component.
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Hybrid Power-trains

e Series Hybrid
Series hybrid is also known as range-extended hybrid vehicles (REEV) where
an ICE motor turns the power generator only to provide electrical energy to
vehicle batteries. Evangelou’s [34] study presents the modeling of various series
hybrid electric vehicle components. Fig. 9 shows the general configuration of

series hybrid power-trains.

Reservoir Battery

== ~onverter Electric

Generator Charger
9 am motor

Flywheel
or

ICapacitor

Figure 9: Series hybrid power-train configuration [2]

e Parallel Hybrid
Parallel hybrid is where bot ICE and Electric Motor turns the wheels individ-
ually. These types of power trains are the most common one that is used in
the hybrid-electric vehicle (HEV) market since 2016. Enang [35] has a compre-
hensive review that sums up different modeling approaches on parallel hybrid

vehicles. Fig. 10 shows the general configuration of parallel hybrid power-trains.
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Reservoir

Figure 10: Parallel hybrid power-train configuration [2]

e Power-Split Hybrid
Power-split hybrid power-train where gets most out of both series and parallel
power-train types. It requires less torque on the electric motor with a combina-
tion of ICE, especially for large vehicles. Toyota Prius is a famous example of a
power-split hybrid power-train. Liu’s [36] work takes Prius as an example and
presents a three-state dynamic vehicle model for power-split hybrid vehicles.

Fig. 11 shows the general configuration of the power-split hybrid power-trains.

Figure 11: Power-split hybrid power-train configuration [2]
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2.3 Network

To create a simulation environment, a communication protocol, and a communica-
tion system needed to be implemented. Python Low-level Networking Interfaces are
used. Socket programming is one of them and it is used as the main interface to
create communication between vehicle and server. There are several internet proto-
cols (IP) to create this type of communication environment. The most commonly
used one is the TCP. Another protocol is UDP which is not suitable for this project
and reasons will be explained later on the dissertation. Sarker [37] explaining these
protocols beautifully and presenting why TCP should be used in this type of project
that requires in-order delivery, receiver acknowledgment, error detection, and flow
and congestion control. These services provided by TCP service is crucial for this
project. To communicate with the vehicle in-order of segmentation points, in-order
delivery is needed. To detect if the vehicle receiving our data successfully, receiver
acknowledgment is needed. To detect if any error occurred during the transfer of data
to the vehicle, error detection is needed. While communicating with multiple vehicles
at once, control of data packages is need to manage package transfer. Details of the

Network Architecture will be given in the upcoming chapter.
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Chapter III

SIMULATION DETAILS

This project presents an online real-time simulation environment. Algorithm 1 is a
pseudocode for the simulation process. Also, its process can be described as follows.
Firstly, a route is created with the points taken from the driver by Google Maps APIs
[38]. These points are the origin point and the destination point. After that, the
route is divided to create segments, which helps to track the vehicle on the route.
These segment beginning and endpoints are sample points and at each of these points,
the simulated vehicle’s EMA is requested to send velocity values in real-time while
at simulation run-time. EMA used in this project is developed in previous work [13].
Velocity is represented as V in Fig. 7. Upon successfully receiving the velocity value
from the EMA energy calculation algorithm takes place.

The energy calculation process takes a certain amount of time, this time is denoted
as Av. After Av time passed, the energy that is calculated by simulation is sent back
to EMA. Energy is denoted as E in Fig.7.

Another important point that needs to be considered and simulated is that com-
munication loss. If a loss occurs, previous data is fed to simulation again to assume
that vehicle is going at a constant speed. If the time to calculate energy consumption
takes too much time and vehicle passes the target segment point without getting the
energy consumption, then simulation aborts the calculation and starts a new iteration
of energy consumption calculation with freshly received speed data from the vehicle

control unit.
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input : Origin Point and Destionation Point of the Route
output: Energy Consumption of Vehicle

Receive(originPoint, destinationPoint)
FindRoute(originPoint, destinationPoint)
RouteSegmentation(originPoint, destinationPoint)
StartSimulatingVehicle():
CheckConnection:
IF connectionOk:
Receive(location, initialV, targetV)
CalculateEnergy(location, initialV, targetV)
ELSE :
CheckConnection:
ENDIF
ENDCheckConnection
CalculateEnergy:
FOR eachSegment:
energy = CalculateEnergyCurrentSegment (segment, initialV,
targetV)
SendEnergy (energy)
Receive(initialV, targetV)
IFreceive(k:
SetNewV(initialV, targetV)
ELSE:
Set01dV(initialV, targetV)
ENDIF
ENDFOR
ENDCalculateEnergy
ENDStartSimulating

