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Abstract

This thesis has been accomplished in EDLAB, University of Padua. It focuses on
automotive synchronous motors, in particular IPM currently adopted in electric vehicles
and PM assisted REL developed on the following specifications that have been initially
given:

° Aphase phase = 345 [V]

® fconductor,max = 550 [A]

* Lstack,max = 180 [mm]
® D,y = 256 [mm]

These specifications have been imposed by Jaguar and have been taken as reference
for the REL and PMREL design.
The reason behind PMREL'’s choice is the good performance developed by this type of
motor together with the lower motor price due to the less expensive Ferrite PM. The motors
have been designed by means of electromagnetic simulations in FEMM 4.2 coupled with
data analysis in Matlab and Simulink.
The first chapter briefly introduces synchronous motors and it is therefore necessary to
explain different performance behaviours between IPM, PMREL and REL. The second one
presents the current automotive IPM and particular focus is placed on their maximum
performances. Chapter three deals with three IPM motors whose geometries have been
changed first into pure reluctance and later in PM assisted REL to study the performance
gap between these motors in a better way. Eventually, chapters four and five offer an
in-depth analysis of PMREL and REL designed motors with suitable characteristics for an
automotive application.
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Sommario

Questo lavoro di tesi é stato svolto per portare a termine un’analisi comparativa di
motori sincroni IPM (Interior Permanent Magnet) usati attualmente in ambito automotive
con motori REL e PMAREL (Riluttanza e Riluttanza assistiti) progettati secondo le speci-
fiche date inizialmente.

Il capitolo 1 rappresenta una introduzione teorica ai concetti di macchine a magneti per-
manenti con le definizioni dei luoghi di funzionamento quali MTPA punto base, flux
weakening e MTPV. Questo capitolo é necessario in quanto nei successivi capitoli i motori
presentati sono studiati seguendo queste particolari traiettorie nel piano dq e sono con-
frontati secondo tali prestazioni.

I capitolo 2 rappresenta un’analisi approfondita delle prestazioni che gli attuali IPM
possono erogare, con tutte le considerazioni del caso sui vari carichi elettrici applicati, sui
volumi e poi piti in particolare sulla densita di potenza di queste macchine.

11 capitolo 3 prevede di analizzare tre dei motori introdotti nel secondo capitolo previa
sostituzione del rotore con delle versioni PMREL e riluttanza. In questo modo si vogliono
mettere a confronto le massime prestazioni di tali differenti modelli in modo da capire se
una possibile versione PMREL di tali motori possa essere adatta all'uso automobilistico.
Nel capitolo 4 sono presentati passaggi che portano alla selezione di un motore PMREL
con caratteristiche adatte all’ambito automotive. Per giungere a tali conclusioni sono presi
in considerazione diversi fattori quali le dimensioni e le densitd di potenza e coppia.
Infine si deve tener conto del particolare avvolgimento da inserire i questo motore. Tale
avvolgimento ¢é del tipo hairpin, ovvero una sorta di piattina che va ad incrementare il
Kfii nella cava. Per tale motivi sono scelte le geometrie con cave di larghezza minore in
modo da avere avvolgimenti pit stretti e dunque pit facilmente piegabili nella parte delle
testate. Infine le prestazioni delle macchine PMREL con maggior numero di cave sono
confrontate con modelli quali Prius, Leaf e BMW i3.

Nel capitolo 5 sono descritti i passaggi che portano al confronto di motori a riluttanza con
IPM attualmente in uso. Per tali motori si é scelto un minor numero di poli in modo da
avere un adeguato saliency ratio. A causa dell’assenza di magneti nel rotore, questi motori
presentano prestazioni minori dei corrispettivi IPM e PMREL, dunque il confronto deve
esser portato al livello economico per poter giustificarne I’eventuale considerazione allo
scopo.

L'obiettivo finale di questa tesi é dunque arrivare ad un motore con prestazioni adatte
all’ambito automotive e che porti vantaggi rispetto i motori IPM attualmente impiegati.






Introduction

j—(:ybrid and electric vehicles (EVs), ranging from micro-hybrid to full electric ve-
hicles, are emerging as the most efficient and environmentally friendly products in the
automotive industry. They aim at reducing the fossil fuels consumption, decreasing the
overall emissions and improving the vehicle efficiency and performance. These are the
reasons why the conventional internal combustion engine (ICE) power trains are upgraded
and coupled with electrified powertrains.
Electric traction motors are one of the key technologies which play a major role in the
"electric" transition due to their high power density, wide speed range and high efficiency.
Nowadays’ electric vehicles have been equipped with both the asynchronous and syn-
chronous machines and have therefore their pros and cons.
Induction machines (IM) are the result of a well-known technology, for they are relatively
low cost and a reliable solution. Due to the rotor cage or winding, they suffer from Joule
Losses in the rotor too. This leads to a "stronger" cooling system and to an overall lower
operating efficiency.
The other machine is the Permanent Magnet Synchronous Motor (PMSM) which uses
rare-earth magnets to increase the flux density at the air gap. This type of machine can be
classified on the basis of the Permanent Magnet’s disposition inside the rotor. For example,
there is the Surface mounted PM (SPM) in which the magnet is glued on the rotor surface.
This solution is characterised by a relatively easy manufacturing of the rotor although the
permanent magnet can be subjected to the separation from the rotor at high speeds. In
order to avoid this, the rotor needs to be covered with a protective shell that increases the
mechanical stability. Another solution is that of maintaining the motor maximum speed
below a safety one.
Another type of PM motor is the Interior Permanent Magnet (IPM) in which the magnets
are embedded in specific rectangular-shaped holes inside the rotor. The IPM can be further
classified in V-shaped IPM, where the magnets are more than one per pole and they
are disposed in such a way to form a V-shape. Another type of machine is the spoke or
I-shaped IPM, in which the magnets are placed with their longer side radially. All these
IPM are not vulnerable to the detachment of the magnets but they require a better rotor
manufacturing, in particular for the mechanical strength and the PM flux losses due to the
iron link and ribs.
The major benefit of the PM in the rotor is the absence of Joule Losses, which leads to
an overall improvement on the efficiency with respect to the Induction Motor. However,
the magnet is a delicate and precious material and therefore has to be protected from
demagnetization. Moreover, the magnet is a very expensive part of the machine. On this
last point, another type of IPM that uses a magnetic material made of Ceramic-Ferrite
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composite is introduced. It is less expensive but at the same time produces a lower mag-
netic flux density at the air-gap. This kind of magnet can be inserted in the Synchronous
Reluctance Machines (Sync-REL or REL) to increase their performance especially in the
Flux Weakening region.

The previously mentioned IPM motors are characterized by the highest torque density
between the Synchronous motor typologies although they suffer from the rare earth mag-
nets price variability, as it can be seen in figure 1.
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Figure 1: Rare-earth prices over the period of time between 2005-2011. It shows that in a very short
period of time rare earth magnets increased their price from 50 to 280 Euro per kilogram.

Thus, in order to avoid these sudden price variations, the synchronous motors can be
designed as a Ferrite PM assisted REL, in which the magnets have lower performances but
present at the same time a much lower price. This implies that the PMREL motor devel-
oped to replace a similar performance IPM, will present: higher volume for compensating
the torque loss and a lower price due to cheaper magnets.



Chapter

Synchronous Reluctance and
Permanent Magnet Motors

‘:This chapter offers an overview on the Permanent Magnet and Reluctance machines
which are the subject of this thesis. The basic principles and models of these electric ma-
chines are here explained and compared. The different motors presented below are the
Surface PM motor (SPM), the Reluctance motor (REL), the PM Assisted Reluctance motor
(PMAREL), the Interior PM motor (IPM) with different PM’s disposition.

1.1 Preliminary Information

In this section general information on the electrical machines is provided. First of all
in this thesis we refer to a motor supplied by a three phase power source. In this system
there are three alternating currents (i, iy, ic) and voltages (ug, 1y, 1) of the same frequency
but phase shifted of one third of a period. We assume the voltages with respect to neutral
terminal, and the currents are phase ones like in figure 1.1.

If we sum the phase-to-neutral voltages one another we obtain the line-to-line voltages

(Uap, Upe, Uca)-

u(0) _
_______________ g(t)
uy()
) .«
N g4(t)

Figure 1.1: Three phase motor and space vector representation.

In vectorial form we can define:
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e Line-to-neutral voltages vector: i, = [ug, up, uc] [V];
¢ Line-to-line voltages vector: il = [igp, Upc, Uca] [V];
e Phase currents vector: i = lia, iy, ic] [A];
If it is considered a balanced three phase system where the zero sequence is equal to zero, ie:

() = BOTBO a0 an

It can be here introduced the complex function that links the generic quantity [g4, g5, §c|
to a vector in the complex plane af:

8(0) = 2 [a() + 86(0)0¥ + ge(1)0¥] (12

Equation 1.2 defines a mathematical association between the three phase quantity and a
single vector g(t) also called Spatial Vector. In the plane ap this vector has two components
§(t) = ga(t) + jgp(t), where the real part can be obtained by:

Re[g()] = gu(1) = 5 [sa) S5 9 13)
And the imaginary part comes from:
mmmzwmziljmof&w] (14)

With the equations 1.2 it has been defined the transformation between a generic three
phase system and an equivalent bi-phase («p) system, and the two other equations 1.3
and 1.4 give two orthogonal components of the vector in af plane. Still in the case of
balanced system it can be defined the inverse transformation that returns us the three
phase components from the spatial vector. If we observe the equation 1.3 it can be seen
that the real part is equal to the component g, () of the three phase system. This is the
reason why the a-axis is also called a-axis as it can be seen in figure 1.2.

If we think of applying the rotation of e 27/3 to the spatial vector g(t) and then we
evaluate the real part of this rotated vector we obtain the component g;(t), in short:

Relgu(1)] = Relg(pye 15) = £, 3800

> R Sv(t) (1.5)

In this way it is obtained the g;(¢) from the projection on the real axis of the spatial vector
Qp(t) which is the original one rotated of 120 degrees in clockwise direction. It can be
done the same for g.(t) but in this case the spatial vector has to be rotated of 240 degrees.
Graphically it is visible that it is the same if we leave the spatial vector in its initial position
but now we rotate the axis on which we do the projection of 120 and 240 degrees in
anticlockwise direction as in the figure 1.3.

If we introduce the zero sequence component we can again do the same passages
previously seen but differently from before we have to take into account the value of zero
sequence component in such a way to obtain all the information taken from the spatial
vector. In other words now we have a system with three degrees of freedom and we need
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0 S ) = 6.(9)

g.(t) :
O(t) o
ge(t) wd\ \)) i &)

2n/3:

5,00

Figure 1.2: Spatial vector definition in an a reference.

Figure 1.3: Returning of the starting quantities from the spatial vector.

three different equations. The generic transformation can now be written as follows:

ga(t) =3[ty 84 &0
g5(t) =3[l Sge(t)] (16)
8o(t) = 3 (&a(t) +go(t) +8c(t))
And inverted transformation is:
8alt) = ga(t) + gp(t) + &o(t)
(1.7)

go(t) = 38u(t) + 8 (t) + o (t)
ge(t) = 38 (t)  Sgp(t) + gol(t)

All these equations can be grouped in a more compact way using the matricial form.
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gs(t)

a0

0.0

Figure 1.4: determination of g, g3, ¢ for an unbalanced system.

Here we define the expression:

Supo = [Tabc rx,Bo] Sabe (1.8)

where the matrix [Tabc “50} is the expression of the system 1.6, so it is given by:

1 1 1
) 2 27
[Tabc aﬁo} = 5 ? ? 17 (1.9)
2 2 2
In an similar way it is defined the matricial form of 1.7:
g;bc = [Taﬁo abc} g;ﬁo (1.10)
where the matrix {Taﬁo abc} is given by:
1 0 1
[Taﬁo abc} = % 737 1 (1.11)
1 31
2 2

From the previously written equations it can be introduced the instantaneous power
absorbed by the three phase load:

p(t) = ua(t)ia(t) + up(£)ip(t) + uc(t)ic(t) (1.12)
that can be translated in the a8 system using 1.11:

p() = 3 ua(B)ia (£) + up(0)ip(1)] + Bu1)io(1) (1.13)

From equation 1.13 it can be noticed that this transformation is not conservative for the
electric power, indeed the formula has to be corrected with the 3/2 term in such a way
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to have the real power of the system. In case of a balanced system the zero sequence
components are null and the equation 1.13 can be simplified to:

n() = ;Re [a()i(n)] (1.14)

where ii(t) is the spatial vector associated to the balanced system voltages, and i(t) is the
conjugate if the currents spatial vector.

1.1.1 dq coordinates system

In the field of electrical synchronous machines is often convenient to define a coordinate
system which is rotating. In particular it is introduced the dg coordinate system with axis
fixed on the rotor in such a way that its movement is synchronous whit the rotor one.
Between the two systems a3 and dg there is a different speed, and if a3 is fixed (stationary
system) it can be called w the angular speed between the two systems.

Figure 1.5: dg-axis system definition for an IPM machine.

Now it can be introduced the transformation which connect the two systems:

Gop = §elOru0u) = el 4ol — g el (1.15)

And so it can be called:

Sy = Jupe 100 (1.16)
This equation can be traduced in a matricial form:
il cos(t?dq) sin(ﬁdq) | [ Qu
[gq] _{ sin(%4,) cos(Vaq)| |88) [Taﬁ d"} S (1.17)

In equation 1.17 the matrix is orthonormal and for this reason its inverse coincides with its
transposed. Due to this fact the transformation a3~ dg and vice-versa are conservative
to the powers hence the power calculated in dg system has to be multiplied by 3/2.

In the most general case it has to be introduced the zero sequence component in the
transformation, therefore the matrix becomes:
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cos(V4) sin(dgy) O

[quo “50} = sz'no(l‘)dq) cos(oﬂdq) (1) (1.18)

Through the application of the matrices 1.9 and 1.18 it can be obtained the complete matrix
associated to the transformation abc  dqo:

cos(V4y)  cos(Bqy 27/3)  cos(By, 47m/3)
[T’abc dqo} =3 sin(0gqg)  sin(Vqy, 27/3)  sin(by, 47/3) (1.19)
1/2 1/2 1/2

These equations are needed to explain the various types of motors presented below.

1.1.2 dq inductances

In electrotechnic the inductance is simply defined as:

L= ? (1.20)

Where ¢ is the ux density and i is the current that produces the flux. Again ¢ can be
obtained from the law:

¢= [ (B n)dS (1.21)
AS
The equation 1.21 can be simplified if the surface if maintained fixed, and becomes the
easier: ¢ = B S.
In the case of a synchronous machine the surface S is related to the area of a pole, in other
words:

D
S = Spole = ? Lk (1.22)

The flux density has to be evaluated as the first harmonic of the air-gap induction: B = Bg.
The two inductances L; and L, are necessary to understand the model of the Synchronous
motor. They can now be introduced as:

— $a
{Ld— ; (1.23)
L —% '
q ig

The figure 1.6 below show the flux density of d-axis and g-axis for a six poles reluctance
motor.

The synchronous motors can be classified in basis to type of the rotor, in particular it
can be observed that if the Permanent Magnets are on the surface of the rotor then the
d,q inductances are the same because is indifferent the rotor position in the production
of the flux density by the stator currents. In other words if the PMs are on the surface
the rotor is an isotropic one and L; = L. In the other cases in which the magnets are
inside the rotor, or there are only rotor barriers without magnets the d and q axis induc-
tances are different, and this is due to the difference in the permeability of the flux paths in
the rotor. This can be seen in figure 1.6.This type of electric machine is also called anisotropic.
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Figure 1.6: Example of d-axis and g-axis fluxes in a reluctance machine

1.2 Surface Permanent Magnet Motors

The SPM motor is manufactured in such a way to put the PMs on the rotor surface in
front of the air-gap. The stator is similar to the typical IM one where is placed a poly-phase
winding.

Figure 1.7: Example of a SPM rotor.

The electro-mechanic conversion is based on the interaction between stator flux density
produced by electric currents in the conductors and magnetic fields created by the PMs.
In the figure 1.8 is represented the disposition of PMs on the rotor and conductors in the
stator. The PMs create a no-load induction at the air-gap which is similar to a square-wave
one 1.8(a). On the contrary, it can be supposed a sinusoidal distribution of conductors
in front to the air-gap. This disposition leads to a sinusoidal waveform of the induction
produced by the stator currents 1.8.
Due to the magnet disposition on the rotor the motor is an isotropic machine and the direct
axis and the quadrature axis inductances are equal.

1.2.1 SPM a3 model

To describe the operation behaviour of a SPM motor the general voltage equations are
introduced:
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Aaxis

air-gap

Figure 1.8: Main definitions of a SPM machine

ta(t) = Ria(t) + 25 = Ria() + & (amg(£) + Aas(8)
up(t) = Rip(1) + 240 = Riy(£) + & (A () + Api(t)) (1.24)
ue(t) = Rie(t) + 2512 = Ric(t) + & (Acmg (£) + Aci(1))
In these equations there are (u,, up, u.) that are phase-to-neutral voltages. (i4, iy, ic) are the
phase currents and (A4, Ap, A¢) are the fluxes concatenated by the phases. Through the

hypothesis of absence of iron saturation these fluxes have been separated in A, which is the
PM contribution to the flux and A; that is the current produced flux.

d axis
Mg

Re axis

Figure 1.9: PM flux representation in a generic interior permanent magnet machine

If now the spatial vector equations are introduced 1.2 the model in abc can be translated
in the stationary coordinate system af. In particular the concatenated flux due to the PMs
is described by:
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Mg = Amgel®r (1.25)

Due to isotropic structure of the machine the self-inductances and the mutual-inductances
are equal, in other words the following simplification can be introduced:

La = Lb - LC = Lss (1.26)
LM,ab = LM,bc = LM,ca - LMss (1-27)

In this way the total flux linkage can be written as:

/\a - Lssia LMss (ib + ic) + Aa,mg
Ab - Lssib LMss (iu + ic) + Ab,mg (1-28)
/\c = Lssic LMss (ia + ib) + Ac,mg
In this system it is usually verified that the sum of phase currents is equal to zero:
ig +1ip +i. = 0 t. In this condition it can be defined the synchronous inductance as:

L = Lss + Lss-
Now the voltage equations can be particularized using the synchronous inductance:

Ua(t) = Rig(t) + LY + e,
up(t) = Rig(t) + L4 1 ¢, (1.29)
uc(t) = Rig(t) + L% + e
In the previous equations have been introduced the back-electromotive forces due to the
PMs movement with respect the stator windings.

d a,m,

A
ep(t) = ;}mg = Amgwmecos<9me +m/2 2m/3) (1.30)
ec(t) = d/\‘;;’"g = ApgWne€0s(Ome + 11/2  4717/3)

In the previously cited equations there is the quantity w;,. which is the electro-mechanic
speed and can be obtained by the system frequency as:

If is known the rational in [rpm] the frequency can be defined as:
prn._ pm
=—==5— 1.32
f 60 27 (1.32)

Assuming a star-connected winding on the stator it can be defined the rms value of the
back-emf as:

34 3
Ell,rms = 3Eln,rms = 75E = iwmel\mg = 7pwmAmg (133)

Being the back-emf a balanced triad of sinusoidal waves free from the zero sequence compo-
nent it is possible to write them as spatial vector:
di’

u' = Ri L e (1.34)

where the vector e® is the spatial vector associated to the back-emf triad:
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e’ = jwme/\fﬂg (1.35)

If the equation 1.34 is decomposed in its real and imaginary parts it is obtained:

. diy
{u“ = Ri, + Lﬁ wme)\a,mg (136)

. di
ug = Rlﬁ + L% wme/\ﬁ,mg

From the energetic balance in a8 system and remembering that the transformation is not
conservative for the powers, it can be defined the expression of the torque as:

3 , ,
m= Ep [)\ﬂé,mglﬁ )\ﬁ,mgloc] (1.37)

This equation can be rearranged in such a way to see the role of the phase shift angle
between the spatial vectors of the currents and the stator flux:

m= %plm [i8 A = gp is As sin(6)) (1.38)

1.2.2 SPM dq model

Through the transformation in dq coordinates 1.15 and its matrix 1.17 it can be decided
to express the spatial vectors in the rotating coordinate system. We assume that this dq
coordinates system is synchronous with the rotor, i.e. it is rotating at the speed w;,, and
the d-axis is placed on the rotor polar axis. In this way the spatial vector associated to the
PMs flux has only the real component and this leads to a simplification in the formulation.

v

u =Ri"+ L‘Z;t + jwmeLi" 4 jewme Amg (1.39)

This relation can be decomposed in the real and imaginary components:

{ud = Riy + L%g WieLig (140)

. di .
ug = Rig+ L4  wpelig + wmeNmg

As seen in the previous section it can be obtained the expression of the torque from the
energetic balance. It is necessary to multiply u, by izdt and u, by i;dt and then summing
them term to term. From the term wy,eAygi,dt it is obtained the torque equation remem-
bering the relation w,, = pwy and the 3/2 term due to the non conservative aspect of the
abc to dq transformation:

3 .

In this equation there is a direct dependence of the torque from the q current component
and this means that in dq plane the ISO-TORQUE curves are horizontal lines.

1.2.3 SPM operating regions

First of all has to be said that each machine has to respect the voltage and current
limits. These limits are specified in the nominal values of the motor and power supply. To
determine the operating conditions of the machines it is assumed that the operations is in
steady state. With steady state is identified that operation in which voltages and currents
are sinusoidal wave form with constant amplitude and frequency, and the rotational speed
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wp, is constant and fixed as (,,,. Hence in steady state operations the electric quantities in
dq synchronous system are constant and denoted as: Uy, Uy, 14, I;-
The current limit can be defined with:

G+1 Iy (1.42)

where Iy is the amplitude of the spatial vector of stator currents, corresponding to the
nominal value of the phase current. With the previously defined matrices is equal to:
IN = 2Iyom. Analogously the voltage limit is:

u+u; Uy (1.43)

where is: Uy = %Unom.
In a SPM,, if it is considered extinct the initial transient and assuming steady state operation,
the equations 1.40 become:

Uy = Rly — QL (1.44)
Uy = RI; + QuieLLy + QeAg

T, Pa

: o)
QB Qmax

Figure 1.10: Operation limits for a SPM with I- ; Iy and example of torque and power curves
in the same SPM motor.

