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Sommario

Negli ultimi decenni, il processo di elettrificazione ha interessato diversi aspetti e at-
tivita delle moderne societa industrializzate. In questo contesto, 1’elettrificazione dei
trasporti mostra ancora un ritardo significativo. Cio é dovuto principalmente alle pre-
stazioni altamente competitive del petrolio come fonte di energia sia sotto il profilo
tecnico sia economico. Tuttavia, le considerazioni in merito all’inquinamento dell’aria
unitamente a politiche di autosufficienza energetica hanno recentemente aumentato
I'interesse dell’industria automobilistica verso i powertrain ibridi ed elettrici. Inol-
tre, in pochi anni, i powertrain elettrici hanno raggiunto le prestazioni di quelli a
combustione interna e, grazie a particolari caratteristiche (quali ad esempio il sovrac-
carico e gli alti livelli di efficienza), hanno persino superato i risultati dei powertrains
convenzionali.

Il presente lavoro di tesi si concentra sulle macchine elettriche usate per la pro-
pulsione e il freno dei nuovi autoveicoli, con una particolare attenzione alla geometria
di rotore, alle configurazioni degli avvolgmenti e ai pit importanti trade-off relativi al
design della macchina elettrica. Anche le possibilita di controllo sull’intero intervallo
di velocita sono state considerate accuratamente. In pitt, un nuovo modello magnetico
ricorsivo € stato sviluppato per eseguire ottimizzazioni multi-obiettivo dei parame-
tri di rotore e un’inedita geometria di tipo spoke-type viene proposta per ridurre il
volume del magnete permanente nella macchina.

Questa tesi & organizzata nel seguente modo: 'introduzione fornisce le informa-
zioni di contesto generale in materia di elettrificazione dell’automobile, il capitolo 1
si occupa dei requisiti specifici di un motore per trazione dimostrando che i motori a
magneti permanenti interni sono quelli che meglio soddisfano tali vincoli, nel capitolo
2 un’approfondita analisi di due macchine prese in considerazione come casi di studio
viene svolta per mezzo sia di un’approccio analitico sia di simulazioni a elementi finiti,
quindi nel capitolo 3 si esegue un’analisi critica delle principali opzioni di progetto
della macchina e infine, nel capitolo 4, le linee-guida risultanti vengono applicate al de-
sign di un nuovo motore prototipo destinato alle corse di formula studentesca (SAE).
Il progetto copre non soltanto i tipici aspetti elettromagnetici del motore ma anche le

proprieta termiche e meccaniche della macchina.






Abstract

In the last decades, the electrification process has involved several aspects and ac-
tivities of modern industrialized societies. In this context, the electrification of the
transportation sector still exhibits a significant delay. This is mainly due to the rather
competitive oil performances as an energy source from both a technical and economic
point of view. However, air pollution considerations as well as energy self-sufficiency
policies have recently raised the industrial interest for automotive hybrid and elec-
tric powertrains. Moreover, in just a few years, the electrical powertrains have reached
the Internal Combustion Engine performances and, thanks to their particular features
(such as the overload and the very high efficiency levels), they even outperformed most
of the conventional powertrains.

This work focuses on the electrical machines used for the new car propulsion and
braking, with special regard to the rotor geometry, winding configurations and all
the most important trade-offs related to the machine design. The control capabili-
ties over the whole speed range have also been considered carefully. In addition, a
new recursive magnetic model has been developed to perform multi-objective rotor
parameters optimization and a novel spoke-type geometry is proposed to reduce the
machine permanent magnet volume.

This thesis is organized in the following way: the introduction gives the general
background information about the car electrification topic, the chapter 1 deals with
the specific requirements for a traction motor showing that the Interior Permanent
Magnet is the motor type which best meets those constraints, in the chapter 2 a
deep analysis is carried out on two case study machines by means of both analytic
approach and Finite Elements simulations, then chapter 3 performs a critical analysis
of the machine main design options and finally, in chapter 4, the resultant guidelines
are applied to the design of a new motor prototype for Student Formula races. The
design covers not only the typical electric and magnetic aspects of the motor but also
the thermal and mechanical properties of the machine.
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Introduction

The process of transportation electrification started between the XIX and XX
centuries with the first electrical railway, trolley-bus and subways. Through
the years, many attempts have been made to bring electric traction also to
the cars but with no impact on the mass production. Nowadays the conditions
have changed. Energy self-sufficiency and the environmental issue are two of the
most important challenges facing today’s society. Transport electrification is
probably the key to solve both these problems, as confirmed by the increasingly
stringent standards for Internal Combustion Engine (ICE) emissions. For this
reason, the global automotive industry is making substantial investments in
order to broaden their supply of Hybrid (HEV) and Electric Vehicles (EV).

As numerous studies have shown [1], a large part of the overall energy
demand in the modern nations is due to the transportation activities. For
instance, according to the Lawrence Livermore National Laboratory (LLNL)
Energy Flow Chart (Fig. 1), 28.7% of the USA total energy consumption in
2016 could be attributed to the means of transport. Together with industrial
activities (25.2%), these two entries represent more than half of the annual
energy budget. However, the composition of the energy sources is completely
different. Industry uses natural gas (39 %), petroleum (33 %), electricity (13 %),
biomass (9 %) and coal (5 %), whereas transport relies on petroleum for 92 %
of its energy demand. There are two reasons for this imbalance: the oil very
high energy density (about 10kWh/L) and the affordable energy cost (ap-
proximately 0.04$/kWh). In other words, oil is today both technologically
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Table 1: Energy storage comparison.

Energy density = Production cost

(kWh/L) ($/kWh)
Gasoline (Oil) 10 0.04 - 0.06
Lead acid 0.1 60
Nickel-cadmium (Ni-Cd) 0.3 250 = 300
Nickel-metal hydride (Ni-MH) 0.18 +0.22 200 = 250
Lithium-ion polymer (LiPo) 0.2+0.25 150
Lithium-ion 0.2+04 150
Supercapacitor (EDLC) 0.004 = 0.014 > 2000

and economically very competitive. As Tab. 1 shows, the performances of the
main energy storage alternatives to oil are several orders of magnitude lower
[2, 3]. Anyway, the oilfields strong localization makes the brent price subject to
significant fluctuations. Moreover, the growing consumption of petroleum from
emerging economies will likely drive the price up in the next years. Also the
average energy efficiency of the modern industrial processes is higher (49 %)
than the transport one (21 %). Electrical powertrains can rebalance the energy

supplies and enhance the efficiency at the same time.

The first measures against the air pollution taken by the car manufactur-
ers have been providing the cars with more filters, such as the DPF (Diesel
Particulate Filter), and more advanced emissions after-treatment systems. Un-
fortunately, as stated by the EU Joint Research Centre Institute of Energy and
Transport [4], the traffic related particulate matter (PM) consists of: exhaust
particles, produced by the incomplete fuel combustion and concurrent lubricant
volatilization; and non-exhaust particles, generated from road surface, clutch
and especially tyre and conventional brake wear. Currently, exhaust and non-
exhaust sources contribute almost equally to the total traffic-related PM10
emissions but as stricter exhaust emission rules go into effect, the non-exhaust

sources relative contribution will increasingly become more significant. The
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Table 2: Mechanical complexity comparison [5].

Parts Chevrolet Bolt VW Golf

Moving parts 24 149
(engine) 3 113
(gearbox) 12 27
(other) 9 9

+ Wearing parts 11 24

- Moving & wearing parts 0 6

Total 35 167

brake wear PM10 is characterized by high concentrations of heavy and tran-
sition metals (Fe, Cu, Zn, Sn, Sb), as well as of sulfur. These particles have
toxic effects and can promote the occurrence of respiratory and cardiovascu-
lar diseases. In addition, the transition metals produce reactive oxygen species
(ROS), intensifying the oxidative stress in the tissues. Triggering the immune
response, these chemicals are also responsible for chronic inflammatory dis-
eases like asthma. Electric motors are able to work equally as propulsive sys-
tems with efficiency levels (up to 97 %) unreachable by ICEs and as braking
systems which can recharge the battery, converting the vehicle kinetic energy
(regenerative brake). Electric and hybrid powertrains can therefore address the
environmental issue in a more effective way, since are able to decrease both the
exhaust and non-exhaust particulate.

Today’s automotive industry is engaging with the challenge of the vehicle
electrification in a simplifying perspective. The powertrain of the present elec-
tric cars includes typically only one electric motor for traction and regenerative
braking, a single-speed gearbox, and only one inverter unit to feed and control
the motor (e.g., Nissan Leaf, BMW i3, Tesla, GM/Chevrolet Bolt). Therefore,
the complexity of an Electric Vehicle (EV) powertrain is very low compared to

a conventional one [5, 6]. For instance (Tab. 2), a Volkswagen Golf powertrain
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Table 3: Main (H)EV motors power densities [7].
Peak power Peak specific

Motor density power Year
(kW/L) (kW /kg)
Toyota Prius (50 kW) 3.3 1.1 2004
Honda Accord (12kW) 1.5 0.5 2006
HEV Toyota Camry (70 kW) 5.9 1.7 2007
Lexus LS 600h (165kW) 6.6 2.5 2008
Toyota Prius (60 kW) 4.8 1.6 2010
Nissan Leaf (80 kW) 4.2 14 2012
BEV BMW i3 (125kW) 6.4 2.3 2016
Chevy-LG Bolt (150kW) 7.5 2.7 2017
DOE target 5.7 1.6 2020

is composed by 167 parts (149 moving and 18 wearing) whereas in a Chevy
Bolt (which can be considered an equivalent EV car) this number drops to 35
parts (24 moving and 11 wearing). Looking at the Bolt’s motor, only 3 moving
parts can be counted while the Golf’s 4-cylinder engine has 113 moving parts.
Similarly, the Bolt’s single-speed gearbox has only 4 gear wheels (12 moving
parts), instead of the 27 moving parts in a Golf’s 6-speed automatic trans-
mission (Tab. 2). Moreover, many additional components, required by Internal
Combustion Engine (ICE) cars, are not present in EVs: the clutch, the starter
generator, the start-stop system, and emissions after-treatment. Of course, if
on the one hand, the mechanical complexity decreases, on the other the elec-
tronic complexity rises but usually the overall density (with the only exception
of the battery) results significantly higher in EVs. A 4-cylinder ICE, like that
in the VW Golf, normally weighs approximately 140kg, so it can achieve a
specific power higher than 1kW /kg very unlikely. On the contrary, the Chevy

Bolt electric motor specific power is almost three times higher. Tab. 3 reports
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Table 4: Annual fuel cost (mileage > 16 000 km).
ICE HEV BEV

1000 1200 $ 500 =860 $ 340420 $

the power densities of some of the most widespread traction electrical motors
for both HEV and BEV (Battery Electric Vehicle) [7]. As can be observed,
density ranges from 1.5 to 7.5 and rises with the power rating. The specific
power and the density of motors with 125 kW or more already reach the U.S.
Department of Energy (DOE) 2020 targets. HEVs rely on this complexity and
density exchange between the mechanical powertrain half and the electrical
one. If not, there would be no space on-board for the electric motor/generator
(one or more as in Toyota/Lexus), inverters, DC-DC converters and so on.

By means of this mechanical simplification, the EV reliability is improved
and the maintenance costs are substantially reduced. Taking into account
the regular change of fluids (such as engine oil), preventive inspections and
the parts replacement, the Golf’s maintenance costs 610$ a year on average,
whereas a Bolt needs only 255% a year [5]. This means savings of 60 % on
the annual maintenance bill. In addition, thanks to the high electric motor
efficiency, the fuel costs also are remarkably decreased in HEVs and BEVs. In
Tab. 4 can be found a fuel cost estimate for conventional ICE vehicles, HEVs
and BEVs, based on an annual mileage of more than 16000km |2, 8|. High
reliability and low cost of ownership are two of the most important factors for
customers [9] during the vehicle selection process (see Fig. 2) and this explains
the growing popularity of HEVs and BEVs in the recent years.

Anyway, EVs are not only cleaner, reliable and cost effective vehicles. Elec-
tric motors for automotive traction applications have also higher performances,
as the above power density considerations suggest. Actually, the most active
car manufacturers in the EV industrial sector belong to the high-end sportscar
market segment since the high production costs find easily justification. For

instance, the Tesla Roadster can reach a top speed of more than 400 km/h and
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0% 10% 20% 30% 40% 50% 60% 70%
Safety and reliability 67%
Purchase price 67%
Cost of running the car 53%

Energy usage/efficiency of car 50%
Design and appearance
Engine performance
Longevity of the vehicle
Brand reputation
Technological capability

Country of manufacturing

Other

Figure 2: Customer survey about most important factors in vehicle selection

process [9].

has a 0 — 100 km/h acceleration time of only 2.1s. The Rimac Concept Two
exhibits even more amazing specifications: a 412km /h top speed, 1.85s for the
0 — 100 km/h acceleration, a maximum power near to 2 MW, and four-wheel
drive torque vectoring.

The performances upper-bound has been definitely set by the Venturi Buck-
eye Bullet 3 (VBB-3) on September 19, 2016. This experimental electric car,
created by the Center for Automotive Research (CAR) of the Ohio State Uni-
versity under the leadership of Prof. Giorgio Rizzoni, has reached 549.4 km/h
shattering the previous speed world record for an all-electric car set by the

same team in 2010.

Although the scientific literature about electrical machines is very rich and
there are several design methods, it is important to understand the effect of
each design option in the context of electric propulsion. The aim of this thesis

is to provide a reasoned choice of the most suitable motor type for EV and
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HEV, and to find some guidelines in order to achieve the maximum perfor-
mance in automotive traction. Then, at the end of this thesis, the project of
an electric motor based on these principles is presented. In addition, a very
computationally-efficient magnetic model for the rotor geometry optimization
is proposed. A novel spoke-type rotor topology with reduced usage of rare-
earth permanent magnets is also developed and analyzed in depth pointing
out both the advantages and the weaknesses.

The two main approaches adopted in this work are analytical and Finite El-
ement simulations. In particular, the latter were carried out using open source
software (FEMM and ProjectChrono) together with the MATLAB computing
environment to post-process the data. The Dolomites and SyR-e tools were

also used for the design phase.



Chapter 1

Traction motors characteristics
for EVs and HEVs

Contrary to the electric motors for industrial applications, which move exter-
nal loads or operate tools, electrical motors for traction applications apply a
propulsion force to a vehicle which incorporates the motor itself. Obviously,
the torque fraction allocated to move the motor mass, instead of the main part
of the vehicle, is wasted, therefore the power-to-weight ratio (or specific power)
is of primary concern in these particular machines. Similar considerations can
be made for the volume, so the torque density has a comparable importance.

Since the motor torque is directly related to its volume, most of the EV
and HEV powertrains include a single speed gearbox to relax the motor torque
requirements. However, in this way the motor rotation speed rises and then a
satisfactory motor behavior at high speeds is also essential.

As discussed in the introduction, battery is the most expensive component
in EVs. In order to guarantee the maximum range achievable with the on-board
battery, the motor efficiency has to be carefully considered.

Finally, the electric motors have a specific feature, the overload capabil-
ity, that is a great advantage with respect to ICEs. In the overload working

condition, the motor can reach higher performances than the nominal rating
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still remaining thermally safe for about 30 seconds or a couple of minutes, de-
pending on the manufacturer. Intermittent overload for short durations is very

useful for vehicle accelerations at any speed.

1.1 Interior Permanent Magnet motors

In summary, the main characteristics that an electrical motor for automotive

traction should meet are:

e High specific torque and power;

High torque and power density;

Relatively high maximum speed;

Good energy efficiency;

Good overload capability;
e Competitive cost.

All these constraints make the design process rather difficult, as many tradeoffs
have to be found.

Among the many electric motor typologies, three are the possible options
to be used as traction EV unit: IMs (Induction Motors), SPM (Surface Per-
manent Magnet) motors and IPM (Interior Permanent Magnet) motors. As
well known, the first belongs to the category of the asynchronous electrical
machines whereas the second and third are synchronous.

IM has long been used for traction applications (e.g., trains, trolley-buses,
subways...) because of its wide speed range (beyond 100000 rpm). Anyway,
IM torque density is not very high and its efficiency v as well as its power
factor (PF) are rather low [10]: the average product v - PF ~ 0.5 expresses
the net electric power converted in mechanical form. For this reason, today’s
car manufacturers are phasing out IMs from their catalog, although there are

some important exceptions like Tesla.
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SPM motor torque and power densities are much better, as well as its
efficiency (more than 95%) and power factor (above 0.9). However it is not
as simple as with IM to reach high speeds, since the rotor magnetic field is
produced by the permanent magnets (PM), and therefore it can’t easily work
in the flux weakening region. Drive failures at high speed are also extremely
more dangerous due to the back-emf out of control. Moreover, the amount of
PM, which this type of motor needs, is significant, resulting therefore in rather
expensive solutions for high torque ratings. These observations explain why the
SPM motors are rarely used in HEVs and EVs powertrains, except for the axial-
flux permanent magnets (AFPM) motors. AFPM motors have unquestionably
the best-in-class torque density and some electrical motor manufacturers (e.g.,
Yasa motors and Emrax) have focused their production on this motor topology.
Due to the particular aspect ratio of these machines, which looks like a disk,
it is not always simple to place AFPM motors on board EVs. The rotor disk
shape in AFPM machines has also another drawback: the high moment of
inertia compared to a conventional rotor with the same mass. This lowers the
acceleration (and regenerative braking) performances of an EV, but such an
effect may be exploited in HEV mounting the AFPM motor directly on the

engine crank palm thus replacing the engine flywheel [11].

Anyway, most of the car manufacturers today provide their HEVs and EVs
with IPM motors for the traction unit and also the academic research agrees
considering IPM motors to be the most suitable technology for automotive
traction applications [13, 14]. IPM motors belong to the category of the per-
manent magnets synchronous motors (PMSM) along with SPM but, having
the PMs buried inside the rotor, saliency is introduced in the machine mag-
netic circuit (see Fig. 1.1). Since the magnetic incremental permeability of
rare-earth magnet materials is nearly that of free space, the magnetic reluc-
tance along the d-axis flux path (where the PMs are mounted) results higher
than in g-axis. In an SPM machine, the effective airgap (that is the magnetic
one, not geometrical) in the flux path of Ly (d-axis inductance) and L, (g¢-

axis inductance) is the same, then Ly = L,. On the contrary, looking at the
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(a) SPM machine, Ly inductance path.

(¢) IPM machine, Lq inductance path. (d) IPM machine, Lq inductance path.

Figure 1.1: SPM versus IPM drawings (adapted from [12]).

IPM magnetic circuit in rotor reference frame [12, 15|, the d-axis flux path is
steel — air — steel — magnet — steel — magnet — steel — air — steel,
whereas g-axis flux path is steel — air — steel — air — steel as shown in
Fig. 1.1c, 1.1d. Hence, in IPM motors Ly < L, as the d-axis (or direct axis)
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is the axis that is aligned with the PM field and the g-axis (or quadrature
axis) is 90° electrically advanced from the d-axis. As a consequence, the motor
torque production characteristics are changed. In Fig. 1.2 the main IPM rotor
topologies are reported together with the SPM (Fig. 1.2a) for comparison. Per-
manent magnets can also be arranged in more layers, as happens in the PM
assisted Synchronous Reluctance Motors (PMASynREL).

Saliency, namely the difference in the d and ¢-axis inductances, produces
reluctance torque in addition to the PM electromagnetic torque (or mutual
torque).

The general torque expression (1.1) applied to the IPM machines shows
the two torque components clearly: the first term is independent of iy but
is directly proportional to the stator current i,, so it is the mutual torque
component, while the second term is proportional to the 44 - i, product and to

the difference Ly — Ly, so it is the reluctance torque part.

