IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received November 25, 2021, accepted December 17, 2021, date of publication December 23, 2021,

date of current version January 5, 2022.

Digital Object Identifier 10.1109/ACCESS.2021.3137897

Comprehensive Design and Analysis of an
Interior Permanent Magnet Synchronous
Machine for Light-Duty Passenger EVs

GILSU CHOI“', (Member, IEEE), AND GERD BRAMERDORFER 2, (Senior Member, IEEE)

I Department of Electrical Engineering, Inha University, Incheon 22212, South Korea

2Department of Electrical Drives and Power Electronics, Johannes Kepler University Linz, 4040 Linz, Austria

Corresponding author: Gilsu Choi (gchoi @inha.ac.kr)

This work was supported in part by a research grant from Inha University; in part by the BK21 Four Program funded by the Ministry of
Education (MOE), South Korea; and in part by the National Research Foundation of Korea (NRF) grant funded by the Korean Government
[Ministry of Science, ICT & Future Planning (MSIP)] under Grant 2021R1F1A1048754.

ABSTRACT This paper presents a detailed process for the design of interior permanent magnet synchronous
machines (IPMSMs) for electric vehicle (EV) applications. First, a comprehensive design process featuring
two objectives and three constraints is proposed to realize an optimal IPMSM design that can satisfy the key
performance requirements for an EV application. The objectives and constraints were carefully selected and
designed to obtain a balance between performance, efficiency, and cost. Because the inductances and magnet
flux linkage of the machine are key design parameters for attaining optimal flux-weakening capability,
the impact of the machine dimensions on these two parameters is thoroughly investigated and explained
using both analytical and numerical techniques. Additional analyses including normalized key performance
metrics and the impact of short-circuit faults in PM machines with three different characteristic current
values (1, 1.3, and 2.6 pu) are also provided, highlighting the advantages and limitations of the three baseline
designs.

INDEX TERMS Electric machine design, electric vehicle (EV), finite element analysis (FEA), flux-

weakening (FW), interior permanent magnet synchronous motor IPMSM), traction motor.

I. INTRODUCTION

Electric vehicles (EVs) have attracted significant attention
worldwide over the last decade because they offer the pos-
sibility of zero tailpipe emissions and superior fuel economy.
A key principle component responsible for the propulsion of
an EV is the traction machine that delivers mechanical power
to the wheels, as illustrated in Fig. 1. Of the many different
types of traction machines, interior permanent magnet syn-
chronous machines (IPMSMs) are being used in most EVs
in the market owing to their excellent performance charac-
teristics, including their high power density, high efficiency,
and wide constant-power speed range (CPSR) [1]-[4]. In con-
trast to conventional electric machines, a traction machine
has particular requirements that would have to be carefully
addressed during the design stage. For example, several key
torque/power requirements, as shown in Fig. 2, must be met
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over a wide speed range to improve driving satisfaction and
minimize energy consumption. In addition, weight reduction
is generally considered one of the key design goals to fur-
ther improve the energy efficiency and cost effectiveness.
Advancements in the quality of materials and thermal man-
agement have enabled IPMSMs to be downsized [1]. Addi-
tional downsizing of IPMSMs was successfully achieved
by adopting a higher ratio of the reduction gear, requir-
ing more frequent operations in the flux-weakening (FW)
regimes [5]. Consequently, the importance of the FW capabil-
ity for IPMSMs at high speed is becoming more significant.
The high-speed performance of the machine can be improved
when the characteristic current I, is equal to the rated cur-
rent (i.e., I, = 1 pu) [6], [7]. In addition to the excellent
FW capability, the I, = 1 pu condition is also favorable
for mitigating fault effects under short-circuit (SC) condi-
tions, because the key design parameters for reducing the SC
fault current are the machine inductances and characteristic
currents [8], [9].
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FIGURE 1. EV powertrain diagram.
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FIGURE 2. EV performance requirements.