These two equations 1.44 can be put into the 1.43 equation, and neglecting the resis-
tance voltage drop it is obtained:

(QeLIy)* + (QueLls + QueAmg)* Uy (1.45)

which rearranged becomes:
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Ang\? | UR
L+ 4 146
(7)ol 149

This 1.46 is the equation of a circumference of radius dependent on the electro-mechanic
speed (U% /02, L?) and centred in the point (Ic 4, Ic,;) = (%, 0).
In the figure 1.10 it can be noted the line from the axis origin to B, this segment is the MTPA
loci (Maximum Torque per Ampere), on which there is tangency between ISO-TORQUE
lines and the current limits. In the picture we can also see the base speed where the voltage
limit circumference touches points B. Until the base speed the motor is able to produce its
maximum torque and above that point the torque decreases because the working point
follows the current limit and rotates in anticlockwise direction (for example L point). In
these points the torque is lower because it depends directly from i, current reduction.

T<Tn

T, Pa T nax Prmax

Figure 1.11: Operation limits for a SPM with I-; Iy and example of torque and power curves
in the same SPM motor.

If the centre of the voltage limits is inside the current limit than exist a point P where
Iso-torque line is tangent to the voltage limit. In this condition is convenient to supply the
motor with a current such that the motor works on the vertical line which passes through
the short-circuit current as can be seen in figure 1.11. This vertical line is also called MTPV
loci (Maximum Torque per Volts).
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1.3 Interior Permanent Magnet Motors

If the PMs are disposed in the rotor in such a way to create a difference in the dg-axis
paths then we have an IPM. In an IPM the rotor structure loses its isotropy and presents, in
non saturation conditions, a marked difference in the values of the d and q axis inductances.
This is due to the fact that PMs are characterized by a permeability similar to the air’s one.
The electro-mechanic conversion follows the two principles of the electro-dynamic and
reluctance systems hence the output torque is the composition of these two components.

L T

Figure 1.12: Examples of different rotor structures for actual automotive IPM motors.

1.3.1 IPM dq model

As previously said the dg-axis paths are now different and this makes that the consid-
erations done for the SPM motor are not valid any-more. In particular self and mutual
inductances are position-dependent and the dq equations 1.39 are now characterized by a
different L; and Lg:
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{W:RQ+M%—wWMQ L47)

. d .
ug = Rig + Lq£ — WmeLgly + WmeAmg
The two inductances are now defined as seen in 1.23. For the IPM motor now it can be
obtained the torque expression again from the energetic balance where the u; and u;

components are multiplied by i;dt and i,dt and summed term to term. From the same
considerations seen in the SPM section we obtain the torque equation for an IPM:

3 ) 3 ..
m= EpAmgzq + Ep(Ld — Ly)iqig (1.48)

If this expression is compared with the SPM one is noted the presence of a further term
called reluctance torque which is caused by the difference between L; and L;. This new
term leads to a non linear dependence of the torque by the current. Indeed the IPM torque
expression is now an hyperbolic one with two asymptotes: the d-axis and the vertical line

Ii = Apg/ (Ly — Ly).

1.3.2 IPM operating regions

To determine the operating conditions of the machines it is assumed that the operations
is in steady state. Hence the dq electric quantities are constant and denoted as: Uy, Uy, I, 1.
The current limit can be defined with 1.42 and the voltage limit is given by 1.43. In an IPM,
assuming steady state operation, the equations 1.40 become:

F&:RQ—QWMQ (1.49)

With the same passages seen in the SPM motor it can now be written:

Ao \ 2 L, \? U2
I+ -8 | N 1.50
<d+ Ly ) * (Ld q) 02, L3 (1.50)

Differently from what seen for the SPM motor, now the voltage limit describes an ellipses

family centred in (Ic 4, Ic4) = (AL—’:’f, 0). The ellipses axis depends on the L,/ L, ratio.

Figure 1.13: Operation limits for an IPM with I ; Iy
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The current limit is the same as seen in SPM case. In the IPM the MTPA curve is no
longer a vertical line but is a 2-D curve described by the equation 1.51:

. Iy [Amg + (Ld - Lq)Id]
I, = \/ = (1.51)

This expression is obtained by imposing the orthogonality of the tangent to the iso-
torque curve with the straight line that connect the axis origin with that point.
If the short-circuit current is lower than the nominal one then the working region of the
motor is slightly different at the high speed as seen in the SPM motor (fig. 1.14).

Figure 1.14: Operation limits for an IPM with I ; Iy

In this case there isn’t a maximum speed of the motor and after the point P (or P’) is
convenient to follow the curve P-to-C which is the MTPV. This curve is obtained equating
the tangent point to the iso-torque with the voltage limit ellipses and its expression is:

L La | =Uat ) Awg + (La — L)L) 15
1 L, (Lg— Ly) ‘

1.4 Synchronous Reluctance Motor

Synchronous reluctance motor is a particular case of an-isotropic machine which is
characterized by the absence of PMs in the rotor, hence the output torque is produced only
by the reluctance effect.

As noticeable in figure 1.15 the rotor is constituted only of iron laminations in which
there are flux barriers. In order to guarantee mechanical stability in the barriers centres is
visible the iron link which cause as drawback a magnetic flux leakage.
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Figure 1.15: Example of a 4 poles Synchronous Reluctance motor.

d axis .
axis )
g d axis

N

Figure 1.16: Reluctance motor fluxes: blue one is pure d flux and red one is pure q flux.

1.4.1 REL model

As said before synchronous reluctance motor can be seen from the model perspective
as a particular case of IPM in which the PM has been removed. In this case the equations
that describe this motor are the same of the IPM but without the term related to the PM
back-emf. In other words:

Uj =Rl;  Quelyl
dT o e (1.53)
Uq = qu + QueLgly
Substituting these two equations into the voltage limit it is obtained:
L, \> W&
L)+ | 11 N 1.54
a)"+ <Ld q> 07, L; (159

Torque is given by the equation 1.48 private of the PM component:

3 .
m= Ep(Ld Ly)iqig (1.55)
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1.4.2 REL operating regions

Because of the absence of PM component now the torque hyperbole have as asymptotes
the d and q axis. If it is neglected the iron saturation then the expression of MTPA become:

L= Iy (1.56)
and MTPV:
L
L= =2, (1.57)
L’i

Figure 1.17: Sync. REL operating limits

The pure reluctance motor can be modified in Permanent magnet assisted motor intro-
ducing on the -q axis a Ferrite magnet in order to improve flux weakening performances.
The resulting operations limits are similar to the IPM ones as shown in figure 1.18

It is important to observe that in the Synchronous Reluctance motor the effect of the
Iron Saturation is no longer negligible hence the graphs and equations previously seen
have just a qualitative value.

1.4.3 Iron saturation

In presence of iron saturation relations between flux linkage and currents are no longer
linear and can present cross-effects (cross-saturation) in which the current af an axis pro-
duces flux linkage on the other.

Taking in account the possible saturation the magnetic characteristics become function of
the supply current:
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Figure 1.18: Permanent magnet assisted reluctance motor operation limits.

{/\d = Aalia) = Amg + Aai(ia) (1.58)

In this system the cross-saturation is not taken in account. The voltage equations in rotating
reference system are always valid and from them it can be written:

ug = Riz + d)‘d(ld) — WieA gl
qu(zq) (1.59)
Ug = qu + + WeAgig
Then the terms can be separated as:
= Riy+ d)‘d( )% — Wpe zq = de + Ld( ) wme)tqzq (1.60)
In these equations 1.60 have been introduced the differentiul inductances:
La(ig) = £
-y (i) (1.61)
Lq(ig) = i,

These inductances represents the slope of the magnetic characteristics in each point. Appar-
ent inductances are defined as:

. Aalig)—Am
Ly(i) = 0
L (i) = i) (1.62)
alig) = =5
These apparent inductances are the slope of the straight lines that connect the point in
exam of the magnetic characteristic with the point (0, A ) or with the origin of the axis.
The dq torque expression 1.48 maintain its validity also in presence of saturation:
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m(iq, ig) = EpAngq + [La(ia)  Lq(ig)] iaig (1.63)

If the iron saturation is at higher levels the flux of each axis depends on both the currents
and this leads to a most general expression:

Ay = Ay(iyi
In this case it happens as if exist a mutual coupling between the two axis d and q. This
phenomenon is explained by taking in account that there are iron paths commons to the

two axis and consequently the saturation of these paths from one of the two axis currents
produces a flux variation in the other axis though its current has remain the same.
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Chapter

Automotive Motors Comparison

This chapter deals with the comparison of actual synchronous motors installed on
“today” commercial vehicles. First a set of data relative to the automotive power-train has
been collected in order to start the analysis. This set of information comes mainly from cars
producers, researches of the Oak Ridge National Laboratories [8],[18],[19], and technical
documentation of the vehicles [26], [27].

2.1 Terms of comparison

In this section are presented the main comparative terms that have been used to build
a performance chart of the automotive motors investigated. These data start from the main
geometrical dimension of the motor and want to arrive to the output performance on the
basis of FEM simulations.
First of all are needed the geometric parameters of the motors. The following necessary
data are the electric ones. From these quantities it is carried out the FEM analysis to obtain
the simulated power and torque curves. These outputs are in the end compared with the
ones from the producers. Simulated models and the comparison documents found are
below reported.

Prius 2004  Prius 2010 (F) Prius 2010 (P) Lexus LS 600h
Camry 2014  Accord 2014 LEAF BMW i3

Table 2.1: Automotive models presented in this chapter.

From the table can be noted that there are models belonging to the same producer. In
particular there are three Toyota’s geometries (Prius 2004, Prius 2010, Camry 2014). The
other geometries belong to different producers but the typology of motor is the same:
all these motors are in fact IPM with Neodymium-Iron-Boron Permanent Magnet inside
the rotor. PMs disposition changes among the models but there are three main concept:
V-shaped, Delta-shaped and I-shaped (horizontally).

IPM means that the output torque is produced by the two components: electro-dynamic
and reluctance torque in such a way to maximize the shaft torque.

21
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2.1.1 Design aspects of automotive motors

First step is to define the main dimension of the motor geometry. These geometrical
data are reported below:

Model Qs Dext Dint g Lstk hslot Wt hbi Sslot

Prius2004 48 269 1619 0.72 84 3248 834 204 145.159
Prius2010F 48 269 1619 0.72 50.8 3248 834 204 145.159
Prius2010P 48 264 1619 073 508 309 75 18.65 158.452

Lexus 600 48 200 130.86 0.89 1354 1925 6 1332 76.784

Camry 48 264 1619 072 607 299 833 205 128.647

Accord 48 292 196 08 617 2898 834 18 160.37
LEAF 48 200 13086 0.89 151 1925 6 14 76.784

BMW i3 72 2421 180 08 1322 1746 41 1195 68.64

Table 2.2: Geometrical data of the automotive analysed models.

From this table it can be noted that the external diameters belong to the range 200 - 292
[mm], the Stack length to the range 50 - 150 [mm] hence there are different D/L ratios, but
the number of slot is always 48 slots except for the BMW case. This is linked to the number
of poles which is: 2p = 8 for every geometry except the BMW one where it is: 2p = 12. If
now it is introduced the number of slot per pole per phase q:

Qs

1= 5 1)

From this equation it can be observed that for each studied geometry q is equal to 2. This
fact can be related with the easier end winding manufacturing and their lower dimension.
From the external diameter and the stack length it can be obtained an approximation of
the whole motor volume, and the same with the air-gap diameter and the stack length it is
obtained the air-gap volume. These two quantities are necessary to compare the motors in
term of power and torque density.

7T
Volew = 7 D%, Lrg (2.2)
T 2
VOll'nt = VOlm’r gap = Z Dint LFE (23)

In the simulations carried out, the conductors in the FEM model have the same length of
the stack one hence to have the total conductor length we have to estimate the end-winding
length through the next equation [7]:

D.
Lew = 2.5 % (2.4)

To go ahead with the simulations the electrical supply data are required but these parame-
ters not always appear on the data-sheet of the motors. Hence when they are not provided
it is necessary to run a series of simulations on order to obtain an estimation of the slot
current. This one is the total current in the slot and it is equal to the number of conductor
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in the slot multiplied by the conductor’s current. The slot current is obtained from the
simulation when the average output torque of the motor is equal or similar to the one
on the data-sheet. Finally the conductor’s current is obtained dividing the slot current by
the number of conductor in the slot. DC bus voltage and the nominal output values are
reported in the table below.

Model Qs 2P VDC [V] TM [Nm] Pout,max [kW]
Prius2004 (F) 48 8 500 400 50
Prius 2010 (F) 48 8 650 207 60
Prius 2010(P) 48 8 650 207 60
Lexus 600 (P) 48 8 650 300 165

Camry (F) 48 8 650 270 105
Accord M () 48 8 700 300 124
Nissan LEAF(I) 48 8 375 280 80
BMWi3(@) 72 12 360 250 125

Table 2.3: DC bus voltage, Power and Torque declared producer values

The initial simulation of the various motor have been carried out as if in the slot there
would have been a single conductor in which flows the total current [4]. In other words, in
the first simulation, the number of conductors in the slot 1, has been fixed equal to one.
The same with the parallel path of the machine 7, = 1. In this way:

e
Nes = =1 (2.5)
Mpp
With n.s = 1 it can be obtained an equivalent number of conductor in series per phase:
N, = LQS (2.6)
m

From the number of series conductor per phase can be estimated the electric load of the
machine [7]:

Ro= 1 Ko Mo ke 27)
TtD it

In the equation 2.7 have been introduced: m which is the number of phases of the machine,
Ky that is the winding factor and takes in account the distribution of the windings at the
air-gap. Last one is I. which is the slot current peak value (if n,; = 1) or the conductor
current peak value (if it is used the correct number of conductors in the slot). Equation
2.7 gives an estimation of how much the machine is loaded from the electrical point of
view. An usual air cooled electric machine can has an electric loading in the range of 30 to
100 [kA /m] but if are introduced most sophisticated cooling systems this range can be
increased.
From the previously defined dimensions and electric loading it can be obtained an estima-
tion of the output torque [7]:

N A 7T
T=K, B, (ZDfm Lrg) (2.8)

In this equation appear also the term B, which is the peak value of the air-gap flux density.
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In order to obtain an initial estimation the B; can be equalized to one which is not so
distant from the real air-gap flux densities of an IPM machine. This value will be corrected
with the following analysis of the motors.

Another important parameter to realize the electric loading of the investigated motor is
the current density. Here it is defined the slot current density as:

~

A I
Jstot = slot (2.9)
Ssloi,‘

And the current density inside the conductor copper as:

S

. i
Jou = =2 (2.10)

Ssiot Krin

where I, = ne I and Ky is the slot 1l factor. This last term is needed to estimate
how much slot area is covered by the copper of the conductors. It is a kind of utilization
factor of the slot surface. This fill factor not always is given by the data-sheet hence in
some geometries it has been supposed. In a normal motor, where there is no need of high
loadings the current density is in the range of 5 to 7 [A/mm?] [7] but with higher loading
and better cooling systems this range can be extended.

Finally it will be examined the ratio between output torque and power and the volume
in order to obtain the power and torque densities. These values are needed to do the
comparison with the designed motors.
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2.2 Toyota Prius 2010 (F)

The Prius 2010 motor is presented here. The rotor magnets disposition is V-shaped.
The stator is equal to the one of an asynchronous motor and has 48 slots. The "F" points
out that this geometry comes from Flux Motor which is a program created expressly to
simulate these kind of motors. The main difference compared to the following Prius 2010
model is that this geometry is less precise and more approximated than the one by Pietrini
[20].

Figure 2.1: Geometry of the Prius 2010 model from Flux

The simulated geometry is here reported fig. 2.1. This figure can be compared with the
Pietrini’s one in the next section 2.4. The main geometrical data are reported in the table
below:

Lok Dext D; g D, Dr,i PM Volext
mm mm  mm  mm mm mm - /

50.8 269 1619 0.73 16044 51 2 V-shape 2.89

hs  ws; wy  hpr W Tp wpM hpm
mm  mm  omm mm mm mm mm mm
309 319 834 204 1.88 63.58 18.9 6.5

Table 2.4: Geometrical data of Prius 2010 from flux.

From the previous geometrical the volumes are evaluated as:

2 , 2
Vol = T DHZ Liron _r 0.2694 0.0508 — 2.89]1] (2.11)

D2, L 16192 0.
Volyy gap = ——it=ten — % 01613 00508 _ 4 ospy) (2.12)
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The motor performance data are reported in the following table.

QS P Tmux Pmax VDC Ic np Nmax
- - [Nm] [kW] [V] [A] [rpm] [rpm]

48 4 207 60 650 250 2800 13500

Table 2.5: Prius 2010: performance data from the producer

This table shows all the electric data required to carry out the motor simulation and the
output parameters that are taken as reference. Conductor current and the reported speeds
come from the Pietrini’s report [20], power and torque from Toyota technical informations
and are confirmed in the report. From an ORNL document [19] it has been possible to
obtain the number of conductor in the slot which is equal to:

ne =11 (2.13)

From the number of parallel path knowledge, which is unitary, the equivalent number
of series conductor in the slot can be achieved: n,s = 1. This is an important number
because it is needed to carry out a simulation where the slot is assumed to be filled by one
single equivalent conductor. From the knowledge of fc,max and n., the total slot current is
obtained as:

islot,max = Ac,max Nes = 250 11 = 2750[14] (2.14)

This current is associated with the slot region in the FEM simulation. Hence in this region
there is an equivalent conductor which takes the whole current.

The base speed is the speed reached when the voltage on the motor equalizes the allowable
maximum by the inverter limit. The winding voltage has to be changed in order to comply
with the different number of conductor in the simulation. Due to the fact that there is an
equivalent single conductor in the slot, at the base speed there will be a voltage on it equal to:

Duor = == = =7 = 341V (215)

Hence the first simulation will be carried out with the following equivalent parameter:

a

MOdel nC 7/lCS Ic,mux [A] Vc,max [V]
Prius 2010 11 1 2750 34

Table 2.6: Equivalent single conductor electric data used in the first simulation.

From these data, regarding the torque in the base point we gain the following results:
Tyy = 283.4 [Nm] and Typxwenr = 299.1 [Nm].

These torques are a lot higher than the nominal maximum one which is 207 [Nm]. This is
mainly due to the fact that this geometry is approximated by the program and it is not
detailed. This happens both in regard to the magnet dimension, which are wider than the
real ones, and to the absence of iron link between the magnets.
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This leads to an higher flux density at the air-gap hence to higher output torque. The
last diversification regards the materials used in the simulation. They could have different
properties with respect to the real ones in the motor and these differences are not known.
The number of conductor in series per phase is evaluated taking into account the real
number of conductors:

nes Qs 11 48

N. =
s m 3

=176 (2.16)
Finally the electrical loading is given by the equation 2.7:
3 0.9659 176 250

, 3 09659 176 150
s,nom — 70.1619 = 150404[14/111] (2.18)

In order to evaluate the rated electrical loading, a nominal current equal to 60% of the
maximum one has been supposed.
The conductor current density is evaluable by considering the following estimation of the
fill factor: K;; = 0.47 from [20] as:

270 = 28.5[A/mm?] (2.19)

Jeont = 515750 047

From a single simulation in the base point of the machine the FEM outputs values are
grouped in the following table:

PF n Pi Pout Ploss,total
) - kW] kW] kW)

0.65 087 9576 83.11 12.65

P],s Pfe,tooth Pfe,BI Pfe,total Precn
wl Wl W Wi (W]

11041 469.2 4832 9524 659.6

Table 2.7: Data acquisition in the base point simulation

From these obtained values the following torque and power densities ratios are evaluated:

Tmax/VOZext Tmax/valairgap Paut,max/VOZext Pout,max/VOIairgap
[Nm/1] [Nm/1] (kW /1] (kW /1]

98.1 269.9 28.8 79.1

Table 2.8: Torque and power densities of the Prius 2010 (Flux).

The same goes for the losses densities in table 2.9.
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Ploss,total/VOIext Ploss,totul/VOZairgap
kW /1] kW /1]

44 12.1

Table 2.9: Loss densities of the Prius 2010 (Flux).

After the base point identification, the torque and power behaviour have to be simu-
lated. To do so the motor mapping is required and it is carried out by a series of simulation
changing the d-q axis currents. The map, the torque and power graphs are reported below.
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Figure 2.2: Prius 2010 (Flux) dq map.
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Figure 2.3: Prius 2010 (Flux): Torque and Power vs speed.
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2.3 Toyota Prius 2010 (P)

This section illustrates the same motor as before but it is more defined than the pre-
vious one in section 2.2, since its geometry derives from Pietrini’s report [20]. The stator
geometry is the same but with a smaller external diameter which is confirmed by other
documents [18], [19].

Figure 2.4: Geometry of the Prius 2010 model from Pietrini’s document

Another important difference lies in the Permanent Magnets dimension and in the air
barrier near the magnet itself. In particular this geometry is characterized by the presence
of an iron link between the two V-shaped magnets in such a way to preserve the structural
integrity of the rotor. The geometrical data of this motor are reported below.

Ltk Dext D; g D, D,,; PM Voloyt
mm  mm mm mm mm mm - l

50.8 264 1619 0.73 16044 51  2V-shaped 2.78

hsjor ~ Wetori Wi hsi Wso Tp WpM hpm
mm mm mm mm mm mm mm mm
30.9 3.3 75 18.65 1.88 63.58 17.88 7.16

Table 2.10: Geometrical data of the model Prius 2010 (Geometry from [20]).

The producer performance data are here reported for convenience.

Table 2.10 highlights some differences from the previous one due to the different exter-
nal diameter. Another difference is in the slot and tooth width which will cause different
flux density and current density values. Most of these data are equal to the motor seen in
the previous section, for here appear only the different ones.
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Qs P Twax  Pmax  VDc I np Nmax
- - [Nm] kW] (V] [A] [rpm] [rpm]

48 4 207 60 650 250 2800 13500

Table 2.11: Prius 2010 (P): Data from the producer

m D2, Leg 7 02642 0.0508

Voloyt = 1 = 1 = 2.78]l] (2.20)
The electric load and the number of conductor are equal. Assuming a Ky = 0.47:
27
Js = > = 26.1[A/mm?] (2.21)

2 158452 047

The base speed in this case has been identified at 3000 [rpm] which slightly higher than
the previous section’s. This can be justified by the presence of the iron link between
the magnets. This causes PM’s flux leakage through itself and then there is a lower flux
density at the air-gap. This leads to a lower voltage induced in the conductor at the
same speed. This worse air-gap flux density leads also to a lower output torque with
respect the previous motor. Indeed in the base point the torques are: T;; = 236.4 [Nm]
and Tpxwenn = 261.1 [Nm]. The same simulation at the base speed has also obtained the
following values:

PF n Pi Pout Ploss,totul
- - W] W] W)

0.67 0.86 86 74 11.78

P],s Pfe,tooth Pfe,BI Pfe,total Pmech
wl Wl W] W] (W]

10115 505.8 553.5 1060 610.2

Table 2.12: Data acquisition in the base point simulation.

The torques are worsened with respect the previous section motor and this is confirmed
by [20] where there is an evaluation of this motor with and without the iron link between
the magnets.