Algorithm 1: Pseudocode of simulation process
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Below Fig.12 represents the data exchange between the energy management algo-

rithm which is the mentioned vehicle as a general representation.
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Figure 12: Simulation process

3.1 Terrain Data Gathering

Terrain data gathering is a crucial part of this project. Without proper data, energy
consumption prediction will not be accurate as it needs to be. To get proper terrain
data Google Maps APIs [3§] are used. To be more specific Google Maps Elevation
API, Geo-coding API, and Direction API.

The process of data gathering can be expressed like this: Driver gives input of
origin and destination points. After that, geo-coding API takes these addresses and
converts them into unique place IDs. Then, these two points will be feed into Direc-
tions API as inputs to generate a route between origin and destination point.

Directions API gives route legs divided at turning points which is non-uniform.
To put it in better words, if there is a long straight part of a road that is for example

five kilometers long, Directions API will give one leg that is five kilometers long.
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Problem with long route legs, speed, and elevation changes will not be sampled good
enough to make accurate energy consumption prediction. To understand the problem
statement give above, Fig. 13 shows the non-uniform sampled route. Markers on the

map represent the sampling points that are acquired from Google Maps Directions
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Figure 13: Non-uniformly sampled route example

Elevation API has good functionality to overcome this long leg segmentation prob-
lem which is called elevation along a path. Elevation along path function takes two
inputs. The first input is the path which consists of start and end coordinates of
the path. The second input is the number of samples to return. Then elevation API
returns the equally sampled points, in distance-wise, in the path and the elevation
of these points. So that, the route leg output of the Directions API can be given
to Elevations API to get an elevation map of route legs. Below represented Fig. 14
which has a uniformly sampled route with the help of elevation along a path function

of Elevations API.

25



Tagoten, ey, 15t Ozyegn Unversitesi, Cek @ vakng @ Taeat O Drvng
- a3

1 &g

Figure 14: Uniformly sampled route example

Elevation along path serves two purposes, it divides the route into equal-length
segments to increase the accuracy of route sampling. The second purpose is to get
elevation values in the route that is acquired without using any other function. This
means fever communication traffic between Google servers and applications. API
requests are spending most time resources during the simulation process.

Another difficulty while gathering data is segmentation rate. Increasing the seg-
mentation rate increasing the energy calculation accuracy by getting more data during
drip which helps to catch small velocity fluctuations. However this causes another
problem during the simulation, it will be very difficult to respond VCU in real-time
as it passes the segmentation start and endpoints too fast. The requirement to ac-
complish health communication is either have a super-powerful server that can run
vehicle models too fast or increase the segmentation intervals according to what you
have in terms of computational power

To have a better understanding of segmentation points, segmentation intervals,

and sampled route below shown Fig. 15. It is the view of the development mode
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of GUI. In development, mode markers represent the segmentation points. Each
of the markers is put in a sampling point which allows us to track the vehicle going
through the route. In the figure you can see the origin point is ”Sanayi, Sabiha Gokgen
Uluslararas: Havalimam (SAW), Pendik/Istanbul, Turkey” and the Destination Point
is ” Nigantepe, Ozyegin Universitesi, Orman Sokak, Cekmekdoy / Istanbul, Turkey” and

sampling interval is defined as 5 meters.
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Figure 15: Sampled route example

3.2 Vehicle Dynamics Modeling

In this dissertation a plug-in electric vehicle taken as a simulation vehicle. The
studied commercial plug-in electric vehicle has a battery of 66kWh lithium-ion battery

capacity, a transmission with a ratio of 18.5, and an electric motor with peak power
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of 75 kW. The architecture of the studied vehicle can be seen in Fig.16.

