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Abstract—Three different motor drives for electric traction
are compared, in terms of output power and efficiency at the
same stack dimensions and inverter size. Induction motor (IM),
surface-mounted permanent-magnet (PM) (SPM), and interior
PM (IPM) synchronous motor drives are investigated, with ref-
erence to a common vehicle specification. The IM is penalized by
the cage loss, but it is less expensive and inherently safe in case of
inverter unwilled turnoff due to natural de-excitation. The SPM
motor has a simple 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 gen-
erator voltage. The IPM motor shows the better performance com-
promise, but it might be more complicated to be manufactured.
Analytical relationships are first introduced and then validated on
three example designs and 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 the
calculation of the energy consumption over the standard New
European Driving Cycle.

Index Terms—Electric machine design comparison, induc-
tion motor (IM) drives, permanent-magnet (PM) machines, syn-
chronous motor drives, traction motor drives, variable-speed
drives.

I. INTRODUCTION

TATE-OF-THE-ART drive trains for electric vehicles

(EVs) are often equipped with induction motors (IMs)
or permanent-magnet (PM) synchronous motors [1], [2]. IM
drives are adopted for their ruggedness and universal availabil-
ity. Also, on the control side, field-oriented vector control of
IMs is considered a standard, industrially. Moreover, IMs are
naturally de-excited in case of inverter fault, and this is very
welcome among car manufacturers, for safety reasons.

PM motor drives are considered to have a higher torque
density and efficiency, with respect to IMs. Among PM motors,
both surface-mounted PM (SPM) and interior PM (IPM) types
are adopted for traction [3]. SPM motors for traction have
concentrated stator coils [4], i.e., very short end connections
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and an easier stator construction. They suffer from eddy-current
loss in the PMs at high speed and need structural sleeves
for PM retention. Arc magnets such as the ones in Fig. 1(c)
can be a problem industrialwise, but different rotor solutions
are possible, also contributing to mitigate PM loss [18]. IPM
motors require rotors with multiple flux barriers for having
a high saliency, such as the one in Fig. 1(b), which might
look complicated industrialwise. However, the high saliency
is synonymous of a much larger overload torque over the
entire speed range [5], a safer back electromotive force in
uncontrolled generator operation [6], and little sensitivity to PM
temperature.

Synchronous PM drives of both types require a custom
control algorithm when flux-weakening operation is required
over a wide speed range, as it is the case of traction. The motor
magnetic model must be consistently identified for accurate
control with the experimental identification tests that are
considered cumbersome if compared to the standard ones that
are usual for IMs. The recent issue of the rare-earth magnet
price volatility is seriously questioning the adoption of PM
motor drives [7]. In this scenario, multilayer IPM motors are
more suitable for replacing the rare-earth magnets with cheaper
ferrite magnets, at least in some cases [9], while SPM and
single-layer IPMs are not.

The comparison between IM, SPM, and IPM motor drives
for EVs is proposed, at a given vehicle specification and with
the three motors having the same outer dimensions of the active
parts (stack diameter and length) and the same inverter size
(maximum voltage and current). This paper extends the com-
parison in [5] to include the asynchronous motor, giving further
insights on aspects such as skewing and PM temperature.

Three example motors are designed and finite element
analysis (FEA) characterized. Their laminations are represented
in Fig. 1. Unfortunately, it was not possible to build and test
three prototypes to be experimentally compared. However,
finite-element simulation can still be considered a consistent
instrument of virtual prototyping of electrical machines,
accepted industrialwise, as documented in the literature [12],
[20], [21], and also for loss evaluation [22].

II. TERMS OF THE COMPARISON
A. Vehicle Specification

As summarized in Fig. 2, EVs require a constant-torque
operating region at low speed for starting and uphill march and,
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IM, IPM motor, and SPM motor under investigation.
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Fig. 2. Example of target specification for an EV.

then, a constant power speed range at higher vehicle speed.
The continuous power at maximum speed P; determines the
maximum speed of the vehicle on flat (F' red square, for Flar).
The continuous stall torque 7} determines the maximum slope
that the vehicle can climb continuously (U red square, for
Uphill). Transient overload torque and power are limited by the
inverter current rating (ip), and the combination of voltage and
current limits (vg, ig), respectively. The typical areas of urban
and extra-urban operations are also evidenced in Fig. 2, which
will be calculated according to the New European Driving
Cycle New European Driving Cycle for the final designs of
Section VII. ECE15 and EUDC in Fig. 2 indicate urban and
extra urban, according to the NEDC standard [23]. Detailed
vehicle specifications are reported in the Appendix.