The following ratios are obtained from the base point values at the maximum available
torque:

Tnax/ Volext Tmux/VOZuirgap Pout,max/VOZext Pout,mux/VOIairgap
[Nm/l] [Nm/l] [kW/l] [kW/Z]

84.7 225.2 26.6 70.8

Table 2.13: Torque and power densities of the Prius 2010.

And for the loss densities:
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Ploss,total/VOIext Ploss,totul/VOZuirgap
(kW /1] (kW /1]

42 11.3

Table 2.14: Loss densities of the Prius 2010.

After the base point simulation, there has been the torque and power behaviour simu-

lation through the motor mapping. Hence the map, torque and power graphs are reported
below.
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Figure 2.5: Prius 2010 (Pietrini): dq map
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Figure 2.6: Prius 2010 (Pietrini): Torque and power vs speed.
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2.3.1 Observation on Prius 2010 models

The previous graphs show that the power and torque are higher than the declared ones

from producer data [18]. In particular for the Prius 2010 (Flux) model 2.2 the performances
are a lot higher than the model described in this section 2.3.
As previously mentioned the simulated performances of 2.2 are different from the real one
because of the great approximation in the rotor geometry, in the outer diameter and in the
materials. Hence these main causes are reported in the table below in order to facilitate
the comparison with the same but better refined motor of this section.

External Diameter Different slot Different iron iron link absence

Internal Diameter PMs dimensions PMs material Neg

Table 2.15: Possible causes of error in the motor simulation

In particular in 2.3 there are marked differences in the width of the magnetic material,
which in this model is more than 2 millimetres wider than the real reported one [19].
This larger part of magnet covers the iron link needed to guarantee the rotor mechanical
strength. In this way there is also the absence of magnetic flux leakage due to these
iron links. This leakage is very consistent in the case of large iron links as here, and this
produces an overestimation of the torque which can be higher than 20% of the real one.
These geometrical approximations together with the unknown motor controlling system
causes the performances over-estimation.

By

-

Figure 2.7: Magnetic fluxes in an IPM. In light blue there are the magnets. The red curve is flux
leakage due to the iron link presence.
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2.4 Toyota Prius 2004

This section is again on a Prius motor although this model is older than the other one.
This geometry comes from Flux Motor hence it is a simplified one, in particular regarding
the air barriers near the magnets. [23] The main difference from the previous Prius 2010
model is in the iron pack length.

Figure 2.8: Geometry of the Prius 2004 from Flux.

The main geometry has been compared with other data from [23] in such a way to
validate the model. The other main difference lies in the electrical parameters: in fact the
bus DC voltage is now reduced to 500 [V] and the conductor’s current is 200 [A]. These
different parameters cause a difference in the torque and power behaviour. The main
geometrical data are reported below:

Ly Dext D; g D, D,,; PM Voloyt
mm mm mm  mm mm mm - l

84 269 1619 073 16044 51  2V-shaped 4.77

hojot ~ Welori Wt hpr W Tp WpMm hpm
mm mm mm mm mm mm mm mm
3248 3.19 834 204 1.88 63.58 18.9 6.5

Table 2.16: Prius 2004 (Flux) geometrical data.

What is important to notice in table 2.16, is the different length that lead to an higher
volume of the machine. Electrical and nominal data are reported in the following table.
This table clearly show the different output of this motor. As a consequence of the
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Qs 1Y Twax  Pmax  Vbc I np Nmax
- - [Nm] [kW] (V] [A] [rpm] [rpm]

48 4 400 50 500 200 1200 6000

Table 2.17: Nominal data of the model Prius 2004

lower DC bus voltage, together with the longer machine, this motor is characterised by a
lower base speeds compared with the previous machine. On the contrary the lower current
would produce a lower torque but due to the longer stack there is an output torque higher
than the previous model.

One last detail that can be found in the producer’s data-sheets is that the peak power of 50
[kW] is available in the speed range of 1200 e 1540 [rpm]. From the geometrical data table
it can be calculated:

D2, L 2697 0.084
Volpg = 2 et ~FE _ 0 694 0082 _ 4771 (2.22)

nD?, L 0.1619% 0.084
VOlairgup = mi i = & 1 = 1.73[1] (2.23)

From the technical data [19] it is obtained: n. = 9 and 1,, = 1 hence:

ncs — 9 (2.24)
nes Qs 9 48
m 3

N, = = 144 (2.25)

From a simulation with n., = 1 it is obtained a slot current of 2200 [A] in order to
produce an output torque of 400 [Nm]. Hence it is chosen a maximum in the conductor of
250 [A] in such a way in the slot there is a maximum current of 250 9 = 2250 [A].

P 309659 144 250
SAmax 710.1619

— 205097[A/m) (2.26)

In the hypothesis that the nominal values are about 60 % of the maximum ones then
there are: I,, = 150 [A] that produces a nominal torque of 240 [Nm] (these values are just
hypothesized). Hence:

3 09659 144 150

Assuming a Ky;;; = 0.47 like in the previous model :
22
Js = >0 = 24.36[A/mm? (2.28)

2 145159 0.47

From the base point simulation on a single conductor there are almost 25.3 [V] and
if this voltage is multiplied by the number of conductor in the slot the following result
is obtained: 25.3 9 = 230 [V] and then 230 3 = 400 [V] and this is different from the
nominal 500 [V] of the DC bus. This can be justified by the fact that voltage calculation in
the base point is done by neglecting the conductor’s resistive voltage drop. Other data
from the base speed simulation are reported in the table below:
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PF n Pi Pout Ploss,total
S - W] W] W]

0.75 0.845 598 50.5 9.28

P],s Pfe,tooth Pfe,BI Pfe,totul Pmech
(W] Wl W] W] (W]

8641.2 190.7 188.8 380 2624

Table 2.18: Data acquisition in the base point simulation.

From these data the following ratios are evaluated:

Tmax/VOZext Tmux/VOZuirgap Pout,mux/VOZext Pout,max/VOlairgup
[Nm/I| [Nm /I (kW /1] (kW /1]

85.3 235.3 12.8 35.3

Table 2.19: Torque and power densities of the Prius 2004.

Pioss totar / Volext Ploss,total/VOZuirgup
KW /1) kW /1]

1.95 54

Table 2.20: Loss densities of the Prius 2004.

From these values it can now be carried out the motor dq mapping. The graphs ob-
tained by this simulation are reported in the following page.
These graphs illustrate that the 50 [kW] power is available in a region larger than the
reported one [23]. Hence this is an optimistic estimation of the torque and power behaviour.
The difference with respect the real one can be grouped in:

PMs dimensions

PMs material

absence of iron links

¢ approximation of the air barriers

different iron characteristics
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Figure 2.10: Prius 2004 model: Torque and power vs speed.
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2.5 Toyota Camry

Figure 2.11: Geometry of the Camry from Flux.

In this case, only the motor’s main geometry was available and the other data have
been searched in producer’s documents. In these data-sheets [19] there were the following
values:

® Pyt = 105 [kW] @ 4500 [rpm]
® Tout = 270 [Nm] 0 - 1500 [rpm]

This data do not provide information about the base speed of the motor, but through
simple calculations one can obtain at 1500 [rpm]:

2
Wy = 1500 6—75 — 157.08rad /5] (2.29)

And in order to gain the shaft power:

Pyt pase = Wi Tour = 157.08 270 = 42.4[kW] (2.30)

As it can be noticed by this value the base point power is much lower than the maximum
power @ 4500 [rpm]. There are several explanations to this, one of which is that the motor
is designed to develop less power than the 105 [kW], for example it has a continuous
power of 50 [kW], and the value of 105 [kW] is just a transient value that can be reached
by moving the base point at higher speeds.

This means that the base point is translated toward higher speeds when the maximum
power is required. This is done by the electronic controller unit in order to optimize the
efficiency during the car use. A second base speed for the maximum power operations
will be assumed in order to have a complete overview of the motor behaviour.
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Another simple explanation is that the motor can produce 270 [Nm] also above the 1500
[rpm] but it is cut-off in order to avoid overheating.
From [19] the following geometrical parameters are obtained and reported in the table:

L Doyt D; g D, Dr,i PM Vol
mm  mm mm mm  mm mm - I

607 264 1619 0.7 1605 105 2V-shaped 3.32

hojot  Wetori Wy hpr  Wso Ty WpMm hpm
mm mm mm mm mm mm mm mm
29.9 3.2 834 204 1.88 63.58 19.1 6.6

Table 2.21: Geometrical data of the model Camry 2014 (Flux).

nD%, Legx 7 02642 0.0607

Vol = T8 2 . —3.32[]] (2.31)
D%, L 0.1619% 0.0607
Volgirgay = — . stk _ T - — 1.25]] (2.32)

From the technical data [19] it is obtained: n. = 14 and n,, = 2 hence:

fes = 7 (2.33)

nes Qs 7 48

N. =
s m 3

=112 (2.34)

From the base point simulation with n, = 1 it has been obtained a slot current equal
to 2160 [A] in order to produce the maximum output torque of 270 [Nm]. Hence it is
chosen a maximum conductor current of 300 [A] so that the slot has a maximum cur-
rent of 300 7 = 2100 [A]. The obtained base point torques are: T;;, = 267.2 [Nm] and
Taxwenn = 273.3 [Nm]. From these currents it can be found:

3 09659 112 300

Ksmax = 01619 = 191424[A/m] (2.35)
Other motor data are reported below:
Qs P Twax  Pmax  Vbc I np Minax

- - [Nm] kW] [V] [A] [rpm] [rpm]
48 4 270 105 650 300 1500 5000

Table 2.22: Producer declared data of the model Camry 2014.

From the DC bus voltage it is obtained the peak value of phase voltage as:

X 650
Vptase = = = 375[V] (2.36)

Again, a 10 % can be subtracted in order to consider the losses in the power supply system
so that it becomes a phase voltage of about 340 [V].
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Here are now reported the base point values at the rated speed of 1500[rpm].

PF n Pi Pout Ploss,total
- - kW] [kW] [kW]
0.73 84.17 499 419 7.9

P],s Pfe,tooth Pfe,BI Pfe,total Pmech
Wl wp w] (W] (W]

7283  186.5 183  369.5 244

Table 2.23: Data acquisition in the base point @ 1500 [rpm)].

The second base point that allows to obtain the maximum power of the motor is
reached when the winding voltage reaches 340 [V]. This secondary base point is identified
at about 3600 [rpm)]. In this condition the following data are obtained:

PF n Pi Pout Ploss,total
- - kW] [kW] (kW]

0703 913 1104 100.7 9.7

P],s Pfe,tooth Pfe,BI Pfe,totul Pmech
wlwl W] W] (W]

7283 737 723 1460 907

Table 2.24: Data acquisition in the base point @ 3600 [rpm]

From the maximum values are deduced the following ratios:

Tmax/VOZext Tmax/VOZairgup Pout,mux/VOZext Pout,max/VOlairgup
[Nm/I| [Nm /I (kW /1] (kW /1]

80.5 213.8 33.4 88.9

Table 2.25: Torque and power densities of the Camry 2014 model.

The current density can be estimated by using the maximum current value in the slot
equal to 2100 [A] and assuming a Ky;;; = 0.5:
. 2100

= = 23.1[A/mm? 2.37
J5 2 12864 05 [ ] (2.37)
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Ploss,total/VOZext Ploss,total /VOZairgap
(kW /1] (kW /1]
2.92 7.76

Table 2.26: Loss densities of the Camry 2014 model.

In this page the graphs of the motor mapping at its maximum power are reported .
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2.6 Lexus Ls 600h

This model geometry comes from the previous work in [20] and the geometrical data
were found in its report. These data are more detailed with-respect the other models that
come from Flux motor.

Figure 2.14: Geometry of Lexus LS 600h from Pietrini’s document

Lstk Dext Di g Dr Dr,i PM VOlext
mm mm mm mm mm mm - l
1354 200 130.86 0.89 129.08 53 3 A-Shaped  4.25
hsjor — Wsor,i Wi hp1 Wso Ty Wpm hpm
mm mm mm mm mm mm mm mm
19.25 2.88 6 13.32 1.88 51.388 18.7 3.05

Table 2.27: Geometrical data of the model Lexus LS 600h form [20].

The other nominal values are obtained by the report and confirmed by [8] and [19]
reports. These values are reported below:

Another important aspect is the number of conductors in the slot which in this model
is: n. = 7 and associated with npp = 21is needed in order to evaluate:

Nes = 7/2 - 3.5 (2-38)

The volumes are here evaluated:

nD?, L 22 0.1354
VOlext = exi fe = 02 40 35 = 4.25[” (2.39)
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Qs 1Y Tmax  Puwax  Vbc I np Nimax
- - [Nm] [kW] (V] [A] [rpm] [rpm]

48 4 300 165 650 400 5000 10230

Table 2.28: Nominal data of the model Lexus Ls600h

nD?, L 130862 0.1354
Volsirgay = —% fo_ 70 30846 01354 _ 1 gop (2.40)

This geometry is characterized by different geometrical aspects, in particular is longer
and with a smaller diameter than the previously seen geometries. Then there is the PMs
quantity and disposition in the rotor which is different. Starting from the DC bus voltage
the peak phase voltage is obtained:

. 650
Vpase = = = 375[V] (2.41)

A 10 % is taken out in order to consider the power supply system losses. This leads to a
phase voltage of about 340 [V].

_ nesQs 35 48

N, = 56 242
= e - @42)

In the hypothesis of a produced torque of 300 [Nm] and with an air-gap flux density of
1 [T] the electrical loading is estimated:

? T 300

YT D2 By Ly, 1821 10 3

= 164744.7[A/m] (2.43)

The electrical loading allows to evaluate the current needed to produce the output
torque previously defined. Hence the conductor current is approximated as:

A

i _Rymx m D _ 1647447 7 0.13086
oM T Ty Ke Ny 3 0.9659 56

This approximation allows to use 400 [A] as first current value in the simulations. This
value is then multiplied by the number of equivalent series conductor:

= 415[A] (2.44)

 Lotmax =400 3.5 = 1400 [A]
° Aslot,max =350/3.5 = 100 [V]

From these values the base point simulation output are:

e Ty, =298.15 [Nm]
o Tpw = 286.97 [Nm]

¢ ng = 5000 [rpm]
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These obtained values are consistent with what is said in report [20] that indicate as
conductor current 400 [A] and as Maxwell torque: Tajgyenr = 283.8 [Nm]. Looking at the
difference of the obtained torques from the [20] one, the following ratios can be evaluated:

T/ Toixa,Pietrini = 298.15/283.8 = 1.05 (2.45)

Tonxio/ Tonq, pictrini = 286.97/283.8 = 1.01 (2.46)

This means that there is just 5% of maximum deviation from the reference values found
in the report [20]. From the obtained maximum torque and power values the following
ratios are evaluated:

Tinax/ Volext Tmax/VOIairgap Pout,max/ Volext Pout,max/VOZairgap
[Nm/1] [Nm /1] kW /1] kW /1]

70.2 163.8 39.5 92.3

Table 2.29: Torque and power densities of the Lexus model.

The base point is reached when the winding voltage equalize 340 [V]. This base point
is identified at the base speed of about 5000 [rpm] and in this condition it is obtained:

PF n Pi Pout Ploss,total
N N

0.77 927 1685 156.1 124

P],S Pfe,tooth Pfe,BI Pfe,totul Pmech
wl Wl W] W] (W]

7800 1429 1477 2906 1656

Table 2.30: Data acquisition in the base point @ 5000 [rpm].

Hence the losses densities are evaluated:

Ploss,total/VOIext Ploss,totul/VOZairgap
(kW /1] (kW /1]

29 6.8

Table 2.31: Losses densities of the Lexus model.

By using the correct values of conductor’s current the electrical loading is obtained:

A ~ 3 0.9659 56 400
Y 0.13086
Therefore a nominal current of 250 [A] is assumed in order to approximate the rated
electrical loading:

— 157900[A/ m] (2.47)

P 3 09659 56 250
SAmom = T 0.13086

= 99000[A /] (2.48)
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From the assumption of a K¢;;; = 0.47 the current density is estimated as follows:

Jo = — 1400 = 27.4[A/mm?] (2.49)
2 76.784 047

The motor dq mapping and the power and torque vs speed graphs are reported below:
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2.7 Honda Accord M

Figure 2.17: Geometry of the Accord model

The M in the name means Motor, and it is needed in order to distinguish it from the
generator mounted on the same car. The motor and the generator are characterized by
the same geometry (both with V-shaped permanent magnet rotor) but the motor is longer
than the generator (61.7 [mm] vs 37.6) [19]. Here it is presented the machine that works as
motor (M).

Due to the absence of precise dimension the air barriers have been approximated. The
geometrical data are reported in the next table:

L Doyt D; g D, D, ; PM Volext
mm mm mm mm  mm  mm - l

61.7 29134 1966 08 195 118 2V-shaped 4.11

hsior Wslot,i W hpr  wso Tp wpMm hpm
mm mm mm mm mm mm mm mm
28.98 4.8 834 17.8 234 772 255 6.28

Table 2.32: Geometrical data of the motor installed in the Accord model.

This model has been tested also in other documents of the ORNL [9] hence the obtained
values will be compared with theirs.

Qs P Twax  Puax Vbce I np Nmax
- - [Nm] [kW] [V] [A]  [rpm]  [rpm]

48 4 300 124 700 (max) 350 4000 12000

Table 2.33: Declared data of the Honda Accord 2014 electric motor.
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D%, Lfe 7 0291342 0.0617

Volyy = i - 1 = 4.11][]] (2.50)
nD?, L 7 0.1966% 0.0617
VOZtraferro = mi fe — 4 = 1.87[1] (2.51)
. 700
Vyhase = == 400[V] (2.52)

From this voltage it can be subtracted a 10 % in order to take in account the power
losses in the supply system so that the maximum phase voltage will be equal to 360 [V].
It has to be noticed that the number of conductors in the slot is not known for this model.
This means that the simulation of the motor is carried out with a unitary number of
conductor, and this leads to:

ncs == ]. (2.53)

nesQ0s 1 48
N. = = =1 2.54
=Rt 2 e (254)

In the hypothesis of producing 300 [Nm] and with an approximated flux density of 1 [T]
at the air-gap an estimation of the electric loading can be obtained as:

N T 300
Ks,max - % BAg DZ Lfe = 187 10 3 = 160170[14/71’1] (255)
And from this last value an estimated slot current is obtained as:
. RKsmax ™ D 160170 7 0.1966
I == = = 2133|A 2.56
slotmax = = K, Ny 3 0.9659 16 [4] (2.56)

As first slot current it can be used 2100 [A], and from this value in the presumed base point
the following values are obtained :

* Tj; = 305.95 [Nm]
® Thxw = 287.72 [Nm]
e np = 4000 [rpm]

By using n.s = 1 the voltage obtained on the single conductor is equal to 57 [V]. The real
number of conductor in the slot can be estimated as:

40 4
Nes = 3057700 = 6 7 (2.57)

For example n.s = 6 is taken while also assuming 7, = 1 the number of series conductor
in a phase is get:
 neQs 6 48

m 3

N, 9% (2.58)

From the slot current and the supposed number of conductors the peak value of the
conductor’s current is obtained as 2100/6 = 350 [A]. The estimated electrical data are
reported in the table below:

Other useful data from the simulation in the base point are:
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IS N

Model Islot,max Vslot,max fc,max Vphﬂse,mux n¢ estimated
- [A] vl Al [V] -

Accord 2100 =60 350 360 6

Table 2.34: Approximated electrical parameters.

PF n Pi Pout Ploss,total
] S KW KW kW

0.74 92.6 1384 1282 10.2

P],s Pfe,tooth Pfe,BI Pfe,total Pmech
(W] (W] (W] (W] (W]

70771 8453 10509 18963 1215.8

Table 2.35: Data acquisition in the base point @ 4000 [rpm].

From the table it can be observed that the output power reached in the base point is
slightly higher than the rated maximum power of 124 [kW]. This can be justified by taking
into account the considerations of the PMs dimension, unknown, the material used both
for the iron and the PMs that may have different properties from the real ones, and the
unknown dimensions of the air barriers. From the obtained values we can evaluate the
following density ratios:

Tmax/VOZext Tmax/VOIairgap Pout,mux/VOZext Pout,mux/VOluirgap
[Nm/I] [Nm /1] kW /1] (kW /1]

74.5 163.6 33.6 73.8

Table 2.36: Torque and power densities of the Accord model.

The power loss density are:

From the estimated N; and the peak conductor current value we gain the electric load:

3 0.9659 96 350

K = = 2.59
Ry max 1968 157720[ A/ m] (2.59)
. 3 0.9659 96 200

Rs nom = S Tote = 90124[A /m] (2.60)

Lastly an estimation of the current density can be obtained through the assumption of
K fill = 0.45:

. 21
Js= — 00 = 20.6[A/mm?] (2.61)
2 160.37 0.45
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Ploss,total/VOZext Ploss,total/VOIairgap
(kW /1] (kW /1]

2.5 5.44

Table 2.37: Loss densities of the Accord model.

The motor mapping is here reported:
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Figure 2.18: Accord Motor model: dq map.
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2.8 Nissan LEAF

Nissan Leaf motor has been reproduced following the drawings and the main data in
the ORNL documents [19], [9] and in the thesis [29].

Figure 2.20: Geometry of the Leaf model

The geometrical data are below reported:

Lst  Dext D g D, Dr,i PM Volext
mm mm mm mm  mm  mm - l

151 200 131 0.89 129.08 45 3 A-shaped 4.74

hslot Wglot,i Wt hpr  wso Tp wpm hpm
mm mm mm mm mm mm mm mm

1925 288 6 14 1.88 51.42 28.7 & 21.35 3.79 & 2.32

Table 2.38: Geometrical data of the Nissan Leaf model.

The volumes of the machine are obtained for these data:

nD2, Leg 7 0.2% 0.151

Vol = =62t ZTE ] — 4.74[1] (2.62)
D2, L 1312 0.151
Volgirgap = — L w 0.13 ; 0151 _ 5 o4y (2.63)

The other performance data comes from the producer’s documents and they are reported
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in the following table:

Qs P Twax  Pmax  VDc I np Minax
- - [Nm] kW] [V] [A] [rpm] [rpm]

48 4 280 80 375 625 2100 10000

Table 2.39: Producer declared values of the Leaf motor.