Many researchers have investigated the impact of machine
parameters capable of satisfying the different requirements
imposed on the performance characteristics. However, rela-
tively limited attention has been devoted to identifying the
key machine dimensions that achieve both good machine
performance and ideal FW conditions. For example, two
independent research groups presented possible combina-
tions of machine parameters for the /., = 1 pu condition
but provided little insight into how to design the machines to
achieve the performance goals with regard to the electromag-
netic aspects [6], [7]. Other studies led to the development
of a design method to satisfy the optimal FW condition of
I, = 1 pu together with analytical expressions for calculat-
ing the machine inductances for surface-mounted permanent
magnet (SPM) machines equipped with fractional-slot con-
centrated windings (FSCW) [10], [11]. However, the impact
of various IPM machine parameters on achieving the ideal
FW conditions has not been fully addressed.

Owing to the multi-objective and nonlinear nature of elec-
tric machine design problems, finite element (FE)-based opti-
mization techniques have been widely employed over the
last couple of decades [12], [13]. Several approaches to opti-
mize various machine topologies have been reported in the
literature [14]-[17]. In addition, the total computation time
required to arrive at an optimal solution has been dramati-
cally decreased owing to enhanced computing resources and
advanced modeling techniques [18], [19].
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The major objectives of this paper are as follows: 1) to pro-
vide a detailed methodology for designing an IPM machine
with optimal performance over standard driving cycles; 2) to
present both qualitative and quantitative results on the design
and selection of geometric machine parameters, with the aim
of providing other researchers and engineers in practice with
clear guidance and solutions that satisfy the required EV
specifications; and 3) to present comprehensive results for our
trade-off analysis intended to find a solution while evaluating
the balance between performance, efficiency, and cost.

Most previous design optimization studies placed limited
focus on analyzing in detail the machine geometry that affects
the performance of traction machines. This paper proposes a
new hybrid approach that combines an analytical method to
effectively select design objectives and constraints with an
FE-based design approach using the characteristic current of
the machine to achieve vehicle-level performance optimiza-
tion. The proposed approach was applied to the design of
80 kW (pk) IPM machines (see Table 1) and the results of
this analysis are presented to confirm the performance of the
baseline designs by investigating measures such as the FW
capability, total energy consumption during standard driving
schedules, and fault mitigation effects.

Il. DESIGN OPTIMIZATION OF BASELINE IPM MACHINES
A. DESIGN SPECIFICATIONS

The key specifications used in this study are based on those
of the Nissan Leaf, the specifications of which are reported
in a technical paper [20]. The maximum operating speed
was 10,390 rpm, and the corner point speed was 2,730 rpm
for peak power operation, implying a 3.8:1 constant-power
speed ratio. According to the same technical paper, the maxi-
mum machine efficiency of the Nissan Leaf is approximately
95% for peak power operating conditions of approximately
6,000 rpm. Based on these data, the performance specifica-
tions that were developed for the 80 kW (pk) PM machine
are provided in Table 1. The required minimum value for the
machine efficiency at the corner point operation (continuous)
was set at 96% for full-load operation because of potential
additional losses that were considered in this analysis. The
coolant temperature in Table 1 is stated to be 55 °C, which
falls within the realistic range for production hybrid and
battery EVs with water jacket cooling.

B. BASELINE IPM MACHINES
Neglecting the stator resistance, the dg fault currents during

steady-state symmetrical short-circuit faults can be expressed
as [21]

g = %(E Ien),
where W, is the magnet flux linkage, and Ly is the d-axis
synchronous inductance.

The peak transient fault current can be as high as twice
the steady-state fault current amplitude [8]. In addition, the
amplitude of the peak fault current during single-switch

iy = O[A] (1
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TABLE 1. Key performance specifications for Nissan Leaf.

Parameters Value Conditions
Max. Output Power 80 kW 18 sec, with water/glycol cooling
Rated Output Power 40 kW At 3,800 rpm, water/glycol cooling
Max. Torque 300 Nm 80 kW at 2,780 rpm
Nominal DC Bus Voltage 360 V
Max. Current 400 Arms
Max. Efficiency 96 % Corner Point Operation: 100 Nm, 3,800 rpm
Max. Speed 10,390 rpm
Machine Temperature 150 °C Maximum hot spot temperature for stator and rotor
Max. Coolant Temperature 105 °C Max. coolant temperature inside motor
Coolant Inlet Temperature 55°C Flow rate: 7 I/min
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(c) Ich=2.6 pu

FIGURE 3. Cross section of baseline IPM machines rated at 80 kW (pk) @ 2,730 rpm.

TABLE 2. Key parameters of the baseline PM machines.

