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Abstract -- Three different motor drives for electric traction
are compared, in terms of output power and efficiency at same
stack dimensions and inverter size. Induction motor, surface
mounted permanent magnet (SPM) and interior permanent
magnet (IPM) synchronous motor drives are investigated, with
reference to a common vehicle specification. The induction
motor is penalized by the cage loss but it is less expensive and
inherently safe in case of inverter unwilled turn-off due to
natural de-excitation. The SPM motor has a smple construction
and shorter end-connections, but it is penalized by eddy current
loss at high speed, has a very limited transient overload power
and has a high uncontrolled generator voltage. The IPM motor
shows the better performance compromise, but it might be the
more complicated to be manufactured. Analytical relationships
are first introduced and then validated on three example
designs, Finite-Element calculated, accounting for core
saturation, harmonic losses, the effects of skewing and operating
temperature. The merits and limitations of the three solutions
are quantified comprehensively and summarized by calculation
of the energy consumption over the standard NEDC driving
cycle.

Index Terms -- Permanent magnet machines, Variable Speed
Drives, Synchronous Motor Drives, Induction Motor Drives,
Traction Motor Drives, Electric Machine Design Comparison.

l. INTRODUCTION

State of the art drive trains for Electric Vehic(&/s) are
often equipped with induction motors (IM) or perreah

Permanent Magnet motor drivese considered to haae
higher torque density and efficiency, with resptztiMs.
Among PM motors, both surface-mounted PM (SPM) and
interior PM (IPM) types are adopted for tractior]. [SPM
motors for traction have concentrated stator ddilsthat is
very short end connections and an easietorconstruction.
They suffer from eddy current loss in the PMs ghhspeed
and need structural sleeves for PM retentidlrc magnets
such as the ones in Fig. 1c can be a problem indugiise,
but different rotor solutions are possible, alsatdbuting to
mitigate PM loss [18].IPM motors require rotors with
multiple flux barriers for having a high saliensych as the
one in Fig. 1b, that might look complicated indistwise.
However the high saliency is synonymaafsa much larger
overload torque over the entire speed range [Shfar back-
emf in uncontrolled generator operation [6] andtlelit
sensitivity to PM temperature.

Synchronous PM drives of both types require a casto
control algorithm, when flux-weakening operatiorregjuired
over a wide speed range, as it is the case ofidracThe
motor magnetic model must be consistently iderdiffer
accurate control, with the experimental identificat tests
that are considered cumbersome if compared totdrelard
ones, usual for IMs.The recentissue of the rare-earth
magnets price volatility iseriouslyquestioning the adoption
of PM motor drives [7].In this scenario, multi-layer IPM

magnet (PM) synchronous motors [1,2]. IM drives arenotors are more suitable for replacing the raréhemagnets

adopted for their ruggedness and universal avéithabhlso
on the control side, field-oriented vector contofl IMs is
considered a standard, industrially. Moreover, IMe
naturally de-excited in case of inverter fault ahi is very
welcome among car manufacturers, for safety reasons

(IM)

Figure 1.

with cheaper ferrite magnets, at least in somescg@dewhile
SPM and single layer IPMs are not.

The comparison between IM, SPM and IPM motor drives
for EVs is proposed, at a given vehicle specifaatnd with
the three motors having the same outer dimensidnfieo

(IPM)

(SPM)

Induction motor, Interior PM motor and Surface mimahPM motor under investigatic



active parts (stack diameter and length) and theesaverter giving the same maximum vehicle speed, that is giving the
size (maximum voltage and currenihe paper extends the same continuous power at the maximum motor speed of
comparison of [5] to include the asynchronous magoring 12000 rpm. All the other parameters evidenced ¢ Eiare
further insights on aspects such as skewing and Pidatter of the comparison: continuous torque at tpain
temperature. maximum overload torque at given inverter currémnsient
Three example motors are designed and FE#éverload, efficiency over the whole operation aaed in the
characterized. Their laminations are representedign 1. preferred maximum efficiency area. The stack oetsid
Unfortunately, it was not possible to build andttéwee diameter, stack length and airgap length are theedar the
prototypes to be experimentally compared. Howefiaite  three motors, as well as the same liquid coolingselt is
element simulation can still be considered a comsis assumed that the stator windings are at 130 °@mirtuous
instrument of virtual prototyping of electrical nidices, operation, the PMs are at 150 °C and the rotohefIM at
accepted industrial-wise, as documented in thealiiee 180 °C. The inverter voltage and current are sette 173
[12,20,21], also for loss evaluation [22]. Vpk, phase voltage, corresponding to a 300 V dc-4indig =
360 Apk phase current.