In particular the maximum power has to be obtained at the speed of 3000 [rpm]
whereas the torque of 280 [Nm] should be available until 2100 [rpm].
Observation: in this model the exact geometry is not given, hence for some dimensions
the Lexus geometry and as been considered and scaled in such a way to have an ap-
proximation of the motor. The Lexus was chosen because it is the geometry whose main
dimensions are the closes to the Leaf one.
From the DC bus voltage it is obtained the peak value of the phase voltage as:

R 375
Vphase = == = 216.5[V] (2.64)

A subtraction of 10 % is effected from this value in order to take into account the power
losses in the supply system, hence the maximum phase voltage will be equal to 200 [V].
From the number of slot conductors and the parallel paths it can be defined:

The series conductors per phase can be evaluated from this number:
2 4
N, e Q5 248 o (2.66)
m 3

The electric loading estimation can be carried out by assuming a torque of 280 [Nm] and a
flux density at the air-gap Bg equal to 1 [T]:

T 280

K = ~ =
VM TR D2 Ly, 2.08521 10 3

= 137600[A /m] (2.67)
Hence the slot current is estimated starting from that electrical loading:

A

; _ Rymax @D 137600 7 0.131
slotmax = S "R Ns 3 0.9659 32

These evaluation allows to consider a first conductor current equal to 600 [A] for the FEM
simulation. In the base point the following values are evaluated:

— 610[A] (2.68)

e Ty, = 288.32 [Nm]
o Tpw = 295.72 [Nm]

e ng = 2100 [rpm]
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In the base speed simulation the voltage on a single conductor is about of 90 [V].
Indeed, if this value is multiplied by n., = 2, a winding total voltage of 180 is gained
and is slightly lower than the previously evaluated 200 [V]. There are many reasons that
produces this difference, the most important is that the geometry is approximated, and
the PM material and dimension is not exactly the same of the real motor. This is the same
for the lamination material. Other useful data obtained in the base point are here reported:

PF n Pi Paut Ploss,totul
S L

0.86 88.5 71.7 63.4 8.3

P],s Pfe,tooth Pfe,BI Pfe,total Pmech
(W] Wl W] W] (W]

72234 3133 2945 607.8 435.8

Table 2.40: Data acquisition in the base point @ 2100 [rpm].

These data allows to evaluate the following ratios:

Tmax/VOZext Tmax/VOZairgup Pout,max/VOZext Pout,max/VOlairgup
[Nm/I| [Nm /I kW /1] (kW /1]

60.8 141.2 16.9 39.2

Table 2.41: Torque and power densities of the Leaf model.

Ploss,total/VOZext Ploss,total/VOZairgap
kW /1] (kW /1]

1.7 4.1

Table 2.42: Loss densities of the Leaf model.

Taking into account the real conductor current the electrical loading previously predicted
is here confirmed:

X 3 0.9659 32 600
Ko max = 7 0131

By assuming a nominal current equal to 60 % of the maximum one, i.e. of 0.6 600 = 360
[A] the rated electrical loading can be defined as:

= 135190[A/m] (2.69)

5 3 0.9659 32 360
snom = ~ 0131 = 81100[A/m] (2.70)
The current density approximation can be done by assuming a Ky;;; = 0.45:
» 1200 2
= o = 24.6[A/mm’ 2.71
© = 7676 045 2rolA/mm] @)

The 1200 [A] used in the current density formula is the peak value of the total slot
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current. In the following page there are the graphs of the mapping simulation which are
compared with the producer declared specifications.

£

Torque [Nm]

600

a1
o
o

N
o
o

g-axis peak current [A]
N w
o o
o o

100

| | e MTPA loci

-4

35
=== Current Limit
> Constant torque loci
@ Constant flux loci

FW loci
— TPV loci

—300
/L 009

—

—

/200 007

. 0.

-500 -400 -300 -200

d-axis peak current [A]

-100

0

Figure 2.21: Nissan Leaf motor: dq map.
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Figure 2.22: Leaf: torque and power behaviour (above) and declared performances (below).

It is important to notice that the simulated power and torque behaviour reported in
figure 2.22 (above) are very similar to the declared specifications (below). This fact means
that the geometry obtained from approximated data is similar to the real one despite the
great presence of small air barriers of unknown dimensions in the rotor. In particular the
torque is slightly above the real one but the base point is almost correct. This produces an
output power which is very similar to the real declare one.
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29 BMWi3

For this model the main geometrical dimensions come from the report [20] although
not all of them are known. In particular the PMs in the rotor and the air barriers have been
approximated from the pictures from the [25], [27] and [26].

Figure 2.23: Geometry of the i3 model

Bearing this in mind, the following data will be affected by this approximation in the
geometry. The geometrical data of the simulated motor are below reported:

Lyt Dext D; g D, D,, PM Voloyt
mm mm mm  mm  mm  mm - l

1322 2421 180 0.7 1784 120 2 planar 6.1

hsiot Wsior; Wy hpr  ws T WpMm hpm
p
mm mm mm mm mm mm mm mm

1747 389 41 121 21 471 28and16 6and3

Table 2.43: Geometrical data of the model BMW i3.

The machine volumes can be evaluate from the values reported in the previous table:

m D%, L 24212 0.
Vol = =Dl Lte _ 70 24214 01822 _ ¢ oury 07
7 D? L 180% 0.1322
Volyirgap = 1 —fe - MO180° 01322 _ 5 5 2.73)

4 4
Producer’s specifications are reported in the following table:

Some of these values comes from the report [20], and in particular:
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Qs P Twax  Pmax  VDc I np Nmax
- - [Nm] kW] (V] [A] [rpm] [rpm]

72 6 250 125 360 400 4000 11400

Table 2.44: Producer specifications of the model BMW i3

e Vpc =360[V]
* Pyt = 125 [kW] @ 4000 - 8000 [rpm]
® Tax = 250 [Nm] @ 4000 [rpm]

It has to be noticed that this machine has an higher number of poles with respect the
previous ones, and this is done in order to reduce the back-iron and the rotor yoke at
their minimum. Furthermore small air barriers are positioned at the PMs side in order
to maximize the reluctance torque component. Observation: this model geometry is not
exactly known and some dimensions like tooth and slot width have been approximated.
From the DC bus voltage value the peak phase voltage can be evaluated by the following

relationship:

X 360
Vptase = = = 207[V] (2.74)

A small percentage of this evaluated voltage is subtracted in order to take into account
the losses in the power supply system. Hence the peak phase voltage is set Vphase =200
[V]. The winding number of conductor and parallel path come from [20] and are reported
below:

o 1’1529
[ ] npp:6

These two values allows to calculate the equivalent number of series conductor: n,s = 1.5,
which leads to the number of series conductor per phase equal to:

nsQs 15 72
m 3

N, = 36 (2.75)

In the hypothesis of developing 250 [Nm] and with 1 [T] of flux density at the air-gap the
electrical loading can be estimated:

X T 250
Ks,max = =

T D2 Ly By 33641 10 ° 1

— 74300[A/m)] (2.76)

The electrical loading allows to approximate the peak value of the conductor current in
the following way:

A

R Ksmax 7D 74300 7t 0.180

I = =
MY Ky Ns 3 0.9659 36

Hence 400 [A] are set as first conductor current. The first simulation with this value
produce a output torque of about 205 [Nm] and this means that the current has to be raised
up to: 460 [A] in order to have 250 [Nm]. Indeed from this current the following base point
values are given by the simulation:

— 402.8[A] 2.77)
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* Ty = 251.1 [Nm]
¢ Thxw = 233 [Nm]
¢ ng = 4000 [rpm]

The following set of useful data still comes from the base point simulation:

PF n Pi Pout Ploss,total
) N

0.87 94.1 111.8  105.2 6.6

P],s Pfe,tooth Pfe,BI Pfe,total Pmech
(W] Wl Wl W] [W]

20559 30704 4894 3560 998

Table 2.45: Data acquisition in the base point @ 4000 [rpm].

This data set allows to evaluate the following density ratios which are needed in order to

compare the different automotive motors:

Tinax/ Volext Tmax/VOIairgap Pout,max/ Volext Pout,max/VOZairgup
[Nm /1] (Nm/1] kW /1] kW /1]

41.3 74.7 21.4 38.7

Table 2.46: Torque and power densities of the i3 model.

Ploss,total/VOIext Ploss,totul/VOZairgap
(kW /1] (kW /1]
1.1 1.97

Table 2.47: Loss densities of the i3 model.

The new current value is needed in order to calculate a better estimation of the electric

loading:

. 3 0.9659 475 36

Ks,max - 7 0.180 = 87625[A /m] (278)
By assuming a rated current equal to 300 [A], which is almost 60 % of the maximum one,
the rated electrical loading is evaluated by the following equation:

3 0.9659 300 36
Ks,nom == 7 0.180 = 55342[14/1’”] (2.79)

Finally the current density is estimated by assuming a Ky;;; = 0.45:

A

I 7125 = 16[A/mm?] (2.80)

s = 2 68.64 045
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This value of current density is much lower of the previously presented automotive
motors and this comes from the lower electrical loading needed in order to develop a
lower peak power but for a longer time. This is required by the substantial vehicular
difference between the i3 and the previously analysed models. Indeed the i3 is a pure
electric vehicle and the other are mainly parallel hybrid cars.

The mapping of this motor is carried out with the previous cited values and the results are
hereafter presented.
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Figure 2.24: BMW i3 motor: dq map.
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Figure 2.25: BMW i3 motor: torque and power behaviour.
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2.9.1 Differences from the real model

The difference between the producer’s power vs speed specification [25] and the one
obtained by the dq mapping can be justified by several reasons. The first one is the simple
fact that the rotor geometry is an approximation of the real one. Another important cause
of the different power behaviour can be found in the motor control. Indeed in the figure
2.26 is reported a power curve that can be the result of a control in such a way of maximize
the efficiency for each speed. On the contrary the power curve obtained by the dq mapping

is the one that follows the maximum achievable power.
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210 Automotive comparison

In this section data of the automotive motors are grouped and compared. First of all in
the following table the geometrical details of the analysed motors are reported:

Model Qs Dext Dz’nt g Lstk VOlint VOlext Sslot
- - mm mm  mm  mm l l mm?

Prius 2004 (F) 48 269 1619 072 84 1.73 477 145.16
Prius 2010 (F) 48 269 1619 0.72 50.8 1.05 289 145.16
Prius 2010(P) 48 264 1619 073 50.8 1.05 278 15845
Lexus 600 (P) 48 200 130.86 0.89 1354 1.82 425 76.78
Camry (F) 48 264 1619 072 607 125 332 128.65
AccordM (I) 48 292 196 08 617 187 411 160.37
LEAF (I) 48 200 130.86 0.89 151 204 474 76.78
BMWi3 () 72 2421 180 08 1322 336 6.09 68.64

Table 2.48: Automotive motors main geometrical data comparison.

This shows the main dimension differences of the automotive motors. There are

different external diameters that varies from 200 to 292 [mm] and stack lengths from 50 to
150 [mm]. This fact leads to have different L/ D ratios which influence the performance and
thermal behaviours. Other differences come from the internal diameter which influences
the active volume and the output torque. For example there are Lexus, Accord, Prius 04
and LEAF that own almost the same air-gap volume but they are characterized by different
torque and powers. From these geometrical data the comparison in per unit of volume
will be presented in table 2.52.
In following table 2.49 the maximum declared output performances are reported, in
particular torques, powers and currents are presented. These values together with the
internal diameter and the number of slots allows to evaluate the electrical loading which
is also reported in the table 2.49.

N

Model Qs 2p VDC Ic,mux TM Pout,mux Ks,mux
- - - (vl [A] [Nm] kW] [kA/m]

Prius2004 (F) 48 8 500 200 400 50 205.1
Prius2010(F) 48 8 650 250 207 60 250.7
Prius 2010(P) 48 8 650 250 207 60 250.7
Lexus600 (P) 48 8 650 400 300 165 157.9
Camry (F) 48 8 650 300 270 105 1914
AccordM(I) 48 8 700 350 300 124  157.7
LEAF(I) 48 8 375 600 280 80 135.2
BMWi3(I) 72 12 360 475 250 125 87.6

Table 2.49: Declared automotive motors performances.

The output performances together with the machine volumes and the electrical input
values are grouped in table 2.50. These are the required data in order to evaluate power
and torque densities and in order to understand the thermal loading of the different
motors. The conductor peak current density is also reported. It shows very high peak
values and this means that the peak power requested to the motors can be developed for
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short period of time because all these Joule losses have to be extracted from the cooling
system but during the peak power developing the motor is similar to an adiabatic system.

A

MOdel VOlint VOlext Tmux Pout,max fc,max Ks,max

- ] 1] [Nm]  [kW]  [A/mm?] [kA/m]

Prius 2004 (F) 173 477 400 50 24.4 205.1
Prius 2010 (F) 1.05 289 207 60 28.5 250.7
Prius 2010(P) 1.05 278 207 60 26.1 250.7
Lexus 600 (P) 1.82 425 300 165 27.4 157.9
Camry (F) 125 332 270 105 23.1 1914
Accord M () 187 411 300 124 20.6 157.7
LEAF() 204 474 280 80 24.6 135.2
BMWi3 () 336 608 250 125 16 87.6

Table 2.50: Output performances together with electrical loadings and machine volumes.

Finally power and torque densities computation are carried out from the previously
presented values and reported in table 2.51.

Model Tonax/ Volin; Tonax/ Voleyt Pout,max/VOIint Pout,max/VOIext

- [Nm/I] [Nm /I kW /I kW /1]

Prius 2004 (F) 231.4 83.9 28.9 105
Prius 2010 (F) 197.1 71.6 57.1 20.8
Prius 2010 (P) 197.1 74.5 57.1 21.6
Lexus 600 (P) 164.8 70.6 94.5 41.6
Camry (F) 216.0 81.3 84.0 31.6
Accord M (I) 160.4 73.0 66.3 30.2
LEAF (I) 137.3 59.1 39.2 16.9
BMW i3 (I) 74.4 41.1 37.2 20.6

Table 2.51: Power and torque densities evaluated on the basis of producer’s data.

The values in the previous table 2.51 have to be compared with the following ones which
are the same torque and power densities but evaluated on the basis of FEM simulations.

2.11 Conclusion

In this chapter today’s automotive motors have been analysed at their maximum
output performances. This analysis allows to understand how much these typology of
motor are electrically loaded as noticeable in table 2.50. It has to be said that these so high
loadings can be sustained for a short period of time in order to avoid overheating in the
motor windings. For example these peak performances are guaranteed for periods in the
order of 15-20 seconds in the case of the Lexus model [8]. Hence the rated values of torque
and power must be assumed to be in the range of 60 % of the maximum ones. This is
stated following [25] where the power of 75 [kW] is guaranteed for 30 minutes, which is a
proper time considering a classical automotive application.

Anyway the torque densities reported in table 2.52 are very high both considering external
or internal volume. This fact comes from the so elevated current loading combined with
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Model Tinax/Volint  Tiax/ Volexs Pout,max/VOIint Pout,max/VOIext

- [Nm /1] [Nm /1] kW /1] kW /1]

Prius 2004 (F) 2353 85.3 35.3 12.8
Prius 2010 (F)  269.9 98.1 84.4 30.1
Prius 2010 (P) ~ 225.2 84.7 77.8 29.3
Lexus 600 (P)  163.8 70.2 92.3 39.5
Camry (F) 213.8 80.5 88.9 334
Accord M (I) 163.6 745 73.8 33.6
LEAF (1) 141.2 60.8 39.2 16.9
BMW i3 (I) 74.7 413 412 228

Table 2.52: Power and torque densities evaluated on the basis of the FEM simulations.

the IPM rotor typology chosen. This allows elevated peak torque ratios but produces also
high iron saturation in the motor. The maximum torque density is for the Prius 2004 which
has also the higher output torque of 400 [Nm]. This, combined with the lower DC bus
voltage (500 V), reduces the base speed compared with other IPM.

The BMW i3 motor has the highest volumes and at the same time the lower electrical
loading. This, combined with the higher number of poles, helps in reducing the iron flux
density and produces a more equilibrated machine.

Focusing on the power densities the Lexus model is the one with the highest output power
and power density. This is caused by the relative high internal volume combined with
three magnets and high DC bus voltage (650 V). These three factors combined allow to
move the base speed toward higher speeds (5000 [rpm]) and with that high torque it
produces the highest output power.

LEAF and i3 motors are similar machines despite the different number of poles. They
have the highest volumes and are not too much electrically loaded which leads to similar
output power densities. Hence the application of these two motors is different from the
Lexus or Camry models. Indeed i3 and LEAF models are the only ones pure electric model.
The other IPM motors are developed as engine assistance in fast accelerations and in order
to increase the whole power-train efficiency.



Chapter

Modified automotive motors

This chapter deals with three geometries previously seen in chapter 2. In particular,
the effect of the rotor that changes from IPM to Ferrite assisted REL as well as the pure
reluctance is observed and analysed. Hence, the different obtained motors are compared
in order to understand how much performance is lost by the new rotors.

3.1 Terms of comparison

The examined machine stators remain unchanged as this section only deal with the
rotor shape. The initial IPM rotors have been first replaced with a pure reluctance and then
with a PMREL rotor. The magnets in the PMREL are Ceramic Ferrite type. The inverter
output has been left untouched in order to compare the motors with the same electrical
input. The reason why this choice was made regards the fact that the impact of the rotor
type in this section is studied in the same working region of the commercial IPM motors.

3.1.1 Design changes

The following geometries have been chosen as representative of the motors previously
seen. They were selected on the basis of their main dimension and number of poles, in
particular:

e Prius 2010 P
e Lexus LS600 h
e BMW i3

Model 2p Qs Djy Lye  Lfe/Dint

Prius2010(P) 8 48 1619 508  0.314
LexusLS600h 8 48 130.86 1354  1.027
BMW i3 12 72 180 1322  0.734

Table 3.1: Geometrical parameters of the studied models.

61
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The rotors of the selected geometries have been first changed in pure reluctance ones
and then in PM Assisted REL. The reluctance rotors have been designed following the flux
lines inside a pure iron rotor and the air barriers were created with a series of arcs that
follow the flux lines. Later Ferrite PMs have been inserted in the barriers to produce the
PMREL version of the motor. In this way the comparison between different machines can
be carried out. The geometries that have been obtained are reported in the figures below.
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Figure 3.3: Lexus rotor comparison
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3.1.2 IPM motors performance comparison

Firstly the three IPM motors presented in chapter two are compared in this section and
they will be taken as references.

Model Qs 2P VDC fslot VOlint VOlext np TB PB PF Pout,max

Prius 48 8 650 2750 1.05 278 3040 236.5 75.7 0.67 79.1 @ 3410
(pu) 1 1 196 057 153 0.603 0.79 0.480 0.81 0.50 @ 0.677

1
Lexus 48 8 650 1400 1.82 4.25 5040 298.6 157.6 0.82 176.8 @ 7725
(pu)y 1 1 1 1 1 233 1 1 1 1 1.12@1.53

i3 72 12 360 7125 336 6.09 4240 246.2 109.3 0.85 134.6 @ 10700
(pu) 1515055 051 184 334 0.841 082 0.69 1.04 085@2.12

Table 3.2: IPM motors main data comparison.

The first value to consider is the torque produced in the base point. As expected, when
a machine’s volume is higher than another one, its output torque too is higher than the
other one. This is linked to the fact that the torque is directly proportional to the active
volume of the machine. An example of this can be found when comparing Prius (p.u.)
and Lexus (p.u.) where the torque ratio is 0.79 vs 1 but the internal volume ratios is 0.57
vs 1. The difference between the evaluated torque ratio and the volume ratio lies in the
difference in the electrical loadings of the two machines. Hence the following values are
introduced : Ks,max = 250.8 [KA/m] for the Prius and 158 [kA /m)] for the Lexus model.
The ratio between these electrical loadings is 1.59 vs 1 for the Prius model. If these values
are now multiplied, the estimated torque ratio between the two considered models is:
0.57 1.58 = 0.9. The ratio is still higher than the 0.79 of the real torque ratio. This happens
because one last parameter has to be taken into account: it is the flux density at the air-
gap, respectively 0.77 [T] for Prius and 0.84 [T] for Lexus. The Bg, ratio is equal to 0.916.
Eventually the torque estimation between the two motors can be carried out by using the
following equation:

T K Vol; B
B = Olimt 28 _ 1588 057 0.916 = 0.829 3.1)
TB,ref Ks[ygf VOllTl t,ref Bgolrgf

From the formula 3.1 Prius’ estimated torque is equal to 82.9% of Lexus’ but this value is
slightly different from the real value which is 79%. This difference can be justified on the
grounds of the geometrically different rotor which leads to a discrepancy in the reluctance
torque component. Hence this comparison is realistic when the rotor is similar, with the
same amount of reluctance and PM torque.

The comparison of i3 and Lexus can be carried out by means of similar passages:

T; K,; Vol i B,
B DS Olintis __78%43  _ (556 1.846 0.797 = 0.818  (3.2)
TLexus(ref) Ks, Lexus VOlint,LexuS Bgo,Lexus

This value is roughly different from the one obtained which is equal to 82.3 %. An explana-
tion for this difference lies in the fact that these two motors are characterised by a distinct
number of poles and a PMs disposition. In particular, as noticed in the figures 3.2 and
3.3 the magnets in the i3 are horizontally placed and there are several small air barriers
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that constrain the flux and increase the reluctance torque component. On the contrary in
the Lexus IPM the magnets are disposed in a Delta shape that, together with the lower
number of poles, results in a higher flux density at the air-gap.

The main terms in the previous formulation (3.1) apart from the volume are the electrical
loading and the flux density at the air-gap. If the comparison focuses now on these terms
it can be said that the flux density depends on the combination of the magnetic properties
relative to the PM inside the rotor with the induced flux density at the air-gap by the
stator currents. The other term is the electrical load 2.7 which depends on the number of
conductors, the current and the internal diameter. Hence, in order to compare the electric
loadings of two similar machines the following ratio is illustrated:

Ks m Kw Ns fc Dint,ref

A~

Ks,ref N mref Kw,ref Ns,ref Tc/ref Dint

(3.3)

By assuming that all the presented motors have the same number of phases and introduc-
ing the simplification that Ky, = 1 the previous equation can be simplified as:
AKS _ NS _ fc Dint,ref (3.4)
Ks,rgf NS,}’Ef Ic,ref Dint

This ratio can be further simplified if the slot current and the number of slot are introduced.
Indeed the series conductor ratio can be written as:

N; _ MNes Qs m _ Mo Qs (3.5)
Ns,ref m Nes,ref Qs,ref Nes,ref Qs,ref
In this way the electrical loadings ratio can be approximated as:
Ks _ Qs jslot Dint,ref (3.6)

Ko ref  Qorey Liotref  Dint

The comparison can also involve the base speed which is related to the number of pole
pairs and the frequency. When connecting the base speed of two IPM motors, the following
formula can be used:

g _ f Pref
NBref fref p

From the torque estimation and the base speed the output power in the base point is
evaluated as:

(3.7)

Pg Tp np (3.8)

PB,ref B TB,ref NBref

From the formula 3.1 a similar expression that links the torque to the slot current and other
parameters can be obtained. In particular, this can be done by taking the equation 2.8 and
decomposing it in the following one:

ko Qs Diy Lpo - . X R
T Botoas PF Lo = Kuize Bgjona PF Liw  (39)

This equation directly links the output torque to the slot current and allows a comparison

T =
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between different types of motors. The terms in it can be grouped in a simpler coefficient:

Kt = Ksize Bgjoaa PF (3.10)
Is this coefficient a good parameter for describing the motor correctly? To answer this
question the table below shows all parameters involved in 3.9 and 3.10 and compares
them with simulation values.