T =

DO
DO

-p‘(Adiq—Aq id): -p‘[APM—l-(Ld—Lq) id] iq (1.1)

where p is the pole pairs number, A4 is the d-axis flux linkage as well as A, is
the g-axis flux linkage and Apjs is the PM-only flux linkage.
After defining the characteristic current as I, = Apps/Lg and the saliency

ratio { = L,/ Lg, equation 1.1 can be rewritten as follows:

T =

N W

‘P [Ich Z‘q - Z‘diq : (5 - 1)} Ld (12>

Since in [IPM machines £ > 1, it is worth noting that iy must be always
negative in order to have the reluctance torque concordant with the PM torque.
The ¢4 sign gives the torque direction.

Obviously, the higher the saliency ratio, the higher the reluctance torque
and similarly the mutual torque component can be increased by adjusting
the PM dimensions in order to vary the I, (or the PM flux linkage Apys).
Therefore, the relative weight of the two torque components is set during the

machine design process. One extreme of the design space is represented by
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4 d-axis 4 d-axis
g-axis g-axis

(a) SPM rotor. (b) IPM rotor (radial magnetization).

4 d-axis 4 d-axis
g-axis g-axis

(¢) V-shape IPM rotor (radial magnetiza- (d) Spoke-type IPM rotor (tangential mag-

tion). netization).

Figure 1.2: PMSM rotor drawings with d/g-axes (adapted from [12]).

the SPM rotor topology, where & = 1 and the reluctance torque component

equals zero. At the other extreme, the magnets are completely removed from
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Figure 1.3: Current vector and angles convention.

the rotor, then the PM torque part entirely disappears and the motor becomes
a pure synchronous-reluctance machine.

However, it should not be forgotten the importance of the L; term in (1.2)
in order to achieve the overall torque target value, because it is related to the
machine size (and reluctance).

Since in an IPM motor the torque is a function of two variables (iq, i4), it
is possible to plot a constant-torque curve with an hyperbolic shape in the dg
current plane for each torque value. Finally it is necessary to define a criterion
in order to associate to each torque value a single (iq4,14,) pair. Typically the
maximum torque-per-ampere control technique (MTPA) is used. This criterion
says that for each torque value, the (ig4,i,) pair to be chosen in the constant-
torque locus is the one with the lowest current modulus. Therefore, MTPA (as
well as every other control technique) describes a trajectory in the dg current
plane.

The phasorial description of the current vector is also very common: the
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magnitude I and angle of are used instead of i4y and 4.

(1.3)

iqg = I cosaj = —Isin 3]
iqg = Isinof = I cos 3

The superscript e stands for electric angles. As shown in (1.3) and Fig. 1.3,
there is also another option for the current phasor angle: 5 = of — 7/2, or
current advance angle. Typically of is more convenient for the control algo-
rithm and the simulation of the machine while 3 can be useful for the analytic
expressions but they are absolutely equivalent. Equations (1.2) and (1.3) yield

a new torque formula:

T —

N W

. [Ichfcoswf) o€ D I7sin(250)]| Ly (1.4)

By means of differentiation, the 8{ expression (1.5) and the dg-plane rela-

tionship (1.6) for MTPA may be found.

o LI, 48 (6 - 1202 .
= arcsin 7Y, .

‘ /. Ien .
iqg =ty [i3— ¢ —hl id (1.6)

The result is a slightly nonlinear locus, although for preliminary analysis

the linear approximation is frequently used, if the iron magnetic saturation is
not too heavy.

Unfortunately, the limits on the maximum voltage and current that can be
supplied by the drive inverter restrict the available operating range in terms of
the machine torque and speed. These two constraints influence substantially
the control trajectory, making necessary to replace the MTPA with other con-
trol techniques, such as the flux weakening (FW), in particular operating con-
ditions. These aspects will be discussed in the next subsections, but first a

simple electric model of the IPM machine shall be examined.
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The IPM motor flux linkage equations in the dg reference frame are:

Ag=Apy+ Lgig
(1.7)
Ag=Lyig
and the voltage relationships are:
di
Vg = Rsid—FLdﬁ —weLqiq
dt
(1.8)

. di .
Vg = Rslq +qu7£] + We (Ldzd"‘APM)

where w, is the rotor angular frequency in electrical rad/s. Fig. 1.4 shows the

corresponding equivalent circuits.

A
+ Rs
Vd Ly Len QD
. We Aq
—(
-/
(a) d-axis. (b) g-axis.

Figure 1.4: IPM motor dg-frame equivalent circuits.

Equation (1.8) can be simplified under steady-state conditions, which means
setting the di/dt terms to zero, and by neglecting the resistive voltage drops,
as they are typically much smaller than the cross-coupled back-emf voltage

terms. The steady-state voltage equations result:

Vg = —We Lg iq
{ (19)

Vg = we - (Lgiq + Apnr)
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1.1.1 Control capability curves

Assuming that the maximum phase current available from the source is Ip;ax,

the current limit curve in the dg plane is a circle with the following expression:

i3 +1i2 < Inax (1.10)
The center of this circle is placed in iq = i, = 0 and the radius is Ips4x. All
the current configurations corresponding to the points of the dq plane outside
this circle are not feasible because represent an overcurrent condition.
The voltage limit can be expressed with a relationship similar to (1.10) but

the resulting locus is not so straightforward.

03+ v2 < Vipax (1.11)

where Vs 4x is the maximum amplitude of the phase voltage fundamental.
Substituting (1.9) in (1.11) and applying the definitions for the character-

istic current and saliency ratio, the voltage limit curve can be derived:

(1.12)

This equation defines an ellipse in the dq current plane that is centered on
the negative d-axis at iqg = —I;, with major and minor radii of Vayax/(Lqwe)
and Virax/(Lgwe) oriented in the d- and g-axis directions respectively.

Again, the (i4,i4) points that fall outside this ellipse represent unfeasi-
ble control conditions. Since both the limit constraints have to be satisfied
simultaneously, the acceptable operating area in the dgq current plane is the
intersection of the two areas defined by (1.10) and (1.12).

Assuming a three phase machine having windings arranged in the wye
configuration, Vs ax is related to the inverter bus voltage Vj,s in three ways,

depending on the modulation technique adopted:

1
o Vijax = 3 Vius = 0.5 Vpys for the sinusoidal PWM,
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1
o Vijax = % Vipus == 0.577 Vpys for the space-vector PWM,

2
o Virax = — Vipus == 0.637 Vps for the six-step square-wave modulation.

The most common voltage modulation in HEV and EV powertrains is the
space-vector PWM as it achieves the best tradeoff between the fundamental
amplitude and the distortion. Anyway, some manufacturers switch their in-
verter units to the six-step modulation only near the maximum speed.

While the current limit constraint is “static”, the voltage limit ellipse shrinks
as the rotor speed increases because of the radii inverse proportionality to we.
This effect, combined with the voltage limit ellipse position in relation to the
current limit circle, leads to different dynamic behaviors and performances
according to the I.,. Therefore, the characteristic current influences the high

speed operating range. Three cases are possible [16].
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(a) Icn < Inax case.

(b) I.n = Inpax case.

(C) I.n > Inrax case.

Figure 1.5: Types of PMSMs operating areas.

Case 1: I, < Ipjax When the characteristic current is smaller than the
maximum current, the center of the voltage limit ellipse (the green dot in
Fig. 1.5) is placed inside the current limit circle. It means that an intersection
between the acceptable current area and the acceptable voltage area always

exists, even for a (theoretical) infinite rotor speed (when the voltage ellipse
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becomes coincident with its center). This intersection is highlighted with yellow
in Fig. 1.5. It is worth noting that only the left half-plane is considered for the
acceptable area, as g must be negative. In this case, three operating regions
can be observed along the control trajectory (the blue line).

The first corresponds to the MTPA and in this interval of speeds, only the
current limit constraint exerts his influence up to wp. The rotor speed wy is
called base speed and represents the highest speed at which the motor can
produce the maximum torque. Maximum mechanical power is also reached by
the motor at wp. Then, the second region begins as the back-emf magnitude
would exceed the Vjsax if the speed rises further. The FW technique uses the
magnetic armature reaction to decrease the d-axis flux linkage, thus extending
the motor speed range.

By substituting (1.3) in (1.9), it results that the back-emf magnitude is a
function of the current advance angle. Increasing 3{ has the effect of counter-

acting the back-emf growth due to the speed.

{vd = —we Ly fcosﬁf (1.13)

Vg = We - (APM—Ldeinﬂf)

In other words, the control trajectory in region two follows the current
circle in order to stay inside the acceptable area, despite the shrinking voltage
limit ellipse. By so doing, the rotor speed can reach values beyond wy. Since the
control trajectory no longer follows MTPA, the torque decreases at the same
time, hence the power remains constant as current and voltage magnitudes.

Rotor saliency facilitates the FW control technique.

The region three starts when the voltage constraint radii are so small that
control trajectory has to detach from the current limit circle, going towards the
(—Ich,0) point. Actually, it is rather a “current derating” as current modulus is
lower than Ips4x. Since the electric volt-ampere power is lower, an undesirable
mechanical power drop occurs. This matter will be developed more deeply in

the next chapter.
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Case 2: I, = Ipjax  This could be called the “optimal design” case for
an IPM motor. Setting I., = Iprax provides all the useful features of case
one, with special regard to MTPA and FW control techniques but without
the region three drawback (see Fig. 1.5b). Unfortunately, it is not possible to
satisfy the 1., = Ip;ax condition with both the overload and nominal current,
therefore the case two and one normally coexist in the same IPM machine

respectively in overload and nominal operating conditions.

Case 3: I, > Injax  When the center of the voltage limit ellipse (Fig. 1.5¢)
is placed outside the current limit circle, an intersection between the acceptable
current area and the acceptable voltage area not always exists. This means that
the machine maximum speed wpsax is inherently limited. While case one and
two are typical for IPM motors, the SPM machines belong to the case three

due to the large effective airgap which lowers the Ly and increases the I.,.

1.1.2 Dynamic curves

An example of IPM machine dynamic curves torque and power versus speed
can be observed in Fig. 1.6. The MTPA and FW (or maximum torque per
voltage MTPV) regions can be easily identified: the first (between 0 and wp) is
the constant torque speed range (CTSR), whereas the second (wp—wprax) is
the constant power speed range (CPSR). The effects of these operating regions
and of the related parameters on vehicle performances will be explained in
the next sections. An additional interesting feature of the IPM motors is the
overload capability on the whole speed range as can be seen in Fig. 1.6: the
dashed curves are for the nominal conditions, the solid curves represent the

overload conditions.

An example of SPM (Fig. 1.7) and IM (Fig. 1.8) power versus speed curves

are reported for comparison [13, 14].
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Figure 1.6: llustrative drawing of the IPM dynamic behavior.
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Figure 1.7: SPM power versus speed curves, for rated and overload current

amplitudes [13].
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Figure 1.8: IM power versus speed curves, for rated and overload current am-
plitudes [13].

1.2 Longitudinal vehicle model

Generally speaking, the most common performance figures of merit related to a
road vehicle are its capability to both accelerate and decelerate, and negotiate
grades in a straight-line motion. These specifications are function of many
vehicle parameters and, normally, specific system simulations should be used
for maximum detail. However such an in-depth approach is beyond the scope
of this section. Here a basic vehicle model is defined in order to identify the
best characteristics for the motor and how the vehicle parameters can influence
its structure.

This model [12]| considers the vehicle running on a straight roadway with
two-dimensional only movement. From the second law of motion, the main

forces acting on the vehicle, shown in Fig. 1.9, are related in the following way:
For—F,—Fy,—F.=a-m (1.14)

Fy is the vehicle traction force, I, is the aerodynamic resistance force, Fy is the

grading resistance force, F;. is the rolling resistance force, a is the acceleration
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Figure 1.9: Forces acting on the vehicle (adapted from [12]).

and m is the vehicle mass.

As the car moves through the air, high-pressure areas arise in front of the
vehicle and low-pressure areas behind the vehicle. Both these pressure zones
act against the car motion. The aerodynamic resistance force is a function
of effective vehicle frontal area, A, and the aerodynamic drag coefficient, Cy,
which are highly dependent on the design of the vehicle body, the air density

p, the vehicle longitudinal speed v and the wind speed wvy,.

1
F, = §pAC'd (v +ve)? (1.15)

The gravity force opposes the forward motion of the vehicle during grade
climbing and aids the forward motion during grade descending. The grading

resistance force expression is the following:
Fy =mg sin(9) (1.16)

where g is the gravitational acceleration g = 9.81 m/s? at sea level and 6 is the

road angle.
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Finally, when the tire rolls, as a result of tire distortion or hysteresis, the
normal pressure in the leading half of the contact patch is higher than that in
the trailing half. A rolling resistance force F;. is therefore produced and this
force is a function of the normal load F, = m g cos(f) and the rolling resistance

coefficient f;..

F. =F, f, =mg frcos(0) (1.17)

From the energy point of view, these expressions may be written also in
a “power balance” form. As mechanical work is W = F - [, where [ is a dis-
placement, the associated power comes from the W derivation with respect to

time.

dW dl
P=—=F—=F-ut 1.18
o o v(t) (1.18)
As a consequence, power losses (P, Py, P,) can be associated to the forces

Fy, Fy and F, through a simple multiplication by v(t). Equation 1.14 becomes:

dE,

Pt—Pw—Pg—Pr:a-m'v(t):W

(1.19)

where Ej, = 0.5 - mv?(t) is the vehicle kinetic energy. The traction net power
Py, available, namely P, minus the losses, is the vehicle kinetic energy rate
of change. Actually, in EVs the kinetic energy takes two forms: the first is
related to the longitudinal vehicle speed and it represents the useful energy
portion, while the second is the rotational kinetic energy of the wheels and the
rotor. It is a share of power not lost but stored in rotating inertial masses but
it degrades the acceleration and deceleration vehicle performances anyway. A

more accurate traction net power definition should be:

d
~ |3

Lon +121
:Pt—Pw—Pg—PT—W-

Py =P —P,—P,— P, Lo + 17 Lot) wihy,

(1.20)
a-v(t)

where 7 is the gear ratio, I, is the rotor moment of inertia and wy, = v/R,

L,n are the wheels speed and moment of inertia respectively. Although I,
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is always larger than I.,; substantially, the rotor moment of inertia has to be
referred to the slower shaft of the gear, by means of the r? factor in (1.20).

Observing (1.20), the importance of the motor P; is clear, as a significant
fraction of the power cannot contribute to the acceleration or deceleration of
the EV. From (1.19) and (1.20) results:

dE,

P, = 22k 1.21
in =~ (1.21)

1.3 Acceleration time

As explained in section 1.1, the IPM motor dynamic curve consists of a constant
torque speed range (CTSR), when the torque has the maximum constant value
Tarax and the power grows linearly with speed; and a constant power speed
range (CPSR), where power reaches the maximum value Pp;4x and torque
decreases accordingly to speed. The two regions are separated by the base
speed wp. All these parameters, together with the gearbox ratio r and the
traction wheels radius R have an impact on the acceleration time, one of the

vehicle basic features.

1.3.1 Constant torque speed range

In CTSR, the net maximum torque Thasaxn, that is the Th;ax minus the
torque components wasted by the losses, is nearly constant, therefore also the

maximum propulsive force Fsax » and the vehicle acceleration a are constant.

.
Fyaxn = ETMAXn (1.22)

Fyaxn  7m-Tuaxn
p— pu— 1.23
“ m R-m ( )

The integral of a with respect to time yields the vehicle speed vop corre-
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sponding to the motor wy.

ter r-Tyvax
= dt = —————"1¢ 1.24
ver /0 a R.m cT (1.24a)
R
ver = — Wp (1.24b)
r
The acceleration time component in CTSR results:
R?>wym
tor = ——— 1.25
2 TaprAx n (1.25)

1.3.2 Constant power speed range

In CPSR, the power can be considered as constant with reasonable approxi-
mation. Recalling (1.21),

lcp

Prraxndt = (tcp —ter) Pruaxn = [Ek]igi (1.26)
tor
where Parax , is the maximum traction net power.
From (1.26), (1.24b) and Pyraxn = wp - Tarax n results:
y 9 m R? w} L+t
cP=5p5—_—VCp— : cr
2Pyaxn O 2wy Taraxn 12 (1.27)
9 RZwym
vo

" 2Paaxn 7 2P Thaxa

A vehicle acceleration not necessarily pushes the motor in CPSR region. If
a very low speed acceleration is considered, the target speed could be achieved
within the CTSR and the (1.25) may be used. However, typically, the standard
acceleration time used to evaluate the car performances is from 0 to vgp =
100 km/h and the motor reaches the CPSR, then (1.27) has to be applied.

Equation 1.27 means that the acceleration time involves two terms: the
second may be lowered by means of Tj;4x, but normally it is limited by the
tire-road adhesion together with r, while the first term can be reduced propor-
tionally with Pyrax.

This demonstrates again how important is the motor power rating for the

vehicle dynamic performances.
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Figure 1.10: Example of a vehicle speed vs. time plot during acceleration.

1.4 Vehicle top speed

The top speed is another very common information taken into account when
vehicles are compared. The top speed of a vehicle is the highest constant cruis-
ing speed that the vehicle can achieve at full power on a level road. This means
that the top speed is calculated when the maximum traction power Py;4x and

the aerodynamic and rolling losses are at equilibrium.
Pyax = Py + P, (1.28)

Since there is no vehicle acceleration and road gradient, the grading loss
and every energy kinetic contributions (rotational ones included) are set to
Z€ero.

There is also another constraint involving the maximum motor speed wys 4x

and the gear ratio r. The following expression relates the two parameters and
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the EV top speed vy in km/h.

27 £0.06
Viop = — WM:X R (1.29)

where wysax is in rpm and the tire radius is in m.

For example, the 175/65 R15 and 195/50 R16 are two common tire sizes
whose radius is approximately 0.3m. As well known, 15 and 16 are the rim
diameters expressed in inches, 175 and 195 are the nominal width of tire in

mm while 65 and 50 are the percentage ratio of height to width.
0.5 (15inch + 2 x 175 mm x 65%) ~ 0.5 (16inch + 2 x 195mm x 50%) = 0.3 m

Assuming a wyrax = 10000 rpm and r = 7, the top speed results:

27 % 10000 x 0.06
Vigp = - “ 2 0.3 ~ 160 km/h

In summary, for a given set of vehicle data (such as the total mass m, the
tire radius R, the wheels moment of inertia 1,5, the rolling resistance coefficient
fr, the aerodynamic drag coefficient Cy and the frontal area A), the main motor
ratings Thrax, Prvax, wp, wpmax together with the gearbox ratio r» determine
the EV performances. However tradeoffs and constraints exist between these
parameters.

In order to reduce the acceleration time, the product Thyax - r can be set
to the tire-road adhesion limit, then it remains only to boost the Py;4x and
reduce wy, remembering that Pyax = wp - Thrax. By increasing r, the Thyax
of the motor can be relaxed. A first gear ratio upper bound comes from the
rotor moment of inertia referred to the wheels: I,.,; has to be multiplied by r2,
so a too high value for the gear ratio can degrade acceleration performances.

In addition, the motor Py;ax must be at least larger than P, + P, at
the vehicle top speed. Finally the vehicle top speed is also function of the
ratio wysax /r and this leads to a second, usually stricter, upper bound for the
gearbox ratio.

Some examples of gear ratios used in HEVs and EVs are reported in

Tab. 1.1. It can be observed that HEVs (e.g., Prius and LS 600h) have lower
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Table 1.1: Some examples of gear ratios for HEV and EV.
Symbol Prius LS 600h i3 Accord Bolt LEAF

T 327  19+39 9.7 8.38 7.05 7.94

values [17, 18] as they work together with the ICE, whereas the plug-in se-
ries hybrids and EVs with range extenders, such as BMW i3 [19] and Honda
Accord [7], adopt rather high ratios (near 10). Battery EVs, like Chevy Bolt
and Nissan LEAF, use slightly lower values (between 7 and 8). Two gear ratio
values are reported in Tab. 1.1 for the LS 600h as its sophisticated Ravigneaux

gear system provides two gears.



