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Abstract

The research for electric vehicles has been growing duasigyears and the devel-
opment of electric drive trains can be considered a mainemge. This thesis presents
the electric drive train of the research concept vehicle\(RED13, with particular focus
on electric machines, motor controllers, and the commuiicaystem.

In the first part of this thesis, the electric drive train cgaofiation and components
are described. In-wheel motors are proposed which is a pemtanagnet synchronous
machine (PMSM). This technology allows the use of autonswauner modules (ACM)
increasing the quality and safety of the system. Each ofdbe ih-wheel motors has a
controller enabling the use of torque or speed control mBdethermore, an unit from
the dSPACE company provides the total control of the systg@AN bus. Additionally,
the dSPACE ControlDesk interface used to control the diygtesn is presented.

In the second part, the heat sink of the AC Drive is invesiigdly measurements
and analytical calculations. Furthermore, the motor temipee at different loads is also
presented and discussed.

Finally, the efficiency of an in-wheel motor (PRA 230) is sadl Also the effi-
ciency of the motor controller is estimated and discussedthErmore, the projet de-
scribed in this thesis was carried out in KTH university.

Key words: Control Area Network, Electric Drive Train, In-Wheel Mofétermanent
Magnet Synchronous Machine;
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Resumo

Durante os tltimos dez anos foi observado um grande aunmentovestigacao
relativamente a area de veiculos elétricos, levandaiadgs desafios o desenvolvimento
de novas tecnologias adequadas aos sistemas de tracao.

Este trabalho pretende mostrar ao leitor o sistema dadratilizado no veiculo
elétrico a ser desenvolvido na universidade "Royal lastiof Technology”, conhecido
como "Research Concept Vehicle 2013".

Na primeira parte desta dissertacao & descrito o tipoodéguracao do sistema
de tracao e os seus componentes. O sistema de trac&ed@doaem motores de imanes
permanentes integrados nas rodas ("in-wheel motors”).eAgirte configuracao permite
0 uso dos moédulos ACM ("Autonomous Corner Modules”) aurardb a seguranca e a
qualidade do sistema. Em cada um dos quatro motores integrees rodas € utilizado
um controlador baseado no controlo de binario. Além dissmontrolo total do sistema
de tracao € feito através de um dispositivo (Microaatob401) da empresa dSPACE.

Seguidamente, é apresentado o modelo matematico daligara o dimensiona-
mento de um dissipador de calor. Este, por sua vez, permiteeteeimento do con-
trolador do motor. Sao também apontadas medicdes daeratnra do motor e do seu
controlador a diferentes cargas e velocidades.

Por fim, & estimado e discutido a eficiencia de um dos quatitones e do seu
respetivo controlador. No Ultimo capitulo desta dissgab sao, ainda, descritas as con-
clusdes a que chegamos. A universidade "Royal Institifechnology” em Estocolmo,
foi o local onde se desenvolveu o respetivo projeto descegta tese.

Key words: Control Area Network, Electric Drive Train, In-Wheel Mofétermanent
Magnet Synchronous Machine;
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Chapter 1

Introduction

1.1 Motivation and objectives

Nowadays, electric vehicles (EVs) are becoming extrenmajyartant for transportation.
As a matter of fact, fossil fuels are limited, which lead telsaew solutions to replace the
traditional internal combustion engine vehicle (ICEV)rthermore, the price of fuel is
increasing constantly since last decade, due to the lingiieahtity of fossil fuels around
the world. Thereby, the ambition of researchers is largéhn thie objective to reduce the
fuel consumption and their emissions. Although, EVs is aipsing technology that suits
better in order to fulfill such aims. The strategy consistheuse of batteries and electric
motors instead of fuel tanks and combustion engines.

The main components of EVs have been an important field oareBeEngineers
have been working hard by investigating different techg@se regarding EVs in order to
achieve safety, high performance, and comfort. In this gbvehicles separated electric
machines can be used instead of one large machine. Theywatyydaced one in each
axle, or one in each wheel. The Autonomous Corner Moduled{A& based in a wheel
hub by combining the drivetrain, suspension, brakes,isigeand an in wheel motor. This
advanced technology helps to get rid of some mechanica pathe traditional vehicle,
for instance, axle, steering rod, etc. Although, the weigfhthe vehicle is significant
reduced, and the space available is increased.

A common and famous architecture used to control all theethan system in
automation is the Controller Area Network (CAN) bus. CAN coomnication is relatively
cheap, safe and reliable. Meanwhile, it consists of commgetll the electronic control
units like sensors, actuators, motor controllers, etcthe CAN bus in order to be possible
to monitor and control all the devices.

The aim of this thesis is to design and investigate an etedtivetrain for the 2013
RCV being developed at Royal Institute of Technology (KTHycus will be given to
the efficiency of its components, which were chosen accgrtbrthe cost and technol-
ogy. Indeed, major attentions are given to the in-wheel msptits controllers, and the
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communication system. Such components are investigatkgm@sented in detail. Fur-
thermore, analyses, simulations, and experimental sestithe electric drivetrain system
are compared and discussed.

This chapter also presents briefly the thesis outline, tree&eh Concept Vehicle,
Permanent Magnet Synchronous Machines, Field-Orientetr@mf a Surface-mounted
PMSM, and CAN Communication in Automation.

1.2 Outline of the Thesis

This thesis has the following structure:

e Chapter 2 presents the electric drive train used in the RG¥.Characteristics of the
components are described in detail. The location of suchpoomnts in the RCV
platform is shown and discussed. How to initialize the CAN land how to tune
the PI controllers of the motor controller is explained angsented in this chapter.
Also, the dSPACE ControlDesk interface is shown and its rdaiy is explained.

e Chapter 3 presents some basics of thermal regarding seduictmns. After, the heat
sink thermal resistance for the motor controller (ACD) isadbed, and experimen-
tal results are shown and discussed.

e Chapter 4 presents one possible method to estimate theeeffycof an in-wheel
motor and ACD. Finally, the results obtained for the efficief the motor and
ACD are presented.

e Chapter 5 summarizes the conclusions of the work and preadme proposals for
further research.

1.3 Methodology and Material

In the first part of the project the necessary material forelleetric drive train were cho-
sen carefully. This was done based on the requirements ®@éand the information
collected. The motors and AC Drives (motor controllers)aevére first ones to be chosen
and ordered due to its importance on the system. After thalyacal calculations were
carried out to observe the requirements of the material wvlare able to protect the sys-
tem. During this stage, also material like connectors, attst bolts, cables, and others
were obtained. The battery pack was being designed and stbdeparallel by a team
member, due to the overload of work.

Next, the master controller of the system (dSPACE unit) wesussed and chosen.
Truly, time was consumed by focusing in its software and ward, which was of great

2



1.4. Research Concept Vehicle

importance to control all the ECUs of the system. This tagkikrd the communication
CAN open in automation which was studied in detail and im@etad.

Later, the efficiency map of the in-wheel motors and ACDs vadrained by mea-
suring a significant amount of samples of the power in diffetecations of the system.
Thermal measurements were also observed and discussed.

As a matter fact, the behaviour of the ACDs were investigated simulated,
mainly its inverter (Pulse Width Modulation) and the torguoatrol theories (Field-Oriented
Control) behind. Finally, the control of all drive train weested with a dSPACE unit by a
model created in Matlab/Simulink.

1.4 Research Concept Vehicle

The Research Concept Vehicle is a novel project which airbe &nergy efficient as pos-
sible. The research is being developed in the Laboratoryesitiical Energy Conversion
by accomplishing the construction of the vehicle at thedpants lab in KTH University.
Additionally, there are involved different sort of resdaecs, specifically master students,
PhD students, and senior researchers. The members of thedR@WVhave different tasks
depending on their qualifications. There are the ones radplerfor the construction of
the following parts: the lightweight structure, the suspen system, the battery system,
fluid dynamics and the main human interface (mechatronid#d. electric drive train is
the head of study of this thesis.

The architecture of the 2013 RCV needs to be innovative iertia achieve high-
performance. Following, the technology of the concept elehis structured as follows
[18]:

e Integration: Mechatronics built-in systems;

Reduced weight: Light-weight, carbon fiber based chassistoaction;

Vehicle dynamics: Autonomous corner modules;

Energy optimization: Autopilot/drive-management/ptatong;

Low electrical losses: High efficient, integrated motor andier electronics design;

Safety: Crash avoidance system; Chassis design with a@st-

The first version of the RCV is dated to be accomplished in batof 2013. Mean-
while, the research is far away to be completed. The platffrithe RCV is, in some way,
flexible which allows new future improvements, or even mbeeihstallation of new elec-
tronic control units.
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a) b)

Figure 1.1: a) Autonomous Corner Modules; b) Carbon Fibatf&m of the RCV 2013;

1.5 Autonomous Corner Modules

Autonomous corner modules is an advanced technology iedént Sigvard Zetterstrom
at Volvo Car Corporation in 1998 [26]. In each ACM the forcesl &kinematics are con-
trolled separately by actuators, electronic control ym@itsl auxiliary software. The me-
chanical parts of the ACM are attached to the vehicle bodyjtarcontrol is done by wire.
The use of CAN communication is an easy way to control it frommaster controller.

The safety of the system is optimized by controlling indivadly the torque of each
wheel, load distribution and wheel anglés|[24]. Their efiicy is significantly higher
than a normal wheel, but the complexity involved bring extoats and attentions to the
researchers involved. Furthermore, there is no need of améedl steering and transmis-
sions, which is an advantage of the technology evolved.

The design of the ACMs and the carbon fiber platform used bRtBe are shown
in Figure1.1.