A ~

Model Ksize Bg,load PF Ls1ot Kr Tg KT,simulation
- (m?] [T - [Al - [Nm] -

Prius04 0.157 146 075 2250 0.172 407 0.181
Prius 10P 0.095 144 0.67 2750 0.092 236 0.086
Lexus 0204 131 0.82 1400 0.218 299 0.214
Camry 0113 145 075 2100 0.123 268 0.128
Accord M 0.140 128 0.81 2100 0.146 309 0.147
LEAF 0228 129 0.85 1200 0.248 293 0.245
BMWi3 0411 112 085 700 0385 246 0.357

Table 3.3: Comparison of the evaluated Kt with the K7 ;.4

In this table the coefficients Kt are evaluated by the calculation in 3.9 and Kt simuiation

comes from the base torque divided by the slot current that has been used in the simulation.
The table illustrates that K7 values are similar to the ones obtained from the simulation.
As shown in 3.9, Kt represents geometrical and electrical parameters. The machines’ di-
mensions are necessary in order to understand the torque development in the volume, but
they cannot describe the torque behaviour on their own. Hence Kt must contain parame-
ters such as the flux density at the air-gap and the Power Factor. The table highlights a very
low Power Factor and this is due to the machine’s high electrical loading and its saturation
level. In these conditions, the angle with the maximum PF is shifted towards higher angles
than the MTPA one and this results in a lower PF when the machine is controlled following
the MTPA trajectory. This situation is better for the rated torque requirement where the
angle of MTPA is similar to the maximum PF angle.
Bg,load is required because the torque is directly proportional to it (until the iron saturation
occurs). On the other hand the power factor is needed in order to understand the vectors
position in the dg plane that describe the motor performance. In this way, in a single
expression the torque is connected with the slot current by a simple coefficient.

In figure 3.4 there is a brief motivation of the torque coefficient related to the electrical
components. Clearly the current vector contained in the expression K; is present. The
second term is the voltage on the machine which is related to the air-gap flux density
Bg,load- The last term presented in 3.9 is the Power Factor which is directly linked to the
angle between the voltage and the current vectors.

This formulation represents a different way to see the electromagnetic torque from [4] and
reported below:

D? L, 27
T,y = PO Zintfe / U, (8,)Ks(6,)d6, (3.11)
§ 4 Do

The torque in 3.9 is the same as the one obtained from the equation of the air-gap tangential
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Figure 3.4: Justification of the Kt definition. The graph is related to an IPM machine

force:
D.
T=F = g oD, Lpo (3.12)
Where 0 is:
2 A .
o= EBg,hmd PF K (3.13)

Hence from this simplified torque expression the base point power can be approximated
as:

2 71’fB

Pg =Tp wn = Krlyy = Kpower Isior f5 (3.14)

3.1.3 Conclusion

In this section the basis for a torque comparison has been established. The expressions
3.9 and 3.14 describe the performances of a generic machine. The coefficients Kt and Kp
indicate the load of the machine in a different way, indeed:

ko Qs Diy Lpo X
Ky = =" By PF=Kze Byious PF (3.15)
21 27 R
Kp = Kpower = ? Kr = ? Kisize Bg,load PF (3.16)

Thanks to these coefficients, the comparison of different motors can be carried out.

The discrepancies between simulated and real values are caused by several factors, one
above all is the uncertainties on the exact values of the real motors described. From table
?? the following comparisons can be made:

A N IS

T _ Ksize PF By 10ad Lsiot _ Kr Lsiot (3.17)
TB,ref Ksize,ref PF, ref Bg,load,ref Islot,ref KT,ref Islot,ref
Pg T np Kp ot fB (3.18)

Pprer Thref MBref  Kpyres fszot,ref fBref
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A

Model Ksize Bg,load PF KT KP fslot np TB PB KT,reul KP,reul

Prius 0.095 145 0.67 0.092 0.145 2750 3040 236.5 75.7 0.086 0.135
(pu.) 0465 112 0.82 0422 0424 196 0.60 0.791 048 0.402 0.401

Lexus 0204 13 0.82 0218 0342 1400 5040 299 157.6 0214 0.336
puw) 1 1 11 1 1 1 1 1 1 1

i3 0411 1.12 0.85 0391 0409 700 4240 246.2 109.3 0.357 0.373
(pu) 202 086 1.04 1794 1196 05 084 0.823 0.694 1.668 1.110

Table 3.4: Output coefficient and per unit values of the IPM geometries

These prediction will be applied to the REL and PMREL motors in the following
section.

3.2 Investigation on REL and PMREL

In this section the passages that have been done for IPM motors are applied to the
reluctance and PMREL built on the IPM geometries. In particular what is wanted is to
obtain a comparison of these different typologies of motor based on the previously defined
coefficients: Ky and Kp. The simulations of the reluctance and PMREL motors were carried
out while maintaining the same values for:

* Main dimensions such as: Ly, Dy, g, Qs
e Slot current: I,

¢ DC-bus voltage: Vpc

In this way the comparison focuses on the differences in the air-gap flux density and
the different power factor.
First of all, it is known that the PF changes because of the different «;, between the REL
and IPM motors. Particularly, by neglecting the iron saturation, a;, angle changes from
= 135 in an IPM to = 45 in a REL (this angle is between the d-axis and the current vector).
This different angle produces a variation in the relative position of voltage and current
vectors, i.e. it changes the angle ¢ between voltage and current vectors. Indeed in an IPM
machine ¢ assumes a lower value with respect the same angle in a reluctance motor.
In a PM assisted REL the g-axis positioned Ferrite magnet produces a flux that helps
reduce the g-axis flux and causes a clockwise rotation of the resulting flux as shown in
figure 3.7. In this figure the Ferrite PM flux is represented by the red vector and the same
goes for the voltage variation. Hence the Ferrite magnets allow the consequent rotation of
the voltage vector that moves closer to the current vector and this helps reduce the angle
@, hence the power factor is improved.

The analysis starts from the torque and power values evaluated in the base point. The
base speed is also needed in order to understand the output power and the operative
frequencies.

Once, it was believed that from the rotor changing, in particular from the IPM to the reluc-
tance typology, the flux in the machine would have been lower. In this way the reluctance
type would have presented a lower winding voltage compared with an IPM type at the
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Figure 3.5: Vector diagram of an IPM machine. It is noticeable the low ¢ angle with-respect the
one in the following figures.

Ldld d-axis

Figure 3.6: Vector diagram of a REL machine.

same speed. This fact would have allowed an higher base speed for the reluctance motor
with-respect the equivalent IPM.

As shown in table 3.5 this situation does not occur, and the explanation for this lies in
the high saturation of the analysed machines. Indeed the automotive motors presented
in chapter 2 are characterised by high values of K, in order to satisfy the peak torque
demand. This requested performance is guaranteed for a short period of time because of
the machine’s thermal limits, but throughout this period the saturation in the machine is so
high that the flux variation is very limited with the current variation. Hence those elevated
fluxes almost induce the same voltage at the winding terminal at the same speed, meaning
that the voltage limit allowed by the inverter and its DC bus is reached at almost the same
base speed. In order to increase the base speed two ways are available: the first one is to
lessen the saturation by reducing the electrical loading, but this affects the output torque.
The second one is to increase the inverter voltage limit although it implies to enhance the
electric power of the whole system. A middle way consists in changing the stack length of
the motor in order to reduce the flux, but again the output torque is affected by this action.
When the base point is reached the machine is working at its maximum values of current
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Figure 3.7: Vector diagram of a PM-assisted-REL machine. The red arrows show the assistance of
the Ferrite PM.

and voltage. After the base point there is Flux Weakening region, where the current angle
;. is increased while current and voltage vectors are maintained at their maximum in
absolute value. This allows the machine to develop its maximum output power in the Flux
Weakening region.

As far as pure reluctance motors are concerned, a phenomenon occurs when they are re-
quired to work at higher speeds than the base one. By slightly incrementing the speed, the
voltage increases beyond the established DC bus limits due to the high saturation. Hence
Flux Weakening region (FW) is very restricted and the operational behaviour rapidly starts
to follow MTPV region. During the MTPV, it happens that the current is reduced in order
for the flux in the machine to be diminished too, enabling to follow the maximum torque
per voltage at high speeds.

Due to the high saturation in the MTPV region the current needs to decrease very quickly
for a considerable flux reduction leading to a rapid loss of torque with the speed increment.
To increase the FW and MTPV performance the introduction of PM assistance is required.
On the other hand, the IPM motor shows the FW and MTPV best performances due to
higher flux from the rare earth magnets. In the following table 3.5 the same parameters for
IPM, PMREL and REL motors are reported in order to have a first base point comparison.
In this table the maximum voltages influence the base speeds and the peak powers. Then
there are the slot currents and the internal volumes that are related to the machine torque
production. The number of poles are requested in order to understand the operational
different frequencies. The Power Factor is evaluated in the base speed at the maximum
loading. As previously explained it is very low because of the saturation in the machine.

As it has been done in the previous section, two coefficients Kt and Kp are evaluated
for the different typologies of motor from the equations introduced in 3.15 and 3.16. The
computation starts from the values obtained in the base point simulation. Because of the
identical stator geometry Kj;,, inside the two equation is the same for all geometries. As a
result the terms that change in the coefficients” evaluation are only the PF and the Bg/loud.
These two coefficients are reported below:
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Model Qs 2p Vbe fslot,max Voliny Volexy np Tg Pg PFp Pout,max

Prius 10P
IPM 3040 236.5 75.7 0.67 79.1 @ 3410
(p-u.) 0.603 0.79 0.48 (0.81) 0.50@ 0.68

PMREL 48 8 650 2750 1.05 278 3100 217.5 70.5 0.64 71.2@ 3160

pu) 1 1 1 196 057 153 0.615 0.73 0.45 (0.78) 0.45@ 0.63

REL 2990 169.7 53.1 0.54 53.3 @ 3020

(p-u.) 0.593 057 0.34 (0.66) 0.34@0.6
Lexus

IPM 5040 298.6 157.6 0.82 176.8 @ 7725

(p-u.) 1 1 1 (1) 1.12 @ 1.53

PMREL 48 8 650 1400 1.82 4.25 4910 2169 1115 0.64 115.1 @ 5260

pu) 1 1 1 1 1 233 097 073 071 (0.78) 0.73@1.04

REL 4820 189.3 955 0.58 97.8@5085

(p-u.) 096 0.63 0.61 (0.71) 0.62@1.01
BMW i3

IPM 4240 246.2 109.3 0.85 134.6 @ 10700

(p-u.) 0.841 0.82 0.69 (1.04) 0.85@2.12

PMREL 72 12 360 7125 336 6.09 4370 1725 789 0.63 87.5@ 5800
(pu) 1515055 051 1.84 334 0867 058 050 (0.77) 0.56@1.15
REL 4330 142.1 645 056 69.6@ 5250
(pw.) 0.859 048 0.41 (0.68) 0.44@1.04

Table 3.5: Comparison between different typologies of motors at the maximum load.

kw Qs Dint Lfe PN PN

KT - 4 Bg,load PF = Ksize Bg,loud PF (319)
27 27 N
Kp = ? Ky = ? Ksize Bg,load PF (320)

The table 3.6 shows that the so-called Kr coefficient is a good indicator for the torque
developed in the cases of IPM and PMREL typologies of motor. Due to the presence of the
PM torque component the IPM and PMREL motors present an higher K with-respect the
reluctance type motor built on the same volume. This suggests that the torque density in
the IPM motors is greater than the REL torque density, but this first observation will be
better evaluated at the end of this chapter.

Each one of the three simulated cases illustrate an overestimation of the output torque,
especially in the reluctance motor this coefficient overestimates the output torque too
much. Probably, the main causes are:

e High B ¢ load Of the investigated reluctance motors. This produces high saturation in
the iron that causes a non-linearity in the torque with the current.

* Simplified method that does not take into account the whole harmonic content of
the air-gap flux density.
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A

Model Qs kw  Diwt  Lre Bgioas PF Iy Kr  Kp T Krpea Kprea
Prius 10P

IPM 1.51 0.66 2750 0.094 0.148 236 0.086 0.135

PMREL 48 096 0.1619 0.0508 1.35 0.64 2750 0.082 0.128 218 0.079 0.124

REL 1.39 0.54 2750 0.071 0.112 166 0.060 0.095

Lexus

IPM 1.26 0.84 1400 0.216 0.339 299 0.214 0.336

PMREL 48 0.96 0.13086 0.1354 1.17 0.66 1400 0.158 0.248 220 0.157 0.247

REL 1.31 0.58 1400 0.155 0.243 190 0.136 0.213
BMW i3

IPM 1.12 0.84 700 0.390 0.408 248 0.354 0.371

PMREL 72 096 0.180 0.1322 0.95 0.65 700 0.254 0.266 185 0.264 0.277

REL 095 056 700 0.219 0.229 147 0.210 0.219

Table 3.6: Comparison between different typologies of motors.

Later graphs of the maximum performances in torque and power of the evaluated
motors are reported. The general performance has a drop when the rotor is changed from
the IPM to the PMREL and REL and this is caused mainly by the lower air-gap flux density

and lower PE.

Following the order in table 3.6 the first model the figures correspond to, is Prius 2010.
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Figure 3.8: Power and torque behaviour of the Prius 10 based models.

As noticeable in figure 3.8 the torque in this model has a sharp drop after the base point.
This fact finds an explanation when observing that the Bg of this model is the highest. This
implies that in the machine iron there is an elevated saturation degree that produces a fast
decreasing in the supply current in order to comply with the voltage limit imposed to the
machine. This torque drop causes the decrement of the output power at high speeds.
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This behaviour is seen in all the Prius 10 based models, in particular the reluctance one
shows a peak power above 50 [kW] around 3000 [rpm] but then the output power cannot
be kept at those levels ad presents a very rapid drop. In regards to the output perfor-
mances, it is important to notice that the PMREL version of this motor is comparable with
the producer data exposed in the previous chapters up to 6000 [rpm]. This comes from
the entirely filled barrier adopted in this motor which greatly helps to improve the high
speeds performances.

The following figures represent the torque and the power behaviour of the Lexus based
motors.
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Figure 3.9: Power and torque behaviour of the Lexus based models.

This model shows remarkable performance differences between the three types of
motors. The IPM has the highest torque and power and the PMREL version is very far
from the IPM performances. The torque of the IPM model presents a smooth drop with the
speed rise. This means that the corresponding power is nearly flat as it is clearly visible
from the graph on the left.

PMREL version presents a torque which is almost two third of the IPM one but its power
does not present flat behaviour at high speeds as expected. It always needs to be charged
at the different PM flux density that helps into maintain flux weakening for a wider speed
range and so MTPV starts at higher speeds with-respect the PMREL model. The base point
is almost the same for the three types which means that PMREL has about the same flux
of the IPM model.

The high Torque difference between the two typologies is justified from the observation
that PMREL barriers are filled only in minor part with-respect the Prius ones. The reluc-
tance version has half the IPM power in the peak point and presents a power curve at high
speeds which is almost half the PMREL one.

The following figures 3.10 represent the BMW i3 model based comparison. The IPM
model present the flattest power curve among the analysed motors. The PMREL peak
power is almost equal to 70 % of the IPM one but, in this model too, the PMREL motor
does not have a flat power behaviour despite being smoother than the others. This occurs
because this motor presents the lowest electrical loading which, together with the higher
number of poles, helps reduce the flux in the machine, producing a better power behaviour
with-respect the 8 poles motors. The pure reluctance type does not show good output
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Figure 3.10: Power and torque behaviour of the BMW based models.

values because the reluctance torque is lowered from the higher number of poles. This
indicates that for a possible pure reluctance automotive alternative the number of poles
must be limited in such a way to have good saliency ratios.

In all three model based motors it is clearly visible how the IPM version presents the
highest output performances, and this is related to a better efficiency and power factor.
The PM assisted Reluctance motor assumes a middle position between the IPM and the
reluctance versions. In the Prius case PMREL is comparable with the IPM version because
of the elevated saturation which causes a mediocre exploitation of material also in the
IPM version. This feature is not present in the Lexus based models where the PMREL
torque is almost equal to two third of the IPM version. BMW based PMREL motor has
the flattest power curve compared with the previous PMREL, and this is generated by the
lower motor electrical loading and saturation.

Reluctance motor versions present very low output values compared with an IPM and
this means that in order to have the same performances this type of machine needs to be
larger in dimensions or must be supplied by higher currents or voltages. In an automotive
application a wider machine is not the best one because it leads to a heavier power-train
and would affect the vehicle’s overall performances [22], [10].

3.2.1 Rated torque values

The previous tables and graphs were obtained at the maximum electric input values
which lead to the highest torque achievable from the different geometries and typology of
motors. This procedure evaluates the motors at their maximum output and creates the
following problems:

High saturation in the magnetic circuit

Low Power Factor

High Joule losses

Non-optimal operational behaviour

¢ Transient peak values due to thermal limits
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The first reported one causes a lot of uncertainties on the simulations. In particular,
the current in the slot is not used at its best with high saturation, because, in order to
have a small increment of the torque, the current needs to be significantly increased. This
implies a higher addition of apparent power with respect to a smaller gain in active power.
For this reason the Power factor is very low and the currents required for the maximum
output torque contains a large amount of imaginary current [6].

The thermal analysis is needed in order to know the time for the maximum torque to be
sustained. Generally in automotive motors these values follow the order of 20 seconds
because the typical usage of the vehicle is limited at lower torques. The maximum torque
values are reached in particular situations, such as sudden accelerations or road slope
raising [28].

The rated torque corresponds to that value that can be sustained for an hypothetical
infinite time without critical over-temperatures in the windings. From the articles [27],
[22], [8] it is evinced a rated load equal to the 60 % of the maximum one. This value will be
maintained for the motors in analysis.

So far the rated loads of the different machines are compared, and in this situation we
expect the following performance improvements:

e Lower Bg,load which leads to a less saturated iron, so to lower Iron Losses
* Higher power factor
¢ Lower current density, hence lower Joule losses

* Lower Output torque and it is expected varying in a different way from the linear
one with the current

* General improvement of efficiency and PF conditions

In the following table the values assumed to be equal to the rated ones are presented.

a

Model Qs 2p Vbc  Voliys  Voleyt Is,mted Ks,ruted

Prius 48 8 650 105 278 1650 150
pu) 1 1 1 057 153 196 135

Lexus 48 8 650 1.82 4.25 840 111
(p-u.) 1 1 1 1 2.33 1 1

i3 72 12 360 336 609 420 77
(pu) 15 15 055 184 334 05  0.69

Table 3.7: Rated input data of the three analysed automotive IPM motors.

These values are used to let the FEM simulations at the rated load begins. From those
simulations the following output are produced and reported in the table 3.8.

This table, together with the one in the previous section, brings to deduce that the
lower current leads to a lower flux density in the air-gap and in the iron. This is confirmed
both for the BMW and Lexus models, but not for the Prius. Indeed, in the Prius IPM model
such a high slot current causes the saturation of the whole machine and induces a too
high value of air-gap flux density. These conditions produce a general worse exploitation
of the machine active volume. In particular the power factor is lower than the other two
models’ even in the rated load condition. On the contrary the BMW model is characterized
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Model Qs kw Dint Liron Bg,mted PF fs,mted KT KP TB KT,real KP,real

Prius 10P
IPM 145 0.75 1650 0.103 0.173 165.6 0.100 0.157
PMREL 48 096 0.1619 0.0508 1.26 0.72 1650 0.086 0.135 147.0 0.089 0.140
REL 1.31 059 1650 0.073 0.115 116.3 0.071 0.111
Lexus
IPM 1.19 0.88 840 0.214 0.336 176.8 0.211 0.331
PMREL 48 0.96 0.13086 0.1354 1.07 0.66 840 0.144 0.226 120.1 0.143 0.225
REL 1.27 0.56 840 0.145 0.228 100.1 0.119 0.187
BMW i3
IPM 0.97 0.88 420 0.351 0.367 132.4 0.315 0.329
PMREL 72 0.96 0.180 0.1322 0.77 0.61 420 0.193 0.202 76.4 0.182 0.191
REL 0.70 050 420 0.144 0.151 56.5 0.135 0.141

Table 3.8: Comparison between the different typologies of motors at rated load.

by a low iron saturation, so low that the power factor of the PMREL and REL models is
higher at maximum load than the rated one. This is mainly due to the higher number of
poles in the machine that helps reduce the flux. Lexus model presented the higher values
of PF at the maximum load although it is exceeded by the Prius PMREL power factor at
rated load. Prius model is characterized by a rated PF higher than the other two PMREL.
This is caused by the slot current reduction which enables to reach better values of flux
density and also by the higher amount of Ferrite PM in the rotor with-respect the other two
PMREL. From these observations the following criteria are set up for the future PMREL
and REL motors design:

e Slot current limited in order to reach K; of 150 [kA/m] in overload and 100 - 110
[kA/m] at rated loadings

. Bg not above 1-1.2 [T]
e Higher Vpc for better behaviour at high speeds
¢ Optimize the available volume in order to maximize the machine iron

¢ Increase the number of poles which allows to minimize the back iron an helps in
reducing the flux density

* PMREL machines with the maximum possible amount of Ferrite in the rotor



76

3 Modified automotive motors

3.2.2 Torque comparison

The comparison between different types of motor has been accomplished by keeping

the main dimension unchanged, i.e. the machine volume. Other important parameters
that are equal for each motor are the electrical ones such as Vpc and Lot In this way the
machine’s electrical loading is the same. Performances are reported in the following graphs.
The first comparison refers to the torque vs a;,, which is needed in order to understand
the MTPA trajectory of the motors.
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Figure 3.11: BMW i3 IPM, PMREL and reluctance versions: Torque vs a;,.
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These three graphs 3.11 are relative to the BMW i3 model with the three different types
of rotors. The curves have been obtained from currents varying in a range between 20% up
to 100% of the maximum one. These graphs underline that the output torque is lower for
PMREL and REL motors. The maximum output torque is approximatively equal to 73%
and 60% respectively for PMREL and REL rotor at the maximum current loading. As it can
be seen BMW based motors do not present high saturation and this can be evinced from
the MTPA trajectory points. Indeed they do not shift towards electrical angle higher than
130-140 for IPM and PMREL types and 50-55 for the reluctance model. Still regarding
the torque behaviour it is evident that there is an almost linear variation of the torque with
the current and this is again enabled by the low saturation of the magnetic circuit.
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Figure 3.12: Lexus IPM, PMREL, REL: Torque vs «;,

The figures above 3.12 present the torque variation with the current and the angle for
the Lexus based motors. Differently from the BMW based models here the current angle
moves above 140 and this is index of an increasing saturation for high current values.
The maximum output torque is approximately 74% and 63% respectively for PMREL and
REL rotor at the maximum loading. The saturation has an higher presence for this model
with-respect the BMW motors but this does not cause an evident non-linearity in the
output torque as a function of the current.
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Figure 3.13: Prius IPM, PMREL, REL: Torque vs &,

In the figure 3.13 torque vs «;, graphs of the Prius 2010 based motors are presented.
The particular shape of the torque as function of «;, is due to the V-shape disposition of
the magnets. This motor is characterised by a non-negligible saturation and this is evinced
from the shape of the graphs. Particularly the current values above the 60% produce an
output torque lower than the one obtained in linear conditions. The saturation causes also
the shifting of the MTPA trajectory toward higher angles. The maximum output torque is
approximately 92% and 70% respectively for PMREL and REL rotor at the maximum load.
This puts in evidence that for this model, characterised by these so high values of electric
and magnetic loading, the PMREL is a good alternative in order to economize the motor
production.