Chapter 2

State of the Art in the

automotive industry

In this chapter examples of IPM motors for HEV and EV traction will be
examined in order to study the most important design options and trends.
Tab. 2.1 reports an overview of the main motors available on the market with
their specifications [17, 18, 19].

The next sections will focus the analysis on two interesting case studies: the
2010 Toyota Prius and the 2008 Lexus LS 600h motors. Although both are IPM
machines for HEVs and were developed some years ago, the design solutions
adopted in these two motors are still competitive. In addition, detailed data
can be found for Prius and LS 600h, thus enabling more accurate conclusions.
The analysis is carried out by means of Finite Element (FE) simulations [20]
and analytical methods.

Looking at Tab. 2.1 some preliminary observations may be done. All the
considered motors have three phases in wye configuration. The number of pole
pairs p is rather high (four or more) and the number ¢ of slots per pole and

phase is always two.

(2.1)
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Table 2.1: Examples of IPM traction motors for (H)EV: 2010 Toyota Prius,
2008 Lexus LS 600h (among the HEVs), 2016 BMW i3, 2014 Chevrolet Volt
(series HEV or EV with range extender), 2017 Chevrolet Bolt, 2016 Nissan
LEAF (Battery EV) [17, 18, 19].

Symbol Prius LS 600h i3 Volt Bolt LEAF Units
Pz 60 165 125 150 150 80 kW
Traz 207 300 250 170 360 280 Nm
Wimaz 13500 10230 11400 10000 8810 10390  rpm
Vius 650 650 360 700 360 375 A%
m 3 3 3 3 3 3 #
P 4 4 6 5 - 4 #
Qs 48 48 72 60 - 48 #
D, 264 200 242.1 - - 198.12 mm
D 161.9 130.86 180 - - 130.96  mm
g 0.73 0.89 0.7 - - 0.5 mm
D, 160.44 129.08 178.6 - - 129.97 mm
D, 51 53 - - - 44.45 mim
L, 50.8 135.4 132.3 - - 151.38  mm
Ne 11 7 9 4 - 6 #
Tipp 1 2 6 - - 2 -
Nee 12 9 12 - - 20 #
de 0.812 0.812 0.723 - - 0.812 mm
de 20 20 21 - - 20 AWG
Ngc 8 4 1 - - 4 4
Ligm 0.305 0.28 - - - 0.3 mm
PMs/2p 2 3 2 4 - 3 #
GFe stat 10.36 15.15 13.7 - - - kg
Grerot 6.7 11.93 14.2 - - 16.45 kg
Geu 4.93 3.59 7.1 - - - kg
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Since ¢ is even, B-type windings with short coils are possible. These motors
use a full-pitch single layer winding arrangement, except the Volt which has
a double-layer hairpin winding. Typically, low losses thin laminations are pre-
ferred, such as M250-35A or M270-35A, as the excitation frequency is relatively
high due to the maximum speed and the significant pole number. Finally, most

IPM traction motors for (H)EVs use NdFeB permanent magnets.

2.1 General parameters

From the Tab. 2.1, the following parameters can be derived: the slot pitch ag,
Ds, the pole pitch 7,, the number of slots per pole y,, the equivalent number

of turn in series per slot n.s and the series conductors per phase ;.

Qs ~360°
va =, (2.2) @ =5 (2.5)
Ne 7TD
Nes = n (23) Ps = Q (26>
PP s
Nes - Qs D
N, = s s 2.4 == 2.7
- (2.4 m=y 27)

Table 2.2: General parameters.

Symbol Prius LS 600h i3 Volt Bolt LEAF Units

Yq 6 6 - 6 #
q 2 2 - 2 #
Qs 7.5 5 6 - 7.5 deg.
Ds 10.6 8.56 7.85 - - 8.57 mm
Tp 63.58 51.39 47.12 - - 51.43 mm
Nes 11 3.5 1.5 - - 3 #
Ny 176 56 36 - - 48 #

As shown in Tab. 2.2, some parameters, especially those related to the
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stator geometry (i.e., yq, ¢, s, Ds, Tp) exhibit rather limited variations, while
the winding related parameters (n.s and Ny) have larger differences. However,
the next section deals with the winding study more in depth.

Fig. 2.1 shows the CAD geometry cross sections of the Prius and LS 600h
motors used for the FE simulations henceforth. These drawings are based on
the data in Tab. 2.1 supplemented by Tab. 2.3.

Table 2.3: Additional details.
Symbol Prius LS 600h Units

hipi 18.27 13.44 mm
Wy 7.5 6 mm
hg 30.9 19.25 mm
Wso 1.88 1.88 mm
hm, 7.16 3.05 mm
Wi, 17.88 18.7 mm

In order to take into account the slotting effect on the magnetic field lines,

the Carter’s coefficient k. is computed.
ke = Lg (2.8)
DPs+9— 7 Wso

The coefficient therefore results: k. = 1.0686 for Prius and k. = 1.0646 for
LS 600h, so the effective airgap becomes ¢’ = k. - g.
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(a) Toyota Prius.

(b) Lexus LS 600h.

ction CAD geometries.

Figure 2.1: Scaled-down Prius and LS 600h cross se
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2.2 Windings

As the Prius and LS 600h motors adopt a full-pitch winding scheme, the angle
of short pitch ¢, that is the angle in electrical degrees by which the coils can
be short pitched, is 5¢ = 0 and the pitch factor |21, 15| is k, = 1.

&
sin <q aS)
2
ki = ———F7—72%
csin (2=
1 2

Then, the winding factor k,, = k4 - k, for these two motors coincides with

(2.9) ky = cos (52) (2.10)

the distribution factor kg = k,, = 0.9659. Clearly, a¢ = p a;. The two winding
schemes are depicted in Fig. 2.2. Every coil is numbered in the circles, and
the starting point is denoted with S as well as the end point £ or the neutral
N. In Fig. 2.2b and 2.3 each of the two “legs” are highlighted in red and blue
respectively.

Now, the cross section surfaces of the winding have to be defined: Sy., the
cross section surface of the single copper wire; S., the cross surface of one
conductor in the slot; Sc¢q, an equivalent single serial conductor cross surface
accounting for the parallel path number; and S¢,,, the copper part of the slot

cross surface.

Sic= 7 d (2.11) Soeq =mpp-Se  (2.13)
Se = Nee * Ste (2.12) Scu =ne - Se (2.14)

Making the assumption of trapezoidal shape for the sake of simplicity, the

total cross section surface of the slot Sy,; can be found:

Sstot = Wso hs + QL h§ (215)

So, the ratio between (2.14) and (2.15) yields the fill factor kz;y; of the

stator slots.
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Figure 2.2: Winding arrangements of: Prius (a) and LS 600h (b).
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Phase 1

b

NA

Figure 2.3: Circular winding scheme of the LS 600h [18].
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SC’u
Sslot

kfin = (2.16)

At this point, all the elements necessary to study the current densities in

the motor windings are available.

_Ijve

Js
Sceq

(2.17) K, = I (2.18)

Js is the surface current density, while K s 18 the linear current density or
electrical loading of the machine. These parameters are directly related with
the motor torque capabilities and ohmic losses. Comparing the motors current
densities with the standard values can also give information about how much
demanding are the torque and power ratings of the machine.

Another important winding parameter is the phase resistance R,y,.

Ns L.
Sceq

Ry = p (2.19)

Phase resistance is function of the resistivity p = pogoc (1 + a - AT) and
of the total single conductor length L.. Copper resistivity at 20 °C is pggoc =
0.018 QO mm?m~! and the resistance temperature coefficient o = 0.004 °C~1.
The term AT =T — 20 °C stands for the temperature difference from 20 °C.

The length of each winding conductor (L. = Lgj + Leyw) comprises an
active part Ly in the slots and an end-winding L., part. In order to find
the analytic relationship for Le,,, a geometry assumption has to be made. The
following expression is based on the circular assumption, which typically gives
values in good agreement with the experimental results.

: D
T 161, ~ 25— (2.20)
2 P

Lew =
Finally, the overall copper volume and mass can be estimated as follows.

VOlCu = Qs Nes Sceq Lc (221) GCu =YCu " VOlCu (222)
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where vo, = 8900 kgm ™ is the copper volumetric mass density.

All the parameters above have been computed in Tab. 2.4.

Table 2.4: Computed winding parameters summary.

Prius LS 600h .

Symbol A R A A Units
[=120A I=180A I=250A I=400A

k, 1 1 #
kg 0.9659 0.9659 #
kw 0.9659 0.9659 #
Leyw 101.2 81.8 mm
L. 152 217.2 mm
Sic 0.5179 0.5179 mm?
Se 6.215 4.661 mm?
Sceq 6.215 9.322 mm?
Scu 68.36 32.63 mm?
Salot 120.58 60.44 mm?
kin 0.57 0.54 i
Rpn (@20°C) 77.5 23.5 mQ
Js 13.6 20.5 Amm—2
K, 120.32 180.48 157.89  Amm™!
Volcy, 498 740 340 150 mm?
Geu 4.44 3.03 kg

2.3 Magnetic analytical model

According to the angle convention depicted in Fig. 2.4, any angular position

(the green vector) can be identified by means of two different angular coordi-

nates: 0, related to the stator abc reference frame and 6., associated with the
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+A

Figure 2.4: Angles convention.

rotor dq reference frame. The rotor angular position 6, connects these two
reference frames through the relationship 6 = 0, + 0,,.
In addition, recalling the current angle of definition in Fig. 1.3, the syn-

chronous motor three phase currents can be expressed as follows [16].

.
iq =1 - cos <p0m +af)
: 5 e 2m
ip=1-cos | pby, +ai — 3 (2.23)
. 4
ic =1 - cos <p0m+af—ﬂ>
L 3

The machine current load therefore results

K, (6°) = K, -sin (¢ — af) = K, - sin (6° — 65, — af) (2.24)
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whose modulus K, has been defined in (2.18). As the other machine electrical
quantities, the current load can be broken down in the d-axis and g-axis terms,
by setting af to 0 and m/2 respectively.

af=0 = Ky(0) =Ky sin(pb,) (2.25)

7

€

o = — qu(gr) = - Asq - cos (pOy) (2.26)

T
2

Multiplying K s by cosaf and sinaf gives the K sq and K sq moduli respec-

tively.
P 3ky Ns -
Kgi(af) = 7TwD ® . Icosaf
(2.27)
= 3ky Ng
K(af) = 7TwD . Isinaf

In conjunction with the magnetic loading B (i.e., the airgap magnetic flux
density), the electrical loading K links the motor torque with the active volume.
Egm is the PM-only component of the magnetic loading, whereas Esd and B\Sq
are respectively the d-axis and ¢-axis magnetic loading terms related to the

stator armature reaction.
~ ~ ~ ~ ~ T
T = [(Bgm + Bsd) Kog— By st} (ZDQLM) (2.28)

Observing (2.28) the mutual and reluctance torque components can be

simply isolated.

~ ~ T
TPM = Bgm : qu . (ZDsttk>
(2.29)

~ o~ ~ o~ T
Tr = (Bu Kag = Bog Roa) (507 Lotk

2.3.1 Magnetic circuit in the d/q reference frame

In order to determine all the magnetic loading components, the motor magnetic

circuit has to be solved. The complexity of this analysis grows with the number
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Figure 2.5: Single pole rotor magnetic circuit with multiple barriers. PMs are

in dark grey, air is light grey.

of flux barriers in the rotor. However, making some simplifying assumptions
including linearity, a closed-form general model based on a small set of recursive
equations has been developed [22]. In particular, the proposed model describes
each flux barrier with only two parameters (see Fig. 2.5): the angular width
(at the airgap) a,,; and the ASR;, that is an “aggregate variable” defined as
ASR; = ASy,i/ASgi, where ASy; = pirec - (Wmi + 2wip;)/tmi is the aspect
ratio of the total i-th flux barrier, and ASy; = (D/2)(2uni)/g is the aspect
ratio of the airgap portion covered by ;. W, tm, wyp and ty, are respectively
the width and the thickness of the PM and the lateral (air) barriers. fiye. is

the relative recoil permeability (~ 1 for rare-earth PMs).

In the IPM and synchronous reluctance electric machines, the presence of
the n rotor flux barriers alters both the d-axis flux density distribution at the
airgap related to the stator linear current density Bgq(f,) and that in no-load

conditions By, (6,). Therefore, in order to compute the d-axis flux linkage,
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inductance and the saliency ratio, it is necessary to determine the specific
behavior of B(6,) under each rotor island.
The Bggy(6,) mathematical description needs a piecewise function due to

the above considerations.
Bsdl(er) —Qm1 < 97" < +aum1

—Qi < 0p < —ayy (i—1)
Bsdz’(ar) or
BSd(QT) - oy, (i-1) < Or < +ami (23())
_% g 07‘ < —Qmn
Bsd(n+1) (97’) or
+amn < 0 < +%

Here the n barriers are numbered from the inner to the outer, i.e. the
lowest index refers to the barrier which is nearest to the surface. The (n + 1)
terms denote the rotor areas between adjacent poles, out of the last flux barrier.
Recalling [16], every Bgq;(0,) term in (2.30) is a function of the stator magnetic
potential Ugq(6,) and the rotor island magnetic potential U, ;.

Bsdi(er) = %[Um - sd(er)] (2'31)

By (n+1) (67”) = _% : Usd(ar) (232>

where pg is the permeability of free space. While Ugy(6,) comes directly from
the application of Ampere’s law to the d-axis linear current density expression
Ksq(6r) (2.25), the U, ; calculation is not so straightforward.

K.4D
2; cos(p 0,) (2.33)

D
Usa(6r) = [ Kualtl) g s, =

The U, ; values are the result of the balance between the magnetic flux
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entering and that leaving each rotor island.

GDsdl = Om1 + 2 i1
— g + 2
Osd1 + Psa2 = Om2 + 2 D2 (2.34)

Z?:l ¢sdi = ¢mn +2 (blbn

The system (2.34) represents a convenient way to write the Gauss equations
of the rotor, where ¢44; is the magnetic flux flowing through the airgap portion
of i-th island, ¢, ; is the flux from the PM of the i-th island and ¢y ; is the flux
which passes through each of two lateral segments in the i-th barrier. From
(2.31) and (2.32), results:

+am1 D Ls
Gsd1 —/ Bsa1(6,.) ™ dg,

- 2

_ poD Lt
g-p

ml

(2.35)
>]

KD
U o + ;T sin(af

+aum g DL
Godi =2 / Baai(6L) =22 ag,

+ap, (i—1) 2
DL
— o~ Cstk {Um' o — A o))t (2.36)
g-p
KD

[sin(ay, ;) — sin(ay, (i—l))}}

t3p D Ly
Psd (n+1) = 2 / Bid(n+1)(0}) 5 = do,
+amn

_ NODQ Lstk [?sd
2p%g
For the PMs and the lateral segments of the i-th barrier expressions similar
to (2.31), (2.32) and (2.36), (2.37) exist.

(2.37)

[1—sin(ag, )]

(Zsmi _ Hrec 40 (Ur (i+1) — Urz) Wi i Lstr (238)

tmi
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bwi = %(Ur (i+1) — Uri) wipi Lstk (2.39)

1

where Bpep, is the PM remanent flux density. Substituting (2.35)—(2.39) in
(2.34) and adopting the proposed symbolic formalism, leads to a system of

linear equations where the U,.; are the unknown variables.
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Equation 2.40 shows a four barrier example: repetitive patterns are clearly
visible and the system could be written directly from the machine parameters.

As it is well known, the matrix equivalent form of a linear system A - x =
b can be decomposed in an upper U and a lower L triangular matrices by
means of the LU factorization. In this way, the original system is split in
two new systems which can be solved respectively with forward and backward
substitution.

L-y=20
L-U-z2=b — (2.41)
U-

<

&
'

The four barrier example A matrix in (2.40) is decomposed as follows.

1 0 0 0
P, 1 0 0
L=1" (2.42)
P, P 1 0
P P P 1
(1+ASRy)as,, —ASRiaf, 0 0
0 F —ASRyaf 0
U= 0 2 %m2 (2.43)
0 0 F1 —ASRg Oéfn?)
0 0 0 I3
where
1
Ph=—— 2.44
7 14+ ASR, (244)
at o —oab (1 —ASR; P,

al, iy - (L+ASR ) — b, - (1 — ASR; P_y))

As inductive reasoning suggests, the L and U structures are scalable with
a general number of flux barriers. Therefore, combining these scaling rules
with the forward and backward substitution algorithm, a recursive closed-form

expression for the rotor islands magnetic potentials U,.; is found.

ASR1 Y1

U, = 2 g
'T I3 ASR, T AT ASRy) at,

(2.46)
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ASRZ af
Uri = U i) + 247
Fi-9) DT Fag (2.47)
Urn = 5" (2.48) Ul = =2 U, (2.49)
(n=2) KD
where

F; = Otin (i42) ° (1 + ASR(H_Q)) — a;(i+1) . (1 _ ASR(i—i-l) Pz) (2'50>

D[? d izl 1—2
Yi = 2p5 sin(ag, ;) — Z Py - sin(ag, ;_p) - H (1-P)| (251)

=1 u=1

Equations (2.44)—(2.45) and (2.50)—(2.51) are auxiliary expressions.

2.3.2 Expression of the saliency ratio

By means of the three formulas (2.46)—(2.48), it is possible to write the scalar
magnetic potential of each rotor island, starting from the first (2.46) up to the
last (2.48). For the others, 2 < i < n, (2.47) has to be used. There is no need to
carry out any matrix computation again since it is incorporated in this small
set of equations. By means of recursion, this set of equations has the power to
yield the solution of the rotor magnetic circuit with an unlimited number n
of flux barriers. This means that knowing the U, ; potentials, the Bsy(6,) and
every other related machine parameter is determined (2.30), such as the d-axis
flux linkage, inductance and the saliency ratio &. K sq 1s the amplitude of the

full d-axis linear current density, expressed in (A/m).

-1
n
£= {1 + Uy sin(ag,,) + Z Uy [sin(ar, ;) — sin(ay, (11))]} (2.52)
i=2
Applying the normalization (2.49) to the magnetic potentials, the saliency ratio
€ results in (2.52).

By means of (2.52) the motor d-axis inductance can be determined whereas
the g-axis inductance is not affected by the flux barriers, so it is not function

of ASR; nor auy;.
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3  (kwN\*DLgy, 1
Lyg="> - 2.53
a W“O< 21?) g ¢ (2.53)
3 kwNs\2 D L
L,="> 2.54
! 77”0( 2p > q (2:54)

2.3.3 Permanent Magnet flux density distribution

So far, the equations have dealt with the current-fed motor but similar rela-

tionships can be written for the no-load condition.

ASR; Ym1
Umi=——+—— U 2.55
'S 1 A4SR U™ T (11 ASR)a (2:55)
ASR; of . Ymi
Urmi = ——0t. Urm i+1 + (256>
Flizg) DT Fiog)
Ymn
Urmn = 2.57
Flus) (2.57)
where
Brem i Wmi ZP fn(ifl) Wm (i-1) ﬁ ( P )
Ymi = i— : 1-PF,
Ho Ang =1=h° ASg (i-1) u=1
(2.58)

The main difference between the set (2.55)—(2.57) and (2.46)—(2.48) is that for
the first one, (2.58) has to be used instead of (2.51). As in the previous case,

the Uy, ; values determine the airgap flux density distribution, this time in
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no-load condition.