In=1pu In=13pu | In=2.6pu
Stator diameter [mm)] 294.5 294.5 284.6
Stack length [mm] 91 78 72
Series turns 51 51 42
Magnet mass [kg] 1.34 1.57 2.17
Total mass [kg] 40 35.6 28.4

asymmetrical short-circuit (ASC) faults can reach three times
the characteristic current or higher [9]. Based on the results
of these previous studies, it can be concluded that limiting
the characteristic current such that it is no greater than the
rated current is the single most important machine design
constraint for mitigating the impact of short-circuit faults
in PM machines. However, it should be noted that designs
with a characteristic current higher than 1 pu have other
advantageous performance metrics, such as torque density.

VOLUME 10, 2022

To provide useful comparisons, IPM machines with
different characteristic current values were compared to
highlight the performance characteristics of each design.
Figure 3 shows the baseline 80 kW (pk) IPM machines
with three different characteristic current values of 100, 130,
and 260 Arms (approximately 1 pu, 1.3 pu, and 2.6 pu). The
baseline machines have a 36-slot/8-pole configuration with
distributed windings and two magnet layers per rotor pole.
Of the many different slot/pole combinations, this specific
machine configuration was selected as a baseline because of
its significantly lower harmonic stator core losses and torque
ripple than other configurations [22], [23].

The performance metrics for the baseline machines are
summarized in Table 2, where each machine has a rotor
diameter of 160 mm. Note that as the characteristic current
increases, the mass of the magnet increases and the outer
diameter of the stator (S,;) decreases because of the smaller
number of turns. As a result, for the /., = 1 pu design,
the d-axis inductance that is proportional to the square of
the number of turns is increased, whereas the magnet flux

821



IEEE Access

G. Choi, G. Bramerdorfer: Comprehensive Design and Analysis of IPMSM for Light-Duty Passenger EVs

FIGURE 4. Simplified stator slot.
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FIGURE 5. Tpx and I, vs. tooth-tip thickness.

linkage, which is primarily affected by the mass of the
magnet, is reduced. Additional details regarding the baseline
machines are presented in Section III.

Ill. DESIGN OF MACHINE GEOMETRY
A. STATOR DESIGN
Various combinations of machine parameters can be used to
ensure that the I, = 1 pu condition is satisfied [6], [7]. Large
machine inductances are often considered to be of key impor-
tance to comply with this condition, and details regarding the
inductance calculations for FSCW-SPM machines have been
reported [10], [24]. This section presents an investigation of
the impact of machine geometries that were not fully covered
in past work with the aim of designing a machine that satis-
fies the desired condition while minimizing the degradation
resulting from the other important performance character-
istics of traction PM machines. Both the stator and rotor
parameters are carefully defined such that they are physically
meaningful and dimensionless, yet using a minimum number
of parameters. These features are attractive for simplifying
the scaling of the design and for use in optimization algo-
rithms that require large numbers of dimensional iterations.
The I, = 1.3 pumachine that was originally designed [25]
was chosen as the initial design with the goal of achieving
I, = 1 pu by modifying the machine dimensions. Given
the back-emf voltage constraint, the key to further reduce
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the characteristic current was considered to be to increase
Ly while keeping W, constant, which was accomplished
by increasing the stack length and reducing the mass of the
magnet, as shown in Table 2. The mass of the magnet was
reduced owing to changes in magnet dimensions.

The influence of the stator-side parameters, such as the
slot opening, tooth-tip dimensions, and slot leakage, was
first investigated while simultaneously considering the other
machine performance parameters. Figure 4 shows a simpli-
fied semi-closed, parallel-sided stator slot shape to illustrate
the relationship between the machine geometry and perfor-
mance characteristics. The slot leakage inductance, which is
key to achieving the I, = 1 pu condition, is proportional to
the slot permeance. The slot permeance P and current density
J for a given geometry can be calculated as follows [26]:

P—(hs ﬁ)H/ 2)
s = 3W5+b0 [H/m]

]pk _ ka - Neond
Agior w; - hg - cff

where h; is the slot height, wy is the slot width, A, is the tooth-
tip thickness, b, is the slot opening width in [m], I, is the
peak current [A], Neong 18 the number of conductors per slot,
and cff is the copper fill factor.