In the following page there are all the different models an typologies output torque directly
compared. This allows to understand how much gap there is between the same motor
with different rotors and between the differently shaped rotors.
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Figure 3.14: Torque vs a;, of the different models. On the right there are maximum load values
and on the left at rated load

As previously mentioned, it is evident from this comparison that the BMW and Lexus
models suffers from an almost linear drop of torque with the variation of supply current.
For Prius based models it is not the same because of the high saturation which starts before
the hypothesized rated current equal to the 60% of the maximum one. For the same reason
the PMREL model is comparable with the IPM one regarding the torque development.
Lastly, the last comparison is between the same typology of motor at the maximum current.
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Figure 3.15: Torque vs a;, at maximum load comparison of the same rotor typology.

From figures 3.15 it is evinced that the i3 based models (red one) have a lower output
torque than the other two in the case of PMREL and REL despite having an higher active
volume. This is caused by the lower Kj of this motor and by the higher number of poles in
this model which causes a drop in the L;/ Lq ratio. This influences the torque produced by
the reluctance effect causing a drop in the total output torque.

In all the three cases the Lexus stator based models (black one) are the best solution
because the high active volume is assisted by a good value of electrical loading which
does not cause a too elevated saturation in the machine.
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3.2.3 Power factor comparison

Power factor (PF) of the machines is a fundamental parameter that carries information
about the angle between the supply voltage and current. PF varies as function of many
operative conditions, for example when the machine is under lower loads it is unsaturated
and the PF assumes high values because the current vector is near the voltage. When
the operative load increases the current vector moves, following the MTPA trajectory,
toward higher angles due to the increasing saturation. This causes an increment of the
angle between voltage and current vectors producing a worsening in the PF value [11]. In
the case of a highly saturated machine (high currents), the worst condition occurs for the
PF. Indeed the fluxes Ndg have the same slope, and Ly,L, reach similar values (worsening
of the saliency ratio ¢). This implies that the current vector increases its angle but this is
not sufficient in order to cover the increment in the voltage angle caused by the higher
fluxes and inductances. PF vs a;, graphs are reported below for the different models.
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Figure 3.16: PF comparison of the BMW i3 based models. On the right at maximum load and on
the left rated load.

In the figure 3.16 the PF of the BMW based models are reported. It represents that

the IPM model reaches the PF = 1 at 160 and 150 respectively at maximum and rated
loadings. These two angles are different from the MTPA angle at the same loads and
this can be a cause of discrepancy between the maximum output values obtained by the
previous simulations and the producer data. In other words, the real motor control can
be done following the maximum of the PF at high speeds and this causes a drop in the
output power different from the simulated one in section 2.9.
The PMREL model is characterised by a PF above 0.7 both at maximum and rated load.
On the other hand, REL motor has a PF lower than 0.6 and the peculiarity is that the PF is
higher at the maximum load than the rated one. This fact can be explained stating that the
flux required to magnetize the machine is still low at the rated load and reaches the right
values for loads above the hypothesized 60%. This occurs both because of the absence of
the PM flux inside the rotor and because of the high number of poles in this machine.

In figure 3.17 the PF of the Lexus models are reported. This IPM model reaches the
PF =1 only at rated load for an angle of 160 . On the contrary at the maximum loading
the power factor reaches its maximum value above 0.9 but not equal to one. This can be
clarify by assuming that both the current and voltage vectors moves at higher angles at
such high loads. These vectors shifting cause the current and voltage vectors without ever
overlapping with each other. As a consequence the PF cannot reach the unitary value.
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Figure 3.17: PF comparison of the Lexus based models. On the right at maximum load and on the
left rated load.

The PMREL motor has PF above 0.65 in the maximum load and reaches values above
0.7 for rated loads. The REL model is characterised by PF in the range of 0.6 but at high
loading the angle of maximum PF moves toward 65 .
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Figure 3.18: PF comparison of the Prius based models. On the right at maximum load and on the
left rated load.

The Prius based models PF are reported in figure 3.18. This model, as previously
mentioned, is affected by an high saturation of its magnetic circuit. This leads to an overall
low power factor and this finds a further confirmation in the figure 3.18, which shows
how the PF never reaches the unitary value. The same goes for the rated load condition,
where the PF reaches 0.85, that is to say a very low value for this type of motor. Prius
PMREL is affected by the same saturation level but the PF of this type is still comparable
with the other two PMREL models. The Prius REL is the characterised by the lowest PF at
maximum load, equal to about to 0.55.
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Figure 3.19: IPM motors PF comparison. On the right at maximum load and on the left rated load.

In figure 3.19 the IPM’s power factors previously described are directly compared. The
maximum PF value reached is a sort of saturation index, indeed the Prius IPM (black)
is the worst one both in case of maximum and rated load. In particular this low PF is a
disadvantage of this IPM motor compared with the others because it produces an higher
amount of inductive current that needs to be compensated.
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Figure 3.20: PMREL motors PF comparison. On the right at maximum load and on the left rated
load.

The PMREL motors PF are compared in figure 3.20. Differently from the IPM models
there is not a marked difference at the rated load where, surprisingly, Prius PMREL model
shows a slightly higher PF than the other two models. Prius PMREL loses its leading
where the comparison is made at the maximum loading where also Lexus overcome Prius
and i3 PMREL is the best one.
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Figure 3.21: REL motors PF comparison. On the right at maximum load and on the left rated load.

Undoubtedly REL motors show the lowest power factor compared with the previous
model. Their values are presented in figure 3.21. The Lexus based model is the most
balanced one because the peak value of its PF does not change with the load and stays at
about 0.6 which is a very low value compared with the IPM power factors. As mentioned
before the Prius model has the worst PF of the group and BMW REL is characterized by
an increment of PF with the load.

3.3 High speed behaviour

this section presents and comments the high speed behaviour of the analysed machines.
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Figure 3.22: Power vs speed of the studied IPM, PMREL and REL models.

In the two figures 3.22 and 3.23 the power and torque behaviour vs the motor speed
are reported. The IPM models (continuous line) are evidently the most performing motors.
They are characterised by the highest torque and power values with-respect the other types.
These motors have the highest slope of the power curve because their output torque is the
maximum one between the models. After reaching the base speed IPM motors present
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Figure 3.23: Torque vs speed of the studied IPM, PMREL and REL models.

a very large area where the power is stable. This behaviour is particularly present in the
Lexus and BMW i3 models. The Prius IPM has a lower maximum power and after the peak
value is reached the power presents a slow and steady decrease until the maximum speed
value which is about 50 [kKW]. As mentioned before these output powers are obtained
from the maximum achievable electrical input, without considering a possible controlling
algorithm.

When it comes to the PMREL models, they are characterised by a lower maximum output
torque value and this produces a power curve with a lower initial slope. At the maximum
electrical loading fluxes in the machines are too elevated and this causes an almost stable
position of the base speed which is similar for the different motor typology built on the
same model. After the base speed PMREL presents a maximum peak power which is
near the base point in the case of Lexus and is almost equal in Prius. Only the i3 with
PMREL rotor shows a flat power curve between the base speed and almost twice the base
speed. This behaviour is mainly caused by the low saturation of the model which allows to
maintain high currents even after the base point reaching. Hence in the BMW based model
the flux weakening operative region is considerably longer than the other two models. An
interesting fact is that at high speeds the i3 PMREL and Lexus PMREL converge toward
the same power which is slightly above 50 [kW]. This convergence is caused by the rapid
torque drop of the Lexus PMREL which, for speeds above 8000 [rpm] has almost the same
shape and values of the i3. Prius PMREL has an output torque similar to the IPM one and
this is the same for the base points, but the PMREL torque has a faster drop than the IPM
one and at high speeds has almost half of the IPM’s power. Hence in the two figures the
PMREL version of the different models exhibits all its limits at high speeds. These limits
can be exceeded by increasing at the maximum the amount of Ferrite PM inside the rotor
in order to increase the short-circuit current helping the flux weakening region to persist
for a longer speed range.

Reluctance motors are the less performing models. Powers are slightly higher than half
of the IPM values and at high speeds the comparison is even worse. At 13000 [rpm] the
maximum power of a reluctance motor is about 30 [kW] for the Lexus REL. The i3 is
the REL which loses higher power with-respect the PM models. This is caused by the
lower L;/ L, ratio from the high number of poles. The powers at maximum speed of the
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REL model with-respect the IPM are: 22% for Lexus, 15 % for BMW and 20% for Prius.
Generally speaking for these Reluctance motors characterised by so elevated electrical
loading after two times their base speed they lose too much performance. Hence they are
competitive for this purpose only if the electrical loading is reduced and the base speed is
moved toward the highest possible speed.

N

Model VDC Ic,mux np TB PB Pout,max TlSkrpm P13krpm
Prius 10P
IPM 650 250 3040 236.5 75.7 79.1 @ 3410 37.73 51.05
PMREL 650 250 3100 2175 705 71.2 @ 3160 22.45 30.53
REL 650 250 2990 169.7 53.1 53.3 @ 3020 6.84 9.25
Lexus
IPM 650 400 5040 298.6 157.6 176.8@ 7725 122.2 165.5
PMREL 650 400 4910 2169 1115 115.1 @ 5260 40.4 55
REL 650 400 4820 189.3 955 97.8 @ 5085 22.46 30.5
BMW i3
IPM 360 460 4240 246.2 109.3 134.6 @ 10700 98.5 134
PMREL 360 460 4370 1725 789 87.5 @ 5800 40.6 55.1
REL 360 460 4330 1421 645 69.6 @ 5250 13.2 18

Table 3.9: Output data comparison for the IPM, PMREL and REL version of the automotive motors.

Model ng Tp Pp Pout,max Tl3krpm PlSkrpm
Prius 10P
IPM 1 1 1 1.05@1.12 0.16 0.674
PMREL 1.02 092 093 094@1.04 0.095 0.40
REL 098 072 0.7 070@0.99 0.029 0.12
Lexus
IPM 1 1 1 1.12 @ 1.53 0.409 1.05
PMREL 0.97 0.73 071 0.73@1.04 0.135 0.349
REL 096 063 061 062@1.01 0.075 0.194
BMW i3
IPM 1 1 1 1.23 @252 0.40 1.226
PMREL 1.03 0.70 0.72 080@1.37 0.165 0.504
REL 1.02 058 059 064@124 0.053 0.165

Table 3.10: Motor comparison in p.u. with-respect the IPM base values.



Chapter

Synchronous PMREL proposed for
automotive applications

This chapter offers a description of the main requirements for the design of PMREL
motor. As explained in chapter three the reluctance motor has an output performance in
the base point equal about to 60% of an IPM motor characterized by the same dimensions
[5]. This different performance is mainly caused by:

* absence of the rotor PM and its torque component
* higher saturation in the rotor that causes an higher "field" current

* difference in the L, /L, ratio

This performance gap can be reduced by the introduction of Ceramic-Ferrite PM in the
rotor barrier [6], [5]. This PM produces its own flux that particularly helps the machine in
the flux weakening region at high speed.

4.1 Preliminary discussion

As previously explained in chapter three, some limits need to be given in order for the
machine to be well designed. The main limitations of this kind of motor are:

¢ FElectrical loading

* Magnetic loading

These two parameters influence the whole behaviour of the machine. In particular a
too elevated electrical loading will cause overheating in the conductors and saturation
in the magnetic circuit. The overheating causes degradation in the conductor insulation
and this leads to a reduced lifetime of the product. Saturation causes non linearities in
the torque production and a drop in the power factor of the motor. Both electrical and
magnetic loading lead to higher losses in the motor. The first one in the copper losses
due to the higher current density and the second one in the iron losses due to the higher
flux density reached in the narrow iron paths of the magnetic circuit. Another important
consequence of the saturation is that the saliency ratio decreases and this brings to lower
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torque developed from the machine at higher loads. Hence the first two limits that are
here imposed to the machines are:

e Limited current in order to reach K; of 150 [kA/m] in overload and 100 [kA/m] for
rated loading

o Bg in the order of 1-1.2 [T]

4.2 Considerations on the choice of the stator

This section presents several different combinations of poles and numbers of slots in
order to understand which one is the best for automotive purposes. The main constrains
here are:

¢ Maximum conductor peak current of 550 [A]
e Maximum DC-bus voltage of 345 [V]
® D, = 256 [mm]

* Lstk,max =180 [mm]

These limits are imposed from the initial request for this type of motor. As said above

the maximum electrical loading will be kept under 150 [kA /m] to avoid worse operational
behaviour. In order to satisfy this limit the conductor current will be forced to decrease
when the number of slot is high as it can be noticed in table 4.1.
In the following table the possible geometries for an automotive PMREL motor are re-
ported. The number of slot per pole per phase varies from one to four. The number of
conductor in the slot is fixed to an even number to allow wires transposition. In particular
the conductors have to be hairpin type. These kind of conductors are rectangular-shaped
and allow to better fill the slot. In order to contain these conductors the slot are rectangular-
shaped and the Ky;; is about 0.7 [12], [15]. In table 4.1 the highlighted rows contains slot
geometries which allow the insertion of the rectangular wire.

Figure 4.1: Hairpin winding example

These geometries have been simulated with a maximum electric loading of 140 [KA /m]
in order to satisfy the imposed limits and have a small safety factor. The rated loading is
about 60 % of the maximum one, which is in the range of 80 [kA /m)].

These geometries are characterised by an Ly = 100 [mm] and by an air-gap diameter
of about 180 [mm]. The main results of the geometries in table 4.1 are reported in the
following table 4.2.
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ZP q Qs Ngs fc,max Ks,max Ws hs wc  hd f s,max
4 3 36 4 550 1345 82 165 74 31 236
4 4 48 4 425 138.5 6 19 54 39 203
6 2 36 4 550 1345 82 165 74 31 236
6 25 45 4 450 1375 59 21 53 41 207
6 3 54 4 375 1375 54 173 48 34 229
6 4 72 4 275 134.5 4 20 34 41 197
8 1 24 6 550 133 124 191 115 25 199
8 2 48 4 425 137 6 20 54 39 20.1
8§ 25 60 4 350 141 4.7 20 4 41 21.3
8 3 72 4 275 133 4 20 34 41 197
10 1 30 6 450 133.8 9.8 19 9 25  20.7
10 15 45 4 450 133.8 6.2 18 55 35 234
10 2 60 4 350 138.7 59 20 4.3 4 20.4

Table 4.1: Table containing the explored PMREL geometries.

~ A

2P q Qs Nes Ic,max Ks,max Tout,nom Tout,mux Wa Pout,max @w Tout,lzkrpm
4 3 36 4 550 1345 150.3 2274 4740 116.7 @ 5090 68.1
4 4 48 4 425  138.5 135.2 194.6 4220 88.7 @4530 50.5
6 2 36 4 550 134.5 183.1 297.3 3760 122.4 @ 4300 65.7
6 25 45 4 450 1375  165.2 2573 3430 95.4 @ 3700 50.3
6 3 54 4 375 1375 1822 292.8 2590 81.8 @ 2860 38.9
6 4 72 4 275 1345 191.4 3242 2070 73.7@ 2510 34.1
8 1 24 6 550 133 162.1 273.3 3710 115.1 @ 4680 60.7
8 2 48 4 425 137 177.5 2994 2990 100 @ 3530 51.5
8§ 25 60 4 350 141 178.7 300.6 2420 80.8 @ 2760 37.5
8§ 3 72 4 275 133 169.7 2909 2040 66.3 @ 2400 30.9
10 1 30 6 450  133.8 164.6 284.5 2830 92.3 @ 3460 47.1
10 15 45 4 450 133.8 176.4 309.8 2880 99.6 @ 3390 51.2
10 2 60 4 350 138.7 1854 306.5 2160 73.3 @ 2490 34.1

Table 4.2: Results of the explored geometries

Table 4.2 presents several highlighted results. Particular attention is paid to the output
torque from zero to the base speed. This torque depends on the interaction between stator
and rotor geometry, in particular between the number of slots and the number of rotor
barriers which are filled with ceramic ferrite magnets. The barrier in the rotor have been
imposed as equal to 4, and three of them filled with ferrite magnet. The fourth barrier,
which is in front of the air-gap, is only an air barrier and is needed in order to partially
protect the magnets from the demagnetisation and to increase the reluctance effect. As
reported in the table the maximum torques are above 300 [Nm] which are comparable
with the previously examined automotive motors.

The base speed varies a lot with the different motors. It is higher when the slots number is
lower because there are less series conductor that need to share the available voltage. On
the whole these speeds are in many cases above 3000 [rpm] which is a considerable base
speed compared with the IPM equipped whit hard magnetic materials.

Maximum output power greatly depends on the flux weakening performances. This
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operative region is influenced by the voltage supplied to the motor, the quantity of
magnetic material inside the rotor and the number of conductor in series per phase.
Since the DC bus voltage is fixed, the higher powers are developed from motors with a
lower number of conductors in series per phase. This occurs particularly when g, which
represents the number of slot per pole per phase, is the lowest (assuming an equal number
of conductor in the slot). From these observations powers above 100 [kW] are reached also
when q is equal to 2 with six and eight poles machines.

The output torque developed at 12000 [rpm] is necessary in order to understand how
stable the output power is at high speeds. In particular it depends on the flux weakening
capacities and the MTPV operative region. If the machine is capable of taking the maximum
power at higher speeds then the torque at 12000 [rpm] will be higher. This is seen with low
slots and poles where the maximum power is above 4000 [rpm] and this increases a lot the
MTPV performances. Particularly if the motor is characterised by low numbers of slots
and conductors in the slots, and the magnetic material inside the rotor is maximized, then
the flux weakening region is very wide and the MTPV is reduced. This method allows very
smooth output powers above the base speed and higher output torques at the maximum
speed.

These initial performances come from machines characterised by an Ly = 100 [mm]. This
suggests that the space used for these machines was not the whole. Hence with the same
stator diameters but increasing the Ly the output torque will be increased due to the
higher active volume. As an example the 6 pole, 72 slots motor is furthermore studied
with the introduction of a longer stack. The stack length is taken up to 180 [mm] which is
the imposed limit. The result is reported in table 4.3 in the second row. In the third row of
the same table there is an hypothetical result obtained by taking the DC bus voltage up to
600 [V] in order to increase the base speed and the flux weakening region performances.

Lstk VDC TB np Pmux @ w Tout & Pout @12 krpm

100 345 324 2070 73 @ 2500 34.1 [Nm] & 42 [kW]
180 345 580 1150 73.7@1390 30.4 [Nm] & 38.3 [kW]
65 345 210 3200 73.3@3850 39.1[Nm] & 49.2 [kW]
180 600 580 2000 128.2@2400 98.8 [Nm] & 74 [kW]

Table 4.3: 6 poles, 72 slots motor: comparison with different stack length and DC bus voltage.

Table 4.3 shows an expected linear increment of torque with the longer stack. On the
contrary, as a consequence of the longer stack, there is an higher flux and the maximum
voltage is reached before than in the shorter motors. This produces a shift in the base speed
toward lower speeds in such a way that the output power balance is correctly maintained.
At the maximum speed the longer motor has a greater drop of power caused by the fact
that the base speed is lower and the flux weakening region is worsened.

The hypothetical 600 [V] DC bus is needed in order to increase the base speed value
and the high speed region performance [24], [19]. This value has been taken as reference
because it resembles many supplied voltages of the automotive motors previously seen
in chapter 2. It allows to take the base speed from 1150 to 2000 [rpm], which has been
increased in a proportional way with the bus voltage. This argumentation can be done
because the machines are similar, in other words the rotor and stator geometry are the
same.

Many automotive motors like Prius, Camry and Accord are characterised by shorter stack
lengths, below 100 [mm] and torque below 300 [Nm]. This construction allows to move the
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base point toward higher speeds. Hence the PMREL motor has been furthermore studied
with a configuration in which the stack is 65 [mm] long. This configuration allows to reach
higher base speeds and better flux weakening performances but reduces the maximum
torque in a linear way with the stack length.
On what has been previously discussed the following types of motors can be developed
considering the same DC bus characteristics:

e High Ly /Djy ratio: this motor is suitable for application where a lot of torque is
needed at low speeds. For example light truck applications.

* Low Lgy/Djys ratio: this allows to move the base point toward high speeds and
increase the flux weakening performances. This is suitable for a medium size electric
vehicle where is preferred a flat output power in a wide range of speeds.
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Figure 4.2: Comparison of the 72 slot, 6 poles with same electrical parameters and different stack
lengths.

From these observation it is deduced that the stator must be chosen in order to satisfy
the maximum torque required and the high speed behaviour.

421 Hairpin winding

This subsection focuses on the winding decided for this automotive motor.

Figure 4.3: Single hair-pin conductor.
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In the table 4.1 the motors are presented with the number of series conductor in the
slot n.s and with possibles dimension of the conductor if the parallel path is chosen as
equal to one.

The hairpin winding is constituted by a single solid conductor which has to be bended on
one side and welded on the other [12].

In order to facilitate the bending process a conductor with small width or height is pre-
ferred [15]. Hence the slots characterised by a conductor larger than 6 millimetres have
been chosen a number of parallel path equal to two. This allows to have a real conductor
number in the slot equal for example to 8 and to decrease its height. However this will
introduce more complexity in the winding shape. Following the rules in [3] the hairpin
winding for the previously introduced motors have been designed.