B. Common Data and Goals of the Comparison

The torque versus speed profiles of Fig. 2 are indicative
but not mandatory, except for point F'. The three drives under
comparison must comply with the basic requirement of giving
the same maximum vehicle speed, i.e., giving the same con-
tinuous power at the maximum motor speed of 12000 r/min.
All the other parameters evidenced in Fig. 2 are matter of
the comparison: continuous torque at point U, maximum over-
load torque at given inverter current, transient overload, and
efficiency over the whole operation area and in the preferred
maximum efficiency area. The stack outside diameter, stack
length, and air-gap length are the same for the three motors,

as well as the same liquid cooling setup. It is assumed that the
stator windings are at 130 °C in continuous operation, the PMs
are at 150 °C, and the rotor of the IM is at 180 °C. The inverter
voltage and current are set to vg = 173 Vpk phase voltage,
corresponding to a 300 V dc link, and iy = 360 Apk phase
current.

III. IM DRIVE
A. Motor Model in the Rotor Field-Oriented Frame

The dq reference frame, synchronous to the rotor flux, is
considered. In this frame, the stator flux vector components, at
steady state, become

)\sd = Ls ' Z.sd
Asg =0 - Lg i

6]

where L, is the stator self-inductance, o is the total leakage
factor (2), and o L is the stator transient inductance

2
L]\/I

TIL 2

oc=1

The steady-state expressions of stator voltage and torque are

77salq = Rs . Zsdq + jw ' 5\sdq (3)
3
T = 5 ‘P ()\sdq A 'Lsdq) (4)

where w is the synchronous electrical speed. Last, the slip speed

at steady state is
_ i
we =7, (Sq) ®)
vsd

where 7, = L, /R, is the rotor time constant and R, is the
rotor resistance reported to the stator. Independently of the
control technique (rotor-field-oriented, stator-field-oriented, di-
rect torque control), the magnetic model (1) can be used in
association to (3)—(5) for describing the torque and power
curves as a function of rotor speed, at given voltage and current
limits [15], [16].

B. Power Curves at Constant Current

The stator current and flux linkage vectors will be indicated,
from now on, as flux linkage and current, with no subscript s,
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Fig. 3. IM current and flux vector trajectories for maximum power under
limited voltage amplitude.
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Fig. 4. IM power versus speed curves, for rated and overload current ampli-

tudes and limited voltage.

as also for the other motors described in the following sections.
The vector trajectories of the IM drive, corresponding to a
given current amplitude, with limited voltage, are qualitatively
shown in Fig. 3, along with the corresponding power versus
speed curves, shown in Fig. 4. The vector diagrams and power
curves are replicated for the continuous current 77 and for the
maximum current 7g. This may not be representative of the
actual control trajectories of the drive, but power curves at given
voltage and different current limits will be useful here and in
the following for comparing the characteristics of the different
drives.

It must be underlined that iy is the same for all the three
drives, which have the same inverter, while ¢; depends on the
machine type and will be slightly different for the three motors.

In Fig. 3, the stator current and stator flux linkage vector
trajectories are reported [17]. As said, the d-axis is the direction
of the rotor-flux linkage vector. At low speed, the maximum
torque per ampere (MTPA) condition is considered, which
means that the overload point (A") will require a slightly higher
d-current component, if compared with the rated current point
(A). At higher speeds, the voltage limit requires that the current
vector is rotated toward the g-axis (flux-weakening region I),
until the flux argument becomes 45°, i.e., the maximum
torque per voltage (MTPV) condition represented as B and
B’, respectively. From B (and B’) on, both current and flux
vectors are reduced at constant phase angle (flux-weakening
region II).

In Fig. 4, the normalized power curves corresponding to
rated and overload currents are shown. Unitary speed is the
maximum operating speed, while the base power is equal to
Piimm = 3/2 - v - i1. With this power scale, the A to B region
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Fig. 5. IPM current and flux vector trajectories for maximum power under
limited voltage amplitude.

of the power curve at rated current ¢; coincides with the power
factor (PF) of the motor, having disregarded the losses. A
good design practice is to design a motor having the transient
inductance as low as possible, to push the MTPV region at
rated current over the maximum speed, or at least not under,
as in Fig. 4 (maximum speed is one per unit). This approach
maximizes the output power at maximum speed, given the
inverter size. At overload, B’ is at a lower speed than B, with
how lower depending on the overload ratio ig/¢;. From point
B’ on, the power curve drops to rejoin the rated current curve at
point B.