The stator tooth-tip thickness (k) primarily controls the
leakage flux. As indicated in (2), the tooth-tip thickness 4,
contributes to the achievement of I, = 1 pu by increasing
the slot permeance and, therefore, the d-axis inductance.
However, an increase in /4, also decreases the torque density
by reducing the useful flux linkage between the stator and
rotor, and by increasing the outer diameter of the stator if
the current density is constrained to be constant. The funda-
mentals expressed by (2) for a rectangular slot shape remain
effective for the tapered slot used in the baseline machines
owing to the thin tooth-tip thickness.

A parameter sensitivity study was carried out using
FE analysis for tapered and rectangular-shaped tooth tips.
Because the objective of this sensitivity study is to decrease
1., while minimizing the reduction in torque density, the
sensitivity of the peak output torque (7)) relative to I is
used for comparison. Figure 5 shows that both I.; and Tj;
decrease with increasing thickness of the tooth tip, indicating
that W,,,, decreases more than Ly. The calculated sensitivity
(ATpr/ Al = 0.723) is lower for the tapered tooth-tip than
for the rectangular-shaped tooth-tip (0.978).

The slot opening ratio (b,/wy) also has an impact on the
characteristic current. Figure 6 shows that both I, and Ty
increase as the slot opening ratio increases, and the sensitivity
(ATpr/Aly) is relatively high. The cogging torque is also
known to generally increase with large slot openings [27].
In this work, the slot opening ratio is set to be greater than
or equal to 0.5, based on the results of the sensitivity study in
Fig. 6, and to allow the insertion of distributed windings into
the slots.

The slot width ratio, defined as wg/(ws + wy), primarily
controls the slot leakage inductance and saturation level in

J = [A/m?] A3
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the stator teeth. In this study, the slot width ratio was set to
0.5, because larger ratios significantly increased the magnetic
saturation in the stator teeth due to the reduction of the core
area, whereas smaller values led to a high current density.

Based on the investigation presented above, the slot height
(hs) was found to be the most suitable parameter to increase
the slot leakage inductance and thus achieve I, = 1 pu.
An increase in kg not only increases the slot permeance but
also decreases the current density, as shown in Fig. 7, making
it possible to apply a less sophisticated cooling system. How-
ever, this also causes the total mass to increase and thus lowers
the torque density. In practice, the slot height value should be
carefully determined based on the cooling capability of the
system and the peak current density, which is 15 Arms/mm?
in this study, while assuming the use of a cooling jacket for
the stator.

B. ROTOR DESIGN

Figure 8 shows a cross section of the rotor of the baseline IPM
machine with the key parameters identified. Owing to the
complexity of the rotor cavity arrangement, rigorous analyt-
ical expressions for the rotor-side leakages were not derived

VOLUME 10, 2022
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FIGURE 8. Key rotor dimensions.

in this study. Instead, a detailed explanation of the impact of
the rotor geometry parameters on the machine performance
is provided. The rotor-side design parameters that have a
significant impact on reducing the magnet flux linkage while
minimizing the average torque reduction were identified.

It is well known that the thickness of the bridge and post
primarily affects the magnet flux linkage by providing leak-
age paths. Both I, and T rapidly decreased as the bridge
and post thickness increased, and the sensitivity (ATy/Aley)
was relatively high compared to the change in the other
dimensions. In an effort to minimize the reduction in the
torque density as a result of an increase in these dimensions,
a structural analysis was carried out using commercial FE
software to find the minimum bridge and post thickness
that can withstand the maximum rotor stress values at all
operating speeds up to 10,390 rpm. As shown in Section IV,
fillets are introduced at the cavity corners to reduce the max-
imum stress level by drawing the arc tangent that rounds the
intersections between the two straight lines that define each of
the cavity corners. Further details are provided in Section I'V.

The magnet thickness (/) is one of the most powerful
parameters for enhancing the torque density and demag-
netization resistance of a machine. However, increasing
this parameter significantly increases the magnet mass and
machine cost.