1.6 Permanent Magnet Synchronous Machine

Permanent magnet synchronous motors (PMSM) are suitabie-feheel drive applica-
tions due to their robustness and compactness. There angyrttaee sorts of PMS mo-
tors. PMSM with surface magnets; the magnets are mounteldeosurface of the rotor
and it behaves as a smooth-air-gap machine bechysk, (direct and quadrature syn-
chronous inductances). In this sort of electrical machiveeanly torque produced comes
from the magnets. PMSM with inset magnets has the magnetsonghe surface of the
rotor and both synchronous inductances are diffetep#(,), which means that the total
torque is the result of reluctance torque and magnet toithuethird one has the magnets
buried in the rotor and it can have different geometriesiatydor axially placed, or in-
clined. This machine is a salient-pole abg#L,. Figure[1.2 shows two possible designs
of inset and surface mounted magnets.

Three sort of common magnets used in PMSM are: ferrite, taaaharium, and
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d d

~

a) b)
Figure 1.2: a) Surface mounted magnéig{(L,); b) Inset mounted magnets (#L,) [5]

neodymiume-iron-boron magnets. Neodymium-iron-boron netgs the most used in PMSM
for traction system, due to the high density value of endfiggyh power factor and torque
density, low loss, and fast speed and torque response an@ins characteristics. Mean-
while, there are some drawbacks concerning permanent ngdoeinstance high cost,
temperature limitation during operation, and possibibitglemagnetization.

1.6.1 Basics of Surface-mounted PMSM
Electromagnetic Torque

In a surface-mounted PMSM the instantaneous electromiagoeque is given by equa-

tion[1.1 [19]:

T, = gpd)mis sin (3 (1.1)

wherep is the number of pair poles;,, is the magnet flux;, is the stator current, andl

is the torque angle electrical angle between the stator gtagrotive force (d axis) and
the rotor angle§ = «, — 6,.). The rotor angle is the angle between the magnet flux in
the d axis of the rotor, and the d axis of the stator refererarad. The respective current
vector is shown in Figurie1.3.

There are different possibilities to express equaktion BHdwever, the maximum
torque of the machine is given when the torque angle is equal’C. Equatior 1.1 also
shows that the electromagnetic torque is proportionalésthtor current and magnet flux.
The magnet flux is a constant and it depends on the charadiceosthe magnet mounted.
Meanwhile, the stator current can be easily controlled laygia current-controlled PWM
inverter in order to obtain fast torque response [20].

The stator current vector in the rotor reference frame iaiabt by equatioin 11.2:

is =g+ jig = |is|sin(as — 0,) (1.2)
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Figure 1.3: Current vector diagram of a surface-mounted MNIStor-oriented control)

The component, is assumed to be zero when operating in the region of maximum
torque. Field weakening region is for speeds above the sgiedd and it is necessary a
negative value of;. Meanwhile, the stator current component is shown in eqoHii3.

iq = |is] sin(as — 6,) (1.3)

Therefore, the electromagnetic torque can be controlléaeifstator current com-
ponents and the rotor angle are known. It can be obtained laguni@g the current and
using a position sensor.

Back Electromotive Force

The back electromotive force (BEMF) is the voltage indugethe stator windings of the
motor/generator due to the presence of a magnet field. Ifaperating as a motor, the
BEMF opposes the voltage applied in the stator windings.BEBIF in a 3-phase stator
windings without an external applied voltage is given byfihleowing equations:

Vian = Wethy, sin(wt) (1.4)
Vin = wethy, sin(wt + 120) (1.5)
Ve = Wethy, sin(wt 4 240) (1.6)

wherew, is the electric speed in radis{= 27155 p).

There is the possibility to calculate the magnet flux by meagyhase to phase
voltage. If it is the case, the magnet flux is obtained as Vdto

(1.7)
wereV,, is the fundamental value of the phase to phase voltage.

6
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Load and Motor Inertia

The total electromagnetic torque by including the load antominertia is given by equa-
tion[1.9:

dw Te — TL
e L 1.8
dat  Ju+Jg (1.8)
dw
T.=Tp,+ (Ju + JL)E (2.9)

whereJ,, is the motor inertia,/;, is the load inertia, and is the angular speed of
the motor.

1.7 Field-Oriented Control of a Surface-mounted PMSM

In this section it will be shown the principle of field-orieat control. Also, simulations
results are presented to observe the behaviour of the n&chin

1.7.1 Introduction

In the last years, several torque control topologies hage bevestigated. This topologies
tend to improve the dynamic performance of an electricallmmec The most common
ones are mainly field-oriented (FOC) and direct-torquera@bDTC). The DTC is based
on hysteresis controllers to control the torque and flux efrttachine. Such control does
not need an inverter (PWM modulator), since the control isedoy an optimal switching
logic. In this thesis it is studied FOC which was introduceddermany by Blaschke,
Hasse, and Leonhard [20]. In FOC, the spatial angular jposdf the rotor flux is re-
quired by the drive. The control is based on a comparisoneoktiown stator field vector
and the feedback rotor position and speed. In this caseg8pective surface-mounted
PMSM are mainly modeled in thé— ¢ reference frame facilitating the control strategy
implementation([10]. In this control strategy, the eleotemnetic torque referencg, .,

is proportional ta,, due to the fact thaf, = %pwmis sin 3. Below the rated speed;, = 0
andi, = i,, because the maximum torque is available (torque angle éo9a°). Fur-
thermore, the stator current is controlled by one PWM irereif the speed is above the
rated, the machine is in field weakening range and the limihefinverter voltage was
achieved. Moreover, a negative valueigf ; is provided which increases the torque an-
gle more thar90°. Since the stator current modulus is give by equdtion] 1td4®nodulus
should be lower that the maximum allowed valug,(..).

|ZS| = \/ Z?i + Zg S Z.smaa: (110)

So the component of the stator curréntmay need to be decreased, which limits the
torque availableX, ).
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1.7.2 Mathematical Model of a Surface-Mounted PMSM

There are different possibilities to analyze electric colnbf a PMSM. A common and
reliable one is the d-q axis mathematical model. Such madbbhsed in voltage equa-
tions, electromagnetic torque equation, mechanical dycseguation, and the stator flux
linkage equations [22]. From the three-phase sinusoiddésy(f.,, f»s, andf.;), the cur-
rents, voltages, and fluxes are transformed into 2-phasersy; andf,) (rotor reference
frame). This is done by using the famous Park transformatiaich facilitates the imple-
mentation of a three-phase system model. Therefore, theiérts and the steady state
of a PMSM are studied by using space-phasor theory [20]. Al&mector diagram of a
two-pole PMSM three phase system can be seen in Figlirelediéidtorss D ands() are

in the stationary reference frame and is the same as the m@Ntka andj coordinates.

sQ

Figure 1.4: Simplified cross-section of a two-pole PMSM [4].

1.7.3 Park Transformation

The Park transformation was introduced in 1920 by R. H. Panrder to facilitate the
analyze of three-phase circuits. In electrical machirressymmetrical three-phase stator
windings are transformed in two DC components §nd,) as explained before. Such
transformation anglé, is the angle between the vectf and thed — axis which can be
seen in Figuré_1l4 &. In PMSM, thed — axis is common fixed on the magnetic north
pole of the rotor magnet [21]. Thé— ¢ components expressed as a vector are presented

8
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as follows:
fd fas
fq == Tpark,dq fbs (111)
fO fcs

where the Park transformation,,,« 4, and given by matrik 1.72.

cosd  cos(0 —3)  cos(0+ %)

Tpark.dg = 3 —sinf —sin(0 — ) —sin(0 + &) (1.12)
1 1 1

2 2 2
The f, component is assumed to be zero for electrical machinessyrtimetrical three-
phase stator windings [21]. In this case the amplitude oivdr@&ablesf,,, f,s and f., is

given by, /f2 + f2.

1.7.4 \oltage and Current dynamics

For PMSM two-phase system (direct and quadrature axis) the; voltages are given
by the sum of the resistive voltage drops and the derivativiae flux linkages in the

respective windings. In the rotor reference frame, suctagels are given by the following
equation§ 1.13 arld T4 ]21].

o
Vi = Ryiy + Ldﬁ — w,Lyi (1.13)

o di |
Vg = Rig + LQE +wrLgiq + wpthp, (1.14)

In this case, the voltages are computed by neglecting al&hnmonics of the flux
linkage and inductance [21]. Furthermore, the back EMFagatis assumed to be sinu-
soidal. For a non-salient PMSM studied in this thesis,gHais andd-axis stator induc-
tance are both equal. The flux equations in é¢he ¢ rotor reference frame is given as
follows:

Ya = Lqiq (1.15)
Y, = Lyi, (1.16)
Vm = Liim = —J‘;}’Z (1.17)

The cross-coupling{w; L,i, and+w, L4i4) between thel — ¢ axis shown in equa-
tions (1.18) andl(1.14) has a negative effect on the trahsiemrol. For instance, the
current rise time will be slow down [19]. This is due to thetfdwat when the curreny, is
increased, it affects the voltage in thandd axis.
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1.7.5 Electromagnetic Torque and Mechanical Dynamics

The electromagnetic torque of a salient PMSM in the rotoenezice frame is given by
equation 1.T9[19]:

T. = gp[wmiq + (Ld - Lq)idiq] (1.18)

For a non-salient PMSM the electromagnetic torque equaiiaplifies to
3 .

T, = §pwmzq (1.19)
which was already known from sectign 1.6. The mechanicahayos equation which
describes the whole machine, as in sediioh 1.6is [21]

dw, _p

B
==(T. - —=w, - T, 1.2
dt J’( € p Wr L) ( O)

do,
dt

whereB,, is the viscous friction coefficient.
Finally the surface-mounted PMSM mathematical model igigiby the equations
described beforé: 1.13,1]14,7.09, 1.20 @and]1.21.