IV. IPM MOTOR DRIVE
A. Motor Model

The voltage vector and torque expressions are formally iden-
tical to those of the IM, (3) and (4), respectively. The linear
magnetic model of the IPM motor is expressed by

>\d :Ld g + )\m
Ay =Ly i (6)

where A, is the PM flux linkage and the d, ¢ inductance values
are different according to the rotor saliency

245, 7

Due to magnetic saturation, the two inductances (L, in
particular) are variable with the current vector working point,
and also, d — g cross-coupling terms should be included in the
magnetic (6).

B. Power Curves at Constant Current

The vector trajectories and power curves are reported also
for the IPM motor drive, in Figs. 5 and 6, respectively [17], for
the case of a motor having high anisotropy and low per-unit
PM flux linkage. In this case, the phase angle of the current
vector corresponding to MTPA is leading the g-axis by 45° or
even more [5]: In Fig. 5, point A (rated current) and point A’
(maximum current) represent operation below the base speed.
After the voltage limit, the current vector is rotated for flux
weakening toward the MTPV locus, if any. Synchronous PM
drives actually have a MTPV region (flux-weakening region II)
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Fig. 6. IPM power versus speed curves (limited voltage), for rated and

overload current amplitudes. Effect of rotor saliency on the power overload
curve.

only for current values that are greater than the characteristic
current [10]

_ Am
i >tep = —. 8
| | ch Ld ( )

The particular design condition (9) is chosen, where the
continuous current equals the motor characteristic current %.p,

for having an ideally flat power profile at rated current
11 = leh- 9)

This implies that the MTPV is met only at overload current
(e.g., point B’ at maximum current 7g).

In Fig. 6, the power versus speed curves of the IPM motor
drive are reported at 41 and 7. As for the IM, from base speed
on (point A), the per-unit power at 7; is representative of the PF,
due to the scale factor Py;,,, = 3/2 - vg - i1, which refers to ;.
The PF at maximum speed is unitary (dark curve, speed equal
to 1), while in the same condition, the PF of the IM is lower
(0.7 in point B of Fig. 4). Slightly better values are possible for
the IM, via the minimization of the transient inductance: The
example IM design presented in Section VI will actually have
a PF of 0.8 at maximum speed. Still, the better PF of the IPM
motor leads to a lower ¢; for the same continuous power, given
the inverter voltage.

The power curve at maximum current ¢ is also very flat, due
to the high saliency. In Fig. 6, it is also shown, still qualita-
tively, that a low saliency motor would have a limited power
overload capability (dashed overload line), as demonstrated in
[5]. Hence, multilayer IPM rotors like the one in Fig. 1 are
more suitable for transient power overload, while less salient
structures such as single-layer or flux-concentration IPM rotors
have the power overload limitations typical of SPM motors, as
addressed in the next section.

V. SPM MOTOR DRIVE
A. Motor Model
The linear magnetic model of the SPM motor is expressed by
(6) with Lg = Ly = L
Ad=L-ig+ X \n

N =Ly (10)

The single inductance value for both the d, ¢ axes is due to the
nonsalient geometry. At a deeper insight, magnetic saturation
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Fig. 7. SPM current and flux vector trajectories for maximum power under
limited voltage amplitude.

modifies the two inductances, resulting in magnetic saliency
(Lq # L) in spite of the geometry, and also produces cross-
coupling terms, as for the IPM motor. The voltage and torque
expressions are still (3) and (4), respectively, with the latter
one becoming very simple when associated to the isotropic
model (10)

3

T==:

5 (1)

B. Power Curves at Constant Current

In Fig. 7, the vector trajectories of the SPM motor drive are
reported: At low speed, the current vector is along the g-axis
(points A and A’), i.e., MTPA operation. At higher speeds,
as the voltage limit occurs, the current vector is rotated along
the dashed paths for flux weakening. The design condition
(9) is chosen also here as for the IPM motor, for the same
reason of obtaining a flat power curve at rated current 7;. The
MTPYV is met when ¢y = —i.;, = —i1 and the total flux linkage
vector is along the g-axis (point B"). Again, MTPV occurs at
overload current only, due to the design condition (9). In MTPV
operation, the ¢4 current component remains equal to —i.y, and
the torque-producing component ¢, is progressively reduced, as
in Fig. 7.