1. TERMS OF THE COMPARISON

A Vehicle specification I1l.  INDUCTION MOTOR DRIVE

As summarized in Fig2, EVs require a constant-torque A Motor model in therotor field oriented frame
operating region at low speed for starting and ilipatarch The dq reference frame, synchronous to the rotor flux is
and then aconstantpower speed range at higher vehicleonsideredIn this frame, the stator flux vector components,
speed. The continuous power at maximum spdé®d at steady-state, become:
determines the maximum speed of the vehicle on(flated A = Lg gy
square, forFlat). The continuous stall torque, determines {)\ =L 0
the maximum slope that the vehicle can climb camtirsly . s
(U red square, fo“ph|||) Transient overload torque and WhereLS is the stator self inductan(:@,is the total |eakage
power are limited by the inverter current ratirig),(and the factor (2) andlsis the stator transient inductance.
combination of voltage and current limitsvy,( o), LﬁA
respectively.The typical areas of urban and extra-urban o=1- L L @)
operations are also evidenced in Fig. 2, thathélcalculated st
according to the NEDC driving cycle for the finasigns of
section VII.ECE15 and EUDC in Fig. 2 indicate urban and'® B _
extra-urban, according to the NEDC standard [EBjtailed Veig = Rs gy + Jw gy (3)
vehicle specifications are reported in the Appendix T :%Eplzﬁ}\sdq Dlsdq) (4)

1)

The steady-state expressionisstator voltageand torque

200

wherew is the synchronous electrical spekdst, he slip

max inverter currentip [ oo oo operation (1| | speed at steady state is:

180y F: max speed on FLAT

160F — T T T b U: max speed UPHILL | i
\ wg =TI (5)
140} . o : 1 s r .
. inverter I'sq
E 120 voltage and current

TR 74 limits | wheret, = L,/R is the rotor time constant afii the rotor
resistance reported to the statodependently of the control
technique (rotor field oriented, stator field oties, direct
torque control), the magnetic model (1) can be used
association to (3)-(5) for describing the torquel grower
. ) curves as a function of rotor speed, at given geltand
aerodynamicdrag o\ rrent limits [15,16].

00 2000 40l00 60I00 80I00 1 OCIJOO 12000
motor speed (rpm) B. Power curvesat constant current

Figure 2. Example of target specification for an electric ieéh The stator current and flux linkage vectors will be
indicated,from now on,as flux linkage and current, with no
subscripts, as also for the other motors described in the
following sections.The vector trajectories of the IM drive,
corresponding to a given current amplitude, witinited
voltage, are qualitatively illustrated in Fig. 3org with the

B. Common data and goals of the comparison
The torque versus speed profiles of Fig. 2 arecatdie
but not mandatory, except for poiRt the three drives under
comparison must comply withthe basic reguirement of




corresponding power versus speed curves, in Figih# the power curve at rated curre@ntcoincides with the power
vector diagrams and power curves are replicatedttier factor (PF) of the motor, having disregarded thesés. A
continuous curreni; and for the maximum curremd. This good design practice is to design a motor haviegithansient
may be not representative of the actual contrgédtaries of inductance as low as possible, to push the MTPVoregt
the drive, but power curves at given voltage arffedint rated current over the maximum speed, or at leasstinder,
current limits will be useful here and in the fallog for as in Fig. 4 (maximum speed is 1 per unit). Thiprapch
comparing the characteristics of the different elsiv maximizes the output power at maximum speed, gibhen
It must be underlined thag is the same for all the three inverter size. At overload, B’ is at a lower spélean B, how
drives, that have the same inverter, whilelepends on the lower depending on the overload raijt;. Frompoint B’ on
machine type and will be slightly different for tlieree the power curve drops to rejoin the rated curranve at

motors. point B.
In Fig. 3 the stator current and stator flux linkagector
trajectories are reportefl7]. As said, thed axis is the (\VA IPM MOTOR DRIVE

direction of the rotor flux linkage vectoAt low speed, the
. T A. Mot del

MTPA (Maximum Torque Per Ampere) condition is otor mo .

consideregdthat means the overload point (A") will require a . 1Ne Voltagevector and torque expression are formally

slightly higher d current component, if comparedhwine dentical to the one dhe IM, (3) and (4), respectively. The

rated current point (A)At higher speeds, the voltage limit N€ar magnetic model of the IPM motor is expressgd

requires that the current vector is rotated towdheésy axis Ag =Lglig +An ©6)

(flux weakening region J)until the flux argument becomes Ag = Lg O

45°, that is the MTPV (Maximum Torque Per Voltage) \yhere),, is the PM flux linkage and the, q inductance

condition represented as B and B’, respectivelgnFB (and 5jyes are different according to the rotor saljenc
B") on, both current and flux vectors are reducedamstant L
q

phase anglélux weakening region I1) E=—>1 @)

d
q Due to magnetic saturation, the two inductandgsirf
particular) are variable with the current vectorking point,
and alsod-q cross-coupling terms should be included in the
magnetic equations (6).