—w, (1.21)

1.7.6 \Voltage and Current Limits

In a surface-mounted PMSM the maximum torque obtained igdarby the maximum
current allowed and the DC-Link voltage available. SuchitBtions are given by the

following conditions:
\/ 12+ 12 < imaa (1.22)

v3 +v2 < Hde (1.23)

= Umax
V3

Assuming the resistive voltage drops are zero and substitut andv, in equatiori 1.23,
the following condition is achieved:

Vm
L

. . umaa}
i+ ()] < 5 (1.24)

[(

where

vg = —wyLgi, (1.25)

10



1.7. Field-Oriented Control of a Surface-mounted PMSM

Vg = wr(Lsid + wm> (126)

L,=1L, =Ly (1.27)

q

From equation_1.24 it can be concluded that the trajectothefstator voltage is a set
of circles. These circles are centered éﬁs—"(, 0) and radius equal tg% inthed — ¢
coordinate system. Meanwhile, Figure]1.5 shows the driveltage and current-limit
constraints in the — ¢ coordinate system for a PMSM. If the motor follows the ree]in
the maximum torque is obtained at different speégs=(0 andi, # 0). The green lines
represents different torque values at constant speedldnfeakening region the current
14 Should be controlled in order to reduce the voltage magaitud

Figure 1.5: Circle diagram with field weakening technigug][1

1.7.7 Design of the Current Controllers

The design of current controllers have a significant impacdhe performance of the drive
system. A common and accurate strategy is to use Propdréiaddntegral controllers in

a PWM inverter-fed PMSM. In this case, it is well known that tectric dynamics, such
as their time constants, are much faster than the mechaimeEatonstants. Furthermore,
the mechanical speed of a motor is constant during the swggeriod of an inverter. The

electromagnetic torque of a surface-mounted PMSM is ptapwl to the stator current
(is), which means that the quality of the speed and torque isrdkgree of the current

controllers. A well designed current-controller PWM cortee has, mainly, the following

characteristics [11]:

¢ Instantaneous control of the current waveform and highraog

11
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e Protection against peak currents;

Overload rejection;

Compensation of the dc-link and ac-side voltage changes;

Extremity good system dynamics;

Compensation of the semiconductor voltage drop and deas$tohthe converter;

Compensation of effects due to load parameter changest@ese and reactance);

For a surface-mounted PMSM, the current Pl controller igtdam the following equa-
tions [21]:

VdTef = kp,d(igef — i) + kia /(def — iq)dt — wrLgtq — Ra,dla (1.28)

Vil = kyg(ir — i) + kig / (ir) —ig)dt — w,Lgig — Ragig; (1.29)

The first two terms of the equation are the respective Pl obletrand the last
term is to compensate the coupling terms of equations 1.8%d#@. The integral and
proportional gains of both — ¢ components are given by:

kp,d = Ochd7 k?p7q = Ochq (130)

kiqa = a.(Rs + Ra,d), ki, = a.(Rs+ Ra,q) (1.31)
werea, is the respective closed loop bandwidth, and is obtainedjbatéor 1.3P.
_ ()

c t,r,

(1.32)

The variablet, is the rise time of the current step response. Figure 1.6 shiogvblock
diagram of the closed-loop current dynamics.

i | F(5) B Ch b h b G ) ] > i

Figure 1.6: Block diagram of the current dynamics|[21]

12



1.7. Field-Oriented Control of a Surface-mounted PMSM

From the block diagram, the current PI controller is repnése asF(p), the de-
coupling and active damping ¥ (p), the open-loop transfer function &5(p), and the
back EMF transfer functiol'(p).

F(s) = [’W +O’“ivd/ i . +Oki7q /J (1.33)
W(s) = {;RL; __%’qu] (1.34)

.
G(s) = [? Sfac (1.35)
F(s) = [0 wtb] (1.36)

The closed-loop transfer function should be tuned by sgttia correct gaing(, =
a.L andK; = a.R). The first step is to choose a desired controller bandwidt) énd
the gains will be obtained by equations 1.30 and]1.31. Adngrtb the rise time, the
bandwidth of the system should not be too high due to the systampling time. The
main rule is to choose a bandwidth 5-10 times slower than ys&es sampling time

(T5) [8l.

1.7.8 Simulations Results

The contents presented in this sections were carried out based in a model created in
Matlab/S mulink.

The in-wheel motor used in the RCV 2013, was modeled in Méliatulink
software together with the current-controller PWM coneerfEiguré 1.I7 shows the Simulink
model used to simulate the drive system.

13
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Figure 1.7: Drive system model in Simulink.

In this simulations it was chosen a rise time equdltes. Other important parame-
ters were based in an in-wheel motor (PRA 230) which is pttesen chapterl2. The step
response of the currenf, and the stator three phase current is shown in figuie 1.8awith
load of 33Nm and for speed equal to 150 rpm. The curigrg set to be zero due to the
fact that the motor is operating below rated speed. The DiC/uttage, the limit voltage,
and the amplitude of the stator voltage is shown in Figure 1.9

100 T

50

iy 1y (A

0 0.02 0.04 0.06 0.08 0.1

i (Al

0.02 0.04 0.06 0.08 0.1

Figure 1.8: Current step response and stator currentseat t@tque and 150 rpm.
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Figure 1.9: Limit voltage, DC link voltage, and stator vgigeat rated torque and 150 rpm.

Figures 1.ID an1.11 shows the simulation results at rategié and speed. In
this case, the inverter is working on over modulation rangetd the low value of the DC
link voltage. Also, it is possible to observe some distartom the current wave. To avoid
PWM over modulation, field weakening should be implementedhe DC link voltage
should be increased until the maximum range allowed.

0 0.01 0.02 0.03 0.04 0.05 0.06

Figure 1.10: Current step response and stator currentgedtt@que and speed.
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Figure 1.11: Limit voltage, DC link voltage, and stator agjé at rated torque and speed.

1.8 CAN Communication in Automation

There are several types of communication network used onaation. For instance: CAN
protocol, LIN (Local Interconnect Network) protocol, théekray protocol, and MOST
(Media Oriented Systems Transport) protocol. In this thésis studied CAN commu-
nication network due to the use of CANopen on the electrigedtrain of the RCV.

Indeed, the following principles of CAN communication wessumed from the docu-
ments|[17],[15],[[1], and [3].

CAN bus is a serial data communication protocol invented ®SBH corporation.
In serial data communication, all the electronic devicemslihe same communication
medium (CAN bus), where the control, address, and dataamsrtiitted on the same bus.
Furthermore, such information is transmitted seriallyiste, and the identified node or
nodes (electronic devices) receive the message. The egstht and space of a CAN
bus system are reduced compared to the traditional padaial communication. Also,
CAN bus protocol should be able to avoid data collision, lmssven blocking of infor-
mation. Indeed, it is a potential communication networkduseautomation, health care,
agriculture and others.

In automotive there are a large number of electronic conmnais (ECUs) which
constitutes different subsystems. The biggest controimnehicles is the Engine Control
Module (ECM), or Powertrain Control Module (PCM). Auxiliasubsystem which are
common controlled by CAN bus is the battery and the rechgrgystem for electric or
hybrid vehicles, doors, mirrors adjustments, electric @osteering (EPS), audio systems
and others.

In CAN bus there are the possibility to use double stranded,wbaxial cable or
optical fiber for the communication medium [17]. Dependimgtioe CAN controller the
speed can be up taV/bps. A simple diagram showing the CAN bus topology is shown in
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Figure[1.1P.

High -

Low

Node A Node B Node N

Figure 1.12: CAN bus diagram.

The CAN transmission medium is constituted by the high |érsismission line
(CANH) and the low level transmission line (CANL).

1.8.1 CAN Bus Communication Network Model

From Figure[1.12, each node is able to transmit and receivssages. Each message
is transmitted serially, not simultaneously, and it hasdenitifier (ID) representing the
priority of the message. The electronic control units, fastance sensors and actuators,
are connected to the CAN bus through a host processor and adCAfxbller. The host
processor examines carefully which messages will be redesnd which ones will be
transmitted. The CAN controller stores serially the bitsngereceived until a message
is constituted. Also, the CAN controller transmits seyidtd the CAN bus, the messages
chosen by the host processor. When a conflict is detectedhélssage with more domi-
nate bits (zeros) will have priority and is the first to be samitted to all nodes.

There are two types of CAN frame: standard frames (11 bitssaggsidentifier)
and extended frame (29 bits message identifiers). It is ples& have both CAN frames
in the same bus. The CAN frame implemented by the ACD 480%isdstrd frames and
is shown in Figuré_1.13.

Start Control
Bit Bits IFS
11 bit . 15 bit [Acknowledge &
—’ Message Identifier] 7 bit{ Bata| 0. 4. 8 Eyte CRC | End of Frame
Header 19 bit Payload O ... 64 bit Trailer 25 bit 3 bit

Figure 1.13: CAN Frame Structure [15].

In 1993, CAN became an International Organization for Saadidation standard
(1ISO-11898). The 1SO-11898 standard, CAN 2.0, is the moset yshysical layer for
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CAN networks. The CAN protocol is based on the OSI-7 layeeneice model which
can be seen in Figute 1]14. SAEJ1939 is a high level commuimicaetwork protocol

used in automotive. It was developed by the Control and Comications Network Sub-
committee, Society of Automotive Engineer-Trucks and Buskectrical and Electronics
Committeel[17]. This protocol is constituted by four layehnysical layer, data link layer,
network layer and application layer.

Partially
implemented by
higher-level CAN
> protocols like
CANopen

Bypass

used without

higher-layer
protocols

2. Data Link Layer P 4 Standard CAN implementation

(physical details often specified
1. Physical Layer by higher-layer protocol)

Figure 1.14: CAN protocol and OSI-7 layer reference maddg].[1

Physical Layer

The physical layer is constituted by electric devices, eafgbin layouts, level of voltage,
signal timing, and others. Also, Bit-Encoding, Bit-Timiagd synchronisation, and the
communication medium is specified by the physical layer. Asgae CAN structure di-
agram can be seen in Figure 1.12. In each end of the circugcmmmended to have a
resistance equal 2052 to avoid reflection and loss of signal. The CAN bus length is
based on the baud rate chosen. All the devices connected @AN bus should have the
same baud rate to be able communication between each other.