2P q Qs Mne N Npp WS hs Wehew  NCnew fs,max,new
4 3 36 4 8 2 8.2 16.5 7.5 2 18.4
4 4 48 4 4 1 6 19 54 3.9 20.3
6 2 36 4 8 2 82 16.5 7.5 2 18.4
6 25 45 4 4 1 59 21 53 4.1 20.7
6 3 54 4 4 1 54 173 4.8 34 22.9
6 4 72 4 4 1 4 20 3.4 4.1 19.7
8 1 24 6 6 1 124 191 115 2.5 19.9
8 2 48 4 4 1 6 20 54 3.9 20.1
8 25 60 4 4 1 4.7 20 4 4.1 21.3
8 3 72 4 4 1 4 20 34 4.1 19.7
10 1 30 6 6 1 9.8 19 9 2.5 20.7
10 15 45 4 4 1 6.2 18 5.5 3.5 23.4
10 2 60 4 4 1 5.9 20 4.3 4 204

Table 4.4: Table containing the main parameters for the hair-pin winding construction.

In the table 4.4 different types of winding are presented. They change on the basis of
the number of slot and conductor in slot. The new hypothesised winding with 2 parallel
path are highlighted. These windings are characterised by a different building scheme as
presented in figure 4.4.

From the winding point of view, stators that are characterised by low number of
conductor in slot with small width and height of the elementary conductor have a building
advantage with respect the others. If these observations are taken into account stators
with more than 36 slot are the possible solutions (highlighted in table 4.1). This first choice
excludes motors with the highest base speed, which are at the same time the ones with the
highest maximum power. The only motor which is not included in this exclusion, is the 36
slots 6 poles because it has the highest output power. For this motor the winding will be
reshaped following table 4.4 in order to reduce the conductor height.
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4.2.2 Magnet protection from demagnetisation

In PMREL motors there are Ceramic Ferrite magnets. These are characterised by low
coercive magnetic field and low air-gap flux density. This implies that, when a high current
is imposed in front of them, it can reduce the coercive magnetic field up to permanently
demagnetise the magnet. This is a condition that has to be avoided in a PM motor. In
order to verify magnetic fluxes inside the machine a test in which the current is imposed
maximum on -q axis and zero on d axis is carried out for each motor. The residual magnetic
flux inside the magnet has to be higher then the safety one [5]. The magnets equipped in
the machines are all Ceramic 8 type, characterised by H. = 233 [KA/m] and y, = 1.43.
The safety residual induction is fixed in 0.1 [T] for this typology of magnet. This value is
respected by those machines where the number of poles combined with number of slot
is higher. This occurs because more poles help reduce the flux and with more slots the
total current inside the slot is lower. Motors which pass this test are in this particular case
the ones with number of slots above 54. Motors with lower number of slots have to be
modified with the insertion of larger magnets or will be studied in the pure reluctance
configuration in the next chapter.
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4.250e-001 : 4.500e-001
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Figure 4.5: Example of de-magnetised magnet in the test with maximum current on the -q axis.

Figure 4.5 offers an example of demagnetisation. Usually the magnets that suffer from
this problem are the ones positioned nearest the air-gap. However, this figure shows that,
where the iron links are heavily saturated, there are flux lines which pass through the
magnets and cause a reduction of magnetic field inside the magnet itself and a permanently
demagnetisation.
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4.2.3 PMREL motor choice

In tables 4.2 there are the main performances of the analysed PMREL motors. From
the output torque’s point of view the best ones are the 6 poles 72 slots, and the 10 poles
with 45 and 60 slots. These motors are also the ones with lower base speed, a very
important parameters and term of comparison between the automotive motors that are
used nowadays. The ones with the higher base speed are the same which suffer from
demagnetisation as stated in 4.2.2. Hence these machines will be developed as pure
reluctance in the next chapter. Table 4.5 groups the motors that are not interested in the
demagnetisation.

2P q Qs  TNgs Ic,mux Ks,mux Tout,nom Tout,max WB Pout,max@w

6 3 54 4 375 1375 1822 292.8 2590 81.8 @ 2860
6 4 72 4 275 1345 1914 3242 2070 73.7 @ 2510
8 25 60 4 350 141 178.7 300.6 2420 80.8 @ 2760
8 72 4 275 133 169.7 2909 2040 66.3 @ 2400
10 2 60 4 350 138.7 1854 306.5 2160 73.3 @ 2490

Table 4.5: Motors which passed the demagnetisation test.

These motors are characterised by the lowest currents in the slots and the smallest
conductors. This leads to less flux density that tents to demagnetise the Ferrite magnets.
The lower current will also produce less Joule losses with temperature benefits. On the
other hand these motors have a lower base point speed which is a drawback compared
with modern IPM motors applied in automotive. In order to increase this base speed two
strategies can be adopted:

¢ Increase the DC bus voltage

* Reduce the motor stack length

From the stack length reduction the available DC bus voltage is reached at higher
speeds because the flux in the machine is lower. The downside of this choice is that the
output torque is reduced in a linear way with the stack length. The preferable way is
when the DC bus voltage is increased, for example with Boost converter. This leads to
higher available voltages but the current taken from the conductors must be reduced if the
power is left unchanged. The current does not represent to be a problem, because when
the number of slot is increased, the current has to decrease in order to maintain the same
electrical loading in the machine as it can be noted in tables 4.2 and 4.5. The main problem
with a boost converter is that it increases the complexity in the supply circuit and then
the costs will be higher. This choice has been made by the majority of the electric vehicle
producers over these last years even because a power-train capable of energetic recovery
is needed.

The simulation” results of the motors in table 4.5 are presented below. In order to be com-
pared with IPM automotive motors the power and torque densities have to be evaluated.
From table 4.6 it can be noticed that the PMREL external volume does not change because
the diameter is imposed but the internal volume slightly increases because the air-gap di-
ameter was adapted to the number of poles. Hence 8 and 10 poles machine have a roughly
higher internal volume compared with the 6 poles motor. Finally PM Assisted Reluctance
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motors are compared in terms of dimensions and performances with automotive motors
of chapters two and there.

2P Qs Lstk VOlint VOlext Ks,max Tout,nom Tout,max WBa Pout,max @w

54 104 265 535 1375 1822 2928 2590 81.8 @ 2860
72 104 265 535 1345 1914 3242 2070 73.7 @ 2500
72 180 458 926 1345 169.7 580 1150 73.7 @ 1390
72 68 1.73 349 1345 169.7 210 3200 73.7 @ 3850

60 104 270 535 141 178.7 300.6 2420 80.8 @ 2760
72 104 270 535 133 169.7 2909 2040 66.3 @ 2400

10 60 104 279 535 1387 1854 306.5 2160 73.3@ 2490

Prius10 48 50.8 1.056 278  250.7 120 207 2800 60 @ 3600
Lexus 48 1354 182 425 1579 180 300 5000 165 @ >6000
BMWi3 72 1322 336  6.08 87.6 150 250 4775 125 @ 4775

Table 4.6: Output performances of the chosen PMREL compared with three IPM automotive
motors presented in chapter three.

Power and torque densities computation is carried out from the values in table 4.6,
and is reported below in table 4.7:

Model Tnax/ Voliye  Tinax/ Volext Pout,max/VOZint Pout,max/VOZext
poles & slots [Nm /I [Nm/I] [kW /1] (kW /1]
6 & 54 (104 mm) 110.5 54.7 30.9 15.3
6 & 72 (104 mm) 122.4 60.6 27.8 13.8
6 & 72 (180 mm) 123.9 62.6 16.1 8

6 & 72 (68 mm) 1154 60.2 42.6 21.1
8 & 60 (104 mm) 111.3 56.2 29.9 15.1
8 & 72 (104 mm) 107.7 54.4 24.6 12.4
10 & 60 (104 mm) 109.9 57.3 26.3 13.7
Prius 10 197.1 74.5 57.1 21.6
Lexus 600 164.8 70.6 94.5 41.6
LEAF 137.3 59.1 39.2 16.9
BMW i3 74.4 41.1 37.2 20.6

Table 4.7: Power and torque densities comparison: PMREL vs different type of automotive motors.

These two tables clearly show how the IPM motor is better than a PMREL equipped
with Ferrite magnets. This, as explained in chapter three as well, is due to two several
reasons [28]. The first thing that needs attention is that NdFeB magnets have an higher
flux density which is the main advantage of these magnets. Firstly, this characteristic
produces a higher output torque considering the same machine volume because magnet’s
flux appears directly in the torque equation. Secondly, the higher flux allows to reach
higher electrical loadings in order to obtain the peak torque from the motor. This happens
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because magnets are not demagnetised when the current is imposed at its maximum
with contrary direction on the magnet axis. This is the main cause that limits the Ferrite
assisted motor regarding the electrical loading. Hence passing from NdFeB to ceramic-
ferrite magnets causes two main limitations to the machine: torque density reduction and
possible demagnetisation. In regards to the second problem the electrical loading must be
limited and this causes a reduction in the peak torque and power values of the motor. In
order to comply with those limits the Ferrite magnets machine must have a larger volume
with a lower electrical loading.

Another important aspect is the number of poles in the machine. In a low pole motor, for
example the 2 and 4 poles there is an higher flux in the machine and this means that the
back-iron must be larger in order to receive that flux without increasing the back-iron
saturation too much. This causes a lower air-gap diameter considering the output diameter
unchanged, and a reduction of the available torque. This observation can be applied to
every electrical machine and, as seen in chapter two, the studied automotive motors have
all at least 8 poles. The drawback in the poles increment is that the supply frequency is
higher and causes more iron losses and inverter electronic components are more expensive.
Hence the number of poles has to be limited because when speeds are in the order of 10
[krpm], having for instance 12 poles causes the frequency enters in the [kHz] range. This
causes complexity in the inverter and in its costs but also causes difficulties in the machine
control if sensorless controllers are taken into account.

From table 4.7 the torque and power densities can be observed. It can be noticed that
due to both the lower electrical loading both the lower Ferrite magnets performance, the
torque density with respect the internal volume is very low compared with Prius and
Lexus models. This comparison presents a torque density of PMREL in the range of the
60% of the Lexus and Prius motors. It is different for LEAF and BMW models, with the
developed PMRELs that have almost the LEAF performance and overcome BMW by a
50%. This results in thinking of those two automotive motors as more balanced regarding
the rated over peak performance ratio. In particular it is known that BMW motor can
sustain 75 [kW] for half an hour and its maximum power for less than a minute [25], [27],
[9]. Lexus model is capable of its maximum peak power just for 12 seconds due to its too
high electric loading [8]. Hence PMREL motors thermal capability will be analysed and
compared in the following section.

Power densities of PMREL motors vary in the range from 16 to 42 [kW/1]. Without
considering the ones with different stack length, motors 100 [mm] long are in the range of
25 - 30 [kW/I]. This is a lot lower than Lexus and Prius model: in particular it is less than a
third with respect Lexus model, and less than a half with respect Prius power density. This
confirms the fact that those motors are characterised by very high peak values sustainable
for a few seconds.

By focusing now on the 68 [mm] stack long motor it can be noticed that its torque density
is higher than the BMW one and the power density is almost the same. This is produced
from the different stack length which helps reduce the volume and takes the same peak
power to higher speeds. Hence a higher power density is achieved with an almost equal
torque density. These observations give the following results:

¢ The Ferrite assisted reluctance motor cannot reach the same electrical loading of a
same dimension IPM.

¢ PMREL maximum torque is reduced by the lower electrical loading and magnet flux
density.
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Torque in the order of the Lexus IPM torque are reached with a larger volume (46 %
higher).

Torque densities are in the order of the LEAF IPM motor.

Power densities in most cases are much lower than the IPM ones.

The power is limited in the flux weakening region due the Ferrite magnets lower
performance with-respect NdFeB magnets.

On the whole, despite the general worsening in the performances with respect the
same dimension IPM machine, these PMREL reach torques and powers suitable with
an automotive application. In particular it is noticeable in table 4.6 that the volumes are
similar to the BMW i3 motor. Furthermore torques are higher than the BMW one although
at a lower speed. The PMRELs maximum powers are higher than the Prius one at similar
speeds. Hence this type of motor is suitable for an hybrid vehicle where it can be used for
optimizing the ICE and also to directly power the vehicle. If the stack length is reduced up
to 40 [mm] then another type of motor can be introduced. This motor could be used as
"start & stop" system like in the first types of electric vehicles [24], [23].

424 Cost reduction with respect an IPM

One advantage of Ferrite magnets is their lower cost with-respect rare earth magnets.
Prices range and specific weights are reported below:

¢ NdFeB: Price = 60-80 [euro/kg], weight = 7500 [kg/ mA3]
e Ferrite: Price = 7 [euro/kg], weight = 4900 [kg/ mA3]

* Copper: Price = 7 [euro/kg], weight = 8900 [kg/m?>]

¢ Iron: Price =1 [euro/kg], weight = 7800 [kg/ mA3]

As shown the NdFeB magnets are ten times more expensive with respect Ferrite
magnets. This section compares the weights and costs of IPM motors that were presented
in chapter three as well as the previously developed PMREL.

Model Type  PM Volume PM weight PM price
- - [m3] kgl euro
BMW i3 IPM 3427 10 4 2.57 160-205
Lexus IPM  1.854 10 4 1.4 85-110
Prius 10 IPM 1.04 10 * 0.78 50-63
Accord M IPM  1.643 10 4 1.24 75-100
LEAF IPM 2511 10 4 1.88 110-150
6 poles 72 slots PMREL 5.811 10 * 2.85 20
8 poles 72 slots PMREL 6.504 10 * 3.19 223
10 poles 60 slots  PMREL 5.414 10 * 2.65 18.6

Table 4.8: Magnets prices comparison for IPM and PMREL motors previously introduced.

From table 4.9 it is visible how the final machine price depends from the NdFeB mag-
nets. In an IPM there is a percentage of PM price of about 60 - 70% on the total cost. Magnet
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Model Iron Copper PM Iron Copper PM Total
mass mass mass price price price price
- [kg] [kg] [kg]  euro euro euro euro
BMW i3 26.3 4.6 257 29 33 160 -205 222 -266
Lexus 24.8 3.6 1.4 27 25 85-110 137-162
Prius 10 16.7 5.2 078 18 36 50-63  104-117
Accord M 21.4 6.3 124 24 44 75-100 143-168
LEAF 27.1 3.9 1.88 30 27 110-150 167 - 207
6p, 72 slot 100 mm  25.0 9.4 285 27 66 20 113
8p, 72 slot 100 mm  23.4 8.3 319 26 58 22 106
10p, 60 slot 100 mm  24.2 7.2 265 27 50 19 96

Table 4.9: Total price comparison between analysed IPM and proposed PMREL.

prices are then influenced by the market behaviour which can present high variations
during short time periods. This is a plus point for the PMREL machine where the Ferrite
magnets have less influence on the final cost. The highest costs in a PMREL machine are
related to the copper quantity.

It is important to notice that PMREL motors end up being a lot cheaper alternatives to the
IPM motor, but the price gap between PMREL and IPM has to be evaluated considering
also the performance gap. For example the three presented PMREL are characterised by
an output power similar to the Prius motor but the torque is about 300 [Nm] which is 50%
higher then the Prius maximum torque. In order to equalize the Prius 2010 output torque
the stack length must be reduced to 65 [mm] and this means to reduce the iron and copper
prices in a linear way. This comparison will be later reported.

Model Price Tout max w3 Poutmax @ w  Poyy @ 10000 rpm
- euro [Nm]  [rpm] [kW]@ [rpm] [kW]

Prius 10 104-117 207 2800 60 @ 3600 50
LEAF 167 - 207 280 2100 80 @ 5500 78
6p, 72 slot 100 mm 113 324 2070  73.7 @ 2500 46
6p, 72 slot 65 mm 88 210 3200 73.7 @ 3850 53
8p, 72 slot 100 mm 106 291 2040  66.3 @ 2400 40
8p, 72 slot 65 mm 74 190 3135  66.3 @ 3750 45
10p, 60 slot 100 mm 96 306 2160  73.3 @ 2490 44
10p, 60 slot 65 mm 71 200 3300 73.3 @ 3820 50

Table 4.10: IPM vs PMREL comparison: many parameters are in favour of the PMREL typology.
In table 4.10 the PMREL motor is proved to be a valid alternative to the IPM motors if
the following assumption are taken into account:

¢ Cost saving due to lower price of the Ferrite magnets. This allows to build wider or
longer machines in order to take the torque at same levels of the IPM motors.

e From table 4.9 it is noticeable that the iron mass of the three PMREL motors is
almost 50 percent higher than the Prius iron mass and are in the range of others
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IPM that develop more power. This means that in order to have the same output
performances the PMREL machine will be wider an heavier, which are disadvantages
in an automotive application.

¢ From table 4.10 the PMREL have the IPM characteristics until the base point is
reached. After that speed the torque in flux weakening shows a rapid drop and the
output power at 10 [krpm] is better for the IPM.

¢ LEAF motor has almost the same iron quantity of the PMREL analysed but allows a
better flux weakening operation. This is caused by the NdFeB magnets which have
higher flux density than the Ferrite ones. In order to fill the gap at high speeds the
Ferrite quantity has to be increased or the base point has to be taken at higher speeds.

Thanks to this, it is possible to say that when it comes to the cost saving, the PMREL

motor is suitable for an automotive application, although it should be larger and heavier
than a IPM motor in order to have considerable performances. This means that the PMREL
fits better in application where the required power density is not so high for example in a
Prius like vehicle.
In regards to the torque point of view PMREL motor allows to reach high torque densities
but at lower speeds with-respect an IPM, hence it must be wider and shorter in order to
have the same IPM’s base speed, or a DC bus higher voltage must be introduced. Hence
this motor is suitable for truck applications as well.
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Figure 4.6: PMREL and IPM comparison: torque vs speed behaviour is comparable with Prius and
Leaf IPM motors.
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Figure 4.7: PMREL and IPM comparison: power vs speed behaviour is better than the Prius IPM
model.

Figures 4.6 and 4.7 show the observations that have been mentioned in the previous

chapter. It is noticeable that PMREL machines have the same maximum power and torque
behaviour of the Prius motor reminding that the designed PMREL with 65 [mm] stack
have 26% higher outer volume but almost the same iron weight (because of more "holes"
in the PMREL used to create the barriers). The most important thigh is that, despite the
higher volume, 65 [mm] long PMREL machines have lower costs in comparison to Prius
motor (in the range of 61 to 84 % of the Prius cost).
The last parameter that was not considered above is the power factor. It can be stated here
that due to the lower electrical loading and due to the presence of magnetic material in
the PMREL machine, the saturation at the maximum required power is lower with-respect
Prius, Lexus and other models, and this allows to reach PF in the MTPA condition above
0.8. In the rated load conditions PF is above 0.9 for the most of PMREL motors.

4.3 Thermal analysis of PMREL motor

In the previous subsection the final PMREL motors chosen are presented. The thermal
analysis of those models is carried out in the following passages [1], [7]:

* Losses computation in the worst case

* Outer water cooling system definition
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¢ Thermal simulation through Simulink and Mirage

4.3.1 PMREL thermal analysis

The cooling system is water/glycol type and it has been chosen following the example
of others automotive motors. The system is constituted by an external case with spiral
type channels in which the cooling fluid flows. This system is necessary in order to take
out the amount of losses produced by the motors so that it allows to reach higher electrical
loadings, i.e. higher currents in the motor’s slots. In order to have a safety factor in the
thermal analysis, the end winding losses have been introduced in the active volume. The
cooling system is the same for each type of motor. Here is presented the one for motors
with a stack length of 100 millimetres.

e outer case material: inox steel
e number of channels: 5
¢ channel width: 15 [mm]

¢ channel height: 10 [mm]

These values allow to reach Reynold coefficient in the cooling channel above 10000,

hence turbulent type of motion in the fluid is reached in the fluid together with a thermal
conductivity coefficient in the order of 12000 [W/ m? K]. This value will be set equal for
all the studied geometries. All the motors present maximum power losses slightly above
the base speed, i.e. in the flux weakening region. This happens because the current is at its
maximum and so are the Joule losses, and the speed is high enough to produce elevated
iron losses due to the iron saturation and the frequency reached. After the flux weakening
region the motor enters in MTPV operations in which the current is reduced and this
allows to reduce the Joule losses and reduces the flux density in the iron. This means that
from the losses point of view, the flux weakening region is the worst operative one, hence
the losses chosen in order to carry out thermal simulation are these one reported in the
table 4.11 and rated losses in table 4.12.
The hairpin windings need to be considered in the losses” evaluation, due to their large
section, suffer from additional losses in the conductors. These losses are produced by skin
effect and are negligible when the usual filament winding is equipped in the machine [3].
These additional losses are higher with lower number of conductors of elevated height,
which is precisely the case of high number of slot stators. Hence the Joule losses have to
be increased in order for these additional losses to be considered [3], [12].

2p q Qs s fc,max Ks,mzzac Proute  Prron

6 3 54 4 375 1375 6050 780
6 4 72 4 275 1345 5100 550
8 25 60 4 350 141 5000 1050
8 3 72 4 275 133 4300 700
10 2 60 4 350 138.7 4400 1100

Table 4.11: Losses in the worst point for the motors presented in the previous section.



§4.3  Thermal analysis of PMREL motor 103

2p q Qs nes fc,nom Ks,nom Proute  Prron

6 3 54 4 225 825 2200 450
6 4 72 4 165 80.7 1840 320
8§ 25 60 4 210 84.6 1800 600
8§ 3 72 4 165 79.8 1550 400
10 2 60 4 210 83.2 1590 630

Table 4.12: Losses at rated loads for the motors presented in the previous section.

Tables 4.11 and 4.12 shows the losses in the worst case (transient operations) and at
the rated conditions. These values are needed in order to set the thermal simulation by
means of Simulink. From the maximum losses in the machine can be defined the transient
period of time for which the maximum power can be sustained. From the rated losses the
temperature in the nominal conditions of the machine can be evaluated. This temperature
must stay under the winding insulation class specified maximum temperature. Following
the rules for a typical winding, the F class is chosen as insulation class and the related
over-temperature allowed is equal to 155 [K] [7]. All the following thermal simulations
have been done using the same outer case with the same amount of water/glycol cooling
fluid.
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Figure 4.8: 6 poles 54 slots model thermal simulation: on the left at the maximum loading and on
the right at rated load.

In figure 4.8 the temperature increments are presented. These first two figures regard
the 6 poles 54 slots motor. Its temperature reaches the imposed limit when the rated load
losses are injected in the model. This means that the output rated power can be sustained
for long periods of time, theoretically for an infinite time. When the maximum losses are
imposed as input in the thermal simulation, the winding temperature reaches a steady
state temperature that is too high for the insulation performances. Hence in this case the
maximum output power is guaranteed for a limited time which is equal to 72 seconds. As
previously explained this time is higher than the studied automotive” where the maximum
power was guaranteed for 15 - 30 seconds [9]. This fact happens because the developed
PMREL motor have a lower electrical loading and this helps reduce the losses at the
maximum power.
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Figure 4.9: Thermal simulation of the 6 poles 72 slots model: on the left at the maximum loading
and on the right at rated load.