MTPV

B. Power curvesat constant current

The vector trajectories and power curves are refdatso
for the IPM motor drive, in Fig. 5 and 6 respediyné 7], for
the case of a motor having high anisotropy andpewunit
PM flux linkage. In this case, ttghase angle of the current
d vectorcorresponding to MTP4s leadingthe g axis by 45° or
Figure 3. Induction motor current and flux vector trajectsrier even morg5]: in Fig. Spoint A (rated current) and point A’

maximum power under limited voltage amplitude (maximum current) represent operation below the Ispeed
After the voltage limit, th&urrent vector is rotated for flux
weakening towards the MTPV locus, if al8ynchronous PM
1 drives actually have a MTPV region (flux weakeniegion
MTPV
/ I1) only for current valuethat aregreater than the

B 1 characteristic current [10]:

A maximum current ()
B

P /Plim
>

rated current (i;) _ A
05 |I|>|ch: . 8
Ly

15 The particular design condition (9) is choserhere the
continuous current equals the motor charactergticenti,
for having an ideally flat power profile at ratearient:
iy =i 9)

In Fig. 4 the normalized power curves correspondig  This implies that the MTPV is met only at overload
rated and overload currents are shown. Unitarydeehe  current (e.g. point B’ at maximum currégt
maximum operating speed, while the base power usle In Fig. 6 the power versus speed curves of the iRdtor
Piim = 3/2Mpd{. With this power scale, the A to B region ofdrive are reportedti, andi,. As for the IM, from base speed

05 1
speed / max speed

Figure 4. Induction motor power versus speed curves, fodratel
overload current amplitudes and limited voltage.



on (point A), the per unit power atis representative of the  The single inductance value for both the) axes is due to
power factor, due to thecale factoPy, = 3/2Mi{, that refers the non salient geometry. At a deeper insight, ratign
toi.. The PF at maximum speed is unitéayrk curve, speed saturation modifies the two inductances, resulimmagnetic
equal to 1), while in the same condition the PRhef IM is  saliency [4 # Lg) in spite of the geometry and also produces
lower (0.7 in point B of Fig. 4). Slightly betteralues are cross-coupling terms, as for the IPM motor. Thetag¢ and
possiblefor the IM, via the minimization of the transient torque expressions are still (3) and (4), respebtiwith the
inductance: the example IM design presented ini@edtl latter one becoming very simple when associatedh®
will actually have a PF 00.8 at maximum speed. Still, theisotropic model (10):

better power factor of the IPM motor leads to adow for T=30p0, (i, (11)

the sameontinuouspower, given the inverter voltage.

" o| MTRY.
v MTPV p|B/ N |
/ A A i 0 I
B ) B/ _ A o :
,l /, ‘/ Iy : ) _1‘ A
Il ! : I ol |
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. ) , 1
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) . . . Figure 7. SPM current and flux vector trajectories for maximpower
Figure 5. IPM current and flux vector trajectories for maximpower under limited voltage amplitude
under limited voltage amplitude
2 :
2 ‘ :
i i MTPV
maximum current (i) high saliency motor/MTPV oY |
15 . ; ] ; i
c A low saliency motor B £ A B’ maximum current (iy)
£ | pAsLILT L [T
T — N :
o [ rated current (/;), 05k rated current (i)
05} A both motors :
o i i
0 i i 0 05 1 15
0 05 1 15 speed / max speed
speed / max speed i L
. o Figure 8. SPM power versus speed curves (limited voltage)dted
Figure 6. IPM power versus speed curves (limited voltage)rdted and overload current amplitudes

and overload current amplitudes. Effect of rotdiesey on the power

overload curve: B. Power curvesat constant current

The power curve at maximum curregtis also very flat, In Fig. 7 the vector trajectories of the SPM matdve are
due to the high saliency. In Fig. 6 it is also showtill reported: at low speed the current vector is althregg-axis
qualitatively, that a low saliency motor would havdéimited (points A and A) that is MTPA operationAt higher speeds,
power overload capability (dashed overload lines aas the voltage limit occurghe current vector is rotated along
demonstrated in [5]. Hence, multi-layer IPM rotdike the the dashed paths for flux weakening. The desiguition (9)
one in Fig. 1 are more suitable for transient poossgrioad, iS chosen alsaere as for the IPM motofor the same reason
while less salient structures such as single layeflux- Of obtaininga flat power curve at rated currentThe MTPV
concentration IPM rotors have the power overloattiitions IS met wherig = -, = -y and the total flux linkage vector is

typical of SPM motors, as addressed in the nextasec along theq axis (point B’). Again, MTPV occurs at overload
current only, due to the design condition (9). INTRY
V. SPMMOTOR DRIVE operation thay current component remains equal tg, -and
A Motor model tar;eir:olitiqgu.elproducmg componeigtis progressively reduced,
Thelinear magnetic model of the SPM motor is expressed |, Fig. 8 the power versus speed curves of the &RIitbr
by (6) withLy = L4 =L. drive are reported, for rated anthximumecurrents. Both the
Ag =Llg+Ay (10) power curves tend asymptotically to one per unitcgding