INVERTER

DC-DC
CONVERTER

BATTERY

Figure 16: Electric vehicle architecture

In-vehicle modeling, the vehicle dynamics modeling approach has been used in
this project. Vehicle dynamics are represented by the motion of a mass which is
second of Newton’s law of motion. Gillespie’s [39] book has pretty good explanations

on the vehicle dynamics. Below is the equation off Newton’s second law of motion.

v
Zfzma (1)

In a vehicle, while moving there are several forces acting on it. These forces can

be listed as:
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Aero-dynamic resistance drag force (Feyag)

Force on wheels (Fypeel)

Rolling resistance force (Fqy)

Gravitational force (Fy)

Fig 17. shows the forces acting on a vehicle on a slope. As can be seen from the
figure, the vehicle needs to overcome aerodynamic resistance, rolling resistance, and

gravitational force with acceleration force.
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Figure 17: Forces acting on a vehicle

To explain these forces we shall start with the aerodynamic resistance force which
is also known as a drag force. Drag force’s equation has drag coefficient Cq4 which
unique to every geometrical shape that faces to fluid. The equation also has the
frontal area of the vehicle (A), air density (p) which vehicle moves in and the square
of vehicle’s speed V2. Hucho’s book [40] has all the basics of the aerodynamics of
vehicles. It is recommended to scan this book to understand vehicle dynamics. Drag

force equation is given below:

1
degzé-p-cd-A-VQ (2)
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Another force that acts on the vehicle is the rolling resistance force. Rolling
resistance force is highly effected by road friction and tire grip level. Higher the road
friction and tire grip, the higher the rolling resistance force. DeRaad’s study [41] is
perfect to understand road surface effect rolling resistance force. Another great study
on tire condition effect on rolling resistance force has been done by Grosch [42]. These
two publications are very good readings to understand the concept of rolling resistance
force. Rolling resistance force is calculated by rolling force coefficient(C..) multiplied

by mass(m) times gravity(g) Rolling resistance force equation is given below:
Froll:Crr'm'g (3)

Third force is the force on wheels Fypee. Force on the wheels is determined by
generated torque by e-motor(T,,0t0r ), the gear ratio of transmission(Gp) and the radius

of the tire(ry,.). Its equation can be expressed as below:

: Tmo or
theel = C;b—t (4)

T'tire
Fig. 18 shows the torque path on a vehicle from engine to wheels. Also, it shows
how torque is affected by different components of power-train. The torque generated
by the engine is multiplied with gear ration and then drive shaft transfers the torque
that is multiplied with gear ratio to the differential. Lastly, differential transfers

torque to wheels, and in the wheels, torque is multiplied by tire radius.
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Figure 18: Torque path in a vehicle

Last but not least the gravitational force. Gravitational force(F}) represents the
force acting on the vehicle on uphill, it depends on the slope(f) of the road segment,

vehicle mass(m) and gravitational constant(g). Following equation represents the

gravitational force on the vehicle:
Fy,=m-g-sinf (5)

To be accurate on energy consumption calculations it is needed that the calculation
must consider most if possible all real-life energy consumption of the vehicle. To
achieve this, another energy consumption that needs to be taken into account is
auxiliary power consumption. It is taken as constant through the simulation and it
assumed that the high voltage comfort systems are not activated through the trip.

Constant auxiliary power consumption, in this project, is 300W h.
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To sum up, all the forces acting on vehicle and to get a Time-varying rate of

change on vehicle speed an expression can be created as below:

ov 1
a_ = (ﬁ) : (Ftire - Froll - Fdrag - Fgrav) (6)
Loom SR

Used constant in equations [2] - [6] are described below with their values. These
parameters are taken from a plug-in full electric light-duty commercial vehicle that

is operated on the road. Parameters are presented in Table.1.

Table 1: Electric vehicle parameters

Symbol | Value Unit Description
Cy 0.55 — Drag coefficient
3500 kg Vehicle mass
A 5 m? Vehicle frontal area
Gy 18.5 — Transmission gear ratio
Ttire 0.354 m Tire radius
c 0.008 N Rolling resistance coefficient
g 9.80665 = Gravitational constant
Ng 0.9 — Tire specific coefficient
Lotor 0.11 | Kg-m? Motor inertia

3.3 Network Architecture

For the experiments, which explained upcoming sections, a network communication
architecture has been set up. The setup consists of 3 main components. First, the
simulator server which has most of the computation load throughout this experiment.
The second one is Google Maps Web Services which provides In this experiment vehi-

cle control unit is sending origin and destination point to Google Maps Web Services
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and Google Maps APIs returns elevation and route between origin and destination
point. Details of this process have been explained in section name gathering terrain
data. After getting the route and elevation details, route segment data sent to the
simulator server one by one as the trip starts. The simulator server calculates energy
consumption prediction and speed profile. There is another detail on the speed profile
because it can be just energy consumption if the simulation is set not to calculate

the optimum speed profile. Fig. 19. shows the general architecture of this simulation

environment.
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Figure 19: General network architecture

