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Abstract

The chapter aims to investigate the reduction of the fuel consumption of conventional
vehicles using mild-hybridization and considering the New European Driving Cycle
(NEDC), using two topologies of electrical machines dedicated to integrated starter-alter -
nator-booster (ISAB) applications: directly connected to the crankshaft (called ‘normal
ISAB’) and indirectly through the belt system (called BSAB), respectively. The behaviour
of ISAB and BSAB of a hybrid electric vehicle has been investigated with a multi-domain
simulation software developed in Advanced Modelling Environment for performing
Simulation (AMESim).

Keywords: 1ZeZEe>’ ESe'"—081'Cc>'e172e¢ZEe> EL1YZ  E+Z81 —eZe>S5¢
electrical machine

1. Introduction

le'Z1ZeZEe>’ ESe’' " —1"e1YZ ' EeZ1™>"™M7ee’'~—1Sele” 107
©"1ZisZ—+81'2Z1E2>52—1>Z®ZS>E'1Z ">eel " —1e""@le"™'q
autonomy of vehicles due to the accumulation of electricity. Due to the lack of charging sta -
" —1S—ele” 1S7e"—"—¢1'—1eZ>5-1"e1-S" —eS' —"—e1S1>Z7(
vehicle is momently limited to urban trails. In this context, the hybrid electric vehicles (HEVS)
were considered initially as a transition between conventional vehicles (internal combustion
engine (ICE)) and the electric ones, and now they still remain a viable solution that is gaining
ground by combining the advantages of both types of vehicles [1-4].

The trend in all types of vehicles (conventional, electrical, or hybrid vehicles) for the next years
'l —E>Z2S®Z1e' 217282 ™ -7 —e1 'e'le’ 757 —ele¢™Z0e17e1’

ImECH i 7KH $XWKRU V  /LFHQVHH ,Q7HFK 7KLV FKDSWHU LV GLVWULEXWHG XQGH!
S$WWULEXWLRQ /LFHQVH KWWS FUHDWLYHFRPPRQV RUJ OLFHQVHV E\ ZKLF
open science | open minds GLVWULEXWLRQ DQG UHSURGXFWLRQ LQ DQ\ PHGLXP COEEE'KH RULJILQD
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to the safety (direction, breaking, lights, distance sensors, mirrors etc.) or to the comfort (seats
HAVC, audio, navigation display etc.). At the same time, a lot of traditional mechanically
driven loads are replaced with electrical driven ones (water pumps, servo steering, ventilation
fan, etc.). This demand of electrical energy, of around 10 kW [B], requires increasing generator
™~ 751S—e1S1EZ>2S’'—1eZ2YZ+1"e17 €&’ Z— E ¢d.0AeSnmm&ealiemetdre
'—1S1ES>1'®1>Z2+Se'YZe¢1E'ZS™1S—el 'e'le” 1Z E'Z—ECGE
it exceeds the capability of the Lundell generator (claw pole synchronous machine). In this
E~—eZi*01¢'Z1>Z™eSEZ-7Z—+1"e1E*Sere' ES+1SeeZ>—S">1
Besides this, the operating mode of the conventional starter (around 1 s for each start) is use:
only for the start of the ICE and after it becomes an extra weight in the vehicle. The easy (cost
and implementation) solution of this problem is to replace both machines (starter and alterna -
tor) with a single electrical machine.

The initial concept of the integrated starter-alternator (ISA) system was developed in order
to gain more space for the powertrain system and to reduce the weight of the vehicle by
combining the starter with the alternator. This system ensures the start/stop of the internal
combustion engine and the supply with electricity of all the auxiliary subsystems (safety

or comfort).

®B™MZE See¢l —1™S>SeeZelE " — ¢2>Se’"—17e¢1 §1+'Z1 1'ce
tion and supply the electrical load. A second electrical machine is necessary for the electric
™" ™M Zee’ —i1 ‘Z1—-Ze' "ele r1e' 7l '—™e ESe’"—1"ele’'®l
electric machine comprising three operating modes: starter-alternator and booster. In this
case, the integrated starter-alternator-booster (ISAB) system will be able initially to start the
ICE, then, when it is turned on, it will reverse to generator mode and will supply electricity
to consumers and the storage system. By adopting adequate control strategies, the electric:
machine is capable of moving quickly from generator to motor (booster) and back in order
to help the international combustion engine for a short period of time (maximum 2—3 min), if
more power is necessary (overruns, ramp, curbs, etc.) f]. This operating mode of the machine
is generically called integrated starter-alternator-booster (ISAB). Using ISAB in parallel HEV
is generically called Mild-HEV i1 —1e¢" " 0@ 1E " — ¢7>Se’ " —31le'Z1le7eel77C
is not possible, but the production costs necessary for the implementation of the hybridization
in conventional vehicles are lowest compared to other variants of HEV.