Ho
Bgml = ? Umi —am <0 < 4o

—ami <0 < —Qm (i—1)

Bgmi = &? Urmi or
Qi (i—1) < 97" < 4+ami (259>

_2Lp g 67’ < —Omn
or

+amn <0, < +%

The amplitude of the airgap flux density fundamental tone in no-load operating

conditions is:

The Prius motor is a single layer IPM machine (see Fig. 2.6a), it means

that the number of flux barriers n is one per pole. From the above formulas,

~ Brem  Wmi - 4 sin(ag,;)
B,,, = . s 2.61
gm g’ (1 —l—ASRl)ASgl ( )
B Bo [?SdD B % sinz(afnl) (2.62)
S (1+ ASRy)as,, '
D Ho I?qu
By =—- 2.63
sq g/ 2p ( )
£ = ! (2.64)
N % sinz(agﬂ) '
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(b) LS 600h (two barriers).

Figure 2.6: One pole circular sector (illustrative drawing).
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Setting n = 2, that is the LS 600h rotor topology (Fig. 2.6b), equations
(2.46)—(2.48) take the following form.

~

ASRl st D Sin(oze 1)
Ui1=—-"—"Umg— . m 2.65
"T14ASR, T 2p (1+ASR))aS, (2.65)
~ (e sin(ag,,1)
U — Ky D Sln(amZ) 1 + ASR;q 9
r2 — = 2p : af 1 ( 66)
1+ ASRs)at ., — —1=
(14 ASRs) 0y = T 4S R,
ASRI Brem Wm 1 1
Umi=———Um . 2.67
"I ASR, ™ T AS, 11 ASR (2.67)
ol o Win 2 B ol | Wm1 1
Brem AS, AS, 1+ ASR
Urm2 = 0 : 92 g1 Oje_ ! (268)
0 ml
1+ A4 e ——m
(1+ ASR2) 0y = T 45T
. e . e ) 1
§= {1 + Uy sin(ay,;) + Uy - [sin(ag,g) — Sm(afnl)]} (2.69)
= 4 . e . e . e
Bgm = p {Bgml sin(ag,) + Bgma - [sin(agz,9) — sin(ag,)]} (2.70)

It is interesting to observe that the proposed equations are consistent also
for the extreme theoretical values. For instance, in (2.65) two contributions can
be recognized: the first term expresses the effect of the potential U,s on the
U,1, whereas the second term represents its own potential (like in a single layer
rotor). If the first barrier i« = 1 was infinitely thick ¢,,; = oo, then ASR; =0
and the first term would disappear as if it was shielded by the barrier number
1. On the contrary, if the first barrier was removed t,,1 = 0, then ASR; = c©
and the second term would disappear resulting in U,; = U,2 as expected.

In other words, no trivial solution leads to the optimal rotor geometry, so
its design process inherently involves a multi-objective optimization task. This
topic will be discussed more deeply in the next chapter.

The current section aims to give sound theoretical basis for the performance

analysis and the next chapter discusses about the main design options. The
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linearity assumption prevents sufficiently accurate results to be obtained, thus
the magnetic analysis has to be carried out with FE simulations [20].

The equations above give useful insights of the machine physical behavior
to the designer and make possible to split the project, deferring the sizing
of the specific elements while giving priority to the relative proportions of the
flux barriers. First of all, the mathematical dependence of flux linkage from the
aspect ratios of the flux barriers demonstrates that the effectiveness of these
barriers is a function of their geometric proportions and only secondarily of the
oy i barrier angles as they typically appear in terms like sin(ayy, ;) /@ . On the
contrary, the total harmonic distortion of the B, is mainly affected from the
angles au,,; and the magnet widths w;, ;, together with the B,..,, of the selected
PM. Moreover, no trivial sizing is possible in multiple barrier configurations
because as evidenced by the scalar magnetic potentials U,.; in each pole of the
rotor, the different flux barriers influence each other and their individual effects
on the overall reluctance are correlated. Hence, multi-objective optimization is
mandatory. Finally, in order to reduce the By, spatial harmonics, the number
of the flux barriers per pole has to be increased and the «,,; angles must be
set properly, but if it is the saliency that needs to be improved, it may be
preferable simply to increase the total thickness of the barriers instead of their

number.
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2.4 Performance and magnetic circuit analysis

In the following subsections, the Finite Elements Analysis (FEA) results of
the two considered state-of-the-art motors, Prius and LS 600h (Fig. 2.6), are

presented.

2.4.1 Magnetic characteristics

Figures 2.7-2.8 and 2.12-2.13 show the machine inductances of direct and
quadrature axes, while in Figs. 2.9-2.10 the dg-frame flux linkages (includ-
ing the PM magnetic flux) are illustrated. The currents amplitudes adopted
for nominal and overload conditions are those reported in Tab. 2.4. Observ-
ing Figs. 2.9-2.10, the flux linkage dependency from both the iy and i, is
clearly visible. Because of this phenomenon, called cross-saturation, there is
an infinite number of possible L4(i4) and L4(i4) functions depending on the
iq and igq respectively, therefore Figs. 2.12-2.13 comprise many curves. The
cross-saturation effect is typical of this kind of motors since they are highly
saturated.

Due to the elaborate rotor geometry, the L, curves in Figs. 2.12b-2.13b
are symmetrical, whereas Ly curves (Figs. 2.12a-2.13a) are not. For positive
14, the rotor iron bridges initially desaturate, thus changing the machine mag-
netic circuit. Then, as ¢4 > 0 grows, the iron bridges saturate again with
opposite sign magnetic flux. This leads to the inductance peak observable in
Figs. 2.12a-2.13a. However, as explained in section 1.1, the IPM motors are
always controlled with ¢34 < 0, so only the left half-plane in Figs. 2.12a-2.13a
and second (motor) or third (generator) quadrants in Figs. 2.7a-2.8a are used.

As expected, it results that Ly < L, and L, exhibits a more pronounced
variation with the current, compared to Lg. The rotor flux barriers, in fact,
reduce the magnetic flux related to the armature reaction along d-axis, respect
to the g-axis. Additionally, in the g-axis path there is more iron, so the g-axis is
more heavily affected by magnetic saturation. As a consequence of the different

saturation levels along the dg-axes, the saliency ratio drops as the current
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module rises. This effect gets worse increasing the saliency, hence in other
words, the saliency ratio is someway “self-limited” and for this reason saturated
¢ exceeds 6 very unlikely even if the number of flux barriers is increased (£ ~ 10

only with axially laminated rotors).

Table 2.5: Average saliency ratios summary.

Prius LS 600h

Sal. ratio £ . A A .
I=120A I=180A I=250A I=400A

Saturated 2.25 1.96 2.59 2.36

Unsaturated 2.89 2.8

Delta % 22.1 % 322 % 75 % 15.7 %

Table 2.5 reports a summary of the average saliency ratios simulated in
maximum current conditions (saturated values) and with the 10 % of the over-
load maximum current (unsaturated values). Not very significant differences
are detectable comparing the Prius and LS 600h values, but the high saliency
range of LS 600h is larger than in Prius (see Fig. 2.11).
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Figure 2.7: Prius dg-frame inductances. Circles represent the current limits

(solid line for overload conditions and dashed line for nominal current).
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Figure 2.8: LS 600h dg-frame inductances. Circles represent the current limits

(solid line for overload conditions and dashed line for nominal current).
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Figure 2.9: Prius dg-frame flux linkages. Circles represent the current limits

(solid line for overload conditions and dashed line for nominal current).
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Figure 2.10: LS 600h dg-frame flux linkages. Circles represent the current limits

(solid line for overload conditions and dashed line for nominal current).
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Figure 2.11: Saliency ratio maps. Circles represent the current limits (solid line

for overload conditions and dashed line for nominal current).
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Figure 2.12: Prius dg-frame inductances. Color gradient shows the current de-

pendency from the dg current not in the x-axis.
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Figure 2.13: LS 600h dg-frame inductances. Color gradient shows the current

dependency from the dg current not in the x-axis.
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2.4.2 No-load characteristics

This subsection shows the no-load airgap flux density distributions By, with
the related Fourier analysis up to the 40'" harmonic (Figs. 2.14-2.17) in order
to evaluate the Total Harmonic Distortion (THD) and the open circuit back
electromotive forces (EMF) of the Prius and LS 600h motors (Figs. 2.18-2.20).
In Figs. 2.14a-2.17a, the fundamental tone is highlighted through the red line.

The comparison between Fig. 2.14 and 2.16 shows that with two flux barri-
ers per pole (five discrete levels of flux density) better By, linearity is achiev-
able than with only one flux barrier per pole (three discrete levels). The dif-
ferent harmonic content reflects on the motors back-emf shape. At 1000 rpm
the line back-emf amplitude of the Prius is 90 V while that of the LS 600h is
65V, see Figs. 2.18b-2.19b. As an example, it is worth noting that although
the Prius line back-emf reaches its inverter bus voltage (650 V) at 7200 rpm
(Fig. 2.20), the base speed is higher since the stator armature reaction should
be taken into account.

However, Figs. 2.15 and 2.17 reveal the most important aspect of this anal-
ysis: the iron ribs, though necessary for the rotor mechanical integrity, waste
a significant amount of PM flux in order to saturate. If the iron bridges were
“opened”, the machine performance would be improved by about 20 %, thus
enabling remarkable cost savings. Unfortunately this is not possible normally
(except for tangential magnetization machines, see next chapter) but careful
attention must be paid to this rotor design issue as the iron bridges scale in

number with the rotor flux barriers and in size (thickness) with the motor

Table 2.6: No-load airgap flux density summary.

EgmMAX/Egml Prius LS 600h Unit
Iron ribs closed 0.72 / 0.72 0.83 / 0.79 T
Iron ribs opened 0.96 / 0.95 1.03 / 0.97 T

Delta % 25% /242 % 194 % / 18.6 % #
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maximum speed.

The main results are summarized in Tab. 2.6.
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Figure 2.14: Prius airgap flux density at no load condition (two poles).
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Figure 2.15: Prius airgap flux density at no load condition (two poles). Iron
bridges open.
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Figure 2.16: LS 600h airgap flux density at no load condition (two poles).
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Figure 2.17: LS 600h airgap flux density at no load condition (two poles). Iron
bridges open.
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Figure 2.18: Open circuit Prius back EMF at 1000 rpm.
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Figure 2.19: Open circuit LS 600h back EMF at 1000 rpm.
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Figure 2.20: Open circuit Prius back EMF at 7200 rpm.
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2.4.3 Torque analysis

In Figs. 2.21-2.24 the Prius and LS 600h motor torques are analyzed with both
nominal and overload current. By means of the Maxwell stress tensor [15, 20],
the PM and reluctance components of the torque are computed from the FE
simulation results. Varying the current angle o in the interval 90°-180° with
the current modulus set to the maximum value for the nominal and overload
conditions, the maximum torque current angle can be found (see Figs. 2.21a—
2.24a). The vertical bars represent the torque peak-to-peak ripple range. Also
Figs. 2.21b—2.24b deal with the torque ripple by showing the maximum torque
at different rotor angular positions. No skew is applied, therefore the inherent
torque ripple can be examined. As can be seen, the ripple reaches rather high
levels hence the real Prius and LS 600h machines make use of rotor skew very
likely. However the ICE torque ripple is definitely worse than that of the IPM
motor and traction applications do not have very tight constraints for the
torque ripple, because of the vehicle large inertial mass.

Tables 2.7-2.9 report all the torque details. As Figs. 2.21-2.24 and Tabs. 2.7—
2.9 show, in the IPM motors for HEVs and EVs propulsion, torque is composed

by the mutual and reluctance components in 50 %50 % proportion, usually.
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Figure 2.21: Prius torque analysis with nominal current. (a) shows the torque

composition. Vertical bars report the ripple. (b) illustrates torque ripple.
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Figure 2.22: Prius torque analysis with overload current. (a) shows the torque

composition. Vertical bars report the ripple. (b) illustrates torque ripple.
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Figure 2.23: LS 600h torque analysis with nominal current. (a) shows the torque

composition. Vertical bars report the ripple. (b) illustrates torque ripple.
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Figure 2.24: LS 600h torque analysis with overload current. (a) shows the

torque composition. Vertical bars report the ripple. (b) illustrates torque ripple.
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Table 2.7: Torque details of Prius motor.
Nominal (120 A) Overload (180 A)

Component o e
Tyvax (Nm)  ofyax Tvmax (Nm)  afpax
PM 82.9 90° 109.7 90°
Reluctance 69.8 137.5° 100.6 144.3°
Total 141 135.8° 201.7 140.9°
Table 2.8: Torque details of LS 600h motor.
Nominal (250 A) Overload (400 A)
Component o e
Tyax (Nm) ofyrax Tmax (Nm)  ofpax
PM 116.9 90° 165.6 90°
Reluctance 79.7 140.9° 139 144.3°
Total 177.4 130.8° 283.8 137.5°

Table 2.9: Maximum torque composition.

Nominal Overload .
Motor Units
Tpv Tra Tiot Tpv Tra  Tiot

Pri 714 69.6 141 101.2  100.5 201.7 Nm
rius
51 % 49 % 100 % 50 % 50 % 100 % #
102.2  75.2 1774 1492 134.6 283.8 Nm

LS 600h
58 % 42 % 100 % 53 % 47 % 100 % #
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2.4.4 Dynamic curves and control

In this subsection, the dynamic properties of the Prius and LS 600h motors
are studied. Figures 2.25a-2.26a illustrate the maximum torque vs speed, as
well as power vs speed, curves of these two motors in both nominal (dashed
line) and overload (solid line) conditions. The related control trajectories on
the torque maps are depicted in Figs. 2.25b—2.26b. The MTPA and the Flux
Weakening (FW) regions are clearly visible.

Observing Fig. 2.25b carefully, the Prius characteristic current seems to be
about 90 A. It is a value lower than both the nominal and overload currents,
therefore as the speed gets closer to the maximum, the Prius control trajectories
have to enter the third region (see section 1.1.1) and the power curve exhibits
a drop at high speed, as expected. On the contrary, the LS 600h power curve
holds at the power rating level in the whole CPSR, since this machine needs
only the FW second region to reach the maximum speed. Together with the
higher base speed, this feature has been achieved by means of the two parallel
paths winding as explained in section 3.4 and 3.5. A shorter CPSR is the only

side effect of such technical solution.

2.4.5 Efficiency maps

Figure 2.27 shows the Prius and LS 600h efficiency maps. Both the motors
exhibit remarkable efficiency levels (up to 96 %) and the LS 600h high efficiency
area is wider than the Prius one.

Finally, Fig. 2.28 comprises the maps of the maximum magnetic flux density

in the two machine cores. The FW effect is evident.
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Chapter 3

IPM motors design guidelines
for EVs and tradeofis

In this chapter the main design options along with the typical parameters
state-of-the-art values are discussed in order to achieve the most important
features of an IPM traction motor. The recent industrial and research trends
in this field are also discussed highlighting their limits. Then, the analytical
equations explained in chapter 2 are used in a design perspective.

Among the main issues addressed in this chapter, the PM mass reduction
coming from the adoption of specific rotor topologies together with the per-
formance enhancement through geometry optimization will be studied with
particular attention.

Finally, design guidelines are proposed taking into account the several IPM

machine tradeoffs.
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3.1 Electrical and magnetic loading

Looking at (2.28), it can be observed that the key to the machine torque
density maximization are the electrical and magnetic loading. Increasing the
K s and Egm terms enables to reduce the motor active volume. As reported by
(2.62)—(2.63), the Esd and §5q terms are function of IA(Sd and I?Sq, therefore
it is a duty of the control loop to use always the right current angle of to
feed the motor properly. The saliency ratio £ maximization contributes to the
reluctance torque without enlarging the motor. This objective can be obtained
increasing the flux barriers thickness and number but some drawbacks may
occur and will be discussed in section 3.6.

Obviously, all the design parameters mentioned above have unavoidable
limits. The K. s magnitude is conditioned by the current density level in the
windings. This can lead to heat dissipation issues. Typical values of J; and
K s in machines with passive dissipation are 4-7Amm~2 and 40-50 A mm™!
respectively. For this reason, the electric motors for automotive traction appli-
cations usually are oil or water cooled, hence pushing the electrical loading to
significantly higher limits (see Tab. 2.4).

Generally, to raise the Egm value in an IPM machine, large amounts of ex-
pensive rare-earth PM such as NdFeB or SmCo are used. This has a negative
impact on the motor cost, making it less competitive on the market. In addi-
tion, a high Egm results in a larger PM flux linkage and characteristic current,
thus making the motor less suitable to flux weakening. Moreover, Egm, §sd
and Esq are overall subject to the magnetic saturation limit of the lamination,
which typically is about 2T. Increasing the number of flux barriers makes it
also possible to lower the total harmonic distortion (THD) of the no-load air-
gap flux density distribution. This can help to achieve a higher fundamental

magnitude Bgm.
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3.2 Number of poles

Typically, the number of pole pairs p in an IPM motor for HEV or EV traction
is relatively high. These machines have nowadays eight poles (Toyota/Lexus)
or more, as in the BMW i3 with twelve poles.

Increasing p allows reducing both the “ancillary” parts of the machine:
the end-windings and the yokes of the stator and rotor. These elements are
necessary to close the winding electric circuit and the iron magnetic path in
accordance with the Gauss law, but are not involved directly in the torque
generation process. Therefore in good designs, it is desirable to reduce the end-
windings and the yokes at minimum. Shorter end-windings lead to lower leakage
inductances [15] and ohmic losses, while smaller stator and rotor yokes produce
less iron losses and give lighter machines. In addition, the bill of material is
lowered.

The airgap flux density distribution can be discretized teeth by teeth By(k).
Assuming for simplicity the rotor d-axis aligned with a stator slot (in Fig. 2.6
the rotor is aligned with a tooth but the conclusions generality holds anyway),

By(k) can be expressed as follows.

By(k) = S /(ka.‘é‘ [(BQm + §3d> -cosf + Esq . sinG} dé

of k—1) ot
’ Jes (3.1)
1 ~ ~ . kag ~ kat
= a—g [(Bgm + Bsd) - sin 6 k1) — Bgq - cost (he1)at ]

where k is the tooth index.

The magnetic flux in the k-th tooth is given by a simple fluz tube [15]

equation.
Gn(k) = Bg(k) - ps - Ltk (3.2)

Since the magnetic flux of each pole splits in two halves and each half goes to
one of the two adjacent poles through the stator yoke, or the back-iron, the

flux in each back-iron circular segment results:
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1

oi(n) =Y g (k) withn=1...% "= (3.3)
k=1

2

n is the back-iron segment index.
Each of the segments in which the stator yoke is divided links two adjacent
teeth. The back-iron height hy; expression is:

D.,—D
hpi = —

—hs — hgo (3.4)
where hg, is the slot opening height and the flux density therefore results:

_ Pwi(n)

Byi(n) = T Lp

(3.5)

where Ly, = L, - kpack and kpqer is the stacking factor.

In no-load conditions, the magnetic flux in the back-iron grows from the
middle of each pole to the median point between two poles, as each yoke seg-
ment collects the flux of all the preceding teeth. When the motor is powered,
the back-iron works in the same way but the flux distribution is shifted de-
pending on the «of. The hy; has to be large enough to avoid an excessive iron
saturation, so the maximum By;(n), occurring at n = (y, — 1)/2, must not
exceed 2 T. Increasing p, the number of slots (and teeth) per pole y, is reduced
(2.2), hence less teeth flux is gathered (3.3) and the hy; constraint is relaxed.
The same happens for the rotor yoke.

Finally, recalling (2.20), the end-winding reduction is shown.