Data link Layer

The data link layer is situated between the physical and ¢thwark layer. This layer can
be divided in two sublayers: the Logical Link Control (LLChcathe Multiple Access
Control (MAC) sublayer. The LLC sublayer is responsible &bettt and if possible cor-
rect the errors that may occur in the physical layer. The MAklayer handles the access
to the bus in other to avoid collision when different nodggdrtransmit messages simul-
taneously. The data link layer also specifies the formattleafithe message, extended or
standard frames (Fig._1.13).
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1.8. CAN Communication in Automation

Application Layer

The application layer provides several services and potgacseful to all the devices on
the system. It provides direct process when the end useswatransfer files, send emails
or implement other network related activities.

1.8.2 CANopen Protocol

CAN open is a communication protocol of high level used iroadtion, which the stan-
dard consists on several protocols and an application ldgfned by a device profile.
The communications protocols are able to support the n&twanagement, monitoring,
and communication between each element of the bus. Alsloides a transport layer for
coding and decoding of messages. The data link layer andnysqal layer are imple-
mented by the lower level protocol CAN. The overall diagraithe system is shown in
Figure 1.1b. The communication and device profiles are diye@iA 301 specification.

Application N
DS4xx Device Profiles ’
>— CANopen
DS301 Communication DS3xx Frameworks
Profiles
/
/
N N
CAN Data Link Layer-ISO11898
J CAN
CAN Physical Layer-ISO11898
p—

Figure 1.15: Diagram of the CAN and CANopen protocol [17].

Device Model

Each device that uses CANopen protocol should have a conmation unit which imple-
ments protocols for messaging between nodes. A state neacbinirols the device, being
able to start and reset it. Also the following states arelalghg on the device: Initializa-
tion, Pre-operational, Operational and Stopped.

CANopen devices have implemented in its software an olgetisnary (OD)
which allows the configuration and communication by the .useother words, the OD
contains all parameters describing the device and its nktiaghaviour.
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Object Dictionary (OD)

The OD is composed by a group od objects; each object is agittesing a 16-bit index.
Also, individual structured data elements can be accessa®@kbit subindex. Figuie 1.116
shows the CANopen OD layout. It is important to know that tekevant range of OD
node’s is betweeh000 and9F' F F'. The device parameters are described in the document
provided by the manufacturer facilitating its access viaNJ&us. Each parameter of the
object dictionary has the following profile: its name, itd@x and sub-index, its data type,
mandatory or optional, read-only or write-only or writeldk etc.

CANopen Object Dictionary
Index Object

0000 not used

0001 - 0O0IF | Static Data Types (standard data types, e.g. Boolean. Integer16)

0020 - O003F | Complex Data Types (predefined structures composed of standard
data types. e.g. PDOCommPar, SDOParameter)

0040 -  00SF | Manufacturer Specific Complex Data Types

0060 - O07F | Device Profile Specific Static Data Types

0080 - 009F | Device Profile Specific Complex Data Types

00AO0 - OFFF | reserved

1000 - 1FFF | Communication Profile Area
(e.g. Device Type, Error Register, Number of PDOs supported)

2000 - SFFF | Manufacturer Specific Profile Area

6000 - O9FFF | Standardised Device Profile Area (e.g. "DSP-401 Device Profile for
1/0 Modules" [3]: Read State 8 Input Lines, etc.)

A000 - FFFF | reserved

Figure 1.16: CANopen Object Dictionary structure (indexexadecimal) [3].

1.8.3 CANopen Communication Model

The CANopen communication model is defined by four types ofsages, which are
characterized by their CAN object identifier (COB-ID) and igAdentifier.

1 - Administrative message

The objective of these messages is to provide network amt lagnagement, and iden-
tifier distribution of services. Services and protocols diménistrative message are ac-
cording to the service elements of CAL (CAN Application Lay&letwork Management
(NMT), Layer Management (LMT) and Distributor (DBT).

2 - Service Data Object (SDO)

The SDO protocol is used for writing and reading values from dbject dictionary of
a device. For that there is a need of a SDO client and a SDOrséitve SDO client is
the device which access the remote device, for instance @ERAIt; the SDO server
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1.8. CAN Communication in Automation

is the device with the OD being accessed. The communicatbwdzn both is always
initialized by the SDO client.

In CANopen communication an upload from a parameter of thei©khown as
a SDO upload, and a write is known as a SDO download. Alsoetisea need to set
the CAN object identifier of the SDO message transmitted ftloenserver to client and
the client to server. This can be done on the object dictiowhreach remote device.
Furthermore, it is possible to have 128 SDO servers, andhibeaset up with addresses
0x1200h to 0x127Fh. Similar, 128 SDO clients are possibteraspective addresses are
between 0x1280 to Ox12FFh. There is also a pre-defined cboneset which defines
a SDO channel allowing the configuration of the device evainduhe operation. The
COB-ID of this channel is 0x600h + node ID for receiving ancd88h + node ID for
transmitting. Figuré 1.17 shows the SDO frame. If it is a SBOréading a parameter of
the OD, the data field should be zero and byte 1 equal to 40laseaaf a SDO for writing
byte 1 should have the value of 2Bh when writing exactly 2 §ylies important to know
that byte 1 depends of the data length (byte 5 to 8); detailadmation can be found
in [1]. The index and sub index can be found on the manual ofotiject dictionary.
Moreover, each SDO message is only able to access only oaenptar of the object
dictionary.

Arbitration

Field Data Field

Byte 4 Byte5 Byte6 Byte7 Byte8

600 or 580 +| Data Object | ) ect Index

. e Index
Node-ID Specification (LSB) (MSB)

Sub-Index Data

Figure 1.17: SDO frame [1].

3 - Process Data Object (PDO)

PDO protocol is used to transmit real time data between vanmwdes. There is the pos-
sibility to transmit or receive up to 8 bytes of data per eaBlfORmessage. Also, it is
possible to access multiple parameters of the object diatioby using only one PDO
message.

There is two types of PDO messages: the receive PDO (RPDObphandansmit
PDO (RPDO). The TPDO is the message sent by the node (seovdr® host (client),
and the RPDO is the message sent by the host to the node (wrégad). Similar to the
SDOs, each of these messages have different COB-IDs, aad becup to 512.

4 - Predefined messages or Special Function Objects

These special function has the object to monitor and praasxdiar control of the network.
For instance:

e Synchronization (SYNC);
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e Time Stamp;
e Emergency;

e Node/Life Guarding.
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Chapter 2

The Electric Drive Train of the RCV
2013

This chapter starts presenting different sort of drive trains for EVs. After, it is explained
why the use of wheel hub motorsfor the RCV. After, several drive train components of the
RCV are described, and setting out their importance and duty of the system. The gains of
the PI controllersare tuned and presented in this chapter. Also, the dSPACE Control Desk
interface is shown and explained.

2.1 Drive train configurations

The development of new concept vehicles require drive srappropriated, and as well
sophisticated. There is a variety of multiple choices fatdyg electric vehicles (BEV).
Indeed, depending on the drive train approach differeniclieldynamics are offered.

The electric drive train should be chosen based on the nuwofbelectrical ma-
chines, the energy storage system, the space and weighkatlons, and other vehicle
parameters and requirements. Fidure 2.1 shows differpotdgies possible for the RCV.

In fact, the electric drive train of the RCV was based in thiofeing criteria:
total cost, safety, efficiency, space and weigh requirekicle dynamics, and the master
controller available. Accordingly, wheel hub electricabchines (Autonomous Corner
Modules), without mechanical transmission, was the teldgyochosen.

2.2 RCV 2013 Architecture

2.2.1 Power Drive Train System

The electric drive train of the RCV can be separated in twosgsifems. There is the
power drive train and the control drive train. The power drivain diagram is shown
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e R

central EM, central EM, central EM,  wheel-near EM.
fixed TM shiftable TM wio TM fixed TM
wheel-near EM, wheel-near EM, wheel-hub EM,
shiftable TM wio TM wio TM

Figure 2.1: Drive trains configurations for EVs [7]

in Figuré2.2. The system is constituted by four in-wheel engtfour AC Drives, one
contactor, one emergency button, one large fuse, and oterypaack. The emergency
button should be placed near the drive and after the comtadie contactor is a Kilovac
unitand it has a maximum current and voltage of 500A and 90QVThe coil voltage has
arange of 9 to 36 V. In order to protect the system, a fuse oA208s installed, and also
the logic of each ACD is protected with one fuse of 1A. The taaof each component
should be placed wisely in order to avoid electromagneterfarences. Indeed, it is of
great importance that the designer provides solutionsdaae the disturbances of the
electrical contacts and between electrical componentsmidtor and battery cables were
separated from the signal cables, but in some cases it wagosstble to avoid their
intersection. Therefore, when the cables cross each dthleould be placed at 90 degrees
angle between both [19].

Motor
Controller
~——

Figure 2.2: Power drive train system of the RCV 2013.
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2.2. RCV 2013 Architecture

2.2.2 Control Cabling and Electronic units of the Drive Train System

The control cabling and electronic units of the drive traigigdam can be seen in Figure
[2.3. The separation of the control drive train and poweradtigin diagrams facilitates the
reader to understand it.

cccccc

Figure 2.3: Control cabling and electronic units of the RM432.

The communication between the master unit and the slaveismibne by CANopen
protocol, which is explained in detail in Chaptér 1. The cohdrive train has the follow-
ing components:

e Four ACDs;

One dSPACE unit: MicroAutoBox;

Two PCBs setting connections between ACDs and motors;

One converter;

CAN bus;

e One laptop for HMI purpose;

Each wheel has one motor controller, sending control dataedviicroAutoBox which
permits the drive to have total traction control from a lgpt&urthermore, the ACDs
have their own CAN controller to receive and transmit signBluring the design process
of the control drive train, it is really important to be carefbout the location of the
MicroAutoBox in the vehicle. Its hardware is of high cost,ielhshould be away from
the critical components of the vehicle. One is the battergkpaince it can be really
dangerous in case of over temperature.
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Chapter 2. The Electric Drive Train of the RCV 2013

2.3 Electrical Components of the Drive Train

In this section the electrical components of the diagrams presented in Figure 2.2 and
are described in detail. Note that the battery was chosen and investigated by a team
member.