Accordingto Ref. [8p &1 ‘Z>Z1¢'Z1" — 27Z—@EZ1"e1le771E " —@z-™e"".
ISAB is investigated and considering the European standard (1999/100 EC), the fuel consumg
" —1'®@15Z227EZ1+71S<"Ze1WX—-1"—1+"eSej

The increase in the number of electric components within the vehicles boosts the market for
ZeZEe>' ESel-"e">@1¢>1'¢Cc>’¢1S—e1Z¢7E>"ELIYZ"  E+Zeil 1
the market earned revenues of about 55 million Euros in 2010, which are expected to reac
$1.6 billion by the end of 2017 [9].

The required characteristics of the ISAB in the starter mode and alternator (generator) mode
are very restrictive for a conventional electrical machine [10]:
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» High value of electromagnetic torque for starting ICE (120—300 Nm).

LQWHFKRSHQ

e '¢'17 B'Z—EC1Se1l 'eZ210™77¢1>S—¢Z10\VV.\VVV1>™M_{j

 Reliability at high vibrations and over 250,000 start/stop cycles (during 10 years).
o ™Z5Se’ " _1SeleZ-™75Se757@1<Ze 2Z—1°YV1S—e1WYVU

» Easy maintenance and low cost and so on.

Usually, the ISAB can be connected with a gasoline or diesel engine, either directly through
the crankshaft (seeFigure 1) or indirectly through the belt system (see Figure 2); based or
that, the systems are called belt-driven starter-alternator-booster (BSAB) and conventiona

ISAB, respectively.

The size of the electrical machine is very important for BSAB application in order to keep
the overall size low (the same dimensions like the ones of a conventional alternator) but for
a given maximum torque, the systems usually have a recommended gear ratio 3:1 to the ICE
crankshaft, according to Ref. [8]. The BSAB runs with a speed three times higher than the ICE
For the ISAB, the speed range is usually synchronized with combustion engine.

Power
converter

ICE

Figure 1. The ISAB system.

Power

converter
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pump
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pump

—
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Figure 2. The BSAB system.
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2. Electrical drive used for ISAB applications

2.1. Electrical machines

In the last decade, the development of power electronics (inverter/convertor) made the alter-
native current (AC) machines the best solution for ISAB applications, especially due to their
high power density. These are synchronous reluctance machine (SynRM), induction machine
and permanent magnet synchronous machines (PMSM) in both supplying variants: with
sinusoidal and trapezoidal current.

The detailed investigation of SRM and induction machine is presented in Refs. [11, 13. In
'Z®Z1l®ee2e'Z®BL'Z1E -™e' ESeZe1ZeZEs>"—" Ewl—ZZZ>
— 27 E T —1-SE"—Z10"— Z2Z—EZ1 el ™1 —1™Z5e"5-S—(
context, the SynRM and PMSM are the best candidates for ISAB applications.

The electrical machines used for conventional ISAB applications are exposed at high tem
™Z7>Se7257Z@1eZ—27>SeZ1<¢1 il "®l1-S"Zel -™"eoe’'«eZls'
and low-cost conditions (only with a special method for cooling or using expensive SmCo
magnet). Therefore, the SynRM without permanent magnets is the best solution for the direct
connection to the crankshatft of ICE (ISAB) and PMSM machine for BSAB.