Ag =L to Fig. 7, the flux linkage in MTPV has ribaxis component



and it is then directly proportional to torque: 1.95 kg versus 1.35 kg. This is related to the 02@8m
. (12) speed specification, that results in the IPM rdtaving very
MTPV thick structural ribs in Fig. 1b. The thicker aketribs, the
ore of the PM flux is shunted between layer angena
sulting in an augmented PM quantity. Moreoveg BM
- guantity could be significantly reduced, as progosge the

A D(DEIN (13) recent work [8], and yet not applied to the examplchine

Therefore, from manipulation of (11), (12) and (1B reported here. Structural ribs have been FEA etadua

torque and power at MTPV are obtained. against centrifugal stress. _
Dealing with the surface mounted PMs, those of Eig.

L
A =A,=L0O, =
MTPV q q % DD\m "
At high speedthe voltage drop across the stator resistant}g

is negligible

Tytey =3 pE-T g"&:%gﬁmm W, (14) are particularly thin: they have been verified agaide-
] L w magnetization at 150°C but with PM materials of éow
Purpv =3 e Vg (15) grades they could have problems and should be thigler.

Thicker magnets increase the margin against de-

It is then demonstrated that the overload poweBSBM magnetization and re-balance the PM material giesitof
motors is upper limited according to the maximuritagev, the two motors.
and the motor characteristic curremfatever the available
overload current is. With the design choice (9), the MTPV
power limit coincides withP;;,, = 3/2My44, that isthe unitary

TABLE | — RATINGS OF THE THREE MOTOR DESIGNS

IM | IPM | SPM

ower in Fia. 8 Pole pairs 2
P g-¢. Stator slots 48 | 6
VI.  DESIGN RESULTS AND POWER CURVES Stator outer d_|ameter mm 216
_ T _ Stator bore diameter| mm 142 | 131
Three example motors having the same active dirarssi Stack length mm 170
are designed and compared by means of FEA. The Airgap mm 0.7
continuous output power specification is 50 kW 2000 NuUmber of turns 50 : 53
rpm. The inverter voltage is 300 V dc, correspogdio 173 . oY |
. S Copper fill factor 0.4
Vpk phase voltagevg) and the maximum currenip) is 360 End connections
Apk. The dimensions of the active stack are: 216 stator (per side) mm 150 77
outside diameter and 170 mm active length for thee Mpax speed om 12000

motors. The motors are water cooled. The ratings of the

cooling setup are discussed in the dedicated stibsadl.F. Continuous to.rque " | Nm | 110 160 130
The three motors are designed for having the best SPe€edat COI:tIHUOUS pm | 4000 | 3800| 3800
compromise between continuous power, transient|oagr torque _
power and efficiency. All three are comprehensively| Currentatcontinuousi | oo, | 555 | 99y
evaluated by means of 2D, in terms of magnetic esireore _torque
loss, PM loss and IM cage loss. The magnetic cuares Maximum speed ** | rpm | 11300| 12009 10300
calculated in all theg, i operating plane, accounting for Overload torque Nm | 210 210 150
saturation effects. End connections additionalstasice and Overload current | Apk| 360 | 360 | 360
inductance terms are evaluated analytically, alsp the Characteristic current| 205 193
. . . o p
squirrel cage [11]. In particular, the magneticvesr of the (150°C)
IM are precisely evaluated with the method preskimd12]. Phase rated voltage | Vpk | 173 173 173
The motor laminations are the ones reported in EigThe Phase back-emf V pk 170 540
significant motor ratings are reported in Table I. (12000 rpm, 20°C)
All machines have two pole-pairs, for limiting tirapact Stator resistance (130°C)Q | 0.027 | 0.027| 0.021
of core and PM losses, given the 12000 rpm operaiibe Rotor resistance (180°C) @ | 0.018

IM and the IPM motohave the same stator laminations, with Steel grade M250-35A

48 slots that is 4 slots per pole per phase. Selalively high PM grade BMN-42SH
number of stator slots helps in minimizing the teqipple PM mass kg 1.95 1.35
and harmonic core loss of the IPM motor [14]. Deglivith Rotor temperature 180° C| 150° C| 150° C
the IM, the 48-40 stator-rotor slot combinationFaf. la is * Low speed dot, in Fig. 13, at 3200 W dissipation
one of the suggested ones [24]. ** High speed dot, in Fig. 13, at 3200 W dissipatio

A counter-intuitive result of Table | is that theMP
quantity of the IPM motor is higher than the onghef SPM:



A. Rated power specification

In Fig. 9 the three example designs are comparéerims
of output power at given voltage and current. Allee have
similar torque for the example current, as the posueves at
low speed demonstrate. Dealing with high speed,SR#&
and IPM motor drives fulfil the continuous power
specification of 50 kW at 12000 rpm with the exaenpl
current of 216 Apk, that is close to their respexti
characteristic currents. The IM has a lower oufpatver at
high speed and requires a higher current valughfersame
power. As said, both the PM motors have unitary grow
factor at high speed with the current aroigdand both their
power curves tend tB;,, = 3/2\y4{, as shown in Figs. 6 and
8, due to the design choice= i, Then, for the same output
power they have nearly the same characteristiecoyras in
Fig. 9.The IM has a lower output power at sameesurand
voltage due to the lower power factor, as saidubssction
I1.B.