2.3.1 In-wheel motor

In-wheel or wheel hub motors are dimensioned to be locatderof the wheel avoiding
mechanical components and increasing the efficiency ofytstes). There is a large num-
ber of researchers carrying out improvements in differert af in-wheel motors for di-
rect drive applications. For further information, the &olling publications[9],[[25],[[12],
and [23] investigates in detail different types of in-wheedtors, regarding their torque
density.

In an wheel hub motor application, the rim should be preptrdthndle large part
of the vehicle body weight. In additional, its maximum toegs significantly dependent of
the diameter, which should fulfill the requirements of theigke. The main characteristics
of this sort of motors for drive applications are shown atofes [25]:

e High instant power and high power density;

High torque at low speeds for starting and climbing, as wehigh power at high
speed for cruising;

Very wide speed range including constant-torque and cotip@ver regions;

Fast torque response;

High efficiency over wide speed and torque ranges;

High efficiency for regenerative braking;

High reliability and robustness for various vehicle op@@gtonditions;

e Reasonable cost.

Moreover, in-wheel motors increases the complexity of tspension and steering sys-
tems due to the large value of the unsprung mass. Though,G ghould be designed
carefully in order to reduce the impact of this problem.

In-wheel Specification and Topology

Table[2.1 shows the in-wheel motor characteristics of thy RQ13.
It is an air-cooled permanent magnet synchronous motooWwspeed applications
which can deliver high peak torque. The topology is based 3phase system, outer
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Table 2.1: In-wheel motor specification
In-wheel motor: PRA 230 - 48V DC

Rated Output Power (kW) 1.8
Rated Output Torque (Nm) 33
Peak Output Torque (NM) 150
Rated Current (A) 42.10
\oltage AC (V) 33.30
Rated Speed (RPM) 520
Pole Number 32
Frequency (Hz) 138.67
Active Width (mm) 87.3
Diameter (mm) 255
Active weight (kg) 13.8

Figure 2.4: In-wheel motor of the RCV 2013 (PRA 230).

rotor, axial field, permanent magnets, and wheel hub moatoeach motor there is a
rotary encoder of 8-bit resolution (AM256,RLS), which delis position data in order to
be possible to control the speed in a precise way. It offexptissibility to synchronize
all the traction drive units of the electric drive train. ildes of the motor there is also one
temperature sensor (P/N KTY 84-150 Philips) located on titecal parts of the stator
winding. Hence, it can be monitored which able to preventdbmagnetization of the
magnets and their destruction at high temperatures.

Figure[Z.4 shows the in-wheel motor (PRA 230) of the RCV 20i&ipced by
Heinzmann Company.

2.3.2 Motor Controller (AC Drive)

The specification of each AC Drive is presented in table 2.2.

It has incorporated flux-vector control techniques offgringh performance and
efficiency. The logic and software, is appropriated for ictekin or brusheless PM motors.
In this particular case, it was programable for the in-wimeetors PRA230. There is also
a closed-loop speed regulator to maintain constant referspeed, and neutral-braking
when stopped. Indeed, it was used torque control technigeiesh is more appropriated
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Table 2.2: Motor controllers specification.
Motor Controller: ACD 4805-P2

Nominal DC Supply (V) 48
\Voltage Range (V DC) 18-63
Driving Current (1 hour) (Arms) 75
Power output (1 hour) (kVA) 3.8
Driving Current (2 min.) (Arms) 200
Power output (2 min.) (kVA) 9.3
Switching Frequency (kHz) 8
Weight (kg) 1.6

to control each ACM separately.

The drive has the possibility to increase the speed in batctions, full four-
quadrant is available. In additional, when braking regetin® energy is stored in the
battery. CAN bus interface is the sort of communicationsstdfety and readability of the
system. Furthermore, the ACD 4805 has protection agairgtrwoltage, over voltage,
over current and reverse polarity, and over temperaturditons. The motor controllers
(ACD 4805) of the RCV 2013 is shown in Figure 2.5.

2.3.3 Battery Pack

The battery pack of the RCV was chosen based in the followitey@: lightweight, com-
pacted, and hight density power per kilogram. Two topolegvere discussed: the lead-
acid battery and lithium-polymer cells battery. A commoadeacid battery has around
18kg with a capacity, for instance, of 40Ah and 12 V. In oradehave the same capacity
and DC voltage it is necessary to connect 3 lithium-polynedisof 4.2V/40Ah in series,
resulting in 12.6V and 3kg of weight. Regarding that, théshle technology for the RCV
is lithium-polymer cells of 4.2V/40Ah which can be seen igie2.6.

The input voltage range of each ACD is between 18-63 V DC. Assg that, 14
lithium-polymeer cells of 4.2V/40Ah were connected in eeriwhich results in a total
of 58.8V when fully charged. It is assumed to be necessaryenage half of the total
drive train power (3.6kW) corresponding a 75A required. Amatter of fact, for such
power the battery will be discharged in approximately 32niimere are some restrictions
concerning the upper and lower limit voltage of a lithiumypoeer cell when charging
or discharging. In this case, it was used one Battery Manageidnit (BMU) with the
following characteristics:

e Maximum voltage of 4.25V per cell;
e Maximum discharge/charge current of 180A,;

e Minimum voltage of 2.5V per cell;
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Figure 2.5: Motor Controller (ACD 4805)

b)

Figure 2.6: a) Lithium-Polymer cells of 4.2V/40Ah; b) Baitgack (not completed);

29



Chapter 2. The Electric Drive Train of the RCV 2013

Figure 2.7: a) MicroAutoBox 1401; b) ZIF connector;

e Temperature limit of 80C.

Based on the battery system presented, the battery pacttecprd against short-
circuits, over voltage, under voltage, and hight tempeeatit is of great importance that
the designer of the battery give additional attentions &iglolation of each cell against
external conductive material, for instance, battery frameéeed, the cells will have extra
protection against impacts when driving in warped roadsteraal strikes.

2.3.4 Master Controller

The master controller of the RCV is a dSPACE unit (MicroAutaBL401) with a vari-

ety of control options. The hardware is robust and compaictgoguitable for vehicles
prototypes. It is a real-time system which can be operatatdsif as an ECU or by lap-
top. Applications like chassis-control, body control, movirain, and X-by-wire are the
common ones [6].

The MicroAutoBox 1401 of the RCV is used as a CAN interfacee Timodel to
control all the drive train was build in Matlab/simulink bging the extension of Real-
time interface CAN Blockset. The total control is done witlaptop using an interactive
platform in dSPACE ControlDesk. In order to connect the MiutoBox to the laptop
it is necessary DS821-34mm Link Board. Figure 2.7 shows tledAutoBox hardware
and its ZIF connector. The ZIF connecter ensures all theity@ads and power supply. All
the I/O of the ZIF connector can be found on the help menu ofabafor that, a license
(dongle) is needed. The voltage supply of the MicroAutoBdf1Lis between 6 to 40V,
which should not be exceeded.

2.3.5 DC/DC Converter

It is necessary one DC/DC converter step-down due to the kduevof voltage of the
contactor coils and MicroAutoBox. Figure 2.8 shows the Kaytsliagram of the system.
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Contactor
\ KEY
\, 33.6-624V 24V Hi Start
B+ N DC/DC=C+
B- -
N
\
Converter

Figure 2.8: Key start diagram of the system

The system is turned on after supplying the required voltagine contactor coils. A
suitable DC/DC buck converter is the RSD-100C-24 availabl&lfa. The input voltage
is between 33.6-62.4V, and its output is 24V. The efficierfdthe RSD-100C-24 is around
91% which is a reasonable value for low power converters (¥)(L9].

2.4 Initialization of the ACD

In this section, it will be shown how to initialize the CAN bus system. Furthermore, after
doing the following instructions, the ACDs will be ready to receive and send PDOs or
DOs.

In order to make the ACDs operational, it is necessary to seldMT message from
the dSPACE unit to the ACD. The NMT start message consistslpft@s, byte O is the
instruction code and byte 1 is the node address. The ingtrucbde shall be 0x1h for
NMT Start message and the node address 0x0h to reach all.nidde€OB-ID shall be
set to OxOh for NMT. After that, all the nodes are ready to rexand transmit messages.
Indeed, the PDO traffic is activated and the ACDs expect teived®DOs.

Table 2.8 shows an example of communication between theentestice (1SPACE
unit) and the slave (ACD 4805). First a NMT start messagens, sad after a SDO with
index 2020h and sub index OCh is sent by the host. The SDOniszERkas the objective
to activate the torque control mode instead of speed contoale of the ACD. For that,
it is necessary to write the value of 3 on the parameter of bjecd dictionary with the
respective index and sub index.

Table 2.3: Sample trace communication.

CAN ID Data Length (bytes) Message Description
0x0 2 0100 NMT start message
0x580 4 2F 2020 0C 03 00 00 00 SDO message

PDO messages could be sent after or before the SDO. [Table@wé san example
of a RPDO message. The COB-ID for RPDO is 0x200h + node ID andRDO is
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0x180h + node ID.

Table 2.4: RPDO message 1 of the ACD 4805.

Byte Index subindex Description
12 0x2000 1 Enable power stage
34 0x2000 Command Speed

2
5 0x2000 5 Command Acceleration
6 0x2000 6 Command Deceleration

2.5 dSPACE ControlDesk Interface

Inthissection, it is presented the interface created in dSPACE ControlDesk for the control
of the RCV drivetrain during experimental evaluations. Figure[2.9 shows such Control D-
esk interface.
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Figure 2.9: Control of four in-wheel motors using dSPACE Colesk.