2.1.1. PMSM machine for BSAB applications

The main advantage of the PMSM compared with other types of electrical machine is their
“etl7Z @'Z—ECLezZ21e7 10 Z21Sc®Z—EZ17e1e'Z1 ZeelE ele"RC
phase windings and steel sheets (the same as the induction machine), but due to the absenc
of iron losses, the rotor is built from massive steel and permanent magnets. The position of the
permanent magnets can be categorized as surface-mounted type and interior type. This post
o " —1ES—1'SYZ1S1e's—' ES—+1Z ZE+1"—1'21-ZE'S—"ES
the synchronous inductance [13]. Because the permeability value of rare earth magnet (suct
as NdFeB) is very close to that of the air, the air gap of the machine with mounted surface PM
Z ZE'YZeC1l<ZE " -Z0eleS>eZ>1"— 1" el E Sexidirductandevali& very
" 81 'e+'1Sle’e—' €ES—e1Z ZE+1"—1e'Z1Sc'e’e¢1 1"V Z>¢"Se
weakening. Because the maximum torque is inverse proportional with the d-inductance, this
becomes very large. But the low value of d-inductance reduces the possibility to operate at

72il ZS"Z—"—+il "el’elES7eZe1<t1e'7Z1—771"1720721S1-
™™ 7 —e17e1e'Z10@eSe >1EZ55Z7Z—e1'—17>e751¢"1e7ZE>2S0eZ1-"
remained currentonthe q1Sj’cel 'ee1<Z1’ —? E'Z—ele"1™> 7 EZ1e"

In the case of the interior magnets, it is possible to obtain a sinusoidal distribution of the air-
eS™1 Zilc<tlzee —ele' —™eZ1>ZEeS—e74S5>1-Se—Zeeil 1l —
erably the cogging torque, in particular in the case of the machine with a large number of pole
pairs and a small number of slots per pole and phase [14]. For these structures, it is also pos
e’<eZ1e”" 1" —E>2S0eZ1e'Z1 2jleZ—0e’'o¢1l —1¢'Z1S'>1eS™1c7¢"
o' 71-Se—7e@l1ctlZ0’—el1e'Z1 72i1E~— EZ— > SHndustiice/ismSialp
higher than with that of the surface magnets topologies, the overload capacity of the machine

"eel<Z1>7Z3EZe1S—ele'Z1™Z5e"5-S—EZ1'—1 7il 28"2—"—-=
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The PMSM with outer rotor (PMSMOR) (see Figure 3) is one of the special topologies o
PMSM, with some advantages for BSAB applications:

» Belt mounted directly on the outer rotor, without using pulley.

e S®Cl1-"Zz—e —el"e1 ™75, S 7 o1 -Se—7e®dL'Z1EZ—2>" ¢
chanical stability.

* High torque capabilities.
» Convenience of cooling, etc.

The development cycle of PMSM (inner or outer rotor) topologies includes analytical proce -
©72>281-Se—Z7¢' €1l Z+e1S—Set@ ®1IS—el1 " ™' "£Se’" _1™,"EZ
The analytical procedure is presented in detail in Refs. [13, 14 and includes the following top -
"EefilS—Setre'el ™ 1e'Z1e™ZE’ ESe' " —®dleZeZE"—1"
sizing the machine, choice of the manufacturing technologies and information about prelimi -
nary cost evaluation. In the dimensioning procedure, classical formulas or dedicated software
platforms like SPEED software can be used.

‘Z172eZE s> —=Se—7e'E1 2{1S—Sete’'®1'e1>ZSe’£Z2+1 "o'1eZe1
X &Y 01 Sj Z++1X &Y 081 81 ™MZ>881"™MZ— " Z>EZL™>"e>§
ment method (FEM). The FEM is a widely used method for obtaining a numerical approxi -
mate solution for a given mathematical model of the machine. The obtained results are related
¢"1e'71Y 0eSeZ8& E7>557Z—1 SYZe">-01-S™17e]l 7jleZ—0e’'*¢d17
“7eZ001S—el1e'Z217Z E'Z—EC1YSezZ217>1-S™ 171 i
The optimization of electric machine is a multivariable, nonlinear problem with constraints. In

order to treat problems with constraints, it is necessary to transform them into unconstrained
ones. This can be done, for instance, by embedding the constraints in the objective function

Permanent
magnels

Figure 3. PMSMOR type.
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The most used optimization algorithms in design of all types of electrical machines are as
eTes” ®fAleZ—Ze'E®@1SeeT>'e'—10 UOLle Z>Z—e'SelZY eze¢' ™ —
tribution algorithms (EDASs), particle swarm optimization (PSO) and multi-objective genetic
algorithms (MOGA, Pareto, etc.) [15].