3.3.1 Client Side

For the experiments as Vehicle Control Unit an arbitrary personal laptop used. In
this VCU, There is a GUI that offers an interface to the driver and Python program

that manages the communication between the server. Below presented the general
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workflow of the client in Fig. 20.
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Figure 20: Client VCU workflow
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A Graphical User Interface(GUI) is developed for these simulations and it is a part
of the Vehicle Control Unit that offers an interface to the driver. On the front-end of
this interface, there are HTML codes for the overall structure, CSS codes for visual
layout. In the back-end of the web page JavaScript code for general Google functions
and Ajax queries for data exchanges. Also, PHP codes to start a Python program.
Firstly, the Integration of Google visuals and functions had to be done. For this
purpose JavaScript API of Google Maps, Web Services is used. However, JavaScript
API requests are using call-back functions which interrupts the program routine which
is not suitable for our application because we wanted to make elevation requests in-
order as each segment point gathering. For this purpose Ajax [43] offers an easy and
great solution which is called synchronous queries. With Ajax, the developer has
great control on data exchange with Google Maps API servers. synchronous queries
require to be completed before the next declaration can be called. In other words,
stops the program execution until the Ajax query is completed.

Another point while developing GUI is the server was operating in python language
and the communication between server and client has been done in python. The
challenge was to communicate JavaScript with Python Socket Program. To overcome
this challenge, PHP [44] offered a great solution which is called shell execution. Shell
Execution is running a shell command from the windows shell command window and
returns the complete output as a string. Essentially, Python used to simulate the
vehicle as it was going on the route. It was communicating with a simulator server
which is also developed in Python language, and sending route samples one by one
to the simulator as if a real vehicle was passing trough these sample points. Fig. 21

shows the front-end of GUIL.
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Figure 21: GUI of front-end

3.3.2 Server Side

For Simulator Server, a desktop relatively has more performance resources that a
laptop has been used. The simulator server is started simulating by VCU requests if
there is a connection from the VCU server starts a new thread for active connection
and start simulation as soon as the segment data arrives. The workflow of simulator

shown in Fig.22.
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Figure 22: Server simulator workflow
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During the development of Simulator Server, Python Socket Programming is used.
With Python’s socket interface the communication between client and server was
provided. TCP is used because it provides in-order delivery and error report. Also,
the vehicle model is running on the server. To develop vehicle model Numpy, Math,
and Mat-Plot packages of Python are used.

Another important feature of the server is allowing multiple vehicle connections at
once. To provide this feature Python thread package is used. Threading is basically
executing your code in the separate flow which means multiple executions happening

at once. Below Fig. 23 represents the server behavior on multiple client connections.

CAR 1 (Controller) | | CAR 1 connects to server (simulator) |

|

| Start CAR 1 Simulation |

r
=
o CAR 2 and CAR 3 connects at the same time
CAR 2 (Controller) 1= 3 as CAR 1 simulation continues
=
CAR 3 (Controller) —» =Z L h 4 h 4
= . . Create New Create New
= W
0 Cunggae,l'mh Thread for Thread for
2 Simulation CAR 2 CAR 3
= Simulation Simulation
)
)
g L 4
=
(1]
= .
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Simulation
Y Y

Finish CAR 2| |Finish CAR 3
Simulation Simulation

Figure 23: Server behavior on multiple TCP client connection
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Lastly, a sequential flow diagram can be seen in fig. 24.
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Figure 24: Sequential flow diagram of simulation process
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Chapter IV

EVALUATION

4.1 Energy Consumption Prediction

Energy consumption simulation is done in the local network area which has standard
protection protocols and open ports for connection. The simulator server and vehicles’

virtual machine specification is given in Table 2.