This interface is constituted by four individual menus;leaoe monitors and con-
trols one electrical machine. The motor is controlled byiisgtreference current, which
is proportional to the torque. The motor stator windingsgenature is constantly being
measured in order to prevent fatal damage of the permanegetsor other material.
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2.6. Tuning PI controllers of the ACDs

The user is also able to observe the heat sink temperatules @onverter, electromag-
netic torque in each wheel, the DC-link voltage of each carveand the speed in km/h
and rpm. There is also, the possibility to turn off one or maleetrical machines in case
that the power of the battery is lower or even if one motor akbn.

2.6 Tuning PI controllers of the ACDs

The measurements results presented in this section haebjigwive to observe the cur-
rent step response and the voltage limits of the ACDs 4808.diagram of the control
method (FOC) implemented in the ACDs can be seen in Figu@® ZHere is the possi-
bility to change individually and directly the proportidraand integral gains of the ACDs
via CAN bus. First, the current controller of each ACD waseibby setting a suitable
proportional and integral gains. Figure 2.11 shows theeturstep response for a rise
time of 2ms. In this case, the overshoot is too high, aro@hth, and it is necessary to
decrease mainly the value of the integral gain. During theasarement, the motor was
giving some noise when even at 0 speed. Such high oversimolice harmonics and
decreases the quality of the wave current. Furthermordjféheme of the motor is de-
creased significantly. After several attempts, a rise tifn@os was chosen. Figufe 2.12
shows the results obtained with a loadl@fA. In this case, the overshoot is much lower
than with a rise time o2ms. Furthermore, it can be improved but for this applicatias it
acceptable.
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Figure 2.10: Control diagram of the ACDs.
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Figure 2.11: Current step response with rise timerak.
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Figure 2.12: Current step response with rise timé&ma.

Voltage Limit of the ACDs

The limit of the stator voltage of an inverter-fed PMSM is @ivby equatiof 1.23. The
ACDs (4805) with a DC-link voltage equal &8V were not capable to provide enough
power to obtain the rated torque provided by the motor (PR®)2Bigure[2.18 shows
the maximum phase-to-phase PWM waveform supplied to themehich corresponds

a limited torque equal td6 Nm at rated speed. In order to obtained the rated torque it is
necessary to increase the DC-link voltagé3®”. Figure[2.14 shows the stator phase-to-
phase PWM waveform at rated torque and speed.
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2.7 Summary of the Chapter

In this chapter a new electric drive train concept was prieskipointing out the charac-
teristics of each component and some relevant informatautait. The main idea was
based in a flexible, innovative, and relatively high efficigmrchitecture being possible
further research. The control concept is based in a singld B4s connected to the CAN
controllers of each ACD and MicroAutoBox. Moreover, it skibbe avoid magnetic in-

terferences between signal and power cables, and devices.
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Chapter 2. The Electric Drive Train of the RCV 2013

In the second part, the initialization of the PDO and SDitrdfetween the mas-
ter controller and the slaves was explained with an exandyter, detailed information
shows how to tune the PI controllers of the ACDs. Finally, #f8PACE ControlDesk
interface used to communicate between devices is presented
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Chapter 3

Heat Sink of Semiconductors

Microelectronics, for instance diodes and transistoredpces a large amount of heat
when operating at high power. In order to prevent the oveperature and the destruction
of these switching devices, it is necessary to build an apgchand appropriated heat-
sink. Furthermore, the power dissipation increases maitly the internal temperature,
and the losses become extremely high at temperatures0o€t’ [14]. From manufac-
tures, typically the maximum junction temperature is oftéfi°C' which depends on the
different parameters of each device, for instance: orestahdition voltages, switching
times and switching losses. However, one of the most impbitgut parameters in the
design process, is the expected worst-case junction teper typically belowi 20°C'
(worst-case design input).

There are devices which can operate at temperatures &06%€'. In this case,
the device life time is short, and its performance is lowantthe devices with maximum
junction temperature equal t@0°C [19]. During the heat sink design, the designer should
have in consideration the environment of the applicatia® and weight of the heat sink,
location of the material, and surrounding temperaturdadfiteat sink is built to be natural
convention, its fins should be mounted in vertical positiofeiilitate the circulation of
the air. Indeed, the designer should choose the appropcatding system which can be:
by natural convention, by a fan, or the use of liquid cooling.

There are different possibilities to remove heat from that senks. These methods
are characterized by the cooling system installed. The comimeat sink categories used
in converters are described bellaw [13]:

e Passive Heat Sinksre appropriated for natural convection applications. Hibat
sink dissipation does not rely on the designed supply of avdl

e Semi-Active Heat Sinksleverage off existing fans in the system.

e Active Heat Sinks employ designated fans for its own use, such as fan heat sinks
in either impingement or vertical flows.
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Chapter 3. Heat Sink of Semiconductors

¢ Liquid Cooled Cold Platesare based in tubes or similar, acrossing the heat sink,
with use of pumped water, oil, or other liquids.

3.1 Thermal Equations

There are three possibilities for heat transfer on conkrtmnduction, convection and
radiation. In most all of the cases the heat is transferreddmduction. If the cooling
system uses liquids or gases the heat is transferred by comveRadiation heat transfer-
ring is based on electromagnetic waves. The basic equatrahdrmal flow is given by
equatio 3.1.

AT

— (3.1)

Q
where() is the rate of transfer heat between two paity (AT is the temperature gradi-
ent, andR is the thermal resistance. For conduction heat transfenédte of transferred
heat (energy flow per unit time) can be obtained by equatiZifilzl].

Ge = —kA7 (3.2)
whereA is the cross-section aredjs the heat sink length, aridis the thermal conduc-
tivity. Typically heat sinks are made 6H% of pure aluminium. In this case the thermal
conductivity is220 W.m~1.°C~!,

Heat transferred by convection can be forced or natural. typaatural type, the
movement of the fluid is done by its density. Forced convecisobased on the use of
fans or pumps for movement of the fluid. Heat transferring bgvection is given as
follows [2]:

qn = hA(Ty — Ts) (3.3)

whereh is the convection heat transferred coefficidit.—*.cC~1), andT; — 75 is the
temperature gradient between the surface of the solid rahterd the nearest layer of
fluid.

Heat transfer via radiation is given by the Stefan-Boltzmkmv, and it can be seen
in equation 3.4 [14].

¢ =57 x 10 EA(T — T} (3.4)

whereF is the emissivity of the surfac&; is the surface temperaturg, is the ambient
temperature, and is the outer surface area of the heat sink.
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3.2. Thermal Resistance in Heat Sinks

3.2 Thermal Resistance in Heat Sinks

The configuration of thermal resistances in a semicondgetobe seenin Figure 3.1. Itis
important to keep the junction temperature within reastenbbunds, which should be as
low as possible. The thermal resistance junction-c&sg), which is between the interior
of the semiconductor and the outside of the case enclosendg¥ice, is minimized by the
manufacturer. This value is usually given on the data shigeeadevice. The device user
should design an appropriated heat conduction path betiheecase and the ambient.
This path is constituted by the enclose of two materialstntiad grease, and the heat
sink. The thermal grease defines the thermal resistancebetiie case and the heat sink
(Ryes)- The heat sink can be easily found by a variety of providéngre are available a
variety of aluminium heat sinks of different shapes for aagkhe device.

Package Silicon Die

J Rthr;junction-case} Rth T

Rth[_sink}

<) NS e

Heatsink Block

L RthULII]C[IDR-ENITJI&IT[] =

Figure 3.1: Configuration of several thermal resistancessamiconductor.

Heat Sinks cooled by natural convection, should have speivesien their fins and
at leat10 to 15mm [14]. Furthermore, a coating of black oxide covering thetrssak
reduces the thermal resistance ab®ilt, but it increases the cost. Adding a fan, the
thermal resistance of the heat sink decreases significantlyit can be made smaller and
lighter. In higher power ratings, force-cooled heat sirtksudd be used.

The device user should choose the heat sink based on the omaxumction tem-
perature of the device. First, a worst-case design is spdciffrom equation 3.5, the
allowable maximum junction-to-ambient thermal resiseacan be obtained.

T} max Ta max
Rﬁja =2 PL : (35)

whereT} ., is the maximum junction temperaturg, ,,.,, the maximum ambient tem-
perature, and’;,,, is the sum of on-state losses and the average switchingslotke
total thermal resistance of a semiconductor from junctioarhbient is given by equation
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[3.6.
Roja = Rgjc + Roes + Rosa (3.6)
The resulting junction temperature is
Ty = Pa(Rgjec + Roes + Rosa) + T, (3.7)

whereF, is the power dissipation?y,, the sink-ambient thermal resistance. dpds the
ambient temperature.

In heat sinks the heat is transferred by convection and tiadiaMeanwhile, the
total thermal resistanc®,,, comprises both convection and radiation resistances. From
equation§ 3/3 arld 3.4 such thermal resistances are obtained

1 013 .
RGsa,con - m - 7 ( C/W) (38)
1

5.7 x 10-8EA(T, + T,)(T2 + T2)

R@sa,rad = (3 9)

3.3 AC Drive Heat Sink

The heat sink of the motor controller (ACD 4805) was chosarsittering the specifica-
tion presented in table_3.1. The switching losses of thertavat8k H z were obtained
from Figurd 3.2. The heat sink thermal resistance was etghigy using equatidn 3.6 and
[3.7. It results in a thermal resistance equad 2818 °C'/TV. In this case the device user
should buy a heat sink with a thermal resistance below orléqua3 °C'/1W. The heat
sink length and width were obtained from the ACD dimensiavtsch arel50 x 200 mm.

A reasonable value for the heat sink height is equéBtam. Figure 3.8 shows an appro-
priated heat sink material with thermal resistance equal36C'/W. From the thermal
model presented in equatibn3.7, it results a junction teatpee 0f102°C') by assuming
the converter power losses equal i@V and ambient temperature 25°C').