The obvious limit to the pole number rise is the control loop feasibility as
the maximum electric frequency increases with p. In addition, if ¢ drops below
1, the machine becomes fractional slot and slightly more attention should be

paid in the design.
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3.3 Torque composition

As shown in Tab. 2.9 the total torque in the IPM motors for electric powertrains
usually consists of PM and reluctance components almost equally. Over the
years, both industry and research have tried to replace some part of the mutual
torque with more reluctance or even to remove almost completely the PMs
from the rotors as in synchronous reluctance (SynREL) motors or PM-assisted
SynREL. However, the efforts to replace magnet torque with reluctance torque
almost invariably lead to increases in the machine mass and volume [23].
Assuming the theoretical limit condition £ — oo, from (2.29), the maximum

PM-only and reluctance-only torques result:

~ 7
Tpyv-max = Bgm qu (ZDQLstk>
- (3.6)
Trel-max = —Bsq Ksd (ZDsttk:>
since from (2.62)
~ KyD 1
By = Ho . BsdZ 2 (3.7)

g 2 ¢
Now, applying the (1.3) angle convention to (2.27) and substituting the
(2.63), the (3.6) becomes:

~

= T
Tpy-max = Bgm K <ZD2Lstk>

. (3.8)
KD\ ~ /m
Tre—-max = (IM? : ) K (ZDQLstk>

g 4p
obviously the maximum torque current angle 3{ is 0° for Tpar—arax and 45° for
Trel—max- In order to achieve T,..;_arax values comparable to the Tpar_arax,
the following condition must be met:
Ko . Ks D

g A

= Bym (3.9)

Using the free space permeability po = 47 - 1077 Hm™! together with

approximate standard values for Egm ~ 1T and ¢’ ~ 1 mm in (3.9) results:
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K, - (7 D)=p-10* (3.10)

a rather high value, especially with the typical pole pairs numbers p > 4.

It means that in order to replace the PM torque with the reluctance compo-
nent, the armature reaction has to produce the missing airgap PM flux density
Egm by means of higher current linear density K s levels, with more ohmic losses
as a consequence, or by enlarging the motor inner diameter D. The machine

torque density results then compromised as expected.

On the other hand, machines relying only on the mutual torque, as happens
in the SPM motors, could have a too limited speed range [16]. For this reason,
the two torque components should be someway balanced in the IPM traction

motors. This concept will be discussed with more detail in the next section.

3.4 Characteristic current

As seen in the section 1.1.1, the main limit to the IPM motor speed is repre-
sented by the back-emf whose rise progressively nulls the phase voltage drop
necessary to the voltage source inverter to drive the motor. In order to extend
the machine speed range, the flux weakening control technique has been devel-
oped. The FW algorithm consists in compensating the back-emf growth due
to the increasing speed, see (1.13), by gradually shifting the current angle af
towards 7 or, in the equivalent form, 3¢ — m/2. This is the description of the
“region 2”7 control trajectory.

When the maximum power is requested to the motor in the CPSR, the FW
trajectory has to lie on the current limit circumference as shown in Fig. 1.5,
and I = Iy, = Inax.

In this particular operating conditions, approximating the trigonometric
functions with their Taylor first order polynomials (3.11), the torque (1.4)

equation becomes the following (3.12).
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sin(f;) ~ 1

s

cos(f3Y) ~ —pBF + 5 (3.11)
sin(28f) ~ —28f +
3
T2 op Buax (5 - 6) € La (3.12)

Making similar considerations for the voltage equations (1.13), leads to the

conclusions:

{ Vg 2 —We Lq Ich COS(/B'LE) (3 13)

Vg ~ we - [Apyr — La Len sin(B;)] — 0

SR 402 > we Ly Ly (% - ﬁf) (3.14)

Examining the voltage modulus equation (3.14) and the (3.12), it can be
observed that both the torque and the phase voltage decrease proportionally
to the difference between 7/2 and S¢. In this way, as the speed we rises,
must take values closer and closer to 7/2 in order to keep the voltage modulus
lower than Vs 4x. Doing so, according to (3.12), the torque is reduced with the
same rate at which w, grows and the output mechanical power P = (w./p)-T
remains constant at the maximum value.

That is a very desirable feature of the FW region 2 but sometimes, if
I.p, < Ingax, this technique may be not sufficient to reach the maximum speed.
In this case, I must be reduced as the terms related to the inductances Ly and
L, in (1.13) are the next source of back-emf after Apys, and those terms are
proportional to I. The control trajectory enters the FW region 3 and detaches
from the current limit circumference, since I — I,. Unfortunately, the reluc-
tance torque component is a quadratic function of I. It means that the torque
reduction rate in region 3 is much higher than in region 2, hence at high speeds

a mechanical power output drop can be observed [19].
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Equation 1.28 says that EVs need a not negligible propulsion power not
only to achieve but also to hold the maximum speed. Although SynREL and
PMASynREL are cost effective solutions and, if properly designed, can achieve
the same peak performances of IPM motors, their I, cannot be equal to In;4x.
Therefore, their high speed performances are substantially lower than what
IPM motors can do. In addition, the electrical powertrain machines are used
not only for traction but also for braking, then the power high speed drop due
to the region 3 would compromise the regenerative decelerating EV capabilities
while driving on highways, for instance.

This problem, together with the lower machine density, explains why the
synchronous reluctance motors have not been successful among the EV man-
ufacturers. Currently, the Chevy 2016 Volt powertrain is the only example of
PMASynREL motor available on the automotive market [24]. However, the
Voltec Gen2 made by GM is a rather complex hybrid propulsion unit which is
composed by an ICE and two electric motors: the ferrite-based PMASynREL
(motor A) and a NdFeB-based IPM (motor B). The motor A ratings (48kW
and 118 Nm) are substantially lower than those of the motor B (87kW and
280 Nm), and the motor A role is only to support the motor B. Therefore it
cannot be defined a “full-PMASynREL solution”.

On the contrary, if the PM flux linkage is too high, as in the SPM motors,
the I, would exceed the maximum inverter current Ij;4x and the machine
FW capabilities could be poor. Again, a balanced mix of PM and reluctance,

or saliency, is the right choice.
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3.5 Parallel paths

In section 3.4 the consequences of a reduction in the machine PM amount
have been discussed. If the PM volume is decreased, the I, is lowered and
the output power falls at high speed. The only way to reduce the amount of
PM, as well as the flux linkage Apys, without this drawback, is by keeping 1.,
unchanged but this is possible only decreasing L;. The most used technique
to obtain this result is increasing the number of the winding parallel paths
Nypp, Which means to modify the equivalent number N of series conductors per
phase [19]. As an example, the hairpin windings typically have n,, > 1, so the

following analysis applies also to such kind of winding,.

D Lstk

n kw N
¢Pym = Bym » (3.15) Apym = ¢pm

2

(3.16)

Equations 3.15 and 3.16 express the PM magnetic flux and the related flux
linkage respectively. From (2.3) and (2.4) it can be observed that N, as well
as Apys are inversely proportional to ng,,, while the (2.53) shows that L is
inversely proportional to the square of ny,. For instance, if n,, is set to 2, as
for the LS 600h, the Apys would scale down by a factor of 2 whereas Ly by
a factor of 4, making I., twice as well. Therefore, the égm could be halved

keeping I.; constant.

Tpy = % ‘p- |:Ich fCOS(ﬁf)} Ly
5 . (3.17)
Trep = 5P [2(5 —1) IA2sin(2,Bf)} Lqg

In this case the current modulus I must be doubled in order to keep the
torque almost unvaried. Looking at (3.17), the reluctance component T..; de-
pends quadratically on I, so a double current modulus can fully compensate
the Ly reduction. On the contrary, Tpys is only proportional to I and the PM
torque decrease can be only limited by doubling the current modulus. In theory,

the relative weight of T..; would double compared to Tpys, but the consequent
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variation of the current angle 5 can mitigate this rise. In conclusion, the high
speed performances of the motor do not change despite the PM reduction but
the machine torque density decreases to some extent.

Contrarily to what one normally expects, the motor ohmic losses do not
grow with the above-mentioned current increase, as the phase resistance Ry,

is inversely proportional to the square of ny,.

Qs Ne

_— 3.18
“m- n]%p S, ( )

Ry, =pL
However, the power converter current rating needs to be increased accord-
ingly and this impacts its cost. At the same time, with fixed system power
rating, the nominal voltage of both the motor and converter is downscaled by
nypp, then the insulation system can be reduced.
In addition, the voltage limit ellipse in the current dq plane is enlarged, the
major and minor radii being Varax/(Lqwe) and Vasax/(Lgwe) respectively.
Vmax is divided by ny, but both Ly and L, are divided by n? . therefore the

PP
base speed moves towards a higher value.
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3.6 Rotor geometry design

This section deals with the rotor geometry design issues. In the industrial
sectors characterized by a high technology competition, the rush for maximum

performance results frequently in multi-objective optimization problems.

3.6.1 Multi-objective optimization

Finding the optimal rotor geometry of a high performance IPM motor involves
several variables and has a significant influence on the overall characteristics
of the motor. The design process of the rotor geometry inherently includes
many tradeoffs, so a good balance between the performance figures of merit is
rather difficult. A multi-objective optimization [25] is further complicated due
to the particularly demanding design constraints of the automotive industry.
The optimization algorithms are computationally-intensive, as the fitness func-
tions have to be evaluated repeatedly. Multiple FE simulations would require
an unreasonable time to process. In this context, a computationally-efficient
physical model of the motor is mandatory [26].

The magnetic model described in section 2.3 is used to perform an auto-
matic multi-objective optimization, trying to identify the Pareto front numer-
ically [22]|. This allows to locate the case study (Lexus LS 600h motor) within
the solution space, thus determining its distance from the Pareto front and its
possible improvements.

Since it is based on a small set of recursive formulas, its functionality can
be easily extended to a variable number of flux barriers. In order to validate
the effectiveness of the proposed model providing objective functions suitable
for IPM rotor design optimization, the LS 600h motor has been considered as a
benchmark. Moreover, given the possibility of the analytical model to handle a
variable number of flux barriers, it is possible to exploit other rotor designs. It
is reasonable to assume that Lexus develops its electric motors optimizing the
machine parameters with commercial applications and proprietary software.

Therefore, in order to assess the presented model validity, the LS 600h design
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optimality has been checked. Then a third flux barrier has been introduced to
test also the new model generality.

The optimization algorithm adopted in the first part of this section is the
multi-objective Genetic Algorithm (GA). For motor optimization problems,
Evolutionary Algorithms and GA are today well-established, yet still compet-
itive approaches |27, 26]. The study of solutions with an increased number of
barriers, and the subsequent expansion of optimization variables, highlighted
some limits of the GA algorithm used. Namely, it is difficult for the algorithm
to find a good initial population when the number of variables and constraints
is relatively high (approximately greater than 20). To overcome these limita-
tions, a different approach to determine the Pareto front was devised. It uses
the multi-objective goal attainment minimizer provided by MATLAB, empow-
ered by a multidimensional sweep of the attainment weighting parameters and
a Monte Carlo generation of the starting points. Further improvement of a se-
lection of Pareto points is obtained by means of a second optimization round,
using the interior-point algorithm of fmincon.

The presented approach is compared against other motor optimization
workflows, such as that of the SyR-e toolbox 28], which is focused on PMASyn-
REL topologies. It uses a Multi Objective Differential Evolution (MODE) al-
gorithm, but each fitness function evaluation requires the execution of a FEA
analysis through the software FEMM [29]. SyR-e embodies an analytical model
as well, but it is used only for a preliminary sizing of the machine, and it deals

only with maximum torque and power factor of the machine.

3.6.2 Objective functions

Three different optimization tasks were run, each of them with four objective

functions to be minimized:

e reciprocal of motor saliency (671), because the saliency ratio is related

to the reluctance component of the torque;

e absolute distance of the no-load airgap flux density fundamental (Bgn,1)



3.6. Rotor geometry design 95

from a reasonable target value, which is set at 1 T (approximately half
of the magnetic saturation level in laminations) to avoid an excessive

saturation of the machine iron core with the armature reaction;

e the Total Harmonic Distortion (THD) of the airgap flux density distri-
bution due to PM By, (6,), as the harmonic amplitudes may increase the
back-emf, thus limiting further the achievable speed, and may raise the

saturation level of the iron without a remarkable torque gain;

e the magnet cross-section area, in order to contain the manufacturing costs
(with a given length of the stack Ly, PM cross-section area determines

the magnet volume).

Commonly, the torque ripple is also taken into account for the optimal design
of an electric motor but in this specific application it has a lower priority.
Anyway, a lower THD of the By, (6,) also helps to relieve the torque ripple.
Both saliency and By;,1 contribute to the machine torque, however the two
torque components have different “quality”, so a balanced composition enables
the machine to achieve better performances. A higher level of PM torque,
associated with By,,1, typically improves the machine density but reduces the
flux weakening capability as well as the CPSR.. Conversely, too much reluctance
torque makes the machine larger and heavier but enhances the overload factor
together with the maximum attainable speed. For these reasons, saliency and

Bgym1 have been considered as two distinct objective functions.

3.6.3 Test of the method effectiveness

The first optimization run had only three degrees of freedom to process (barrier
angles a1, auma and magnet thickness t,,), assuming the shorter barrier to be
orthogonal to the radius and the longer one to have a double width (w2 =
2wpm1) as it is in the LS 600h “modular” geometry (see Fig. 2.6b). The second
optimization used six free variables (1, m2, W1, Wm2, tmi, tm2). Results

of these processes are shown in Fig. 3.1-3.3.
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variables.
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Table 3.1: FE simulation results for LS 600h rotor geometry variations. For the
saliency, both saturated (f = 400 A) and not saturated values are reported.

The PM area is considered per pole.

Saliency Bem1 THD Areapm
ratio (T) (Bgm) (107*m?)
LS 600h 2.36 + 2.79 0.79  0.1912 1.71
— A (9.5 deg.) 2.21 + 2.55 0.74 02314 1.56
(—6.4% +~—8.6%)  (-6.3%) (+21%) (-8.8%)
+Aam1 (9.5 deg.) 2.32 =+ 2.96 0.82  0.1935 1.86
(—1.7% + +6.1%)  (+3.8%)  (+1.2%) (+8.8%)
— Aty (33%) 2.25 + 2.69 0.78  0.1932 1.52
(—4.7% + —3.6%)  (-1.8%) (+1%) (-11.1%)
+ Aty (33%) 2.40 + 2.85 0.79  0.1903 1.9
(+1.7% ++2.1%) (£0%) (-0.5%) (+11.1%)
—Aams (5 deg.) 2.30 + 2.88 0.78  0.1980 1.71
(—2.5% ++3.2%) (-1.3%) (+8.6%) (£0%)
+Aau2 (5 deg.) 2.30 = 2.59 0.80 0.2052 1.71
(—2.5% +—7.2%) (+1.3%) (+7.8%) (£0%)
—Awpy (27%) 2.05 + 2.70 0.61  0.2750 1.41
(—13.1% +~ —8.2%)  (-22.8%) (+43.8%) (-17.5%)
+Awpma (27%) 2.33 +2.55 0.95  0.2297 2.02
(—1.8%+ —8.6%)  (+20.2%) (+20.1%)  (+18.1%)
— At (33%) 2.21 + 2.55 0.73  0.1944 1.34
(—6.4% +—8.6%) (-7.6%) (+1.7%) (-21.6%)
+ At o (33%) 2.42 +2.95 0.83  0.1955 2.08
(+2.5% ++5.7%) (+5.1%) (+2.2%) (+21.6%)
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The first optimization, with only three design parameters, showed that the
case study is almost located on the Pareto front, thus it cannot be improved
appreciably using the available degrees of freedom (see Fig. 3.1a and 3.1b).
The FE simulation results reported in Tab. 3.1 agree with this conclusion, as
no geometry variation achieves better performances for all the objectives. The
percentage deviations from the reference values (LS 600h), are annotated in
brackets.

Moving to six parameters, the results of Fig. 3.2a and 3.2b are obtained.
Differently from before, the LS 600h motor can be improved by choosing the
optimized solution, that exploits the possibility to have different magnet widths
and thicknesses. The optimized solution dominates the case study, with a major

improvement on the flux density THD.

3.6.4 Validation of the model generality and performance

In order to validate the proposed recursive magnetic model universality, a new
rotor geometry optimization process has been carried out, increasing the flux
barriers number to three. All the other machine parameters are the same as
in the LS 600h. Fig. 3.3a-3.3b show the achieved Pareto front and the selected
optimal design (Fig. 3.4a). Comparing the solutions in Fig. 3.1a-3.2b to those
in Fig. 3.3a-3.3b, a higher scattering level can be observed as GAs belong to
the global optimization algorithms category. The goal-attain solutions lower
scattering explains graphically the higher effectiveness to converge which this

algorithm exhibits.



3.6. Rotor geometry design 101

(b) SyR-e design.

Figure 3.4: FE simulations of the three barrier motors cross-sections.
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Table 3.2: FE simulation results for the three barrier rotor geometry optimiza-
tion. For the saliency, both saturated (f = 400 A) and not saturated values

are reported. The PM area is considered per pole.

Saliency Bgmi THD Areapm

ratio (T)  (Bgm) (107*m?)

Optimal 219277 067 0.1741 1.49
—Aayy, (7 deg.) 2.08 +2.56 0.68 0.1949 1.49
+Aam (7deg.) 2.28+2.74 0.66 0.1681 1.49
—Aaype (7T deg.) 216+254 0.67 0.2255 1.49
+Aam2 (7 deg.) 2.1+2.75 0.67 0.1713 1.49
—Aas (7 deg.) 2.12+-2.61 0.67 0.2124 1.49
+Aaps (7Tdeg.) 2.09+268 0.67 0.1576 1.49
—Awgpy (14%) 229 +-284 068 0.1753 1.49
+Awpy (14%) 2.12+2.62 0.66 0.1732 1.49
—Awpp (8%) 2.19 + 2.8 0.68  0.1755 1.49
FAwpy (14%) 216252 066 01940 149
“Awps (14%)  2.09+248  0.67 02145 149
FAwpg (14%) 22277 067 01785 149
—Atm1 (50%) 2.13+2.71 0.67 0.1708 1.32
+Atp1 (50%) 2.06 = 2.48 0.7 0.1888 2.23
—Atma (50%) 2.02+2.58 0.62 0.1513 1.04
FAtye (50%)  213+264 071 01854  2.06
—Atps (50%) 1.79 +-2.24 057 0.1897 0.74
+At,s (50%) 2.21 +2.89 0.7 0.1515 1.78
—Awpy (20%) 2.12 =257 0.65 0.1812 1.42
+Awy, (20%) 2.19+2.52 0.83 0.2121 1.79
—Awpma (20%) 2.17+2.46 0.58 0.1633 1.31

continued on next page
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continued from previous page

Saliency Bgmi1 THD Areapwm
ratio (T) (Bgm) (10_4m2)

212 +2.48 0.8 0.2058 1.72
2.18+283 0.51 0.1704 1.19
2.18+2.6 0.74  0.1487 1.6

2.09+261 0.65 0.1824 1.33

2.1+2.51 0.68  0.1809 1.49

+Awfb3 (40%)
+Awm3 (116%)
Wml = Wm2 = 0
+Awps (92%) 22+29 0.65 0.5356 2.39
Aty (33%)
+Awy, (23%)
+Awpe (32%) 2.3+27 1.14 0.1840 2.29
+Awm3 (92%)
SyR-e
Optimal

2.04+216 098 0.2625 2.16

209297 098 0.1877 2.64

Tab. 3.2 reports the FE simulation results for the optimal design (Fig. 3.4a)
together with 29 geometry variations. Among the possible configurations in the
Pareto front, an optimal design has been selected giving priority to the PM
usage reduction but also other choices could be reasonable. In addition, another
optimal design (Fig. 3.4b) returned from SyR-e has been included in this table
for comparison. The available objectives in that toolbox, however, are different:
By, THD is not present and saliency as well as By, 1 are incorporated in the
torque objective. This time, to cover a broader range of possible cases, a higher

priority has been given to the machine performance relaxing the PM volume
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Figure 3.5: Tab. 3.2 results overview. Data are normalized on the basis of the

optimal design and rearranged to assist the comparison.
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constraint.