A comprehensive evaluation of optimization algorithms was performed in Refs. [ 16-1§. The
Sze'"sel ele'Z®Zlmeeze'Z1l®esSeZ1¢'Se1S—¢CleZz2E'1ESe®
'B1—"ele>7e¢1S™MM™," ™' Se71 @ —EZL1e'Z1™Z5e"5-S—EZ1 ce
of each application. Nevertheless, in the optimization of the electrical machine, the authors
—"ee¢1Se>7721+'Sel 1SE"'ZYZoele'Z1<Zeel +—Z0®@l1YSez’
value, usually with a smaller number of evaluation steps.

Considering the important step in the development of cycle of PMSM presented above, a
general design procedure of PMSMOR for BSAB applications is proposed and presented ir
Figure 4.

2.1.2. SynRM machine for ISAB applications

S>'S<eZ1>72¢7ES—EZ1e¢—E>"—"21-SE""—Z®1'SYZ1>2E.
studies approaching the selection of the most appropriate electric-propulsion system for either
HEV or EV. Malan [19, 2Q showed that the SynRM drive has major advantages in electrical
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Figure 4. General design procedure of PMSMOR.
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propulsion. SynRM’s performance strongly depends on the saliency ratio, but increasing the
saliency complicates the rotor construction and drastically increases the motor cost. Interesting
sZ@zee®@1E —EZ>—"—e1e' 21— 22— EZ17e1+'21@S'Z—E¢1>¢
—S — 01" —1™" 751eSE*">1S—e17 E 21pEW 3 1FNA12 177 ZE + 173
sionsond-andq,Sj’el’ —eZE+S—EZ0el'—1'Z1ES®Z17+1S1 ¢— 1
Ref.[22pi1 ‘Zed1e'Z1—7—<Z>17e1>7¢">1 7i1¢S>>'Z>1 5171 ¢—

is four. Above this value, the technology of the rotor is too complicated, while for a value lower
than 4, the value of the torque ripple is too high. Regarding the rotor construction, there are
©5771-S"—1e’ Z>57Z—e+1+¢™ D8 presentetn Figwd 5771y

« With salient rotor poles (see Figure 5alifil>7287'>Z1¢~ 1eZE ' — "¢ "¢’ ESe17
by removing the iron material from each rotor pole in the transversal region.

* With axially laminated rotor (ALA) (see Figure 5b): the rotor core is made of axial stee
sheets that are insulated from each other using electrically and magnetically insulation
(passive material).

» Transversally laminated anisotropic rotor (TLA) (see Figure 5c): the so-called ribs are ob
tained by punching and then the various rotor segments are connected to each other by
these ribs.

The SynRM has a larger torque density compared with that of IM. This comes from the absence
“e157e > 1ESeZ1S—e1>7eSeZele"@eZeil 1’ Z>7Z—ele¢—S—"E:
"1 Z1®@™ZE E1l>Z¢Se’"—@""™m®lcZs ZZ—1E2>5Z—+®1S—
traditional cage (especially used for starting), it is necessary to use the modern inverter tech
nology. Therefore, most of the literature on SynRM drives has concentrated mainly on the
eZ@ e—1S—elE " —e>"el"e1e'Z1-SE"'—Z1 '¢'1e'Z1e"Sel 01’ ™
™y e7@E e’ " —d1le>’YZ1 Zj 24].e¢1S—e1E ceely

The main drawback of SynRM is related to structural behaviour at high speeds (over 10,00
>™_U1«ZESZ720Z1+'Z1™ZE’ E©L1eZ —Zs>¢ 1l e1le 2157 51" —Y "
areas.

(@) (b) (©

Figure 5. Rotor topologies for a SynRM: (a) simple salient pole, (b) axially laminated anisotropy rotor, and (c) transversally
laminated anisotropic rotor. Source[23].
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S®eZe1l"—1SeYS—eSeZe1S—ele'eSeYS—eSeZel ele'Z1 ¢—
(rated speed up to 10,000 rpm), SynRM is one of the most suitable candidates for direct cor
nection to crankshaft. The major advantages are high torque, thermal behaviour (absence o
™Z5-S—Z7—e1-Se—Ze@1S—ele” 1SYZ>SeZ1YSez2Z1 1"~ — 1"
drive cycle of functioning, vibro-acoustic behaviour (low noise), etc.

In the development cycle of SynRM presented below, the most important step is related to the
rotor geometry and the structural behaviour (see Figure 6).