Table 2: Specification of simulator server PC and vehicles’ virtual machines

Specification | Simulator Server | Virtual Machines

RAM 8 GHz 2 GB
CPU 3.2 GHz 3.2 GHz
Cache 6 MB 6 MB

Simulation results prove that the server can respond to the vehicle control unit
while the vehicle goes from road segment z; to road segment x;,;. Time comparison
of real-time vehicle time spends during road segment and simulation time that takes
the simulator server to calculate energy consumption shown in Fig.25. The vehicle
starts its trip from O kph and eds trip with stopping to 0 kph. That is the reason

why vehicle takes so much time in first and the last segments of the road.
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Figure 25: Simulation and vehicle time comparison

Communication loss is also compensated successfully as you can see from Fig.26.
At the beginning of the trip, vehicle speed drops down to zero on a couple of data
packets. It can be a network problem or vehicle that is unable to send data. But as
you can see simulation continues with the last valid speed data as if the vehicle is

moving at a constant speed.
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Figure 26: Simulation and vehicle speed comparison

Simulation sends energy consumption prediction at every segment. Energy con-

sumption per segment is shown in Fig.27.
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Figure 27: Calculated energy per segment

Cumulative Energy consumption also is shown in Fig. 28.
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Figure 28: Cumulative energy consumption on trip

Results show that the created simulation environment can be used as a vehicle

driving from the cloud tool.

4.2 Multiple Vehicle Stmulation with Optimization

Multiple vehicle simulation services also an important experiment for this project
because it shows the potential of the simulator to be used in real-life applications.
During these simulations, Monte Carlo optimization method is used. Monte Carlo
step number is 10. In the Monte Carlo optimization method, the server runs the

vehicle model in the road segment 10 times and decides optimum speed.
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These simulations take place on the same road but they are starting their trip at
different times. It shows the effect of multiple thread creation to simulation time.
In this case, it simple multiples simulation time to run vehicle by two. These spe-
cific simulations were calculating optimal speed with the Monte Carlo optimization
method. Running vehicle model 10 times were decided by single-vehicle simulations.
Vehicle speed was making simulation run 10 times, for example, if the vehicle model
runs H0 times, simulations could not catch a vehicle that goes on the road with 30
kph. 30 kph seems slow but it should not be forgotten that the sampling intervals
in these simulations were 5 meters which roughly equals the length of the vehicle.
Choosing sampling intervals closer to the vehicle length will increase the accuracy of

energy consumption prediction.
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Figure 29: Simulation of vehicle 1 with optimization
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Fig 29. shows the time comparison of vehicle and simulation of Vehicle 1. It is the
first vehicle that connects to the server and the first 60 road segments were simulation
around 500 milliseconds. It can be observed that if other vehicles did not connect to
the simulator server vehicle 1 simulation time would be sufficient enough to respond

VCU request in real-time while moving on the road.
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Figure 30: Simulation of vehicle 2 with optimization

Fig 30. shows the details of the simulation of vehicle 2 in-terms of time that it
takes. It can be seen that vehicle 2 simulation time starts around 1600 milliseconds
and then increases to 3300 after Vehicle 3 connects to the simulator server. Also, little
jumps can be seen trough out the simulation. It can be because of other processes
running in the simulator. There are also 100 milliseconds lower simulation time to the
end of the simulation before the vehicle 1 simulation ends. It is because the screen of

the simulator turned off after 10 minutes of inactivity. Long story short every other
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process on server simulator effects the simulation time.
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Figure 31: Simulation of vehicle 3 with optimization

Fig. 31 shows simulation of vehicle 3. Vehicle 3 is the last vehicle that connects
to a simulator. Simulation time can be observed in Fig 26. As can be seen in
figure simulation time starts around 3200 milliseconds and it is because there are
already two-vehicle simulations that are running. After vehicle 1 simulation ends the
simulation time drops to 1600 milliseconds and after vehicle 2 simulation ends the
time that 1 iteration of simulation drops to 600 milliseconds.

All these three vehicle connections show that the resources of the simulator server
are not enough to run simulations in real-time. The processor power is a key factor
that affects the simulation time. With increased processor clock speed, simulation
times can be dropped and possible to respond VCU in real-time with increased sim-

ulation repetitions. Another way to decrease simulation time is by decreasing the
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number of Monte Carlo simulations. In the current simulation case, the server runs
every road segment simulation 10 times. It can be decreased which will help to de-
crease the response time of the simulator. But increasing the number of Monte Carlo
simulations will also decrease the chance to find the optimum speed that will cause
the lowest energy consumption. The configuration of these must be made according

to the computational power of the server and the complexity of the vehicle model.