Taking the optimal design as reference, the Tab. 3.2 data can be normalized
and rearranged for better understanding as in Fig. 3.5, instead of adding the
percentage deviations. The 30 rotor configurations in the table are numbered
from top to bottom. Every marker above the zero threshold refers to a function
objective result worse than the optimum, whereas the markers below identify
results better than the optimal design. The saliency ratio markers show both

the saturated and unsaturated values. Three considerations can be made.

No geometry variation yields better performances for all the four objectives,

so the optimal design belongs indeed to the Pareto front.

Every configuration whose Bg,,1 gets closer to 1T, uses more PM. This
is partially expected but it means that the possible By, 1 improvements from
THD(Bgm) reduction, obtained adding barriers, are lost to saturate the new
rotor bridges introduced. The three barriers optimal design By, 1 equals that

of the LS 600h rescaled accordingly to the respective PM amounts.

The 27" configuration confirms that longer barriers have a low impact
on the saliency, unless the thickness is increased proportionally. If too many

barriers are introduced, feasibility problems could arise.

These observations suggest that there is limited scope for high number of
barriers in automotive traction motors; however, increasing the number of flux

barriers can be very useful in other application fields.

The convenience of the presented approach, based on a parameterized ana-
lytical model combined with general-purpose optimizers, was evaluated by the
computational effort needed to reach the solution, along with the “quality” of
the solution itself (assumed to be proportional to the total number of the ob-
jective function evaluations). The benchmark is represented by the FEA-based
SyR-e toolbox, that is expected to give more accurate outputs (as it takes
into account also the iron magnetic nonlinearity) at the expense of increased

computational time. The results of this analysis are reported in Tab. 3.3.
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Table 3.3: Computational effort comparison.

Algorithm time (s) func. eval.
Pareto front search 21 65 378
Pareto refinement 4 9256

fmincon 0.14 403
SyR-e (FEA based) 13750 3788

3.7 Spoke-type IPM motors

IPM motors typically make use of expensive rare-earth permanent magnets
and, as the emerging economies will increase the demand for these materi-
als, prices will rise further making rare-earth-based solutions less competitive.
Researchers have proposed different solutions: synchronous reluctance motors,
replace rare-earth PM with ferrite, but probably the most immediate option is
the design optimization to reduce the PM mass.

In this section, a saliency enhanced spoke-type rotor geometry is proposed
in order to replace the Prius rotor with a 28 % reduction in the PM mass
[30]. This approach is studied with a specific analytical model (similar to that
presented in section 2.3) and extensive Finite Element simulations.

There are two main options for the IPM rotor geometry: radial or tangential
magnetization. Both have pros and cons but the former is usually preferred.
However in this case, the rotor mechanical integrity relies on posts and bridges
which, if not saturated, would compromise the magnetic anisotropy. Bridge
saturation results in a flux leakage that can reach up to 25% of the PM flux
(see Tab. 2.6). An interesting feature of the IPM motor with tangential magne-
tization, also known as “spoke-type” motor, is the opportunity to open partially
the rotor bridges instead of saturating them with flux, and then to use more
efficiently the PMs. In this way, the total amount of PM can be significantly
reduced without sacrificing the performances [31].

Obviously, the mechanical integrity requires other solutions. This issue has
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been tackled thoroughly in [32] and [33] both in structural terms and from
the materials point of view with the support of Jaguar Land Rover Ltd. In
the solution proposed by [32], [33], the rotor is composed by the ferromagnetic
poles (without any mechanical role) and a nonmagnetic rotor hub with the
sole purpose of providing mechanical integrity by means of a fir-tree assembly.
Another possible approach [34], relies on axial bolts that retain the rotor poles
radially and suitable plates at the ends of the rotor which restrain the bolts
radially and tangentially. Despite a more complex rotor construction, both
these techniques enable the design to achieve simultaneously the magnetic and

mechanical optimal performances with no need of high speeds tradeoff.

3.7.1 Conventional saliency optimization

By means of the symbolic convention presented in section 2.3, the saliency

ratio £ of the spoke-type geometry (see Fig. 3.6) results as follows:

1
£ = 7 (3.19) D

4 AS, = — 3.20

17 9g (3.20)

1-— z —
(1+4-ASR)Z

The ASR and flux barrier aspect ratio symbols have the same meaning as
in subsection 2.3.1 but the peculiarities of this rotor topology shall be taken
in account. First of all, no lateral (air) barrier is present, then wy, = 0 and the
ASw = lrec - Wi [ty expression results simpler. Secondarily, the AS; has to be
redefined according to (3.20). Comparing the (3.19) with (2.64), it should be
pointed out that in (3.19) the ASR is multiplied by 4. This means that in the
spoke-type geometry, the same flux barrier is 4 times less effective than in the
radial magnetization configuration. In spoke-type IPM motors, therefore, the
achievable saliency, which is related to the reluctance torque, is lower than in
radial magnetization motors. That is one of the reasons why radial magnetiza-
tion is more widespread among the IPM motors commercially available today.
In addition, (3.19) has only one degree of freedom (ASR), whereas in (2.64)
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Figure 3.6: One pole circular sector of a spoke-type motor with V-hole.

the independent variables are two: «,;, and ASR.

By means of the magnetic potential drops introduced along the d-axis, flux
barriers reduce locally the potential difference across the airgap, and so the
magnetic flux decreases as well as the Ly inductance, or in other words, the

d-axis reluctance rises.

3.7.2 Rotor shaping

Another technique to achieve the same result, and therefore to increase the
saliency, might be shaping the rotor surface properly; namely, thickening the
airgap locally around the d-axis. As shown in Fig. 3.6, a V-shape hole is in-
troduced whose width and depth are set by «,, and by ~ respectively. This
technique can be used in conjunction with the flux barrier effect of the PMs,
enhancing the saliency and providing two additional degrees of freedom for
the design. But this particular rotor configuration deserves more discussion

together with a detailed geometric and magnetic analysis (Fig. 3.7).
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Stator

7'C
Figure 3.7: Airgap geometry study.

The V-holes airgap expansion term Ag(6,) involves radially a circular seg-
ment Ag(6,) —red area in Fig. 3.7— and a triangular portion Agy(6,) —blue

area in Fig. 3.7. 6, is the mechanical angular coordinate.

Ag(6,) = Ago(6,) + Ago(6,) (3.21)

After some trigonometric calculations and applying the sine law to the
ADE triangle, Ag,(6,) = AE results as follows (3.22).
D cos(ay,)

Ago(0,) = — |1 — ——= 3.22

9o(0r) 2 [ cos(0,) (322)

Using again the sine law with ABD and then with ACD triangles, yields
the Agy(6,) = AB expression (3.23).

sin(ag, — [0,])

Agy(0r) = Dsin(y) - cos(y) + cos(y + 26,|)

(3.23)

As expected, Ag(£a,,) = 0 since g(6,) is a continuous function, and

Agv(0) equals the geometric height of the V-hole triangular part. In order
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2.5

0, (deg)

Figure 3.8: Solid blue line: Ag(#,) - Dashed red line: cosine approximation.

to proceed with the analysis, (3.21) can be approximated by a cosine function
(Fig. 3.8), being an even function. Hence the airgap thickness g(6,) can be ex-
pressed through a piecewise function (3.24). Finally, as the magnetic analysis
is based on definite integrals over the pole pitch, (3.24) can be approximated
further (3.25) by the average value of the airgap variation Ag.

g+ b [1 — cos (aum) + tan(y) sin (aym)] cos (E . ﬂ) —a < O < Fomm
g(0,) ~ 2 2 apm

g elsewhere

(3.24)
D ) .

g+ —[1—cos(am)+tan(y)sin(an)] =g+Ag  —am <0 < +ap
g(0y) ~ &

g elsewhere

(3.25)
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Since the IPM rotor structure is anisotropic, the magnetic circuit analysis
has to be divided along the d-axis and the g-axis.

Following the field lines in Fig. 3.7, by means of Ampere’s law the magnetic
field H across the airgap (3.26) and PM (3.27) can be expressed in terms of

the respective differences between the magnetic potentials U.

Ha(0,) - 9(0,) = Ur — Uwa(6,)  (3.26)  H,, - %m — U, (327)

While the stator potential Uy, is given by Ampere’s law, the rotor potential
U, has to be determined.

K.4D
2;; cos(pb,) (3.28)

D
Usa(8r) = [ Kea(8;) 5 6} = -
where K,4(0,) = K,q - sin(p#,) is the d-axis linear current density. Recalling

the constitutive relations for the air and magnets, the equations (3.26) and
(3.27) become:

Ho
B r) = r — Usd\Ur 2
wil0r) = s (U = Usa(00)] (3.29)
B,, = _M U, (3.30)

thus providing the flux densities B expressions. The magnetic flux of the stator

relative to a single pole can be found through integration of (3.29).

b7 D Ly
¢sd =2 Bsd(e;) 28t
0

e
Em

de.

o P / / 2p / /
_ / Bua(61)D Ly 6. + / " Bug(61)D Ly df.
0 (e}

m

(3.31)

~

DL KsqD
“Gis [UT S

DL KD
+ 7"09 _pst’“ {(g — a5, ) Up + =222 [1 = sin(as, )] }
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Now, Gauss law can be used in order to find the rotor magnetic potential

K.D
=M Z Y (3.33)

U, expression.
63 U =2y

(rbsd = 2¢m = 2wm Lstk Bm

It is also possible to identify a geometry-related factor U, in (3.33) given

by
1— s1n(ozf;)
Y
Ul = —— I (3.34)
Z(1+4ASR) — ——m
2 1+ L
Ag

For the g-axis analysis almost the same steps can be repeated but in this
case, there is not the U, term as the PMs have negligible influence on the g-axis

armature reaction field. Therefore the equations change as follows.

D KD
Usy(6,) = / K02 a0, = L2 G0 00,) (3.35)
2 2p
Hgq(0r) - 9(0r) = —Usq(6r) (3.36)
Ho
Bsy(0,) = ———— - Uy (6, 3.37
O R (3.7
where Ky (6,) = -K sq-cos(p 0,.) is the g-axis linear current density. Computing
the d/g-axis flux ¢4/ from the fundamental term of the B4/, distribution,
the saliency ratio € expression results:
2D Ly, (T2
g = 2D Lstr / " Boa(0l) cos(p6.)de. (3.38)
Tl
2D Ly, [*2 AT
Gog = ——— Bgy(0,) sin(p6,.)do,
L
(3.39)

D 2af, —sin(2a8,)

— Ho I?sq Lstk: <>2 1
29 \p . <1 + 9)
Ag




3.7. Spoke-type IPM motors 113

_ 2af, —sin(2ay,)

1
£ " <1 jg) (3.40)

1 2af, +sin(2af,) N 4U; |, sin(ap,)
g ™ 9

Tl l+ = 14+ =

< Ag) Ag

As expected, the degrees of freedom are three: a,,, ASR and g/Ag.

Although this model is based on a general linearity assumption, it has been
implemented considering also the magnetic saturation effect [35]. By means of
an iterative algorithm, the airgap is virtually expanded in order to incorporate
the magnetic voltage drops in the iron paths along d-axis and g-axis. Two
saturation factors are defined, kgqt ¢ and kgqt 4, to take into account the different
flux magnitude in the d-axis and g-axis, then the airgap is increased locally on
the basis of these factors. Since the g-axis magnetic flux is larger than the d-axis
one, also Ksqtq > ksatd, so this effect tends to counteract the rotor magnetic

anisotropy and limits the maximum achievable saliency ratio.

3.7.3 FEA validation

The proposed model has been validated by means of a comparison with FEM
simulations. Fig. 3.9 collects the cross-sections of all the nine rotor geometries
examined in this work. The color-map denotes the flux density level: from
1073 T (cyan) to 2 T (magenta). As shown in Tab. 3.4, the results are in good
agreement both for the saliency ratio and the reluctance torque T,.;, except
for higher «,,, due to the cosine approximation (Fig. 3.8). In the first six
considered geometries, only the V-holes are varied keeping the PM reference
aspect ratio ASy, unchanged, then in the last three the width and thickness of
the PMs are modified and the ASy, relative changes are reported. Moreover,
Fig. 3.10 illustrates the model estimation of the saliency ratio setting v = 5°
and sweeping o, and ASy. The combined effect of the V-holes and PM flux

barriers can be observed as well as the presence of an optimal «;, angle (when
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~

Table 3.4: Simulation results for model validation. I = 150 A and v = 5°. The
selected design equivalent to the Prius motor is highlighted in yellow.
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Figure 3.9: Cross-sections of the rotor geometries analyzed with FEA. The
color-map displays the flux density: from 1073 T - cyan, to 2 T - magenta.
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NN

Figure 3.9: Cross-sections of the rotor geometries analyzed with FEA (Cont.).
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Figure 3.9: Cross-sections of the rotor geometries analyzed with FEA (Cont.).
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Figure 3.10: Saliency ratio estimated by the model.

too large o, is used, not only d-axis reluctance is increased but also the g-axis
one). Looking at (3.39), it is possible to distinguish the square brackets term,
which can decrease ¢, as Ag rises. This demonstrates that too wide V-holes at
the airgap, although located on the d-axis, might have an undesirable influence

on the g-axis flux also, as can be seen in Figs. 3.9e-3.9f.

3.7.4 Selected design

By means of the analytic model presented above, it has been possible to design
a spoke-type rotor, with open bridges and airgap V-shape holes (af, = 35° and
~v = 5°), equivalent to the Prius motor but with PM mass reduced by about
28 %. Its main technical data are highlighted in Tab. 3.4. The two motors have
been simulated by means of FEA using a 150 A current (that is the average
between the nominal and overload currents) and Figs. 3.11-3.13 compare the
performances obtained. Figs. 3.11a-3.11b show the torque maps of the two

motors including also the control trajectory for MTPA (Maximum Torque per
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Figure 3.11: Torque maps comparison.
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Figure 3.13: Torque analysis comparison.
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Figure 3.14: Airgap B distortion in no-load condition.

Ampere) and flux weakening, followed by the two maximum torque (and power)
- speed curves (Fig. 3.12a-3.12b). As can be observed, the maximum torque
and power curves are nearly the same as well as the control trajectories (only
in the low speed range, the Prius maximum torque exhibits a slightly higher
value). These results are confirmed also by the torque composition analysis
(Fig. 3.13a-3.13b). Vertical bars show the torque ripple amplitude without

any skewing technique.

Unfortunately, this particular rotor shape has a detrimental effect on the
airgap flux density distortion in no-load condition. Looking at the Fig. 3.14
and Tab. 3.4, the third harmonic B, 3 rises significantly and this increases the
magnetic saturation of the motor without any torque gain. This drawback leads
also to iron losses significantly higher than usual, especially near the maximum
speed, as illustrated in Fig. 3.15. The iron losses have been computed with the
Steinmetz equation assuming laminations M250-35A for the stator and rotor

core of the machines considered in the analysis, and taking into account the
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first nine harmonics of the magnetic flux density B in the iron. The results
might be somewhat overestimated, due to the lack of accurate data for the
specific losses at higher frequencies, but it is worth noting that, as expected,
the iron losses vary accordingly to the By, 3 (and By, 1, the fundamental tone)
values reported in Tab. 3.4.

Despite the pronounced losses which occur when the speed approaches the
top value, the maximum efficiency achievable by most of these machines lies
between 95 % and 96.5 %: a very reasonable level. Moreover, the extent of the
high-efficiency area observable in the efficiency maps of Fig. 3.16 is adequate,
though focused around the lower speeds (up to 7000rpm). In conclusion, the
spoke-type rotor topology with open bridges and V-holes can provide a useful
alternative to the conventional radial magnetization IPM motors for automo-
tive traction applications, although only the low-medium speed range should

be used, where the efficiency holds at acceptable levels.
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Figure 3.15: Iron losses maps in watts of the considered configurations.
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Figure 3.15: Iron losses maps in watts of the considered configurations (Cont.).
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Figure 3.15: Iron losses maps in watts of the considered configurations (Cont.).
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Figure 3.16: Efficiency maps (in %) of the considered configurations.
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Chapter 4
New prototype design

After a detailed analysis of the industrial state-of-the-art carried out in chap-
ter 2, and an in-depth discussion of the main design options for the EV traction
IPM motors (see chapter 3), here a new prototype design will be described.
The prototype technical specifications come from a possible student for-
mula racing application and are reported in Tab. 4.1. According to the rules,
the overall maximum power of the vehicle must not exceed 80 kW. Then, in
order to provide the car with an electronic differential, the powertrain will con-
sist of two independent motors. Each motor nominal power P, is therefore
40kW and the overload power P,,,, has been set to 7T0kW in order to make
possible torque vectoring. Vehicle dynamic simulations returned the remaining

prototype specifications taking into account the vehicle characteristics (e.g.:

Table 4.1: Prototype motor specs.

Symbol Value Units Symbol Value Units
Pz 70 kW Poom 40 kW
Traz 160 Nm Thom 80 Nm
Winazx 20000  rpm Vius 600 A\

r 10 # m 3 S
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mass, top speed). Despite its original mission, the prototype specifications are
also compatible to multi-purpose vehicle modular powertrains.

In the next sections, the most important design steps will be summarized,
then additional information about the particular winding scheme will be pro-
vided and finally the electromagnetic, dynamic, thermal and mechanical per-

formances will be assessed by means of Finite Element simulations.

4.1 Preliminary design

In order to maximize the machine torque density, the number of pole pairs p
is set to 5. If the number of slots per pole and phase was 2 as usual, the motor
diameter would be rather large, so ¢ = 1.5 has been chosen thus leading to a
total number of slots Qs = 45 lower than that of the Prius and LS 600h. As a
consequence, the winding scheme must change from a single layer full pitch to
a double layer short pitch. This arrangement has a winding factor k,, = 0.9452
for the fundamental, as it will be shown in the next section.

Looking at Tab. 2.2, the slot pitch ps is a relatively “stable” parameter
even with various machines configurations, therefore setting ps = 8.5 mm, the

prototype inner diameter can be found:

_ psQs 8.5 x45
o Vs

D = =121.7mm
T

The maximum current amplitude I selected to feed this motor is 180 A. For
traction applications, the electrical machines typically adopt water cooling sys-
tems, and it enables to use rather high electric loading levels: K s =160 Amm™!
and Js ~ 30 Amm~2. From (2.18):

B 160 x m x 121.7 B

= =120
3 x 0.9452 x 180

s

and from (2.3)—(2.4):
L 3x120
Neg = Ne = 45 =

since n,, has been set to 1.
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Similarly, from (2.13) and (2.17):

I 180
S. =Sy = —— = —— = 4.24mm?
T IV2 0 30V2

For this prototype, a wire diameter d. = 0.75mm, close to that of the
BMW i3, has been selected in order to keep under control the possible skin
effect due to the high maximum frequency. The wire cross-section surface S,
results 0.4418 mm? and then
Se 4.24
Si. 04418

As the number of wires per conductor n.. has been rounded to the nearest

Nee =

higher integer, the S., Sceq and J, values have to be updated:

S. = Seeq = 4418 mm? Js = 28.8 Amm 2
A fill factor kg;; = 0.35 has been chosen (lower than in Prius and LS 600h)

to account for the additional insulation in the slots of a double layer winding.

Scu = ne - Se = 35.343 mm? Ssiot = Seu
kin

=101 mm?

Now, recalling (2.28) and the other related formulas in section 2.3, the

motor active volume can be determined.

5 po KD 1
~ ~ B, =2 Sz 4.
Kyq = K cos(af) (4.1) AT Top ¢ (43)
. ~ K. D
Ry = K, sin(af) (4.2) By = % : 2‘; (4.4)

where ¢” = kgq - ¢’ is the effective airgap due to the iron magnetic saturation.