The magnet fill factor, defined as the ratio of the magnet
width w,, to the rotor air cavity width w,, primarily affects
the magnet flux linkage. Figure 9 shows that both /., and
Ty decrease as the magnet fill factor decreases, and the
sensitivity is relatively lower than that of any other rotor
dimensions. One of the advantages of adjusting this variable
when achieving I, = 1 pu is that it results in a good
torque density per cost (in Nm/$) metric. This is because
of the fact that the NdFeB magnets are generally the most
expensive active material in high-performance PM machines.
As aresult of the aggressive use of this parameter to effectuate
the I, = 1 pu condition, the total mass of the magnet of the
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I., = 1 pu design is less than that of the I, = 1.3 pu and
2.6 pu machines by 15 % and 38 %.

The magnet pitch () primarily affects the rotor mag-
netomotive force (MMF) harmonics, the corresponding har-
monic iron losses, and torque ripple [23]. Because both the
iron loss and torque ripple are very important performance
characteristics in traction applications, the optimal magnet
pitch values presented in [23] are used as base values in an
effort to minimize both the stator iron core losses and torque
ripple. The magnet depth factor (w2g3/c1) determines the
radial position of each magnet layer. In general, the deeper
radial position of magnets (i.e., lower magnet depth factor)
allows more magnet contents to be embedded, resulting in an
increase in the magnet flux linkage.

C. ELECTROMAGNETIC DESIGN OPTIMIZATION

A commercial design package (Infolytica-OptiNet) was used
for the electromagnetic machine design optimization process.
One of the main advantages of the optimization tool is that it
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TABLE 3. Range of design variable.

Min Max Init. Value
# of turns 40 54 45
Slot width ratio 0.4 0.6 0.5
Tooth-tip thickness 1 mm 3 mm 1.5 mm
PM thickness 4 mm 7 mm 6 mm
PM pitch (layer 1&2) 0.4 & 0.7 0.6&1 0.55&0.9
PM fill factor 0.7 0.99 0.85
PM depth factor
0.2 & 0.55 0.45&0.8 | 0.35&0.7
(layer 1&2)
Stack length 70 mm 95 mm 80 mm
350
300
Peak
=
Z. 200
) Cont.
o150 -=x——~
O
T
50 4 A = _
0 A L
0 2000 4000 6000 8000 10000

Speed [RPM]

FIGURE 11. Selected representative operating points.

can find the global minimum by means of a stochastic search
that modifies the machine design parameters according to an
evolutionary strategy. The number of optimization variables
used in this study is constrained to be a reasonably low
number (i.e., 8), considering the limited computing capability
available. Figure 10 shows a flowchart of the proposed design
process.

During the optimization, variables evolve either in a con-
tinuous or discrete manner within the assigned lower- and
upper-bound ranges. Table 3 lists the design variables and
their ranges. The commercial optimization tool conducts a
sensitivity study that evaluates the relative variations of the
design variables from their initial values to the optimized
values to determine which parameters should be prioritized
to improve the design. The optimization process converged
to the global minimum within an acceptable period of time.
More specifically, each optimization required 900 iterations
to run to completion, which required approximately 11 h
when using a single desktop computer featuring eight cores.

The goal of this optimization process is to optimize the
design of the 80 kW PM machine while ensuring that the
requirements for key performance characteristics are met.
Similar to a previous approach [28], six key operating points
that exhibit the most significant energy losses during a com-
bined driving cycle, including under both urban and high-
way conditions, were chosen as the representative operating
points, as shown in Fig. 11. Table 4 lists the design objectives
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TABLE 4. Electromagnetic design objectives and constraints.

Parameters Variables and Value Ranges
Total mass / Average shaft torque at 2,730 rpm
Objectives min . . . .
Total energy losses over six representative operating points
#1: 860 VI, pk < back-emf at 10,390 rpm < 910 VIl,pk
. #2:  Characteristic current values = 1 pu, 1.3 pu, and 2.6 pu
Constraints - —
#3: Torque ripple at rated and pk conditions < 15%
#4: Peak current density = 15 Arms/mm?
Number of turns, slot width ratio, tooth-tip thickness
Variables magnet thickness, magnet pitch, magnet fill factor,
magnet depth factor, stack length
Constants Rotor diameter: 160 mm; Air gap: 0.73 mm;
. . Rotor magnets: VACODYM 688 TP (B;=1T at 150°C),
Material properties L
Lamination steel: M19 G29

d-axis Flux Linkage
[Wb]