In Fig. 8, the power versus speed curves of the SPM motor
drive are reported, for rated and maximum currents. Both the
power curves tend asymptotically to one per unit. According to
Fig. 7, the flux linkage in MTPV has no d-axis component, and
it is then directly proportional to torque
(12)

AMTPVE)‘(]:L'Z'QZT 'TMTPV'

§p'>\m

At high speed, the voltage drop across the stator resistance is
negligible

0| = w - [N (13)

Therefore, from the manipulation of (11)-(13), the torque
and power at MTPV are obtained

3 A v 3 .
TMTPV:§P'T';O=§'§'Zch'vo (14)
3
Pyrpy = 5 " fen " o (15)
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overload current amplitudes.

It is then demonstrated that the overload power of SPM
motors is upper limited according to the maximum voltage vy
and the motor characteristic current, whatever the available
overload current is. With the design choice (9), the MTPV
power limit coincides with Py, = 3/2 - vg - i1, which is the
unitary power in Fig. 8.

VI. DESIGN RESULTS AND POWER CURVES

Three example motors having the same active dimensions
are designed and compared by means of FEA. The continuous
output power specification is 50 kW at 12000 r/min. The
inverter voltage is 300 V dc, corresponding to 173 Vpk phase
voltage (vg), and the maximum current (i) is 360 Apk. The
dimensions of the active stack are as follows: 216-mm stator
outside diameter and 170-mm active length for the three motors.
The motors are water cooled. The ratings of the cooling setup
are discussed in the dedicated Section VII-F.

The three motors are designed for having the best compro-
mise between continuous power, transient overload power, and
efficiency. All three are comprehensively evaluated by means
of 2-D, in terms of magnetic curves, core loss, PM loss, and
IM cage loss. The magnetic curves are calculated in all the
14,14 operating plane, accounting for saturation effects. End
connection additional resistance and inductance terms are eval-
uated analytically, also for the squirrel cage [11]. In particular,
the magnetic curves of the IM are precisely evaluated with
the method presented in [12]. The motor laminations are the
ones shown in Fig. 1. The significant motor ratings are reported
in Table I.

All machines have two pole pairs, for limiting the impact
of core and PM losses, given the 12 000-r/min operation. The
IM and the IPM motor have the same stator laminations, with
48 slots, i.e., four slots per pole per phase. Such relatively high
number of stator slots helps in minimizing the torque ripple and
harmonic core loss of the [IPM motor [14]. Dealing with the IM,
the 48—40 stator—rotor slot combination of Fig. 1(a) is one of the
suggested ones in [24].

A counterintuitive result of Table I is that the PM quantity of
the IPM motor is higher than the one of the SPM: 1.95 kg versus
1.35 kg. This is related to the 12 000-r/min speed specification,
which results in the IPM rotor having very thick structural ribs
in Fig. 1(b). The thicker are the ribs, the more of the PM flux
is shunted between layer and layer, resulting in an augmented
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TABLE 1
RATINGS OF THE THREE MOTOR DESIGNS

IM | IPM | SPM

Pole pairs 2
Stator slots 48 | 6
Stator outer diameter | mm 216
Stator bore diameter | mm 142 [ 131
Stack length mm 170
Airgap mm 0.7
Number of turns 20 | 23
Copper fill factor 0.4
End comectlons i 150 77
(per side)
Max speed rpm 12000

Continuous torque * Nm 110 160 130
Speed at continuous

, rpm | 4000 | 3800 | 3800
torque *
Current at continuous Apk| 200 255 204
torque
Maximum speed ** pm | 11300 | 12000 | 10300
Overload torque Nm | 210 210 150
Overload current Apk | 360 360 360
Characteristic current A pk 205 193

(150°C)
Phase rated voltage
Phase back-emf

Vpk| 173 173 173

(12000 rpm, 20°C) V pk 170 540
Stator resistance (130°C)| Q | 0.027 | 0.027 | 0.021
Rotor resistance (180°C)| Q | 0.018

Steel grade M250-35A

PM grade BMN-42SH

PM mass kg 1.95 1.35
Rotor temperature 180° C | 150° C | 150° C

* Low speed dot, in Fig. 13, at 3200 W dissipation
** High speed dot, in Fig. 13, at 3200 W dissipation

PM quantity. Moreover, the PM quantity could be significantly
reduced, as proposed in the recent work [8], and yet not applied
to the example machine reported here. Structural ribs have been
FEA evaluated against centrifugal stress.