2.2. Power electronics

The electrical equipment installed on the vehicles operates at a nominal voltage of 14 V. In the
early 1990s, a new standard (PowerNET) for automotive electrical systems has been propose
by a consortium of automotive manufacturers (Daimler-Benz and General Motors). Following a

proposal by the PowerNET, the voltage level increases for the electrical installation to 42 V [25].
The goal was to reduce the section of the conductors and gain the possibility to increase the tota

v
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Figure 6. General design procedure of SynRM.
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power installed in the new generation of vehicle. The standard did not become very popular
because of its high implementation costs, which would require the redesign of all electrical and
electronical subsystems R€]. Instead, most producers were oriented on systems with two volt -
age levels: high voltage for propulsion and low voltage for auxiliary and electronic subsystems.

A starter-alternator system involves the use of a static frequency converter for the driving of
©'Z172¢7ZEe>’ ESe1-SE"'—Zil ‘Z1E —YZ>¢">1 'eel1"™Z75Se71" —

— 1 Z1>2Z@Ee 251" ™Z>Se’ —e]1 -"e781"e1'el’—«' ESeZe1+"1S-
with the purpose of reducing losses and the harmonic content of the output currents of the
machine. The techniques for the control of the converter for these two modes are the same
only the current reverses its sense depending on the operating mode.

The input voltage of the static frequency converter is a DC voltage, the value of which must
be kept constant in order to function optimally. The regulation of the input voltage of the
converter can be done by using a bidirectional DC/DC converter with a closed loop control.
An alternative to the use a DC/DC stage converter and another DC/AC converter is to use &
Z-Source Converter [27]. The Z-Source Converter is more capable compared with the classica
converter to operate both as a boost and buck converter due to the input impedances that give
it particular operating properties.

2.2.1. Power electronics of SynRM and PMSM

For the control of PMSM machine, the current of the g axis is maintained maximum in order to
produce high value of the torque and zero for d axis current, respectively. Instead, for SynRM,
the control strategies mean to keep the equal value of theqg axis current with the d axis. In the
case of PMSM with interior magnets, this control strategy does not provide maximum torque
due to the additional reluctant torque [28] component that appears in expression:

TER p i,9°(L, © B,PY, i (1)

PM

where T is the electromagnetic torque,p1’0e1S1 ™ S’>1 ™~ « 7id theZpernZandrit magnet
Z j 8 1s qaxis current, i, is d axis current, and L , L, are g axis and d axis inductances.

The reluctant component of the torque has a maximum value for i, 1% 1V1S—e1e‘Z1¢
Z872Sel ''17&ZiI
Usually, the implemented control method for the PMSM and SynRM for automotive applica -
tion is an indirect method, which is based on measuring the stator currents and calculating
o' Z157¢" 51 72j1 ™ 'Se">1-Se—"07e71S—e1 ™M @’e’ 1702 —else"
‘7@d1e'Z1 72ilesS—@eZEZ>1751 2j1Ze@e' =S+ >01+'Se1S>7217
"e'le s 7 Eel—-72S07>7Z-7—9e1"1 2i1S857217Z«' - —SeZ¢il “"21-7¢
eSEe1e'Sel1e'Z1SEEZ>SeZ1eZ¢7>5—"—Se’"—17 el ™51 7j1 ™"
surement of rotor position. Thus, the practical implementation using speed measurement
for obtaining the integration of the rotor angle is not recommended. Hence, an incremental
encoder position or a resolver, which has a higher cost while providing the precision required
of a vector control with a good dynamic response in applications is used. In addition to this
vector control method that uses position sensors for determining the rotor angle control,
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other methods where these transducers are eliminated (sensorless) exist. In these cases, t
rotor position is estimated by using complex algorithms, using as input the measurement
values of voltages and currents [29].

The general diagram control presented in Figure 7, usually used for PMSM and SynRM, can
be divided into power and control components. The power circuit consists of the electrical
machine (PMSM/SynRM), DC/DC converter, inverter, while the control loop consists of speed
transducer, current transducers, PWM signal generation block, transformation of coordinate
systems blocks and computing block of references current.