Power loss vs current at ca 48Vdc, 8 kHz

y = 0.005132x2 +0.546087x + 3.466120
R?=0.999764
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Figure 3.2: Inverter switching losses in function of cutrat8k H =
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3.4. Experimental Results

Table 3.1: Design input parameters of the heat sink.
Heat Sink Specifications

Maximum junction temperaturéq') 125
Maximum ambient temperature() 50
Maximum current(A) 100
Junction to case thermal resistant@)/1V 0.1
Case to sink thermal resistanc€'(11) 0.3
Switching losses (W) 105
On-state losses (W) 5

Figure 3.3: ACD 4805 heat sink.

3.4 Experimental Results

In order to evaluate the thermal model presented above, @2 (#805) case and motor
(PRA 230) temperature was observed at two different loanist, fneasurements were
done at rated torques§ N m), which can be seen in Figure B.4. After, the torque of the
motor was increased ) Nm and the speed decreasedtdrpm, which is presented in
Figure[3.5. The environment, where the measurements weie dan be considered the
worst case due to the fact that was a closed room withoutlaé&ot.

From the device manufacturer, the case temperature shatldenhigher than
125°C'. It can be seen, in these both critical cases that the cagetatmre weré3°C' and
64°C which are below the limit. From the thermal model presentedduatiori 37, the
estimated steady state junction temperature at ratedegddgwm) was equal t&4.4°C.
Comparing both result$3°C and54.4°C) it shows that the thermal model is approved
and there is no need for a heat sink with force convection leeratooling system more
sophisticated.
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Figure 3.5: Motor and ACD case temperature at 40Nm and 300rpm

3.5 Summary of the Chapter

In this chapter, the heat sinks of the ACDs are studied anld&teal. First, thermal equa-
tions and thermal resistances of the combined inverter aatidink, were developed and
discussed. Second part of the chapter, the experimentdtgehows that the heat sink
chosen by the device user was appropriated and effectiveetérhperature of the motor
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during 130 minutes achieved23°C at rated torque and speed, which was quite critical.
The magnets are sensible to the temperature, and dR6%€' there is a high possibility
of demagnetization. However, the battery pack is only ablprovide rated power dur-
ing aboutl5 minutes, and from Figufe 3.4 it achievé¢*C' when operating during such
time. For the worst case scenario, results shows that therrantd ACD operates safely
and mainly for a short period of time (less€l0 minutes) at rated torque and speed.
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Chapter 4

Motor Efficiency

In this chapter, the efficiency of an in-wheel motor is présdrand discussed. Also, the
efficiency of the motor controller is shown and analyzed.

4.1 Motor Efficiency (PRA 230)

The setup diagram used to obtain all measurements is shokigune[4.1.

The average power, frequency, current, voltage, and o#levant variables were
measured in different places of the setup. Therefore, teedspontrolled machine was
working has a generator and the torque controlled machise maotor. Both AC Drives
were configured based on the type of motor control (speedrqué). The machine to
be investigated in detail is the motor due to the use of tormprérol mode (FOC) in
the electric drive train of the RCV. Figufe 4.2 shows the expental setup with both
machines coupled.

In this method, the motor power losses are estimated acgptdi

P =P
2
whereP; is the input power of the motor, and is the output power of the generator. The
mechanical torque can be estimated as

P - Poss
T, — -1 Tloss (4.2)

Wr

-Ploss = (41)

Finally the efficiency of the motor can be estimated as fadlow

Pl - Ploss
S L 4.3
7 2 (4.3)
The motor controller efficiency was estimated accordindn\eijuation 4.4.
Pacdl - Pl
ot = 28— (4.4)
Mfacd Pacdl

whereP,.4; is the input power of the motor controller, ait the output power.
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Speed Controlled Machine Torque Controlled Machine
—|5 = E—
P. 2 P, 1
IE;@ CANbus ECE
P, acd2 P, acdl
P, MicroAutoBox
PowerSupply Computer

Figure 4.1: Diagram of the 2 in-wheel motors setup.

Figure 4.2: a) Experimental setup; b)Two in-wheel motongpted;
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4.1. Motor Efficiency (PRA 230)

4.1.1 Back EMF and torque measurements

In order to calculate the electromagnetic torque of the mibtis necessary to estimate
the magnetic flux. Meanwhile, figure 4.3 shows the BEMF messat 520rpm. However,
the phasor of the induced voltage per phase is obtained bpuiimg the discrete fourier
transform of the signdl,, observed in Figure 41.3. The fundamental value of the induced
voltage (phase to phase) obtained at rated speed is equal8t®d/. Furthermore, the
magnet flux was calculated by using equation 1.7, whi¢hO2901Vb.

Induced Voltage (BEMF)

Voltage (V)

I I I I I I I I I i
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
t(s)

Figure 4.3: Induced voltage in the stator windings.

From the magnet flux obtained it is possible to calculate beti®magnetic torque for
such respective load. Figure 4.4 shows the motor curreated torque and its spectrum.

a) Current wave at rated torque (33Nm)
50 T T

Current (A)
o

0 0.02 0.04 0.06 0.08 0.1
Time (s)
b) Current spectrum of the signal measured

Current Magnitude (A)

0 20 40 60 80 100
Frequency (Hz)

Figure 4.4: Current wave and respective spectrum at ratgdeécand 150 rpm.
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Efficiency

The motor (PRA 230) efficiency was computed by using the negitesented on the be-
ginning of the current chapter. This method is based on ddlizcted from measurements
at different loads and speeds. Furthermore it was colldobedthe vehicle CAN bus, and
from the power analyzers situated in each poit (%, P,.q1, P..q2, and P,), which is
shown in the diagrain_4.2. Moreover, auxiliary tools wheredu® monitor the safety of
the setup during measurements. Fiduré 4.5 shows the efficeenface map obtained.
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Figure 4.5: Motor efficiency map.

The figure above has 319 measurements of the active powegaafdone is the
average value of 64 periods. However, during measuremeaisstillations of the active
power were reduced significantly by taking the average valhe estimated efficiency
obtained at rated speed and torque (33Nm and 520rpm) is &m8al55%. This value
can be considered reasonable, due to the fact that the maidosses, the stator winding
losses, and the friction losses were considered when dstopthe efficiency. It is impor-
tant to know that this value is an estimation and not the éxaficiency of the motor.
Indeed, the motor copper losses should be higher than therajen copper losses; for
instance, during measurements it was observed that tlog staiding temperature of the
motor was higher than the generator. Meanwhile, in this oteth estimate the efficiency,
it is assumed that the motor losses are equal to the gentysses.

Also, the efficiency of the motor controller was estimatedfe same speeds and loads.
The results are shown in figure #.6. At rated speed and totguefficiency estimated is
equal t094.4%. This value is reliable and it is according with the efficigmpointed out
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by the manufactures of the ACDH%).
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Figure 4.6: Motor controller efficiency map.

4.2 Summary of the Chapter

In this chapter, a possible method to estimate the motor headACD efficiency was
presented. In the first part, it is described the equatiord ts estimate such efficiency.
Also, the proposed solution to obtain the magnet flux of a PM&8®ldescribed, and it
Is based on measuring the phase to phase voltage of the Satbr value is needed to
estimate the electromagnetic torque. In the second paneafiiapter, the results obtained
to estimate the efficiency of a PMSM (PRA 230) and AC Drive @3fre presented. The
main conclusion of this chapter is that the motor efficienay be estimated by a simple
method, and such values can be trustable.
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Chapter 5

Conclusions and Further Work

5.1 Conclusions

In this thesis, an electric drive train for the Research @ph¥ehicle 2013 has been stud-
led. The focus has been put on machines, motor controlledsc@mmunication system.
However, the results shows that this technology is religddée, and promising.

The detailed description of the electric drive train comgrais presented shows how
this architecture works. It is based in a flexible, innovatiand relatively high efficiency
system. However, during the installation of the system dfigreat importance to avoid
magnetic interferences between signal and power cabldsdarices. Indeed, in-wheel
motors, AC Drives, dSPACE unit, and the battery system agertbst important compo-
nents of the electric drive train, and it should be given majtentions when designing
such drive train.

The control theory behind the motor controllers is based eld-foriented control.
Meanwhile, a model was developed in Matlab/Simulink in otdeobserve its main prin-
ciple. Simulations shows that it is important to avoid, ifspible, PWM over modula-
tion. PWM over modulation decreases the maximum torqudadtaion the motor shaft.
Moreover, possible solutions are: increasing the DC-liokage of the converters, or im-
plementation of field-weakening control strategies. Reédggrthe control implemented in
the motor controllers, measurements shows different ouioeershoots when setting dif-
ferent possibilities for the proportional and integralrggaiA rise time of2ms originates
a current overshoot of arourdd% which was too high. Indeed, it was conclude that the
PI gains of the controller should be set to have a rise timalempubms. Such current
overshoot (approximat&)%) was considered acceptable for respective application.

To protect the motor controllers against over temperatwes necessary to design
an appropriated heat sink. First it was assumed heat sirdeddlia natural convection.
After obtaining the respective heat sink thermal resistegned material, measurements
shows that natural convection was capable of cooling theerter.

In addition, a possible method to estimate the motor and A€elefficiency was
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presented. Measurements have shown that the motor effjaiatained is equal t85.55%
at rated torque and speed (33Nm and 520rpm). Such resuttlakle due to the fact that
the iron losses, copper losses, and friction losses wersidered when estimating the
efficiency map. Also, it was observed that the motor efficyeincreases with the motor
torque, and starts decreasing after some torque valuerdtegahe efficiency of the mo-
tor controllers, results shows that it is possible to havaatively high efficient controller
(94.4% at rated torque and speed).