Dealing with the SPMs, those of Fig. 1(c) are particu-
larly thin: They have been verified against demagnetization at
150 °C, but with PM materials of lower grades, they could
have problems and should be made thicker. Thicker magnets
increase the margin against demagnetization and rebalance the
PM material quantities of the two motors.

A. Rated Power Specification

In Fig. 9, the three example designs are compared in terms
of output power at given voltage and current. All three have
similar torque for the example current, as the power curves at
low speed demonstrate. Dealing with high speed, the SPM and
IPM motor drives fulfill the continuous power specification of
50 kW at 12000 r/min with the example current of 216 Apk,
which is close to their respective characteristic currents. The
IM has a lower output power at high speed and requires a
higher current value for the same power. As said, both the PM
motors have unitary PF at high speed with the current around
ich, and both their power curves tend to Py, = 3/2 - vg - i1,
as shown in Figs. 6 and 8, due to the design choice i1 = i.p.
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Fig.9. Power curves of the three motors at same current and voltage. SPM and
IPM motors fulfill the continuous power specification with the same current and
voltage, while the IM requires a higher current.

x10*
8t A iy — T B |
______ ; e B
6f _
IOOi T
= ‘. :
&l 2 [—==spm |4
¢ — IPM
4 S S I, M
ot f¢ . almotorsat - l
At Vo= 173 Vpk, ig = 360 Apk
0 i
0 5000

10000 15000
rpm 12000

Fig. 10. Power curves of the three motors at maximum current and voltage.
The continuous red lines, over point B/ of the three curves, indicate the MTPV
operating region.

Then, for the same output power, they have nearly the same
characteristic current, as in Fig. 9. The IM has a lower output
power at the same current and voltage due to the lower PF, as
said in Section III-B.

B. Power at Maximum Inverter Current

The power output at maximum current of the three designs
is compared in Fig. 10. As said, the SPM motor has no power
overload due to the MTPV power clamping. Moreover, also the
torque overload is quite limited with respect to the other two
motors, due to the hard saturation of the motor core related to
the high armature flux at overload, indicated as cross-saturation
(the g-current-produced flux reduces the d-flux component, i.e.,
the torque factor of the machine). The IPM motor and the IM
have the same maximum transient overload torque (point A’
and speeds below) because, by coincidence, they have exactly
the same torque angle at 360 A, MTPA. They both have quite
flat power curves. The IPM motor enters the MTPV close to
the maximum operating speed and the IM even over the speed
rating.

C. Effect of Skewing

All the three motors are skewed for minimizing torque ripple
and possible acoustic noise. The IM and IPM motor have
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Fig. 11. Effect of skewing on the power curves at constant current and voltage

of the three design examples.

the same stator, with 48 slots, and are both skewed by 7.5
mechanical degrees (one stator slot). The SPM motor is skewed
by 30 mechanical degrees. The general consequence of skewing
is to reduce the average torque and PF, and then output power at
high speed. The power curves of the three motors are compared
in Fig. 11, for different skew angles.

The continuous power curves of IM and IPM in the top and
medium subfigures of Fig. 11 refer to the nominal skewing.
In the same graphs, the effect of twice the skewing angle
is also shown, stating that motors with lower slot numbers
would suffer more power drop due to skewing effects. The
SPM power curves (bottom of Fig. 11) are not affected by
skewing, despite the large skewing angle due to the low number
of slots. This counterintuitive result is justified by the fact that
the SPM machine core is quite saturated at no load. The skewed
construction results in a machine that is partially less saturated
and has nearly the same output characteristics.

In conclusion, skewing has a relatively little impact on the
power characteristics of all three motors, even if as a conse-
quence of very different physical reasons.
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Fig. 12. Effect of PM temperature on the power curves of the IPM and SPM
motor designs.

D. Effect of Rotor Temperature

PM temperature is another factor that affects the power
curves of PM synchronous motors. In Fig. 12, the operating
temperature of 150 °C is compared to the lower value of
60 °C. The SPM overload curve (bottom subfigure) is higher
at lower temperature due to the higher i.;, in (15), given that
the characteristic current varies with temperature as the no-
load flux, according to (8). The IPM motor (top subfigure) is
less sensitive to temperature variations than the SPM one, as
expected from a very salient machine with respect to a non-
salient one. In particular, the [IPM power curve at rated current is
practically insensitive to temperature, while the overload curve
reduces more evidently at high speed. The rotor temperature of
the IM has a very little effect on the output power curves of the
example motor, and they have not been shown in Fig. 12 for
space reasons. For example, at 3500 r/min and 100 N - m, the
slip speed is 112 r/min at 20 °C and 184 r/min at 180 °C.