The control strategies considered for the SynRM are:

* Maximum torque control per ampere control (MPTAC)

The model of control is based on imposing the same currents for the d and q axes of the
machine as current references for the vector control of the machine. These currents are calci

lated from the torque equation like
H Tref
A (2)

* Maximum rate of change of torque control (MRCTC)

The control strategy is implemented in order to obtain fast machine response at sudden torque
steps of the load. The idea here is to compute thed and g current component functions of some
machine parameters and to use these components as input of the vector control scheme. Th
detailed control strategy is presented in Ref. [30].

* Maximum power factor control (MPFC)

The aim of this method is to maximize the power factor of the machine. For this, the d and g
current components are computed as follows:

I imposed F ref % L ]‘-)L | i (3)
amp d q d (from the machine)
DC
Id_req=0 ’_
(PMSM) . |
1d_req=Iq_req |Id req, 2 ) Flux ud U
(VRSM) A Controller g = v ™ > 2 Phase
Park Clark —»{ PWM |—> Inverter
¥ Speed Iq_req + > Torque U Trans (U] Trans —p
e — s T >
Target A Controller - Controller A
speed i
|
|
|
O (Rotor angle
I____'q__(____g_)__
' i
¥ i
« o o la
Park Clark [ b
Iq Trans » 8 Trans ; : Ic
| ~
|

— Position& PMSM/
speed SynRM
w (Motor velocity) sensor

Figure 7. Block diagram of vector control system for PMSM and SynRM.
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Idimposed IS gmposed  sin ¢ GE (4)

For the ideal machine, @ 'cel1’'—1+'Z21>8—+Z1V. VU1S—ele'YZ0r1l<Z0x
machine, it has to be computed by varying its value and observing the performance of the
machine for each angle step.

3. Simulation of a hybrid electric vehicle with the ISAB system

In order to study the electrical machines in ISAB applications, the electric drive model
can be introduced and simulated in the Advanced Modelling Environment for perform -
ing Simulation (AMESim). AMESim is a multi-domain simulation software for the model -
ling and analysis of one-dimensional (1D) systems. In this program, each component or
™It ESe1™'Z—"-7Z—"—1'1eZ®@E>'<Ze1cCle’ Z5Z—+'SelZ
major variable is the time [31pil ‘'e@1S™ ™,"SE‘1’cels’ Z>Z—ele> -1
tions formulation, which formalizes the notion of the distribution of system properties in
space. The representation of a dynamic system starting from the notion of “multiport”
consists of highlighting the energy exchanges between a component and its environment
through the connecting ports. The connection of two or more components through the port
allows port exchange power (electrical, mechanical, etc.) according to the adopted sigr
convention.

For automotive applications, the program comprises discrete components of the ICE, gear
box, control system, electric loads, electrical machine and power inverter, connected togethel
to form a global model of a hybrid electric vehicle.

The geometrical and electrical parameters of electrical machine considered for ISAB (SynRM
and BSAB (PMSMOR) application are presented inTable 111 ‘Z1E~— ¢Z>Se’"— 17«
a three-phase machine with 36 slots and 15 poles, and the SynRM topology is a three-phas
machine with 27 slots and 4 poles. The dimension of PMSMOR has been imposed accordin
to Ref. [32] (data chosen for belt brushless alternator).

The simulation of the BSAB and ISAB is carried out on a New European Driving Cycle
a Uil 1e>’'Y' —e1ECEZ1'®e1S1l®eZ>'Z®el 1™ —e@leZ — —
must follow [ 33pi1l ‘Z1eZ —Zeloe™Z7ZZe1 ™)~ e71 0’ —722SeZel1-"ce1l!
automobile (frequent acceleration and deceleration, load variations and speed variations) and
E>>Z@™ " —e@le™1c¢ e 17><S—1S—e17i¢>S,2>«S—172—Y">»"—-7
NEDC are presented in Table 2 and Figure 8, respectively.