B.

The power output at maximum current of the threggies
is compared in Fig. 10. As said, the SPM motord@apower
overload due to the MTPV power clamping. Moreoaso
the torque overload is quite limited with respextie other

Power at maximum inverter current

sk AT — B
6r B f ~oB
N ,ook
=4 "t — -SPM
’ — PM
R R IM
PYTY Lo all motors at. . . :
Al Vo = 173 Vpk, ig = 360 Apk
0 i i
0 5000 10000 15000
rpm 12000
Figure 10. Power curves of the three motors at maximum cuandt

voltage. The continuous red lines, over point Btraf three curves, indicate
the MTPV operating region.

C. Effect of skewing

All the three motors are skewed for minimizing toeq
ripple and possible acoustic noise. The IM and IRgtor
have the same stator, with 48 slots, and are Hatved of
7.5 mechanical degrees (one stator slotle SPM motor is
skewed by 30 mechanical degre®he generatonsequence
of skewing is to reduce the average torque and paetor,
and then output power at high speed. The powehethree
motors are compared in Fig. Ty different skew angles.

The continuous power curves of IM and IPM in the to

two motors,due to hard saturation of the motor core relate@nd medium subfigures of Fig. 11 refer to the nahin

to the high armature flux at overload, indicated casss-
saturation (the g-current produced flux reduces dHux
component, that is the torque factor of the maghifiee IPM
motor and the IM have the same maximum transieetload
torque (point A’ and speeds below) because, bycidénce,
they have exactly the same torque angle at 360 APA
They both havequite flat power curves. The IPM motor
enters the MTPV close to the maximum operatpgedand
the IM even over the speed rating.

x10°
8 all motors at — =SPM
vg =173 Vpk, iy = 216 Apk T:;M
6- ; ;
- g |
= iyl vinliaininl
al 4
ol
0 ; ;
0 5000 10000 15000
rpm 12000
Figure 9. Power curves of the three motors at same currehtaltage.

SPM and IPM motors fulfill the continuous power sifieation with the
same current and voltage, while the IM requiresghédr current.

skewing.In the same graphs, the effect of twice the skgwin
angle is also shown, stating that motors with lovséot
numbers would suffer more power drop due to skewing
effects.

The SPM power curvegbottom of Fig. 11)are not
affected by skewing, despite the largeeswingangle due to
the low number of slots. This counter-intuitive uksis
justified by the fact that the SPM machinere is quite
saturated at no load. The skewed construction tse$nla
machine that igartially less saturated and has nearly the
same output characteristics.

In conclusionskewinghas a relatively littlémpact on the
power characteristics of all three motomyen if as a
consequence of vedifferentphysicalreasons.
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x10*
8 IPM 860A jprotms=o o .
ol -
=
ne
2 = =no skew [ .
—— 7.5 skew
‘‘‘‘‘ 15° skew
0 ; ;
0 5000 10000 15000
rpm 12000
x 10
8 | SPM
360 A
288 AN _
= 216 A
ne
~ 44 A
2F N — —no skew b
N\ —— 30 ° skew
0 ;
0 5000 10000 15000
rpm 12000
Figure 11. Effect of skewing on the power curves at constantant and

voltage of the three design examples.

D. Effect of rotor temperature

PM temperature is another factor that affects thevgw
curves of PM synchronous motors. In Fig. 12, therapng
temperature of 150°C is compared to the lower vadfie
60°C. The SPM overload curve (bottom subfigurehigher
at lower temperature due to the highgrin (15), given that
the characteristic current varies with temperatasethe no
load flux, according to (8). The IPM motor (top fighre) is
less sensitive to temperature variations than SR, @s
expected from a very salient machine with respeci non
salient one. In particular, the IPM power curve rated
current is practically insensitive to temperatundile the
overload curve reduces more evidently at high spéée
rotor temperature of the IM has very little effect on the
output power curves of the example motor and treesemot
been reported in Fig. 12 for space reasons. E.85@d rpm,
100 Nm the slip speed is 112 rpm at 20°C and 184 ap
180°C.

x 10"

[IPM A

—
—— -
-
-

-
-
-

z | _ 216A

— - 60°C ||
—150°C

0 5000 10000 15000
12000

rpm

x 10°
s SPM
6 360 A
/,
H] /I ==
L %
4 S 216 A
ol . . . |— - 860°C |4
—150°C
0 ; ;
0 5000 10000 15000
rpm TIZOOD
Figure 12. Effect of PM temperature on the power curves ofiEid

and SPM motor designs.