Magnet Flux Linkage
0.119 Wh ‘

0.15

0.1

d-axis Current
[Arms]

-250 -20(1/'1(04 1100 -50 50
t | 0,05

Characteristic Current
131 Arms

401

FIGURE 12. d-axis flux linkage vs. negative d-axis current.

and constraints used in the optimization process. The goal of
the optimization process was to find the best possible IPM
machine design that satisfy the performance specifications of
the vehicle while maximizing the specific torque metric of the
machine (i.e., peak torque per active material mass, Nm/kg)
and minimizing the total energy losses over selected rep-
resentative operating points. Similar weighting factors (i.e.,
0.45 for mass per torque density and 0.55 for total energy
losses, respectively) were used to balance the two objectives.
The total amount of energy E;,; from the battery for the
selected operating points can be calculated as follows:

N 1 11

Eo =Y (pwi— —) % lop_ilJ] )

i=1 Nm_i Ninv Ng

where N is the number of representative operating points, p,, ;
is the mechanical power delivered to the wheels for the i-th
operating point, f,, ; is the time spent for the i-th operating
point, n,,_; is the motor efficiency for the i-th operating point,
ninv 18 the inverter efficiency, and 7, is the gear efficiency. The
motor efficiency data were generated based on an initial man-
ual design, and a constant efficiency of 97% was assumed for
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the inverter and gears for simplicity. The constant efficiency
assumptions were equally applied to all the baseline designs
during the optimization, thus resulting in zero impact on the
comparative analysis of the baseline IPM machines.

The three key constraints are the back-emf voltage ampli-
tude at peak speed, the value of the characteristic current,
and the torque ripple at the rated and peak power conditions.
The back-emf voltage range at peak speed is set to ensure
a balance between uncontrolled generation (UCG) vulner-
ability and machine torque density, and the characteristic
current amplitude is set to ensure that the machine can achieve
a wide CPSR and excellent FW capability. The back-emf
voltage calculation can be easily integrated into the optimiza-
tion by running multiple static FE simulations at no-load.
The value of the characteristic current including saturation
effects can then be predicted by applying an arbitrary negative
d-axis current. A first-order approximation is used based on
the linear relationship between the d-axis flux linkage and
the negative d-axis current, as shown in Fig. 12. A similar
approach using the characteristic current as an optimization
goal function was reported [16].

The constraints on the amplitudes of back-emf voltage and
characteristic current are well known to be closely related to
mitigating the fault damages that can occur during open- and
short-circuit fault conditions, respectively [21], [22].

IV. SIMULATION RESULTS

A. MACHINE CHARACTERISTICS DURING FW OPERATION
The results of our investigation of the characteristics of the
FW capability and fault mitigation for baseline machines are
presented in this section. Figure 13 presents the magnitude of
the current and gamma angle for the baseline [IPM machines
during FW operation at the rated conditions, showing that
the magnitude of the current is nearly the same for the three
designs at a base speed of 3,800 rpm. However, the gamma
angle is much smaller for the /., = 2.6 pu machine because of
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the lower g-axis flux linkage and higher d-axis flux linkage
at the rated operating condition. Because a higher negative
d-axis current is required to suppress the stronger magnetic
field in the I;; = 2.6 pu design, its current magnitude
begins to rise rapidly as the operating point moves into deep
FW regions. As a result, the copper losses in the I, =
2.6 pu machine significantly increase at speeds higher than
5,000 rpm, as shown in Fig. 14. Moreover, the power factor
decreases sharply for the /., = 2.6 pu machine beyond 5,000
rpm owing to the stronger d-axis current. Interestingly, the
copper loss of the I, = 1 pu design decreased slightly during
the FW operation. The I, = 1 pu design requires a relatively
small d-axis current and has a relatively high saliency ratio,
resulting in a reduced current magnitude above the base speed
in the FW region.

B. MACHINE LOSSES AND EFFICIENCY

Figure 15 shows the predicted efficiency maps of the
three baseline machines for the maximum-torque-per-ampere
(MTPA) gamma angle. This efficiency comparison takes into
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TABLE 5. Peak negative d-axis current for the baseline machines after
the ACS fault.