5.2 Further work

For the proposed motor controllers, implementation of fieéhkening control would be
an interesting matter to be observed and analyzed. A davertnodel in Matlab/Simulink

in order to simulate and observe different drive cycles aaa bopic of interest. Also, the
study of an electric drive train with synchronous relucanmtors (SynRM) could be a
promising technology due to the high torque available froichsmachines.
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Appendix A

Drive train Connections of the RCV
2013

In this section, a guide for the electric drive train systenthe RCV 2013 is presented.
It is helpful information for those who may continue with theject. Meanwhile, it is

important to read chaptér 2 before starting it. Resuminggtlide will help the user to
build the electric drive train with the diagrams presenteBigurelA.1 and A.R.

Motor
Controller . ;

Figure A.1: Power drive train system of the RCV 2013.
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Figure A.2: Control cabling and electronic units of the RCY13.

First step - Equipment

First of all, the main equipment presented in chapter 2 shioailcollected. After that, each
motor has their own controller (ACD 4805), and the user sthéinbl out which controller
belongs to each motor. There is a number on the board chasticgeof the ACD written
by a marker, and there is another number in one side of thernkmbinstance, motor 1
should be connected with ACD 1. This is due to the fact thatsresor position of the
motor was calibrated by its own ACD. If the ACDs and motors iané "married”, the
motor will not run properly when sending reference torque.

Second step - Diagram connections

After collecting the main equipment and "marring” the matty the controllers, the user
should be familiarized with the diagram connection of theD&@805. Figuré Al3 shows
the diagram connections of each ACD. For further infornrativze user should obtain
the ACD documents (connection diagram, setting-up, andisee manual) provided by
Heinzmann companies. Indeed, all the cables should be ctatheorrectly to the ACD
socket according with Figufe A.3. There is already a cororegith a cable (Connector
23p AMP seal) for each ACD, and two PCBs (Printed circuit bydor the respective
connections between the motors, ACDs, CAN bus, and inpuepd&CD 1 and 2 should
be connected to PCB 1. The schematics of the PCBs are presefigures A4 and Al5.
Note that each ACD has a CAN identifier (1 to 4) in order to be atdlividual control of
the motors. Table_Al6 shows the respective CAN IDs availtdléhe ACDs. The ACD 1
has the CAN ID 0,..., and the ACD 4 has the CAN ID 3. At this stdbe user should be
able to connect the motors to the respective ACDs. Note healoication of each motor
on the chassis of the vehicle should be according with Figuie
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ACD 4805

Connector K1 Key Switch

23 p AMP seal OH Fuse 2,5 & B+

\
1 | kEX_IN ‘ 9
2 0ot |—
3 |-svec ‘ 7 -green (Vee) Motor teadback
Sanwor
4 GHND . 3 & -yellow (GND) LS AM 256
Encoder 1 - -
5 4-brown (con) (Winicon - Cutput) Speed Pati
6 |Encoder 2 3-pinkisn) (5 or 10 KOkm)
T Al | 2-white (KTY+) Motor TEMP KTv84 +
8 [cancnD
9 Al
10| ne
CAN Node ID(LSE)
1M ne | (w88 Tab 1]
12 Dis Forward | Rever i
13| o ® SUB-D 9-pol
14 | can_L (female)
15 | cant Ty 2 |CANLow
16 | #-Temp Forward Speed 1/ Spesd 2 3 GND
17 | Dis 9 T |CAH High
18 | ooz ENPO(Motor Start) R=120 Ohm
19| on - T
DIg CAN Noda ID(MSE) +
20 [186 Tab 1) Electrical
Diode ectrical

21| ne waor AN Brake
22 o4 (max 14)
23 | cann -

Figure A.3: Connection diagram of the ACD.
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CAN HigH
GND 1
CAN Lo
ACD 2 € ACD1
Louw
High
Figure A.4: Schematic of the PCW1.
CAN HigH
GNO
CAN Lol i
T AcD 3
ACD 4 &
ai Lou
High

Figure A.5: Schematic of the PCW?2.
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CAN Node ID Hardware ID Connect Controller PIN 12 (DIS) to: Connect Controller PIN 20 (DI6) to:
5 0 Battery— Battery—

B 1 Key Input (PIN 1) Battery— (B-)

7 2 Battery— (B-) Key Input (PIN 1)

8 3 Key Input (PIN 1) Key Input (PIN 1)

& 0 No connection No connection

Figure A.6: CAN Node Addresses of the ACDs.

Important: The connector of each ACDs should be connected on the respsotket
of the PCB, in other case it will not work properly. Also thapément of the motors on
the chassis have to be correct, in other case the motors w@yrtchronized.

Third step - CAN bus

After connecting correctly the connectors 23p AMP seal ftb;mACDs to the PCBs, the
user should connect a CAN bus cable between both PCBs. Fesethiematic presented

in figure ?? or ?? the CAN bus cable can be connected in one of the two CAN sockets
(each socket has 3 pins: CANH, CANL, and GND) of each PCB.Heumore, 48 volts
should be supplied for each ACD. Meanwhile, in each PCB tBgrms (B+, and B-) for

the ACDs, and it has to be connected to the battery. Figuresi#ows the connections to

be done. Also, the sensor position of each motor have to beeobed to the respective
socket of the PCBs.

Motor 4: position sensor

Motor 2: position sensor

CAN socket for Microautobox \ PCB 1

48v
+ -

CAN HigH |3
GN[J
CAN Loy

GNO}

11— ACD 3

Socket for fuses (1A)

|

CAN HigH |3

CAN Loy

ACD2 ¢
™~

Uco) 2

F+

+ S8
(W
ACDJ 405 1

[—>ACD 1

Motor 1: position sensor

+)

CAN bus

Motor 3: position sensor

Figure A.7: CAN Node Addresses of the ACDs.

57



Appendix A. Drive train Connections of the RCV 2013

Fourth step - dSPACE unit: MicroAutoBox 1401

In this step, it is necessary to supply power to the micrdamtoAlso, the microautobox
should be connected to the CAN bus. All the necessary cabtdbé microautobox are
already plugged on the ZIF connector (FiglrelA.8). Note thatvoltage input of the
microautobox should not exceed 40 V, which implies the ussndDC/DC converter or a
power supply with adjust of voltage.

Figure A.8: ZIF connector of the Microautobox.

Last step - Initialization

At this stage all the control cabling of the drive train systeave to be connected ac-
cording to the diagram presented in FigurelA.2. If yes, ther sbould connect the power
cables for each equipment according to the diagram pres@mféigure A1, and main-
taining the contactor in mode off (0 volts supplied the goildéow, it is time to connect
the microautobox to the laptop and to open the project "Ele@riveTrain RCV v1.0:
Experiment001” in ControlDesk NextGeneration. After, ttantactor can be turned on
(24V supplied to the coils). If everything was connectedectty, the information led of
each ACD should be not blinking. However, at this stage tte¥ aan run the program
in ControlDesk and control individually each motor. If itlidinking, there is probably
a wrong connection on the setup. In case of an error duringatipa (for instance over
speed of the motors), the system should be restarted.
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List of symbols, subscripts and
abbreviations

Symbols

P, acdl
Py

cross-section area

viscous friction coefficient

heat sink length

emissivity of the surface

convection heat transferred coefficient
direct stator current component
quadrature stator current component
stator current

maximum stator current

load inertia

motor inertia,

thermal conductivity

direct component of the integral gain
quadrature component of the integral gain
direct component of the proportional gain
quadrature component of the proportional gain
direct synchronous inductance
guadrature synchronous inductance
stator synchronous inductance

speed in rpm

input power of the motor

output power of the motor

number of pair poles

input power of the motor controller

power dissipation
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Pross
Ploss
Q@

dc

dn

S5 55

3
g

S R
S 3

Nacd
Mm

Va
U
by
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sum of on-state losses and the average switching losses
motor power losses

rate of transfer heat between two parts
heat transfer by conduction

heat transferring by convection

heat transfer by radiation

thermal resistance

stator resistance per phase

thermal resistance case-sink
thermal resistance junction-ambient
thermal resistance junction-case
thermal resistance sink-ambient
ambient temperature

maximum ambient temperature
electromagnetic torque

junction temperature

maximum junction temperature
mechanical torque

rise time of the current step response
surface temperature

dc-link voltage

maximum stator voltage

voltage in phase a

voltage in phase b

voltage in phase c

direct stator voltage

phase to phase voltage

guadrature stator voltage
temperature gradient

closed loop bandwidth

angle of the stator current vector
torque angle

motor controller efficiency

motor efficiency

angular speed

electric speed in rpm

direct flux component

permanent magnet flux linkage
quadrature flux component
electrical resistivity, density



Appendix B. List of symbols, subscripts and abbreviations

o Stephan-Boltzmann constant
0 transformation angle

0, rotor angle

Subscripts

a phase a component

b phase b component

c phase c component

d direct-axis component

max maximum

mean mean value

min minimum

q guadrature-axis component
r rated value

ref reference value

surf surface

Abbreviations

dc direct current

fund. fundamental

max maximum

min minimum

ref reference

rms root mean square

sinu. sinusoidal

spec. specification

ACD AC Drive/Motor Controller
ACM Autonomous Corner Modules
BEV Battery Electric Vehicle
BEMF Back Electromotive Force
BMU Battery Management Unit
CAN Control Area Network

CANH High Level Transmission Line
CANL Low Level Transmission Line

CAL CAN Application Layer
COB-ID CAN object Identifier
DBT Distributor

DTC Direct Torque Control
ECU Electronic Control Units
EPS Electric Power Steering

61



Appendix B. List of symbols, subscripts and abbreviations

EV Electrical Vehicle

FOC Field-Oriented Control

ICEV Internal combustion engine vehicle
ID Identifier

LIN Local Interconnect Network)

LLC Logical Link Control

LMT Layer Management

MAC Multiple Access Control
MOST Media Oriented Systems Transport

NMT Network Management

oD Object dictionary

PCM Powertrain Control Module
PDO Process Data Object

PMSM Permanent Magnet Synchronous Machine
PWM PulseWidthModulation

RCV Research Concept Vehicle
SDO Service Data Object
SYNC Synchronization

™ Transmission
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