In figure 4.9 temperature increments of the 6 poles 72 slots are reported. It can be
noticed a great decrement of the steady state temperature with respect the previous model.
This is due both because of the lower Joule losses that affect the motor and because of
the cooling system which is the same. This helps also in the transient peak power that, as
shown in the figure on the left, can be sustained for a longer time (for about 146 seconds).
Hence this motor can be cooled by a lower amount of cooling fluid or can be electrically
charged for a longer time.
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Figure 4.10: Thermal simulation of the 8 poles 60 slots model: on the left at the maximum loading
and on the right at rated load.

In figure 4.10 the results regard the 8 poles 60 slots motor. At rated load (right) the
losses take the steady state temperature again below the temperature limit and this hap-
pens also with the 8 poles 72 slots in figure 4.11 and the 10 poles 60 slot in figure 4.12.
Hence for these models the cooling system can be reduced in size or a simpler one can be
considered leading to costs advantages on the whole power-train system.

The transient peak losses produce a winding temperature in every case above 250 [K] but
the 8 poles 72 slot is the better one because it is characterised by the lower losses and then
the maximum peak power can be sustained for about 240 seconds.
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The 8 poles 60 slots motor reach the maximum winding temperature in 120 seconds and
the 10 poles 60 slots takes 150 seconds. These motors compared with the real automotive
motors have a peak power duration which is 10 times higher. Hence this motor’s peak
power can be maintained for longer and this is an advantage for particular cases.
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Figure 4.11: Thermal simulation of the 8 poles 72 slots model: on the left at the maximum loading
and on the right at rated load.
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Figure 4.12: Thermal simulation of the 10 poles 60 slots model: on the left at the maximum loading
and on the right at rated load.

The previous figures present both the points where the temperature reaches its maxi-

mum and where it reaches 63% of the maximum value. This is done in order to understand
the motor thermal constant. This value is in the range of 220 - 300 seconds depending on
the geometry differences.
In order to validate the Simulink thermal result the PMREL geometries have been also
simulated in a thermal FEMM. This type of simulation is carried out by imposing all the
Joule losses in the slots, assuming that the end-winding heat flows through the copper
and is extracted by the cooling system. A safety coefficient has been introduced so that the
hairpin additional losses can still be considered following [14] and [3]. The slot has been
represented by the right number of conductors with the insulation layers of 0.1 millimetres
similar to [16]. Iron losses have been split in tooth and back-iron losses and imposed to
each iron region. The simulation results relative to the 6 poles 72 slots motors are presented
below.
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Water/Glycol

Figure 4.13: Overheating in [K] degrees in the 6 poles 72 slots motor. On the left there are temper-
atures relative to an hypothetical steady state at the maximum power, on the right
there are temperatures at rated load. These temperatures have to be compared with
the one in figure 4.9.

In the figure 4.13 the temperature distribution is presented. It is noticeable that the
evinced temperatures in the slots are very similar to the steady state ones evaluated from
Simulink and this is a validity index of the Simulink model.

4.3.2 Automotive thermal analysis considerations

In the previous subsection PMREL thermal analysis are presented and it can be noticed
that, at their rated loadings, they do not reach the maximum insulation class temperature
in many cases. This means that the cooling system can be reduced in size leading to
further cost savings. This fact is allowed by their reduced electrical loading with respect
the previously examined automotive motors. However there are IPM motors with a lower
electrical loading, like the cases of BMW i3 and Nissan Leaf [25], [29]. As previously
explained these two motors are characterised by a lower loading because of the main
differences in the vehicle in which they are equipped. Indeed these two vehicles are
the only ones in the analysed group that are pure electric vehicles. This is a substantial
difference in the motor usage because, in a pure electric vehicle, the motor needs to
guarantee the rated power for a longer time with respect the one in hybrid vehicle. Hence
the thermal behaviour will be different in the two typologies of vehicle.

An example of these two behaviours is given in the declared performances of the BMW
i3 and the Lexus motors. In the Lexus model the maximum power is guaranteed for 12
seconds, which is a sufficient time to help the ICE in the speed range from zero to 100
[km/h]. This means that the IPM motor is needed in order to provide peak powers during
accelerations to preserve the optimal exploitation of the ICE. On the contrary in the BMW
i3 vehicle the motor has to guarantee the rated power of 75 [kW] for 30 minutes. Hence
in order to guarantee this thermal behaviour the electrical loading is a lot lower than the
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Lexus one (BMW has 87 [kA/m] and Lexus has 157 [kA/m)]).

BMW model guarantees 75 [kW] for 30 minutes because this value is influenced by the
vehicle maximum range [25]. In order to explain this the following producer data are taken
into account:

¢ i3 maximum speed limited at 150 [km /h]

¢ maximum range of 150 [km] (without range extender)

It is a reasonable assumption to have 150 [km/h] when the motor develops 125 [kW].
At the rated power of 75 [kW] an infinite number of speeds are possible but a medium one
can be chosen in the range of 80 - 100 [km/h]. Assuming 90 [km/h] as rated speed then
the maximum range allowed from the batteries is covered in about 1.6 hours. If the total
distance is divided in half assuming the same route for the round-trip hence the rated
performance of the motor has a duration of 0.8 hours (48 minutes). This range is in the
motor possibilities taking into account that the utilisation of this vehicle is mainly as city
car and its usage at high speeds (like extra-urban driveways) is limited by the batteries
maximum range. This explains why the motor has that power guaranteed for half an hour
which is totally different from the peak power performance declared in the Lexus model.

4.4 Conclusion

This chapter has compared automotive IPMs and the designed PMRELSs so that come
conclusion have been drawn.
The first one is on the PMREL machines volumes. It has been demonstrated that their
volume has to be higher with-respect an IPM machine characterised by the same output
torque. This is caused by the lower energetic content of Ferrite with-respect rare earth
magnets. An higher volume causes many drawbacks in an electric vehicle application.
The most important ones are the heavier motor embedded in the vehicle and the higher
volume required by the whole system.
An hypothetical PMREL automotive motor is characterised by good performances until
the base point is reached. This fact puts in evidence that in order to increase the compet-
itiveness of this motor typology the base point of the machine has to be brought at the
highest possible speed. This makes it possible to understand why the DC bus voltage on
today’s vehicles have been increased up to 700 [V] in the last years. Another important
parameter that influences the base speed is the L/ D ratio. In particular an automotive ma-
chine has to be designed with a low L/D ratio in order to have shorter single conductors
in such a way to reduce the induced voltage and exploit the DC bus at its best. Another
design aspect is relative to the number of slots. With many slots the slot width is lower
allowing to equip smaller hairpin conductors. This helps reduce the space required to
bend them and optimize the end-winding space.
After the base point the flux weakening region starts. In order to avoid a too short FW
speed range the machine has to be characterised by a lower electrical loading. This offers
many advantages which involve the power factor, the thermal behaviour, the iron satu-
ration and the demagnetisation of the ferrite magnets. Indeed with a limited electrical
loading the machine does not reach elevated saturation values as seen in chapter two for
the different automotive motors. This fact helps reduce the MTPA maximum angle and
allows a wider angular range for flux weakening region which can reach higher speeds
and reduce the MTPV operations. This is necessary because when MTPV is reached there
is a sudden drop in the developed output torque.
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The power factor is maintained at higher values with lower saturations because the ma-
chine operates near the BH knee point. This enables to have lower flux values which
modify the vector diagram at the maximum loading maintaining low angles between
current and voltage vectors.

A lower electrical loading means less current in the slots and this helps in reducing the
Joule losses leading to a better thermal behaviour in which it can be noticed that the water
cooling system is oversized in many cases. In those motors the cooling system can be
reduced in size allowing economic advantages and outer volume savings.

Lastly the ferrite magnets introduced in PMREL machines have an higher volume with
respect the rare earth magnets in IPM but despite this they maintain a lower price which
allows higher motor volumes in order to equalize the IPM performances.

All the cited observations together with good values of output torques and powers, similar
to the ones of the pure electric vehicles lead to consider this motor as a good competitor
with the IPM one when the performances required are not very strict as in models like
Lexus or Accord motors. Hence this typology of motor can be a valid substitute of IPM for
pure electric vehicles like BMW i3 and Nissan Leaf.



Chapter

Synchronous Reluctance motor
analysis

This chapter analyses pure reluctance motor in order to understand their possible
application in the automotive field. The geometries under investigation are characterised
by the same dimension of the PMREL introduced in chapter four. From the observation
in chapter three it can be said that this type of motor exhibits less performance than the
IPM and PMREL ones, and this is caused by the absence of magnetic material in the rotor.
The main advantages of a reluctance motor are its lower costs and the possibility of higher
electrical loadings with-respect the PMREL.

5.1 Preliminary discussion

The electrical loading can be risen here toward higher levels in order to reach higher
output torque. The problem in doing this is that the saturation in the machine will increase
causing non linearities in the torque as function of the supplied current, lowering in the
saliency ratio and worsening the power factor. In order to have good values of saliency
ratio only the 4 pole and 6 poles motors have been evaluated. The first approach follows
the same rules suggested in chapter 4, in particular a first analysis of different geometries
at the same electrical loading is carried out. The limits taken into account in this analysis
are reported below:

¢ Maximum conductor peak current of 550 [A]
¢ Maximum DC bus voltage of 345 [V]

® D, = 256 [mm]

® Lotk max = 180 [mm]

¢ Electrical loading equal to 150 [kA /m]

The electrical loading has been brought to 150 [kA /m] because in this motor the mag-
nets are not present and this allows to bypass the demagnetisation problem. However the
electrical loading cannot be increased too much because it will introduce high saturation
in the machine iron leading to a worsening of power factor. The first evaluated motors
have the following main data:
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Qs =12 -72slots

D; = 160 [mm]

Lo = 180 [mm)]

3 barriers rotor

Kslmax - 150 [kA/m]

With these imposed values it is expected to have the maximum torque performance
because of the high volume but at the same time the flux weakening and MTPV per-
formances will be the worst. In the following table the main output performances are
presented in order to make a first comparison of this motor typology.

ZP q Qs ne fc,max Ks,max Tnax Op Thom Phax @ w Pyt @ 12krpm
- - - - A  kA/m Nm rpm Nm kW@rpm kw
4 1 12 12 550 150 397 2300 2419 98 @ 2400 11
4 2 24 6 550 150 396 2490 229.5 106 @ 2680 18
4 3 36 4 550 150 432 2460 258.8 114 @ 2600 15
4 4 48 4 410 150 410 1860 236.7 82 @ 2000 11
4 5 60 4 330 150 405 1500 236.6 65 @ 1600 8
4 6 72 4 275 150 411 1260 260.3 56 @ 1350 4
6 2 36 4 550 150 449 2000 276.6 100 @ 2200 14
6 3 56 4 375 150 445 1450 267.0 70@ 1560 7
6 4 72 4 275 150 442 1110 260.6 52 @ 1180 4

Table 5.1: Comparison of the pure reluctance explored geometries with the maximum available
volume.

As visible in table 5.1 reluctance motors exhibit a high value of peak torque which
is related to the high machine volumes because all the available Ly has been used. The
main downside in doing this is that the base point is at very low speeds compared with
the maximum speed required. After the base speed is reached the machine enters the flux
weakening region which is very limited in duration. This happens because of the high
fluxes in the iron due to the electrical loading values. All these facts are explained in the
previous chapter because the machine limits are the same. This base point value make it
easy to understand that this machine is competitive with the other types only up to the
base speed as the MTPV region is the weakness of this machine.

5.2 Stack length reduction

In order to increase the base speed, one of the previous machines has been shortened
at first up to a stack length of 100 [mm] and then to 60 [mm]. This different length will
produce a lower output torque because of the less active volume but, due to the lower
torque, power curve slope will be lower and this means that the maximum power will
be reached at higher speeds. This is caused by the fact that with less volume the flux in
the machine is lower in a proportional way implying that at the same speeds the shorter
motor will have a lower terminals voltage with respects the longer ones. These facts are
reported in the table and graphs below.
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2p g Qs nc fc,max Lae  Tmax Qp P @ w Pout@12krpm

- A mm Nm rpm kKW@rpm kW

180 432 2460 113.9 @ 2600 14.9

4 3 36 4 550 100 240 4430 113.9@4730 36.2
60 144 7380 113.9@?7870 74.1

Table 5.2: 4 poles 36 slots REL motor with D; = 160 [mm], 3 air barriers and different Lg.

Table 5.2 underlines that with a pure reluctance motor a considerable amount of power
can be developed at high speeds as shown in the shortest machine case. The drawback
of a shorter motor is that the output torque is reduced due less active volume. The 60
[mm] motor has been chosen because its length is similar to other automotive motors like
Prius 2010 [18]. The same reluctance motor is then modified in the internal diameter in
order to have a possible comparison with the previous chapter PMRELs. Due to the higher
internal volume for this machine a 4 barriers geometry has been chosen. In table 5.3 the
main results of this motor are presented.

a

ZP q Qs ne Ic,mux Lstk Tmax QB Pmax @w Pout @ 12k7’Pm

- A mm Nm rpm kW@rpm kW

180 381 2780 114.5@ 3000 219

4 3 3 4 550 100 211 5000 114.3@ 5390 46.9
60 127 8340 114.5@ 9000 87.7

Table 5.3: 4 poles 36 slots REL motor with D; = 180 [mm], 4 air barriers and different L.

It is important to notice that the maximum developed torque has been reduced with-
respect the one of 3 barriers motors but the base speed has been slightly improved. This
fact has to be considered in order to do future optimisations of this motor typology. From
these two tables it is noticeable that an output torque of 200 - 240 [Nm] is developed up to
4400 - 5000 rpm from a pure reluctance machine. 100 [mm] is the stack length that allows
to reach those torques and it is higher than the length of an actual automotive motor. This
means that a possible REL motor will be heavier because of its lower torque density.

Model Lstk Di VOlint VOlext QB Tmax Pmax

4 poles 180 3.62 927 2460 432 1139
36 slots 100 160  2.01 515 4430 240 1139
D; 160 60 1.21 3.09 7380 144 1139
4poles 180 458 927 2780 381 1145
36 slots 100 180 254 515 5000 211 1145
D; 180 60 153 3.09 8340 127 1145

Prius10 50.8 1619 1.05 278 2800 207 60
LEAF 151 131 204 474 2100 280 80
i3 1322 180 336  6.09 4000 250 125

Table 5.4: REL motors main dimension compared with other automotive adopted IPM motors.
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The comparison of torque and power densities is carried out from the values in table
5.4 and presented in the following table 5.5. This table directly compares REL torque and
power densities with the IPMs and PMRELSs introduced in previous chapters. From these
values it can be noticed that pure reluctance motors have a lower torque density with
respect IPM automotive ones and in order to give a fast comparison reluctance motors
reach the BMW i3 torque density but with an almost doubled electrical loading. This has
been previously discussed in chapters three and is mainly due to the rare earth magnet
presence in the IPM.

The pure reluctance motor with 100 [mm] stack can reach an automotive similar output
torque up to 5000 [rpm]. This performance can be helped with by reducing the maximum
speed requested to the motors, for example it can be limited at 10 [krpm] in order to have
a lower output power loss at high speed. The 10 [krpm] is a valid limit because many
different automotive motors are limited at this speed, for example the Lexus and the Leaf
models.

Model Lst‘k VOlint VOlext Tmax/VOZint Tmax/VOIext Pmux/VOIint Pmux/VOZext

- mm l l Nm/l Nm/l kW/l1 kW/l1
4poles 180 3.62 9.27 119.3 46.6 31.5 12.3
36slots 100 2.01 5.15 119.4 46.6 56.6 22.1
D;160 60 121 3.09 119.0 46.6 94.1 36.9
4poles 180 458 9.27 83.2 41.1 25 124
36slots 100 2.54 5.15 83.1 41.0 45.1 22.2
D;180 60 153 3.09 83.0 41.1 74.8 37.1
Prius10 50.8 1.05 2.78 197.1 74.5 57.1 21.6

LEAF 151 204 4.74 137.3 59.1 39.2 16.9

i3 132.2 3.36 6.09 744 41.1 37.2 20.6

Table 5.5: REL motors main dimension compared with other automotive adopted IPM motors.

If the previously cited speed limits are here introduced then the reluctance models can
be directly compared with two exponents of the IPM motors. The IPM chosen here are the
Prius and the Leaf models because they present a lower peak power than the others. This
leads to understand that the possible usage of this motor is on low performances vehicles
like city or small size cars.

The graphs which present the torque and power performances of these compared motors
are shown in figures 5.1 and 5.2.

From these graphs is can be observed that the torque developed from the reluctance
motors is comparable in many cases with the IPM ones. For example the 100 [mm] stack
reluctance motor is capable of 211 - 240 [Nm] and this torque is stable up to a base speed
which is double of the IPM one. This leads to a peak power higher than the Leaf power
(80 [kW]) in a speed range between 3000 and 7000 [rpm]. The main disadvantage in the
reluctance motor is that, as stated in the previous chapters, the torque has a fast drop in
flux weakening and MTPV regions and this results in having the IPM power still higher
than the REL up to 8000 [rpm)].
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Figure 5.1: Power comparison between reluctance motors and Prius and Leaf IPM motors.
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Figure 5.2: Torque comparison between reluctance motors and Prius and Leaf IPM motors.

In order to further increase the maximum speed powers the stack length can be reduced
up to 60 [mm] leading to base speed moved toward 7000-8000 [rpm] but with a consequent
reduction in the output torque which is decreased at 130 - 140 [Nm].
Hence, from these graphs it can be noticed that the reluctance typology of motor can be
competitive with an IPM if the speed range is limited because the main disadvantage of
this motor is the high speeds region.
In order to compare the REL with a PMREL of the previous chapter it is presented a
graph with the same speed range for two similar machines. The PMREL chosen for this
comparison is the 36 slots 4 poles which was discarded in the previous chapter.



114 5  Synchronous Reluctance motor analysis

2501 N —D=180, L=100 |
—D=160, L=100
200 — PMREL 1
€
£150
Q
>
g
IE 100
50 r
0 1 1 1 1
0 2000 4000 6000 8000 10000
Mechanical speed (rpm)
x10*
12 - y
10 1
S *
g 6
o
o
4 [ -
—D=180, L=100
2l —D=160, L=100 -
= PMREL
0 1 1 1 1
0 2000 4000 6000 8000 10000

Mechanical speed (rpm)

Figure 5.3: Torque and power comparison between REL and PMREL models characterised from
the same main geometrical data.

The figure 5.3 shows that the torque developed from one of the REL motor is higher
than the PMREL one. This is only due to the fact that the PMREL geometry has been
supplied with an electrical loading lower than the REL model because the demagnetisation
problem with the ferrite magnets. Even though the electrical loading is lower the torque is
similar to the REL motor and the high speed behaviour of the PMREL is a lot better than
the reluctance model.

Due the Ferrite PM the PMREL high speed power remains between 110 and 90 [kW]
with-respect the REL one which drops toward about half of the PMREL power.

5.2.1 Cost and volume comparison

For the cost comparison the prices cited in 4.2.4 are taken into account and the following
table 5.6 can be introduced. In this table there are IPM estimated prices and three PMREL
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of the previous chapter are taken as reference.

Model Iron Copper PM Iron Copper PM Total
mass mass mass price price price price
- [kg] [kg] [kg] euro  euro euro euro
IPM models
BMW i3 26.3 4.6 257 29 33 160 -205 222 -266
Lexus 24.8 3.6 14 27 25 85-110 137-162
Prius 10 16.7 5.2 078 18 36 50-63  104-117
Accord M 214 6.3 124 24 44 75-100 143 -168
LEAF 271 3.9 1.88 30 27 110-150 167 - 207
PMREL models D; = 180 mm
6p, 72 slot 100 mm  25.0 9.4 285 27 66 20 113
8p, 72 slot 100 mm  23.4 8.3 319 26 58 22 106
10p, 60 slot 100 mm  24.2 7.2 265 27 50 19 96
REL models D; = 160 mm
4p,36slot 60 mm  16.2 9.8 0 17.8 68.6 0 86.4
4p, 36 slot 100 mm  26.9 114 0 29.6 79.8 0 109.4
4p, 36 slot 180 mm  48.5 14.4 0 534  100.8 0 154.2
REL models D; = 180 mm
4p,36slot60 mm  16.2 9.0 0 17.8 63 0 80.8
4p, 36 slot 100 mm  27.0 10.2 0 29.7 71.4 0 101.1
4p, 36 slot 180 mm  48.6 12.8 0 53.5 89.6 0 143.1

Table 5.6: Total price comparison between analysed IPM, PMREL from the previous chapter and 4
poles reluctance motors.

From table 5.6 it is evinced that the 4 poles reluctance motors are characterised by an
high copper price because of the longer end windings. This means that the cost saving
with-respect PMREL version are very low despite the great performance loss at high
speeds.

5.3 Conclusion

The reluctance motor can develop suitable torques for an automotive application but
its performances are satisfying until the base speed is reached. After that speed there
is a rapid torque drop which leads to low high speed powers. In order to improve this
behaviour the motors has been shortened and with a 100 [mm] long stack it presents valid
power performances up to 6000 - 7000 [rpm].

The cost savings alone do not justify the introduction of this motor typology which presents
the worst high speed performances combined with the lowest power factor of of the three
types that have been analysed.
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Conclusion

The major aim this thesis has achieved is the understanding that the PMREL typology
of motor is suitable for an automotive application even though its torque density is lower
with respect the IPM one. In particular it has been demonstrated that a PMREL with the
main correct dimension is competitive for an application in which the pure performance
is a secondary aspect. The chosen motors are characterised by the maximum outer and
internal diameters available and a lower stack length with respect the maximum allowed.
The amount of Ferrite PM in the rotor has been maximized in order to increase flux
weakening performances. These dimensions have been selected in order to meet the right
amount of torque compatible with an automotive application and to take the base speed
as high as possible in order to have competitive powers at high speeds.

The developed motor has similar output performances to the Nissan Leaf IPM motor but
at the same time it is characterised by an higher volume and a lower cost.

The reluctance motors that have been studied are characterised by a lower number of
poles in order to maximize the saliency ratio. Two configurations have been taken into
account, with different internal diameter and number of air barriers.

Reluctance motor presents good torque performances but limited to low base speed. After
that speed, the performance experiences a considerable drop which is not compatible with
an automotive application.

The final consideration is that, with a small price increment due to the Ferrite permanent
magnet, the high speed performance is suitable for a possible automotive application.
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