The model takes into account the most complex thermodynamic phenomena occurring in a
heat engine. In the initial implementation, the starter and alternator were a DC permanent
magnets machine and the Lundell generator, respectively. The model has been replaced b
the studied model and is shown earlier (PMSMOR/SynR). The motors are powered from a
«S47Z5¢1e' 5772010 Z1E " —VYZ>¢Z51 & 1e'Sel 'eel™"™758e71" — 1

The evaluation of the performance of PMSMOR and SynRM was started from a demonstration
model in AMESim of a compact car category (seeFigures 9 and 10) with a compression-ignition
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Parameter PMSMOR SynRM
Output power (W) 6500 10,000
Rated speed (rpm) 400 800
Phase voltage (V) 72 100
Number of phases (-) 3 3
Number of pole pairs (-) 15 2
Number of slots 39 30
Stator outer diameter (mm) 176 260
Stack length (mm) 150 150
Rotor outer diameter (mm) 210 210
Tooth width (mm) 5 6
Permanent magnet height (mm) 8 -

Ze'e72Sel 7ileZ—ce'e¢/ o X4, 71 -
)
“Z>E'YZL1eH>EZI o Z , ZMN1TOB & -1 -

Stator and rotor (only for SynRM) M270-35A

lamination type

Rated current (A) 72 72

Current density (A/mm ?2) 7 6

Iron losses (W) 212 623

Torque (N m) 150 150

Power factor 0.9 0.85
E'Z—E¢10-0 90 87

Saliency ratio - 4.1

Table 1. Geometrical and electrical parameters of PMSMOR and SynRM.

Time (s)  Distance Max speed  Average speed  Max Max Idle Stops
(km) (km/h) (km/h) acceleration deceleration functioning
(m/s?) (m/s?) (s)
1184 10.93 120 33.21 1.06 -1.39 298 12

Table 2. NEDC parameters.

combustion engine. The imposed weight of the vehicle was 1200 kg (usually between 1134 an
1360 kg, according to Ref. B4]) without any extra weight or passengers.

— 1757517 1'SYZ1E " -™S>Se’'VZ1>5Z7es1>ZeS>e’—ole' 721677
conventional vehicle functioning during the NEDC cycle was tested. In the next simulations,



SHUIRUPDQFH $QDO\VLVY RI DQ ,QWHJUDWHG 6WDUWHU $OWHUQDWF

KWWS G[ GRL RUJ LQWHFKRSHQ
Figure 8. 1™~ o7
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Figure 9. Structural diagram of the vehicle.

the ISAB regime with considered electrical machines was established. The behaviour of the
starter and alternator in the vehicle model was supposed to be the same as in a conventiona
car. For the booster regime, a set-up to help ICE for 15 min/h was added and this works in the
<"ToeeZ>1>Z29—721"—e¢1 ‘Z—1'721<S475¢1 Soelezee¢1E 'S>eZ1(
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Figure 10. Vehicle model [35].

<" eZ>1>Z—71 SeleZe1Se1X1-"—1"—1">¢7>1"18SY 'e1e‘7210
—"1leZe®l1e'S—1IXV-0il ‘Z1™S>S8—-Z7e¢7501 ¢l ZTabldBE"—oe’'*Z:

The control of the electrical machines in the starter operating mode involves a maximum
torque value (150 N m) until the ICE reaches 350 rpm. Torque command is provided by a
bi-positional regulator with hysteresis. It is active when the command of ICE is active and its

e™ZZel ' @leZeele'S—IXVVLI>™_3§1S—el’'el’'el”™ 1 ‘Z—1+'Z1
exceeds 300 rpm, the process of fuel injection into the cylinders starts and the ICE accelerate
to idle speed. By applying the necessary torque to start the ICE, this is accelerated rapidly a
the speed of 400 rpm in about 0.35 s.

When ICE exceeds the speed of 400 rpm, the bi-positional controller becomes inactive an
the combustion engine continues to spin out due to its inertia. If the pistons do not reach the
maximum compression point, they will not be able to inject fuel to start the combustion pro -
cess; consequently, the speed drops below 200 rpm and now the controller output is active
Therefore, the starter is controlled again and the combustion engine is brought to a speed of 40(

Type Turbo diesel Compression ratio 2:1
Number of cylinders 4 Maximum torque 365 N m at 2000 rpm
Cubic capacity 1994 cnf Maximum power 120 kW at 3750 rpm

Table 3. ICE parameters.
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rpm. At the start of the combustion engine process, ICE is accelerated to the idle speed, where i
is maintained by the electronic control unit. The entire process of starting the engine (in normal
condition), from the beginning until stable operation at idle speed, lasts 0.8 s. In the winter, this
™y "EZe®el1-S¢1eS"Z1Wi[leeil ‘Z1@™ZZ+1™>" «7 Figulieckr.S>+’ —

For the alternator mode, the nominal value of the electrical loads is considered in the model.