VII. LOoSS ANALYSIS AND EFFICIENCY

Core losses, PM losses, and rotor cage losses of the IM are
FEA evaluated with Infolytica Magnet 7.2, via transient with
motion, 2-D simulations.

A. FEA Evaluation of Core Losses

Core losses are calculated in postprocessing by means of a
modified Steinmetz (16) fitting the manufacturer loss data as a
function of flux density and frequency

w

— =kp-f*- B +k.-f*-B?

kg (16)
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where the values of the coefficients are as follows: kj =
0.00778, o = 1.23, f =1.79, and k. = 3.15e — 005 for the
M250-35A steel grade. The loss model (16) groups the hystere-
sis and the anomalous loss into a single term, proportional to
(f)®. The second term of (16), proportional to (f)?2, accounts
for eddy-current loss.

For the SPM and IPM motors, a set of simulations at im-
pressed currents is run on a grid covering the respective operat-
ing regions in the (iq4,,) plane, at rated speed (4000 r/min).
This is very similar to what was done for the evaluation of
the d, ¢ flux linkages at Section VI, and the set of FEA runs
can even be the same both for fluxes and core losses. The
output of the simulations is the loss model at reference speed
no = 4000 r/min. The loss model is in the form of four surfaces
(modified hysteresis term and eddy-current term, both for the
stator and the rotor), all four as a function of the current
components i4,%,. For extrapolating the loss at all speeds,
the modified hysteresis (i) and the eddy current (e) loss are
evaluated in (17) according to the frequency exponents of (16),
under the simplifying assumption that the frequency of local
flux density variations is proportional to the synchronous speed
in all the machine volume

«@ 2
Core loss = (loss)y, - <n> + (loss), - (n> a7
no no
The procedure followed for the IM is similar, although the
(d, q) stator current components are not known a priori when
running a current-impressed FEA of an IM. For simulating
the willed (i4,7,) condition, a current vector of amplitude
N R
imposed into the motor phases. The rotor speed is set to be
constant for having a certain slip speed, which reproduces the
(i4,14) condition in rotor-flux synchronous coordinates. The
relationship between the slip speed and the rotor field oriented
control (d, q) current components is known after the static eval-
uation of the IM magnetic curves introduced at Section VI [12].
The extrapolation of stator loss at different speeds is made by
(17), where n is the synchronous speed and not the rotor speed
in this case. Rotor core loss is negligible with respect to all other
loss terms.

rotating at synchronous speed of 4000 r/min, is

B. FEA Evaluation of PM Losses

PM losses are calculated via the same transient with motion
FEA simulations used for core loss calculation, throughout all
the (i4,%,) operating area. The eddy-current loss in the solid
PM material pieces is calculated by Magnet 2-D according to
the electrical conductivity of the material, i.e., 1.5e-006 S/m
for the BMH-42SH grade. The PM loss of the example IPM
motor turns out to be negligible in all conditions. Dealing with
the SPM machine, the loss at different speeds is extrapolated
according to the square of the mechanical speed. Tangential
segmentation is included in the 2-D FEA model, where all
magnet poles are made of five segments. Dealing with the effect
of axial segmentation, this is evaluated analytically in postpro-
cessing [13]: The example motor is segmented in ten pieces
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axialwise. Further segmentation in either directions would not
give any practical improvement.

C. FEA Evaluation of IM Cage Losses

IM cage losses are calculated at any operating point by
static FEA, with the rotor resistance estimated analytically [12].
This approach does not account for rotor space harmonics.
Therefore, spot transient simulations are run for evaluating the
additional rotor cage losses of the IM in specific working points,
such as target continuous operation points F' and U, showing
that the impact of such a loss term is quite limited. Additional
losses due to inverter modulation have been FEA calculated,
and they are under 200 W in all operation modes, at a 10-kHz
switching frequency, with reference to pulsewidth modulation.
This loss term will be disregarded in the following.