4.3 Multiple Vehicle Energy Consumption Prediction

In this section results of multiple vehicle simulations without optimization are pre-
sented. And it can be seen from the results that the simulator is responding to all
three VCUs in real-time. This proves the fact that the presented simulation environ-
ment is suitable for real-life applications.

Below Fig. 32 shows that even after the connection of 2 vehicles, the simulator
still responds to Vehicle 1 in real-time. In the beginning simulation time is around
50 milliseconds. After Vehicle 2 connects to the server it increases to 100 millisec-
onds and connection from vehicle 3 causes it to increase 150 milliseconds. In the
meantime vehicle goes from segment x; to z;;1 in 500 milliseconds. As a result of
this experiment, it can be said that the simulator is a good tool to calculate energy
consumption prediction in real-time. Real-time energy consumption prediction tools
can be also used in V2X applications. Fig. 33 shows the simulation of vehicle 2 and

Fig. 34 shows the simulation of vehicle 3.
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Figure 33: Simulation of vehicle 2 without optimization
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Figure 34: Simulation of vehicle 3 without optimization

Again these results prove that the simulation environment presented in this thesis
is suitable for the applications that require prediction of energy consumption. Also,
it can be said that servicing multiple clients are way easier without optimization.
Because optimization algorithms usually use an iteration of the whole situation over
and over again which will require too much computation power. If you don’t have
enough computation power it will not be possible to respond VCU request in real-

time.

4.4 Control Algorithm Comparison

Another aspect of this dissertation is that it is possible to develop control algorithms
and a comparison of them can be done in the presented simulation environment.
Monte Carlo and Dynamic Programming control algorithms are compared here. The
results presented below. Fig. 35 shows the response time of the Monte Carlo al-

gorithm. The average response time of the Monte Carlo algorithm is around 125
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Figure 35: Monte Carlo response time

Fig. 36 shows the response time of the Dynamic Programming algorithm. The

average response time of dynamic programming is 105 milliseconds.
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Figure 36: Dynamic programming response time
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Figures show that the presented simulation environment is suitable for this use

case. A comparison of control algorithms can be done with this setup.

4.5 Hardware-In-The-Loop Replacement

Another crucial contribution of this thesis is that it is possible to use this simulation
environment as HIL replacement. Below is the Fig 37. that represents communication
between HIL and client computers. This scenario is that sensor data is given by client
and sinus and cosine values are requested from HIL. In this experiment, the maximum
delay time is 50 milliseconds but the overall result is very satisfying. With proper
hardware, this simulation environment can be used as a replacement of HIL.
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Figure 37: HIL replacement experiment
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Chapter V

CONCLUSIONS AND FUTURE WORK

With the rising interest in V2X communication technologies, it has been proven that
energy foreseeing simulation is a useful technic for energy management technologies.
In this thesis, a simulation environment has been presented for energy calculation
with communication for a virtual vehicle, and results are presented. Results show
that the system can respond to VCU requests in real-time which makes this setup a
good tool for V2X communication technologies such as coordinated driving.

A comparison of control algorithms is a project worth to be studied. With an on-
line real-time simulation environment, any control algorithm can be punished /rewarded
with its computation time. A control algorithm can be very good in terms of energy
efficiency, but it can be also too slow for real-time applications. On the other hand,
another control algorithm can be not so good in terms of energy efficiency, but it can
be good at computation time, which can make it more suitable for real-time vehicular
applications. Two control algorithms are compared in this dissertation and results
are presented. This indicates that the presented simulation environment can be used
in the comparison of control algorithms.

Being a HIL alternative was another motivation for our approach. HIL setups are
costly and come with their challenges (wiring, big computer case, etc.). We carried
out the tests done on a HIL in a cloud-based simulation environment which we called
Cloud-In-the-Loop. CIL helps us replace HIL. And results are promising compared
to response time and accuracy shows that the presented system can be used as HIL
replacement. The trustworthiness of the presented system is promising that it can be

used in automotive replacements.
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For future work, the proposed system can be implemented on a powerful PC to
have a better real-time response time. For the prediction of energy consumption,
traffic data integration seems a feature that can be added to improve accuracy. Since
acquiring live data was not possible trough Google Maps Web services, it should
be acquired from other reliable service providers. Another possible update can be
done on the GUI. Real-time moving vehicle representation would make the GUI more

appealing.
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