VII. LOSS ANALYSIS AND EFFICIENCY

Core losses, PM losses and rotor cage losses df/tlaee
FEA evaluated with Infolytica Magnet 7.2, viaansient with
motion, two-dimensional (2D$imulations.

A. FEA evaluation of corelosses

Core losses are calculated in post-processing anmef
a modified Steinmetz equation (16) fitting the mi@cturers
loss data as a function of flux-density and frequen

ﬂ:thf“EBB+keDf2EBz (16)

Where the values of the coefficients dge= 0.007780 =
1.23,B = 1.79,k. = 3.15e-005 for the for the M250-35A steel
grade. The loss model (16) groups the hysteresis tha
anomalous loss into a single term, proportiona(fit. The
second term of (16), proportional) accounts for eddy-
current loss.

For the SPM and IPM motors, a set of simulations at
impressed currents is run on a grid covering trepeetive
operating regions in thdq( i) plane, at rated speed (4000
rpm). This is very similar to what done for the lerion of
the d, q flux linkages at section VI, and the set of FEAru
can even be the same both for fluxes and core doSdee
output of the simulations is the loss model atneziee speed
Ny = 4000 rpm. The loss model is in the form of feurfaces
(modified hysteresis term and eddy current ternth lfor the
stator and the rotor), all four as a function oé tburrent
componentsy, iq. For extrapolating the loss at all speeds,
modified hysteresis (h) and the eddy current (e lare
evaluated in (17) according to the frequency expthef
(16), under the simplifying assumption that thegérency of
local flux density variations is proportional to eth
synchronous speed in all the machine volume:

a 2
Coreloss= (Ios§h EEHLJ + (Ios§e EEHLJ 17)
o o

The procedure followed for the IM is similar thoutte
(d, g) stator current components are not known a-priden



running a current-impressed FEA of an IM. For siatinly the aerodynamic drag, as defined in Fig. 2.
the willed {q4, iq) condition, a current vector of amplitude

JJid+i2 | rotating at synchronous speed of 4000 rpm is

imposed into the motor phases. The rotor speeétisosbe
constant for having a certain slip speed, thatagpces the
(i, ig) condition in rotor-flux synchronous coordinatdhe
relationship between the slip speed and the RFOQ)
current components is known after the static evalnaf the
IM magnetic curves introduced at section VI [12]heT
extrapolation of stator loss at different speedsniade by
(17), wheren is the synchronous speed and not the rotor
speed in this case. Rotor core loss is negligilile respect to , ‘ ‘
0 2000 4000 6000

all other loss terms. Speed [rpm]
(50 km/h) (165 km/h)

loss of IM
stator at 130 °C |
rotor at 180 °C

vo =173 Vpk
io = 360 Apk

Torque [Nm]

8000 10000 1 2?00

B. FEA evaluation of PM losses

PM losses are calculated viae sametransient with
motion FEA simulationsused for core loss calculation,
throughout all thei, i;) operating area. The eddy current loss
in the solid PM material pieces is calculated bygkket 2D
according to the electrical conductivity of the pral, that is
1.5e-006 S/m for the BMH-42SH grade. The PM losshef
example IPM motor turns out to be negligible in all
conditions. Dealing with the SPM machine, the Ias
different speeds is extrapolated according to theuse of the
mechanical speed. Tangential segmentation is iedluid the
2D FEA model, where all magnet poles are made \& fi

loss of IPM motor]
stator at 130 °C |
PMs at 150 °C |

Vo= 173 Vpk
ip = 360 Apk

Torque [Nm]

0 i i i i
0 2000 4000 6000 8000

. . . . . 10000 12000
segments. Dealing with the effect of axsggmentationthis 6 kf by SPeedtem (165}1 .
. . . . m, m,
is evaluated analytically in post-processing [1BE example . ; ‘ ‘ ;
motor is segmented in ten pieces axial-wigeurther 2007 loss toftSF’l\:l1n;gtg(r: W]
segmentation in either directions would not givg practical 180 ‘ : e 150 °C.
improvement. e Rt
\ Vo =173 Vpk
140 = A ,-3 =360 Apk

C. FEAevaluation of IM cage |osses

IM cage losses are calculated at any operatingt gmjin
static FEA, with the rotor resistance estimatedlditally
[12]. This approach does not account for rotor epac
harmonics. Therefore, spot transient simulatioresran for
evaluating the additional rotor cage losses of e in

Torque [Nm]

L - S
specific working points, such as target continuopsration x g\ % o%i 6"‘\ "\0"\
pointsF andU, showing that the impact of such loss term is % 2000 4000 6000 8000 10000 12¥oo
. .. . . . Speed [rpm]
quite limited. Additional losses due to inverter modulation (50 km/h) (165 km/n)
have been FEA calculated and they are under 200 \All i Figure 13.  Power loss maps of the three designs over thectiepe

operation modes, at 10 kHz switching frequency,hwittorq“e versus speed operating regi()’rhue torque Iimit profiles repre_sgntthe
. . . . benchmark continuos operation (continuous line)thednverter limit

reference to pulse-width modulation. This loss tewith be (dasehd line)
disregarded in the following.