D. Power Loss Maps

In Fig. 13, the loss maps of the three motors are reported,
in the respective torque—speed operating regions. The dashed-
line maximum torque profile in each subfigure represents the
current and voltage limits of each motor: As already discussed,
this is very limited in the SPM case, while the other two motors
show little differences and only around maximum speed. The
other dashed line is representative of the aerodynamic drag, as
defined in Fig. 2. The IM is the one with the highest losses
at low speed. At high speed, it is intermediate between IPM
and SPM motors. The SPM is the worst solution at high speed
because of the PM loss and Joule loss related to the flux-
weakening current component (negative ¢,4). The IPM motor
has the lowest losses in all conditions.

E. Continuous Operation and Target Points F' and U

The continuous-line torque profile in all subplots of Fig. 13,
the same for all the motors, represents the benchmark of contin-
uous operation. The two reference points F' and U, defined in
Fig. 2, are indicated with two square dots. The detail of losses in
F and U is shown in Fig. 14. The total losses are similar for the
two PM machines at low speed (point U'), while at high speed,
SPM is heavily penalized by the PM loss. The stator Joule
loss of the SPM is the minimum, due to short end connections.
IM ones are the maximum, due to the higher current value for
the given specification (as said in Section VI-A). The stator core
loss of the IPM motor is the highest, due to space harmonic
fields.

The loss of the IPM motor at rated power point F' is 3200 W,
both from Figs. 13(b) and 14(a). This loss level is now set as a
term of comparison between the three motors at high and low
speeds: The blue circles in Fig. 13 and the horizontal line in
Fig. 14 all refer to a 3200-W loss. The low-speed blue circle
is placed at 3650 r/min, corresponding to 50 km/h. The other
one is placed on the intersection between the aerodynamic drag
curve and the 3200-W curve. Both the circles stand for the
feasible continuous operation, in case the common cooling
setup coincides with the one designed for the IPM motor.
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Fig. 13. Power loss maps of the three designs over the respective torque versus

speed operating regions. The torque limit profiles represent (continuous line)
the benchmark continuous operation and (dashed line) the inverter limit.

The high-speed circle of the IPM motor [see Fig. 13(b)]
coincides with the target point F', by definition, and the other
one is at 155 N - m, well over the torque of the target point
U. Dealing with the IM [see Fig. 13(a)], the two circles put in
evidence that this is slightly under target both at low and high
speeds, due to rotor losses. The SPM motor [see Fig. 13(c)]
behaves well at low speed and has problems at high speed: At
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Fig. 14. Loss detail in the reference points defined in Fig. 2: (a) Point F' is
39 N - m, 12000 r/min. (b) Point U is 110 N - m, 4000 r/min.

50 km/h, the continuous torque is over U, still with a torque
that is lower than the one of the IPM motor, for the reasons
described at Section V and in [5]. High-speed operation would
be limited, under the 3200-W loss assumption, to 10 300 r/min,
due to the very high PM loss [see Fig. 14(a)], despite the axial
and the tangential segmentation of the magnets. The feasible
continuous operation is the one referred to in Table I, indicated
with starred values.

F. Feasibility of the Cooling Setup

The IPM loss of 3200 W corresponds to a specific heat
removal of 26 kW/m?, with reference to the outer surface of
the stator stack: 216-mm diameter and 170-mm length, i.e.,
0.115 m2. This is supposed to be a special cooling setup, out
of the industrial standard for electric motors.

An example of an experimental cooling setup is the one re-
ported in [19], for a prototype motor for hybrid electric traction,
with a target speed of 14 000 r/min. The liquid cooling has the
same flow rate considered here (10 L/min) and a higher inlet
temperature (105 °C), related to the combustion engine coolant
temperature. The prototype in [19] is stopped at 7500 r/min
for temperature limits, with a specific heat flow of 19 kW/m?.
The target speed of 14 000 r/min would require something like
56 kW/m®.

Owing to the lower inlet liquid temperature (60 °C), possible
in a purely EV, the cooling target of 26 kW/m? may be consid-
ered realistic. Of course, the trend of having very dense motors
in traction, with high speed ratings, requires the cooling setups
to be designed purposely.

G. New European Driving Cycle

The three motors are compared in terms of energy con-
sumption, with reference to the NEDC, which consists of four
repeated ECE-15 European Urban Driving Cycle driving cycles
and an Extra-Urban Driving Cycle (EUDC) [23]. The vehicle
data are reported in the Appendix.