Assuming a convenient and reasonable value for the maximum torque cur-
rent angle af = 135°, a Carter coefficient k. = 1.065, a saturation coefficient
ksqt = 1.8, a saliency ratio £ = 2.6 and a B\gm =0.8T:

Ko = —Koq=—112Amm™" By=-"2=_043T

Ko =112Amm ™" By =1.12T
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The assumptions about £ and Bgm are based on Tabs. 2.5-2.6, but must be
verified at the end of the design calculations, as well as the other parameters
such as kgqt.

Since Egm and B\sd are airgap flux density components of Bg orthogonal to
B,

~

~ ~ 2 ~
By = \/<Bgm +Bu) + B2 = /08— 0437+ 112 = LIST

By means of the following flux tube relationship, it is possible to determine

the teeth width w; and then inner slot width wy, as ps = ws + wy.

By ps- Loy = By-wy - Lpe (4.5)

where Et is the peak flux density in tooth and Lre = kpger - Lsti-

Since the maximum speed of the prototype is rather high as well as the
number of poles, a low specific losses lamination M250-35A has been selected.
For a lamination so thin, kp,e is about 0.96. Therefore, taking the maximum
possible values of Eg ~ 12T and of B; = 1.85T (the iron saturation value

with a slight safety margin), from (4.5):

_l2 1
Y185 096 O T ot

and w, results 2.8 mm.
By means of the trapezoidal approximation (2.15), the slot height hs and

the outer slot width wg, can be found:

Q 4
hs = 27; w? + @SSZOt — Ws | = 22.9mm
-(D+2h
wsezﬂ—i( + S)—thGmm
Qs

Now kg4 can be computed to check the previous assumptions. It is defined

as the ratio between the sum of all the magnetic potential drops along the flux
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path and only the potential drop through the airgap.

By
SHAI ! + Hy hs + Hp; lyi
Hy-g' By
g
Ho
where H; is the tooth magnetic field corresponding to B; in the M250-35A

magnetization curve, whereas Hy; lp; is the potential drop related to the stator

ksat = ~ 1.8

back-iron.
The assumptions are therefore valid and so the active volume can be ob-
tained through (2.28):

By substituting D = 121.7mm, the stack length results:
Ly, = 82.4mm

Finally, the back-iron height hy; can be calculated. As explained in section
3.2, the magnetic flux of each pole splits in two halves and each half goes to

the nearest adjacent pole through the stator back-iron [15].

DL ~  121.7-107%x 82.4-1073
¢g _ stk . Bg _ X
P 5
0.0024
b = 99 _ 00024

= = 0.0012 Wb
5 5 0.0012 W

Again, considering a magnetic saturation limit Bpiprax = 1.857T in the

1.18 = 0.0024 Wb

back-iron, results:

B Obi B 0.0012

" LpeBpinrax  82.4-1073 x 0.96 x 1.85
and all the elements necessary to find the stator outer diameter D, are avail-
able.

= 8mm

hi

De. =D+ 2hs +2hy; = 183.5mm

Obviously, this is only a preliminary design and all the machine parameters
are to be checked with FE simulations and adjusted where necessary. For this
reason, the final machine parameters in Tab. 4.2 and 4.3, could be slightly
different.
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4.1.1 Flux weakening

Before moving on to the next topic, some preliminary considerations about the
FW capabilities and the maximum reachable speed.

AS wimae = 20000 rpm, the maximum control frequency is

PWmae 5 x 20000
- - —1667H
I'="%0 60 z

and the corresponding angular frequency w, = 10472rad/s.

Since the Vp,s = 600V and assuming a space-vector PWM modulation,
the inverter maximum fundamental voltage amplitude is Visax = Vius/V3 =~
330V and the related flux linkage is A= Virax/we = 330/10472 = 0.03 V's.
Therefore the corresponding flux ¢4 and airgap flux density Eg are:

2
ksz

p

—— =0.277T
DLy 0.277

¢y = A = 0.0005 Wb By = ¢,

Setting the current angle to the maximum theoretical value for FW af =
180° leads to a negligible By, ~ 0 and a Byg = —0.6 T. This yields a B, =
0.8—0.6 =0.2T < 0.277T. It means that a current angle value suitable to
reach the maximum speed rating of this prototype exists. To go further into
detail, FEA is needed because the strong approximations made in this section
(like a single saturation coefficient for both the frame axes) deny the possibility
to achieve additional and reliable information. A more detailed analysis will

be provided in section 4.3 using FE simulations.

4.1.2 Rotor geometry

For the rotor geometry, a two flux barrier modular scheme composed by three
NdFeB magnets per pole (similar to the LS 600h) has been chosen since it has
proved to be one of the best solution. Then, an optimization process, based
on the model described in section 2.3 and 3.6, has sized properly the rotor
elements leading to the CAD drawing in Fig. 4.1.

Table 4.2 reports the final design data.
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(b) Prototype circular sector drawing (two poles)

Figure 4.1: Prototype motor geometry.
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Table 4.2: Prototype motor data.
Symbol Value Units Symbol Value Units

Pz 70 kW Prom 40 kW
Trax 160 Nm Trom 80 Nm
Wmaz 20000 rpm Vious 600 A%
m 3 # P 5 #
Qs 45 # q 1.5 +#
D, 186.83 mm D 121.7 min
D, 120.1 min D, 60 mm
g 0.8 mm L 98.3 mm
Yq 4.5 # Tp 38.23 #
Qs 8 deg Ds 8.5 mm
hpi 7.8 min o 5.7 min
hs 22.76 mm Weo 1.88 mm
hom 3 mim Wy, 14 min
Ne 8 # Nee 10 #
Tpp 1 o Nes 8 #
N 120 # Nse 15 H
de 0.75 mm Ligm 0.35 mm
krin 0.35 +# Epack 0.96 +#
PMS/Qp 3 # GPM 0.94 kg

GFe stat 8.1 kg GFe rot 4.42 kg
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4.2 Winding

So far, only single layer full pitch windings have been examined. In this section,
another winding arrangement is analyzed: this prototype has a dual layer short
pitch scheme, see Fig. 4.2. In Fig. 4.3 the vertical segments (distinguished by
solid and dashed lines) denote the slot halves: each pair of segments represent
one of 45 numbered slots. Obviously, since the number of turns per slot n, = 8
is even, in each slot half there are 4 turns, as illustrated near the end-windings.

Figure 4.4 compares the star of slots of the Prius and LS 600h full pitch
winding to that of the prototype short pitch winding. The three phases are
highlighted by the colored triangle pairs: green, ligh blue and yellow. The
number of back-emf vectors is different in Fig. 4.4a and 4.4b, as the machine
periodicity ¢, namely the greatest common divisor of ()5 and p, is 4 for Prius
and LS 600h, corresponding to 48/4 = 12 vectors, and 5 for the prototype,
corresponding to 45/5 = 9 vectors.

As Fig. 4.5 illustrates, the fundamental winding factors of the two schemes
are similar but the short pitch exhibits not null winding factors also for the
even order harmonics. Even harmonics are created by the winding distribution
patterns which does not repeat on pole basis, as the even components of the
airgap magnetomotive force (MMF') spectrum created by the coils of one pole
are not fully eliminated by those of the adjacent pole [36]. However the even
order winding factors of this arrangement does not reach serious levels.

Most of the analyses shown in this section have been carried out by means
of the open source software Dolomites |37].

Table 4.3 reports the prototype winding main data.



140 Chapter 4. New prototype design

Figure 4.2: Prototype short pitch winding scheme.
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Figure 4.3: Winding arrangement of the prototype (single phase).
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11

10
(a) Toyota/Lexus full pitch

3

> 1

7

8

(b) Prototype short pitch

Figure 4.4: Windings stars of slots.
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Table 4.3: Prototype winding parameters summary.

Symbol I=90A I=180A Units
K 0.9452 -
Ly 60.1 mm
L. 158.4 mm
Sie 0.4418 mm?
Se 4.42 mm?
Seceq 4.42 mm?
Scu 35.34 mm?
Ssilot 103.09 mm?
ki 0.35 4
R, (@20°C) 75.86 mQ
J 14.11 28.22 A mm™?
K, 80 160 Amm™!
Volcy, 257300 mm?
Geu 2.29 kg
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0.966 O 966 0.966
0.945 0. 945 0.945 0.945

1
0.8 0.707 0.707
0.577 0.57
0.
0.
0.259

0. 0.14

0.06 140 ‘8 14 0.06 0.061

O .
2

7 8 9 10 11 12 13 14 15 16 17 18 19 20

Harmonic order

)]

i

N

m Single layer full pitch ~ ® Dual layer short pitch

Figure 4.5: Computed winding factors for the two considered winding arrange-

ments (fundamental and harmonics).

4.3 FE simulations results

As done in chapter 2, the overall motor performances are evaluated with FE
simulations. Fig. 4.6 shows the saliency ratio map of the prototype. The simu-
lated values are close to the £ assumed in section 4.1, although slightly lower.
The magnetic parameters of the prototype are reported in Figs. 4.7-4.9. In
Fig. 4.8a, it can be noted that the d-axis flux linkage changes its sign for nega-
tive 74 values close to the nominal current (dashed red circle). It is an promising
signal for the FW technique and the control trajectories in Fig. 4.11b confirm
this. As shown by the dynamic curves (Fig. 4.11a) a moderate power drop oc-
curs in overload conditions at the high speeds because, to reach the maximum

speed with a so large current, the third FW region is needed.

The prototype meets the required performances and exhibits at the same

time a rather low torque ripple (see Fig. 4.10). This machine has a PM torque
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Figure 4.6: Prototype saliency ratio map. Circles represent the current limits

(solid line for overload conditions and dashed line for nominal current).

component more pronounced than the reluctance one, in comparison to the
Prius and LS 600h motors. The machine torque density probably benefits from

this choice and nonetheless the overall amount of PM is not excessive.
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(b) Lq map.

Figure 4.7: Prototype dg-frame inductances. Circles represent the current limits

(solid line for overload and dashed line for nominal conditions).
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(b) Aq map.

Figure 4.8: Prototype dg-frame flux linkages. Circles represent the current lim-

its (solid line for overload and dashed line for nominal conditions).
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(b) Lq plot.

Figure 4.9: Prototype dg-frame inductances. Color gradient shows the current

dependency from the dg current not in the x-axis.
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Figure 4.10: Prototype torque analysis with overload current. (a) shows the

torque composition. Vertical bars report the ripple. (b) illustrates torque ripple.
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Figure 4.11: Prototype max. torque and power vs. speed (a) with control tra-

jectories (b). Solid and blue line for overload, dashed and green for nominal.
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Figure 4.12: Prototype airgap flux density at no load condition (two poles).
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Figure 4.13: Open circuit prototype back EMF at 1000 rpm.
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Finally, Fig. 4.14a shows the total losses of the prototype expressed in watts,
while Fig. 4.14b depicts its efficiency map. The motor exhibits a high efficiency
zone rather large. The iron losses are computed by means of the Steinmetz
equation and considering an M250-35A lamination. The first six harmonics are
taken into account. As Figs. 4.15 illustrate, the ohmic losses dominate the iron
losses and in particular, the rotor iron losses are almost negligible compared
to those in the stator. This is normal as it is a synchronous machine, however
such low levels of the iron losses probably are due to the winding scheme and

the low magnitude harmonics it produces.
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Figure 4.14: Prototype total losses (a) and efficiency (b) maps.
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Figure 4.15: Prototype ohmic (a) and iron (total) losses (b) maps.
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Figure 4.16: Prototype iron losses in the stator (a) and rotor (b).
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4.4 Thermal analysis

Thermal analysis has been performed by processing loss data through a lumped
element thermal model in order to identify the proper insulation class, to assess
the machine overload behavior and to size the water jacket.

As previously noted, the typical electric load of the traction automotive
motors is very high. This means that heat dissipation issues can arise and so the
thermal simulation analysis is very important. Although the thermal behavior
of an electrical machine is rather complex as it involves both conductive and
convective phenomena [38, 39|, lumped parameters are usually an accurate
method for the thermal analysis [40, 41, 42| since the motor geometric structure

is quite regular.

4.4.1 Heat conduction in the motor core

The radial magnetization machines have a cylindrical shape, hence the most

convenient way to express the Fourier heat law is in cylindrical coordinates.

T
or

koT oT
Al il 4 4.
r@qba¢ k‘aza (4.6)

Gy —
where ¢ stands for the heat flux, k is the thermal conductivity and (a;., ay, az)
represent the cylindrical coordinates unit vectors.

Now, the steady-state heat diffusion equation is:

Vog+4q = %% <’”(Z§> +:(§¢ <fjg§;> +% <k‘gf> +q =0 (4.7)
where ¢’ = dq/dt corresponds to the “heat generation” term.

In addition, some thermal conductivities in the electric motors are very
anisotropic and for this reason, Tab. 4.4 reports both axial and radial values
for the iron lamination and stator winding. Usually, dielectric materials exhibit
a low thermal conductivity. This explains such different axial and radial ki,

as well as kg, [38, 43, 44, 45, 46].
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Table 4.4: Main thermal conductivities in Wm™' K~! and specific heat capac-
ities in JK~1kg™! [38, 43, 44, 45, 46].

Material Symbol Axial Radial Units

Air Kair 0.026 Wm 1K™!
Water k20 0.613 WmTK!
Aluminium ki 167 Wm T K!
Iron lamination Kim 1.7 21.9 Wm T K!
Stator winding ksw 292 0.99 WmTK!
Slot insulation ksri 0.18 Wm K !
PM (NdFeB) kpar 9 Wm1K™!
Shaft ksh 51 WmtK™!
Water CH20 4179 JK lkg™!
Iron lamination Clm 447 JK kgt
Copper CCou 385 JK 1kg™!
Shaft steel Csh 446 JK kg™t
PM (NdFeB) cpM 450 JK kg™t

Equation 4.7 can be translated in an equivalent thermal network (Fig. 4.17),
whose parameters can be found separating each component by means of proper
assumptions about heat generation and boundary conditions. This network
comprises three resistances arranged in a “I”-configuration on the right side of
Fig. 4.17b, for the axial conduction, and three resistances on the left side, for
the radial conduction [47, 48, 49]. The independent generator and the capaci-

tance C at the center correspond to the heat generation and storage effects.

Axial diffusion with zero internal heat generation ¢ = 0: In this case,

(4.7) becomes:
0 or

where k, is the axial thermal conductivity.
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(a) Cylindrical geometric parameters.

U

i T

(b) Thermal network.

VWA N
R3r ﬁ R3a
R2r Q 1A CcI R2a

Figure 4.17: Equivalent thermal network for heat conduction in a cylindrical
geometry [47, 48, 49].
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Imposing the boundary conditions T'(—1/2) = T35 and T(I/2) = Ty, the

solution of the differential equation (4.8) results:

Ty—T; Ty+T
T(z) = 41 2+ 4‘; & (4.9)

[ is the cylinder axial length.

From the following thermal resistance definition (4.10), the Rj, and R,

expressions can be obtained.

AT k A 1
A= —f AL = el A AT 41
q dz 1 Ria + Rou (4.10)
Ry = Ryy = 1 (4.11)
la — 2a — QkaA .

A is the cross-section surface corresponding to the z-axis.

Axial diffusion with zero surface temperatures 7(—1/2) = T(1/2) = 0:

This time, the heat generation term is taken into account.

o (, or\ ,

Therefore, the temperature profile T'(z) results as follows.

qP (1 22

In order to apply the thermal resistance definition also in this case, the

average temperature value 7 must be computed.

o 1 +1/2 q/ 12
71 T(2)dz — 4.14
l /_ " (2)dz = 1503 (4.14)

R3a + R1a| ’RQa —

y (4.15)
2 2)

Finally, substituting the cross-section surface expression A = 7(ry — rj

the axial equivalent thermal resistances become:
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l

Rig=Rog=——
! 2 2ka7r(r%—r%)

(4.16)

l
6 kaﬂ'(T% — r%)

R3, is a negative auxiliary term, not a physical resistance.

R3, = (4.17)

Radial diffusion with zero internal heat generation ¢’ = 0: In this
case, (4.7) can be simplified in the following way:
10 or
-—— | kr— ) =0 4.18
ror < r’ 8r> (4.18)
Again, the solution of (4.18) compatible with the boundary conditions
T(r1) =T, and T(rq) = T; is:

oy = 22T (2 oy (4.19)
T2 r1
u ()
1
i =T (4.20)

Following the same procedure as for (4.10) but using A = 277 and the
temperature derivative (4.20) along the radial coordinate r, the total equivalent

resistance is found.

1

ln<>

)
R + Ry — — N2/ 121
e (4.21)

In order to split (4.21) in the Ry, and Ry, values, the average temperature

T has to be computed.

T:

2 "2 Tor;—Tir; To—T
22/ T(T)-T‘dT': 2" 17 — 2 ! (422)

2 _ 2
R =TT e Ty =T 21n 2
r1
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-7
Ry,
Then the thermal equivalent resistance definition (4.23) and (4.21) yield

the final Ry, and Ro, expressions.

gA = (4.23)

1 2 r% In(rq/72)
r= 1-— 4.24
Rl 4k, 1 [ r% — r% ( )
1 27“% In(ry/72)
Ry = [ - 1 (4.25)

Radial diffusion with zero surface temperatures 7'(r1) = T(r2) = O:

As with (4.12), the heat generation term ¢’ changes the T'(r) function.

10 oT ;o
q 7’% - 7'% r 2 2
T = — ] e — 4.2
(r) 4k, [ln(rg/rl) . 1 (r" =) (4.27)

Then, from (4.27) the average T' value becomes:

T- 2 /TZT(r) rar =L [p2 gy BT (4.28)
N r3—r? )., T8k | 2 1 In(re/r1) '

Now, all the elements necessary to find Rs, are known.

2 2
B B P22 1772
T T 1 2 111(7‘1/7‘2)
o P _ _ 4.29
3r + 1r|| 2r —q'lA _q/ﬂ'(T% - T%)l 8 krﬂ-(r% - T%)l ( )
1 472 r31n(ry/ro)
- 871-]{:T(’r% — r%)l ]+ 735 r% _ r% ( )

Fig. 4.17b network is used for many concentric areas within the machine:

the stator back-iron, the teeth, the rotor “surface” region (where the PMs are
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placed), the rotor yoke and the shaft. For each of these motor parts, different
radii r1, ro and conductivities k,, k, have to be selected properly. The only pa-
rameter which does not change for the whole machine normally is the cylinder

axial length set to the machine stack length | = L.

4.4.2 Heat conduction in the winding

Together with teeth, the stator winding forms a sort of “interdigitated struc-
ture”, hence its equivalent thermal network can be calculated similarly to a
circular comb heat exchanger [38, 40]. The first step consists in defining a

conventional axial thermal resistance R, 4 and radial thermal resistance R;;p.

l
R = — 4.31
tha N Sslot kswA ( )

where N is the number of “fins” (here the number of slots, N = Qj), St is

the slot cross-section surface and kg4 is the winding axial conductivity.

1 1 t; 1
R e — 4.32
thit IN (47Tksz + Py kslz' T P hC) ( )

The radial thermal resistance R;,r consists of three components: the first
is related to the heat conduction within the slot (ksyr is the winding radial
conductivity), the second refers to the heat conduction through the slot insu-
lation (Pss is the slot perimeter, ¢; is the insulation thickness and kg; is the
insulation material conductivity) while the third is the contact resistance (h.
stands for the contact heat transfer coefficient). A radial conductance can be
also defined: Gypr = 1/RypR.