" 7177 Ee>’ESele"Se1S>71 —eZ5—"47—ee¢1E" ——ZEeZ1
etc.). Other loads are dependent on ICE speed (fuel pump and injectors) or the speed of th
vehicle.

When the entire driving cycle is considered, the fuel consumption in the vehicle is reduced to
878.63 ml for the BSAB system and 941 ml for the ISAB system. These values represent a fu
ZE"—"—¢17¢1S8>"7—e1W\=-1e">1 1S—e1W]iY—-1+">1 17ele™ e
classical vehicle with a dedicated alternator and starter (without booster option) system. The
o 757 —E®Z1' —1e272+1E " —@z-™e¢'"—1'@1e72Z1"1'21YS+271
(seeTable 1171 Zed1le'Z1™7Z>e">—-S—EZ®1™¢1 ¢— 1S>7Z1e¢'—"eZelc¢
ES™MSE’ «’'Z0eil s1'¢17200Z2®1S1ee> —Z>51<S47>¢81+'Z1+"+Se]
(especially due to the booster mode).

In the mechanical evaluation of electrical machines for automotive applications, the varia -
tion of electromagnetic torque is one of the most important parameters, because this varia-
T — 1075827215 ™M ™MeZ(11ES—1«ZE"-21S1®@ " 2>EZ1 " +1—"®Z1
Y' ©ZSe'£Se’ " — 17l e 721758372721 ™57 71701 1S—e1 ¢— 8
sZe'—7Z®1 Sl E —@'eZ>52i1 ">1<Z47Z>1E -™S>Se’'YZ1s57207
IASB and BSAB, the BSAB system is taken into account through directly coupling (using ratio
1:1 between ICE and BSAB speed) at ICE. The starter and generator regime has been set
1.5 and 20 s, respectively. The variation of the axis torque in the generator mode has bee
“ceS ' — 701Gl —eZ>5—" 47— 1E ——ZE+s'"—1"e1e'212+ZE+>'ES-
booster mode, the speed of the vehicle is increased from 70 to 120 km/h in 17 s, necessary
“YZ5>eS7Z217Z51YZ " EeZ il —1e'@1ES®Z81'21<S4725¢1" 1

Figures 12 and 13 show the variation of the axis torque versus time for all operating modes,
respectively. Due to the proper windings-slot combination, the torque ripple values are below

Figure 11. ™ 771 ™5~ ¢71Sel10eeS>e’—e1 i
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Figure 12. 1e™>82721 ™5 o77

Figure 13. 1e™>82721™>" o77

WV-il —1e¢SEed1'Z15Se’ 17 el1e'Z1 5872721>"™M™e71 1]1W-1
booster mode, the rated torque value of the 10 kW SynRM machine used for ISAB is obviously
bigger than that of the 6.5 kW PMSMOR.

4. Conclusions

‘Z1E'S™eZ>1™s700Z—e@1e'Z1-S" —1l@eZ™@le"1cZ1le o™ 7o
drive system dedicated to automotive domain, such as integrated starter-alternator-booster
applications. Replacing the starter and alternator in a conventional vehicle with extended
™'l CleT]l ">l — 1< TeeZ>1-"eZ152™>sZ®@Z—s®le'Z1 >a
Mild-HEV i1l —1e+"01 S¢81+ "1YS>’'S—eel —1-"2—e"—ele'Z1 -
erature: one, directly driven generic called ISAB and another belt-driven called BSAB. In
this chapter, the approach contains the major elements that need to be discussed for twe
type of electrical machine (PMSMOR and SynRM) suitable for BSAB and ISAB, respectively
The general design procedure is presented for these two electrical machines by taking intc
account the typical constraints of the applications and the behaviour of the machine (thermal,
structural, and noise, vibrations and harshness patrticularities). Also, the control aspects of
both electrical machines are presented.
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In order to demonstrate the capability of this vehicle hybridization method, two electri -
cal machines have been designed and the equations model was developed and imple
mented in the general 1D model of conventional vehicle performed in AMESim software.

‘21— 22— EZ17e1e722+1E " —@Z-™e'"—1"—1e'Z172Z—e'>7215:
Based on the obtained results, the ISAB system gives a greater value of the reduction ¢
fuel consumption, but the coupling of the electrical machine directly to the crankshaft
involves complicated manufacturing techniques (higher cost) compared with the BSAB
system procedure.
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