The IM is the one with the highest losses at loeesh At
] high speed, it is intermediate between IPM and Sidfors.
~In Fig. 13 the loss maps of the three motors aperted, 1o Spw is the worst solution at high spebecause of PM
in the respective torque - speed operating regidii® |555 and Joule loss related to the flux-weakeningent

dashed-line, maximum torque profile in each suburg component (negativés). The IPM motor has the lowest
represent the current and voltage limits of eachtomas |4sses in all conditions.

already discussed, this is very limited in the Séade, while . _ _
the other two motors show little differences, amdyaround E. Continuous operation and target points F and U

maximum speedThe other dashed line is representative of The continuous-line torque profile in all sub-platfsFig.

D. Power |oss maps



13, same for all the motors, represents the bendhrog
continuous operationThe two reference points and U,
defined in Fig. 2, are indicated with two squardsdd he
detail of losses ik andU is reported in Figl4. The total

continuous operation is the one referred to in &abl
indicated with starred values.

F. Feasihility of the cooling setup

lossesare similar for the two PM machines at low speed h€ IPM loss of 3200 W corresponds to a spedigat

(point U), while at high speed SPM is heavily penalized b

the PM loss. Stator Joule loss of the SPM are timénmam,

due to short end connections. IM ones are the maxindue
to the higher current value for the given specifara(as said
in subsection VI.A). Stator core loss of the IPMtords the
highest, due to space harmonic fields.

The loss of the IPM motor at rated power pdtnis 3200
W, both from Fig. 13b and Fig. 14a. This loss leseiow set
as a term of comparison between the three motdrghtand
low speed: the blue circles in Fig. 13 and the Zzoial line
in Fig. 14 all refer to 3200 W loss. The low spédae circle
is placed at 3650 rpm, corresponding to 50 km/re ®ther
one is placed on the intersection between the gredic
drag curve and the 3200 W curve. Both the circtaadsfor
the feasible continuous operation, in case the common
cooling setup coincides with the one designed ffer tPM
motor.

6000 T .
Reference point F
2000 [ ‘ I Joule, stator
I Joule, rotor
w = Core, stator
2000 =T core, rotor
Cpm
0
M IPM SPM
6000 ; ‘ ,
Reference point: U
AO00F - F ] -JDU|E,stator
3200 W I Joule, rotor
w [ core, stator
2000 | C—Jcore, rotor
— |
0
M IPM SPM
Figure 14.  Loss detail in the referece points defined in Biga) pointF

is 39 Nm, 12000 rpm; b) poitt is 110 Nm, 4000 rpm.

The high speed circle of the IPM motor (Fig. 13b) 0

coincides with the target poift, by definition, and the other
one is at 155 Nm, well over the torque of the taggmnt U.
Dealing with the IM (Fig. 13a), the two circles put
evidence that this is slightly under target bothoat and high
speed, due to rotor losses. The SPM motor (Fig) hi8caves
well at low speed and has problems at high speegh &m/h
the continuous torque is over U, still with a toegthat is

?emoval of 26 kW/rh, with reference to the outer surface of
he stator stack: 216 mm diameter, 170 mm lendtht is
0.115 ni. This is supposed to be a special cooling setup, o
of industrial standard for electric motors.

An example of experimental cooling setup is the one
reported in [19], for a prototype motor for hybréectric
traction, with a target speed of 14000 rpm. Theiticcooling
has the same flow rate considered here (10 litersypnute)
and a higher inlet temperature (105 °C), relatedthe
combustion engine coolant temperature. The prootgp
[19] is stopped at 7500 rpm for temperature limitsth a
specific heat flow of 19 kW/m The target speed of 14000
rpm would require something like 56 kW7m

Thanks to the lower inlet liquid temperature (60),°C
possible in a purely electric vehicle, the cooltagget of 26
kW/m? may be considered realistic. Of course, the trehd
having very dense motors in traction, with highexpeatings,
requires the cooling setups to be designed purposel

G. NEDCdriving cycle

The three motors are compared in terms of energy
consumption, with reference to the New EuropearvibBgi
Cycle (NEDC), that consists of four repeated ECEddiGing
cycles and an Extra-Urban driving cycle (EUDC) [2Bhe
vehicle data are reported in the Appendix.
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Figure 15. Energy loss over the NEDC driving cycle, for theeth
motors