Because of the strongly asymmetric shape of the winding, (4.31) is not
accurate since neglects the combined effect of the axial and radial heat con-
duction. Therefore, following an analytic procedure like that in the previous
subsection and making some approximations, (4.31) can be replaced by three

resistances in “T”-configuration: Ri,, Ro, and Rs,.
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R vV Ripa G
Rig = Ryq ~ 1] =24 tanh <“‘AthR> (4.33)
Ginr 2
1 VRina Ginr
R3q >~ . -1 (4.34)
Ginr | sinh(vV/Ripa Ging/2)

4.4.3 Airgap convection

Among the several convective contributions, the most important is that related
to the airgap, as it is the only thermal resistance which connects the rotor
with the stator. The heat transfer characteristics vary with the rotor speed
[50]. When the rotation speed is particularly low, the natural convection is
preponderant. As the rotor speed rises, also the Taylor number increases and
the flow (called Couette flow) becomes steady and laminar. Then, once the
critical speed is exceeded, the flow becomes very turbulent and the so-called
Taylor vortices take place [51].
The airgap heat-transfer coefficient hy is function of the Nusselt number
Nuyg.
Nu
hg = Kair - ng (4.35)
Because of the different flow conditions, the Nusselt number is expressed

by a piecewise function.

2 Tay < 1994
Nug = §0.128 Ta)?%" 1994 < Tay < 1 x 10* (4.36)

0.409 Ta)?*' 1 x 10* < Tay

Obviously, the Taylor number Ta, depends on the rotor speed w.
Tag =w” — 55— (4.37)

where v, is the kinematic viscosity of air.
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Table 4.5: Steady-state motor temperatures in nominal operating conditions.

Machine part Temperature (°C)

Winding 143
Stator teeth 78
Stator yoke 49
Rotor surface 79
Rotor yoke 77
PMs 79
Shaft 75

Figure 4.18 depicts the overall motor thermal network. It can be observed
that the radial dimension is represented vertically whereas the axial dimension
horizontally. In particular, each rectangular box contains three “T”-arranged
resistances (see previous subsections), the circular elements incorporate the
heat generator and capacitance of Fig. 4.17b, while the oval elements are for
the convective equivalent resistors. The first rectangular element on the top of
the schematic is the water jacket equivalent thermal resistance.

Both the convective resistances (except for the airgap) and the water jacket
are modeled as described in [38, 39] and [52, 53].

In conclusion, Tab. 4.5 and 4.6 report the prototype temperatures in steady-
state conditions and the water jacket parameters, respectively. The operating
point which has been selected is the worst (highest losses) with the nominal
current: the maximum torque (about 80 N m) and base speed. As can be noted,
the machine needs at least a class F' insulation but the class H should be
preferable. For the water jacket, aluminium case has been assumed.

Finally, Fig. 4.19 shows the overload capabilities of the machine for 30s.
It is a rather long timespan for the traction application, and the simulation
results are very encouraging.

The winding and stator teeth temperatures dominate the others which seem

also less variable.
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Table 4.6: Water jacket parameters.

Parameter Symbol Value Units
Water flow rate - 15 L/min
Tube diameter diube 10 mim
Tube turns number Niube 6 +#
Tube walls thickness trube 3 mm

4.5 Mechanical design

The IPM machines rotor topology requires dedicated structures, called iron
bridges or ribs, in order to guarantee the rotor mechanical integrity. The
iron bridges design is a critical task, since they are responsible for PM flux
leakage (see Tab. 2.6) and rotor magnetic anisotropy deterioration, despite
their mechanical key role. Thicker iron ribs have higher mechanical strength
but loose more magnetic flux, along with torque, whereas thinner ribs satu-
rate more deeply, giving better magnetic performances, but they could be too
weak. Therefore, the iron bridges dimensions are inherently subject to a design
tradeoff. The automotive traction applications are a very challenging context
for these kind of issues, as EV electric motors typically exhibit high torque
ratings, especially with the overload current, and can achieve a speed of more
than 10 000 rpm. Consequently, the iron bridges in an IPM motor for EVs must
withstand very large centrifugal and electromagnetic forces at the same time.
In addition, reliability in automotive is of primary concern and the average car
customer is rather demanding about this matter.

Most professional CAD softwares for the IPM motor design integrate finite
elements (FE) structural analysis modules to manage the stresses and strains
of the rotor geometry. The standard approach consists in sizing the iron bridges
so that the highest computed von Mises stress in the iron ribs is lower than the
lamination yield strength (or, more rarely, the ultimate strength). Sometimes

the maximum acceptable stress value can be set also with an empirical safety
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coefficient. Up to 25 % of the PM flux is used for the iron ribs saturation in an
IPM machine, thus leading to a significant PM under-utilization. Improving
the effectiveness and accuracy of the mechanical design could therefore enable
remarkable cost savings without affecting the performances, by means of PM
volume reduction or replacing rare-earth PM with ferrites.

Many studies in literature about mechanical integrity of IPM rotors, neglect
magnetic force, giving attention only to the centrifugal force [54], or make
simplifying assumptions such as constant magnetic force independently from

the operating condition [55].

Table 4.7: Operating points studied.
Prius LS 600h Prototype

Speed  Torque Speed  Torque Speed  Torque
(rpm)  (Nm) (rpm) (Nm) (rpm) (Nm)

3320 205.1 5310 3034 4020 159.7
13500 44.53 10230 1709 20000  27.3

In this section, a detailed FE study of the mechanical stress propagation in
the iron bridges of the Toyota Prius, Lexus LS 600h and the new prototype IPM
motors is carried out considering both the electromagnetic and the centrifugal
forces. The analysis compares the resulting stresses in two operating points
(see Tab. 4.7) for each motor:

e maximum overload torque at base speed,
e maximum overload power at top speed (with flux weakening).

The rotation angular direction is illustrated by the circular dashed curve in
Fig. 4.20 and the rotor circumference coordinates system has the same direction
but is located at the rotor outer radius. The rotor iron bridges are highlighted

with color gradients.
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o

(b) LS 600h.

Figure 4.20: Angle and rotation direction convention.
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4.5.1 Magnetic force computation

Magnetic stresses acting on the rotor have been computed by means of the
Maxwell’s stress tensor, which is a consolidated technique [56, 57, 58, 59, 60].
According to Maxwell’s stress theory, the magnetic field strength between ob-
jects creates a stress op on the object surfaces. The stress occurs in the di-
rection of flux lines and can be divided into its radial op, and tangential op;

components [15].

1
rr = 5 1o (H? — H}) (4.38)
Ot = Mo Hr Ht (439)

Equation (4.38) and (4.39) need the magnetic field radial H, and tangen-
tial H; components in the airgap, while g = 47 - 1077 H/m is the magnetic
permeability of free space. Therefore, the rotor magnetic stresses are computed
post-processing magnetic FEA results. In this study, the open-source tool Fi-
nite Element Method Magnetics (FEMM) [29] was used.

The dynamic curves in Fig. 4.21a and 4.21b come from the maximum torque
per ampere (MTPA) and flux weakening (FW) control techniques in overload
conditions. Two notable operating points (highlighted with the blue diamond
markers) are considered: the first one, represents the maximum speed point
achievable in the maximum torque speed range, so it combines a high centrifu-
gal force together with the maximum magnetic one; the second point explores
the constant power speed range (CPSR) of the dynamic curves, giving more
importance to the centrifugal component than to the magnetic one, so the top
speed is selected along with the related torque that results from FW.

Figs. 4.22-4.24 show the magnetic stress distributions o, and og; on the
rotor surface of the Prius, LS 600h and prototype motors. Figs. 4.22a-4.23b
illustrate the magnetic stresses computed for one pole, as the flux density re-
peats periodically for those two motors on a single-pole basis. On the contrary,
since the prototype motor winding scheme is dual-layer fractional pitch, the
minimum the machine portion that repeats is two poles (see Fig. 4.24). The

data refer to d-axis aligned rotors. In figs. 4.22a-4.23b some dashed vertical
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Figure 4.21: Dynamic curves. In (a) and (b) the solid line is torque, while the

dashed line is power.
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Figure 4.22: Magnetic stresses for the high-torque operating point. One-pole

data are shown.
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red lines have been added for reference to pinpoint the rotor outer ribs as the
most directly exposed to the magnetic stresses. Since the electromagnetic and
the geometrical alignment are different in the prototype, the outer ribs position
has not been reported in its figures because it could be confusing.

In all the operating conditions, the radial stress is much higher than the
tangential one. In most cases, the magnetic stress peaks are not located exactly
on the center of the iron bridges but rather high stress values (hundreds of
kPa) can be observed at the boundary dashed lines. In addition, o, and opy
distributions change with the rotor position (Figs. 4.25-4.30), then even higher
stress values may cross the ribs boundary lines. This is due to the interaction
between the rotor PMs and stator slots relative position. Each of the plots in
Figs. 4.25-4.28 show 11 radial and tangential stress curves sweeping the rotor
position in steps of 360°/(2p - 11), while in Figs. 4.29-4.30 the rotor steps are
of 360°/(p - 11).

Looking at the stresses of the top speed operating points in Figs. 4.23a—
4.23b, 4.24b, 4.26a—4.26b, 4.28a—4.28b, 4.29b and 4.30b it can be observed that
peak and average values decrease as expected, due to the FW. However the
peak stresses do not drop all in equal measure, thus changing the distribution
profile. The magnetic stress order of magnitude still equals to hundreds of kPa

and must be added to the maximum centrifugal stress.
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Figure 4.25: Radial magnetic stresses in high-torque conditions and sweeping

the rotor position. The vertical lines mark the rotor outer ribs boundaries.
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Figure 4.26: Radial magnetic stresses in high-speed conditions and sweeping

the rotor position. The vertical lines mark the rotor outer ribs boundaries.
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Figure 4.27: Tangential magnetic stresses in high-torque conditions and sweep-

ing the rotor position. The vertical lines mark the rotor outer ribs boundaries.
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Figure 4.28: Tangential magnetic stresses in high-speed conditions and sweep-

ing the rotor position. The vertical lines mark the rotor outer ribs boundaries.



4.5. Mechanical design 181

|
i

L )
&_‘hl | m”"gw’

k| |
\% \_..,,. W

0 10 20 30 40 50 60 70
Rotor circumference coordinate (mm)
(a) High-torque operating point.

x10°

Stress (Pa)

0 10 20 30 40 50 60 70
Rotor circumference coordinate (mm)

(b) High-speed operating point.

Figure 4.29: Radial magnetic stresses of the prototype sweeping the rotor po-

sition.
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Figure 4.30: Tangential magnetic stresses of the prototype sweeping the rotor

position.
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4.5.2 Structural analysis

The structural analysis is carried out in ProjectChrono [61], which is a “physics-
based modeling and simulation infrastructure based on a platform-independent
open-source design implemented in C++" [62|. The choice of this tool comes for
two of its key features: support for Finite Element Method and massive parallel
computations for large scale simulations. This last feature is really important
to manage practically the huge amount of FEA elements that are needed to
describe the full rotor, in order to have an accurate enough representation of
the stress acting on the bridge regions, that are a limited fraction of the overall
rotor volume [63].

The possibility to describe the system using C++ code, coupled with power-
ful parallel solvers that can run on clusters and GPUs, strives for high through-
put, thus enabling fine meshes and accurate stress results, that could otherwise
be heavily biased. Since ProjectChrono lacks a mesher, the specific module of
the open-source SALOME |[64] suite is used to create the mesh starting from
the rotor geometry. Specific attention is paid to the mesh symmetry which has
been realized manually using only quadrangular elements.

As Fig. 4.31 shows, the structural analysis, in addition to determine how the
mechanical stress due to the rotor magnetization affects the bridges, accounts
for the centrifugal forces due to the distributed iron mass inside the rotor and
to the concentrated one of the magnets; hence, load-carrying capacity of PMs is
neglected. This allows to completely understand the effects of the rotor shape
with respect to the bridge shapes, and also to see if the mass distribution is
detrimental for the overall rotor reliability.

During the static linear simulation, centrifugal force to which the i-th ele-

ment of the rotor is subjected is calculated by means of the following equation:

F. =m;rw? (4.40)

where m; and r; are, respectively, the mass and distance from rotating axis of

the i-th element. Subsequently, the centrifugal force of the element is applied
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Figure 4.31: Prototype stress field at the high-speed operating point. Yellow
dots mark the points where the magnets mass has been added. In blue and

red, the radial and tangential magnetic stresses respectively.

to the nodes of the same element. In addition, the proper amount of centrifugal

force due to the PMs is applied to the nodes in contact with magnets.

At maximum torque, it is clear that the effect of the magnetic forces is
predominant. In fact, we could expect that the stress due to centrifugal forces
- since they are directed along the radial direction - should appear as uni-
formly distributed along the inner central bridge section, as in the case of
a simply stretched beam (Fig. 4.32b). On the contrary, at lower speeds, the
torque exerted by the magnetic forces on the rotor should manifest a more
prominent shear and bending effect, thus implying a non-uniform stress field
over the section of the inner central bridge (see Fig. 4.32a). At maximum speed
(Figs. 4.32b-4.33b), the centrifugal forces are prevailing and their effect is dis-
tinctly having an heavier impact on the stress distribution and peak value,

compared to that of the maximum torque case.
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Figure 4.32: Structural analysis detail of the inner central bridge.
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Figure 4.33: Structural analysis detail of the outer central bridge.
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In conclusion, the maximum von Mises stress in the prototype resulted
approximately 400 MPa at 20 000 rpm while the lamination M250-A35 has a
yield stress of 455 MPa [65], so the mechanical-loading test is passed. The von
Mises stress in the maximum torque base speed operating condition does not
exceed 25 MPa therefore can be neglected. Fig. 4.34 shows a 3D rendering of
the prototype lamination stack to give a direct visualization of the geometric

proportions.

Table 4.8: Specific torque and power comparison. These values are computed

neglecting the water jacket, case and gearbox mass.

Specific torque Specific power

Vioter (Nom k) W k)
Prototype 10.2 4.4
Prius 9.4 2.7
LS 600h 9.8 5.4
i3 7.1 3.6

Typically, the two most used figures of merit to compare electric motors
for traction applications are: the specific torque and the specific power. As
Tab. 4.8 shows, the prototype results better than most of the motors consid-
ered in chapter 2. Tab. 4.8 values differ from those in Tab. 3 as only the mass
of the iron core, copper and PM is taken into account. This choice is necessary
in order to compare motors in fair conditions since the mass of the mechan-
ical components of the prototype is yet unknown. The prototype results are
particularly remarkable considering that the electric machines figures of merit
naturally improve as the torque and power ratings increase. For instance, the
LS 600h specific power is higher than that of the prototype but the LS 600h
power rating (165 kW) is about twice the prototype one (70kW). On the con-
trary, the prototype outperforms the BMW i3 despite the latter having higher
ratings (125 kW and 250 Nm).
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Figure 4.34: Lamination stack rendering of the prototype motor.



Conclusions

The automotive industry is highly competitive as the manufacturers compet-
ing for the market are many and customers are extremely demanding in all
respects: reliability, safety, performance, cost. In this context, the traction mo-

tor design flow must be sound and scientifically rigorous.

This work has investigated the influence of the main design parameters
on the electromagnetic performances of the electrical machines for automotive
traction applications by using analytical methods and Finite Element simula-
tions. Through a comprehensive comparative study between the Toyota 2010
Prius and Lexus 2008 LS 600h, the most important trade-offs and technical
solutions have been pointed out and examined in-depth. Finally, the results
of the analysis have been used to design a new prototype motor for the SAE

Student Formula, with specific power and torque levels highly considerable.

Two additional novel contributions have been proposed: a closed-form re-
cursive magnetic model very useful in the rotor geometry optimization by
virtue of its flexibility and computational efficiency; and a new saliency-enhanced
spoke-type rotor topology which enables substantial savings in the total amount
of the expensive rare-earth PM.

In future, this prototype shall be realized and tested as well as the presented
V-holes spoke-type topology. Also the proposed magnetic model can be further
developed including several secondary effects such as iron ribs nonidealities and

the machine core magnetic nonlinearity.

In addition, academic research is now focusing on different permanent mag-
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net materials in order to replace the rare-earth PMs and to explore the IPM
design possibilities provided for instance by AINiCo magnets, such as Variable-
flux Permanent Magnet Machines or Memory Motors. Among the other lines
of research, the polyphase machines, to enhance the fault tolerance, as well as
the “high torque” machines (e.g.: Vernier, Switched-Flux), to remove the me-
chanical single-speed gearbox, have to be mentioned. Also Axial-Flux motors
are attracting more and more attentions.

Generally speaking, the motor topologies adopted by the automotive in-
dustry appear rather established: Tesla and recently Mercedes have chosen the
asynchronous motors while the vast majority of the other car manufacturers
have selected IPM motors. Except for the introduction of hairpin windings,
today’s motors do not show substantial differences from the two case studies
analyzed in this work. Probably, the underlying reasons are the battery-related

critical issues, whose priority is higher at present.

Looking at a Tesla Model S, the battery pack weights 540kg and costs
450008%. The whole curb weight of the car is about 2000kg and its price is
90000 $. Similar numbers can be observed examining a Chevrolet Bolt. Its curb
weight is 1 600 kg and it costs 37 500 $, whereas the battery pack weights 436 kg
and costs 12 500 $. In other words, the impact of the battery pack on the vehicle
price and weight is huge, therefore car manufacturers see the battery technical
innovation as the key for market competitiveness. A not fully optimized electric
motor is still better than the most advanced ICE available on the market today,

but a 20 % reduction of the battery weight or cost can make a lot of difference.

Vehicles in the J and M segments, such as Sport Utility Vehicles and
Crossovers, have more space on-board to place large battery packs, hence the
next generation EVs will likely belong to those categories (e.g.: Jaguar I-Pace,
Audi e-tron, Mercedes EQC, Tesla Model X). The great power scalability of
the electric motor in terms of density seen in Tab. 3, will support this trend
since providing many horsepowers to the car does not enlarge the motor as
much as would be with ICEs.

However, as happens for the motor technology, car manufacturers do not
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share the same view on the vehicle energy sources. Toyota has never believed in
bulky and expensive battery packs and this is the reason why many years ago
it invested in the full-hybrid technology. Today, Toyota thinks that fuel cells
are the future of EVs. At present, sales of Toyota’s hydrogen fuel cell Mirai
cars amount to around 3000 per year globally, but this number is expected to
grow significantly in the next two or three years to at least 30000 annually.
As a consequence, Toyota plans to step up its component production to meet
demand. The hydrogen technology has a remarkable advantage over lithium
batteries in terms of both weight and cost. In addition, the refuel time is very
much quicker than that of lithium batteries (basically the same as for gasoline

cars).

Unfortunately, another important problem still remains. The weather and
traffic conditions influence significantly the range of EVs and HEVs. Conven-
tional ICE vehicles re-use engine exhaust heat to provide the warm air to
the cabin, while EVs make use of power consuming electric heaters and HEVs
keep the engine running more than necessary. As an example, the Renault
Zoe range drops to about 48 % when heaters are on and to around 75 % with
air-conditioning.

The frequent “start-and-stop” related to heavy traffic conditions can also
shorten the vehicle range. Autonomous vehicles could be the answer together
with increased connectivity. Vehicle-to-Vehicle (V2V) and Vehicle-to-Infrastruc-
ture (V2I) technology allows the car to communicate with other cars and the
infrastructure like traffic lights. Vehicle speed and the distance to other vehicles
can be adjusted immediately in response to conditions on the road. Moreover,
with cloud connectivity, information can be shared to minimize traffic conges-
tion and to optimize fleet-wide fuel efficiency by means of platooning systems.
Platooning dynamically chains vehicles to maximize fuel efficiency. Enhanced
car-to-car reporting enables platooning with intelligent stop and go, high-speed
merging, and obstacle avoidance. Despite some variability, fuel consumption

and emissions reductions tend to be significant (up to 21 %).

In conclusion, whichever will be the future transport technologies, a radical
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change of the infrastructures concerning the energy distribution, production
and information network will be necessary. This process could involve a massive
transformation of both the urban and rural areas, thus it should be considered

with careful attention.
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