The results, in watts per hour, are shown in Fig. 15 and
refer to regenerative braking conditions. Motor loss only is
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Fig. 15. Energy loss over the NEDC for the three motors.

considered here: The other loss components of the power train,
which are those of the battery and the power converters, are
out of this comparison. IPM and SPM motors are very similar
in the first part of the cycle, referring to urban operation. In
suburban operation (from time 800 s on), the higher vehicle
speed penalizes the SPM. The IM has definitely higher loss than
the IPM one, but both motors have a constant rate of energy
consumption all over the cycle time: More frequent starts and
stops in urban areas (0 to 800 s) produce the same power loss
than less frequent speed variations at higher vehicle speed (800
to 1200 s).

H. Efficiency Maps

In Fig. 16, the efficiency maps are reported, giving better
evidence of the NEDC results and of the loss impact in the
different areas: The areas corresponding to the urban and sub-
urban (ECE15) and extra-urban (EUDC) sections of the New
European Driving Cycle are evidenced by dashed squares. The
efficiencies in the ECE15 area of IPM and SPM are comparable,
as also shown in Fig. 15, between 0 and 800 s, and they are
both higher than the efficiency of the IM. The EUDC covers the
respective high efficiency areas of the IM and the IPM motor,
with the latter being better than the former, while the efficiency
of the SPM motor drops significantly in this area due to speed-
related losses.

VIII. DISCUSSION

The comparison of the three motor designs leads to the

following considerations.

1) Both the SPM and IPM motors give the rated 50 kW at
12 000 r/min for the same current level (216 A), which is
close to the respective characteristic currents. The power
curves of the two motors are practically identical at this
current level (see Fig. 9).

2) The SPM motor has no power overload at higher current
levels (see Fig. 10).

3) Also, overload torque is very limited because, at current
overload, the armature flux heavily saturates the machine
core (Fig. 10, low-speed region).

4) The PM loss at high speed is very high, despite magnet
segmentation and the low number of pole pairs.

5) As a consequence, the maximum vehicle speed in con-
tinuous operation should be derated by a factor of 10200
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layers might behave like the low saliency motor of Fig. 6,
while machines with lower numbers of stator and rotor
slots might incur less indulgent harmonic loss at high
speed [14].

The IM needs more current for giving the rated 50 kW at
12 000 r/min (see Fig. 9) due to the lower PF.

The lower PF also implies a higher stator current for
fulfilling the continuous operation point F': In Fig. 14,
top diagram, the stator Joule loss of the IM is higher than
the one of the IPM with the same stator, due to the PF.
Moreover, the IM motor is penalized, with respect to the
IPM motor, by the cage losses (see Fig. 14).
Nevertheless, the IM has a very good overload capability:
At low speed, the torque at maximum inverter current is
the same as the one of the IPM motor (Fig. 10, point A”).

7

8)

9)

10)

IX. CONCLUSION

The performances of three ac motor drives for electric trac-
tion are compared. The three design examples have the same
stack and inverter size and the same cooling. The three designs
are FEA evaluated, and all main aspects of magnetic and loss
modeling are accounted for.

The SPM motor has severe limitations at overload, indepen-
dently of the available inverter current, and at high speed, due
to PM loss.

The IPM motor has the better overall performance, in terms
of power overload curve and efficiency at any load and any
speed, provided that it is a high saliency machine, maximized
by proper design.

The IM has overload power curves that are not far from
the ones of the IPM, provided that it is designed to have the
lowest possible transient reactance. In terms of loss and energy
consumption, this is penalized by the cage losses both at low
and high speeds.

All considered, the example motors show that it is not always
true that SPM machines are more compact and more torque
dense than any other machine.

APPENDIX

The vehicle data used for evaluating the NEDC in
Section VII are reported in Table II.

to 12000 r/min if the same heat dissipation is considered
for the SPM and the IPM competitor (Fig. 13, bottom,
blue circle).

Dealing with the IPM motor, the good performance
is a consequence of the 48-slot-stator four-layer-rotor
design—this produces a high saliency, resulting in the
good overload capability and an optimal torque versus
harmonic loss compromise. Machines with less rotor

0)

TABLE II
VEHICLE SPECIFICATION
Vehicle mass kg 1064
Wheels inertia kg-m? 2.8
Motor + transmission inertia kg-m? 0.02
Wheel radius m 0.285
Frontal area m? 1.8
Drag coefficient 0.39
Rolling coefficient (km/h)! 3.3-10°
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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