The results, in W per hour, are reported in Fig, 4/5d
refer to regenerative braking conditions. Motorslasly are
considered here: the other loss components ofdierain,
that are those of the battery and the power coersrare out

lower than the one of the IPM motor, for the reasorPf this comparison. IPM and SPM motors are veryilainin

described at section V and in [5]. High speed djmravould
be limited, under the 3200 W loss assumption, t8000rpm,
due to the very high PM loss (see Fig. 14a), dedpi¢ axial
and tangential segmentation of the magnets. Thesibiea

the first part of the cycle, referring to urban i®n. In sub-
urban operation (from time 800 s on) the highelicletspeed
penalizes the SPM. The IM has definitely highesltsan the
IPM one, but both motors have a constant rate @frggn
consumption all over the cycle time: more frequ&atts and



stops in urban areas (0 to 800 s) produce the pamer loss
than less frequent speed variations at higher leelspeed
(800 s to 1200 s).

H. Efficiency maps
In Fig. 16 the efficiency maps are reported, givbeiter
evidence ofthe NEDC results, and of tHess impact in the

different areasthe areas corresponding to the urban and sub-
urban (ECE15) and extra-urban (EUDC) sections & th

NEDC cycle are evidenced by dashed squares. Tiugeefify
in the ECE15 area of IPM and SPM are comparable)ss
demonstrated in Fig. 15, between 0 and 800s, aeyl dine
both higher than the efficiency of the IM. The EURGvers
the respective high efficiency areas of the IM dhe IPM
motor, the latter being better than the former, levithe
efficiency of the SPM motor drops significantly tinis area
due to speed related losses

VIII. DiscussION

The comparison of the threeotor designs leads to the

following considerations:

e Both the SPM and IPM motors give the rated 50 kW at

12000 rpm for the same current level (216 A), thatlose to
the respective characteristic currents. The poweres of the
two motors are practically identical at this cutrlvel (Fig.
9).

e« The SPM motor has no power overload, at higherecarr
levels (Fig. 10).

e Also overload torque is very limited, because atrent
overload the armature flux heavily saturates thehime core
(Fig. 10, low speed region).

 The PM loss at high speed are very high, despite
magnets segmentation and the low number of pols.pai

* As a consequence, the maximum vehicle speed
continuous operation should be de-rated by a fat@200
rom to 12000 rpm, if the same heat dissipationoissidered
for the SPM and the IPM competitor (Fig. 13, bottdstue
circle).

e Dealing with the IPM motor, the good performanceais
consequence of the 48 slots stator, four layersr rdesign-
This produces a high saliency, resulting in thedgowerload
capability, and an optimal torque versus harmoross|
compromise. Machines with less rotor layers migbhdve
like the low saliency motor of Fig. 6, while mace&mwith
lower numbers of stator and rotor slots might inicuio less
indulgent harmonic loss at high speed [14].
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Figure 16.  Efficiency maps of the three designs.

» The IM needs more current for giving the rated 50 &t

12000 rpm (Fig. 9), due to the lower power factor.

» The lower power factor also implies a higher statarent
for fulfilling the continuous operation poift: in Fig. 14, top
diagram, the stator Joule loss of the IM is higihan the one
of the IPM with the same stator, due to the powaetdr.

* Moreover, the IM motor is penalized, with respextthe

IPM motor, by the cage losses (Fig. 14).

* Nevertheless, the IM has a very good overload défyab
at low speed the torque at maximum inverter curigrthe

same as the one IPM motor (Fig. 10, point A’).



IX. CONCLUSION

The performance of three AC motor drives for electr

traction is compared. The three design example® lhe
same stack and inverter size and the same codllmgythree
designs are FEA evaluated, and all main aspectsagietic
and loss modeling are accounted for.

independently of the available inverter currentd @ high
speed, due to PM loss.

terms of power overload curve and efficiency at lnad and
any speed, provided that it is a high saliency rmach
maximized by proper design.

The IM has overload power curves that are not famf

the ones of the IPM, provided that is designed a@wehthe
lowest possible transient reactance. In terms b land
energy consumption, this is penalized by the cagses both
at low and high speed.

All considered, the example motors show that inat

always true that SPM machines are more compactane
torque dense than any other machine.

APPENDIX

The vehicle data used for evaluating the NEDC cyale

section VIl are reported in Table II.

TABLE |l- VEHICLE SPECIFICATION

Vehicle mass kg 1064
Wheels inertia kgim? 2.8
Motor + transmission inertig  kgim? 0.02
Wheel radius m 0.285
Frontal area m 1.8
Drag coefficient 0.39
Rolling coefficient (km/h} 3.310°
Static friction coefficient 0.0116
Motor to wheel speed ratio 7.8
Transmission efficiency 0.94
Max vehicle speed km/h 165
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