In=1pu
Value 4.2 pu

In=1pu
4.5 pu

In=1pu

6.1 pu

account losses in the stator windings, iron core, and magnets.
The mechanical losses and the PWM-induced losses were not
calculated. These loss components that were not included are
not expected to significantly change the relative efficiencies
of the three machines regarding comparison purposes.

Figure 15 demonstrates that, for smaller characteristic cur-
rent values, the range of the peak efficiency area (>97%) is
not only extended, but the area also migrates from the high-
torque, low-speed region to the relatively low-torque, high-
speed region. The increase in efficiency at high speeds for
a smaller characteristic current is attributed to reduced satu-
ration. This causes reduced core losses that are dominant in
the light-load operating area, together with the lower copper
losses due to the decrease in the d-axis current.

C. TOTAL ENERGY CONSUMPTIONS AND NORMALIZED
MACHINE PERFORMANCE METRICS

The total required energy for each of the designs for three
standard driving cycles (UDDS, HWFET, and US06) was
calculated for the Nissan Leaf using the efficiency maps
in Fig. 15. The calculated average energy consumption is
presented in Fig. 16, which shows that the Wh/mile energy
consumption is lowest with the I, = 1 pu machine, and the
highest with the /., = 2.6 pu machine.

Figure 17 compares the machine performance character-
istics based on the normalized metrics provided in the same
figure. This comparison shows that the I, = 1 pu machine
is advantageous in terms of average driving cycle efficiency,
demagnetization resistance, torque ripple, and FW capability
over the I, = 2.6 pu machine. A major downside of the
I, = 2.6 pu machine is its required stronger stator current to
achieve the same power level in the FW region, which results
in higher total losses. However, the I, = 2.6 pu machine
excels in one area; the torque density is approximately 40%
greater than that of the I, = 1 pu machine.

D. DEMAGNETIZATION RISK

Table 5 lists the peak negative d-axis fault current values for
the baseline machines after a single-phase ASC fault occurs,
confirming that the fault current gradually weakens as the
characteristic current weakens. Color contour plots of the
poles are shown in Fig. 18 for the three baseline machines
under the ASC fault. The remanence ratio (expressed in %)
represents the decrease in the remanent magnetic flux density
caused by the fault, and is defined as follows:

1 B 100(% 5
(—B—>* (%) Q)

ro
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FIGURE 15. Predicted efficiency maps of the three baseline IPM machines based on MTPA at nominal Vdc.

mIch=1pu mIch=1.3pu Ich=2.6pu

370

330 -

290 -

250

210

Average Energy Used [Wh /miles]

170 A

usoe UDDS HWFET

FIGURE 16. Total energy consumption during the three driving cycles.

where By, is the pre-fault magnet remanence, and B, is the
post-fault value.

The results in Fig. 18 indicate that the loss of magnet
remanence for the I, = 1 pu machine after the ASC
fault is mild compared to the other two machines, with a
reduction of remanence of approx. 10% for only approx.
30% of the magnet segments. In contrast, the I, = 2.6 pu
machine undergoes significant demagnetization with most
of the magnets experiencing a 20% reduction in remanence
and a 100% reduction in remanence in localized regions near
the corners of the magnet. Closer inspection reveals that the
I, = 2.6 pu machine would be exposed to considerable
irreversible demagnetization even under a symmetrical short-
circuit fault at no-load. Including demagnetization constraint
may be considered as a further research subject.

E. STRUCTURAL INTEGRITY

Figure 19 shows the FE-predicted von Mises stress and max-
imum displacement that are developed when the rotor of the
I., = 1.3 pu design is subjected to a centrifugal load at
10,390 rpm with fillets at the cavity corners, showing that
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FIGURE 17. Comparisons of the normalized machine performance
metrics. Normalized performance metrics in Fig. 17: 1. Avg. efficiency
during city + highway driving schedules, 2. Peak torque per total mass, 3.
1/ Peak kVA rating, 4. Active material cost, 5. Fund. back-emf (rms)
amplitude after 1-ph ASC fault, 6. Avg. torque ripple over driving
schedules, 7. 1/(pu current)=pf at rated power and peak speed.

the maximum stress in the rotor is lower than the permissi-
ble yield stress level of 320 MPa. Table 6 summarizes the
predicted maximum principal stress and displacement for the
I, = 1.3 pu design with and without fillets, indicating that
the maximum stress can be reduced by 20 % and the corre-
sponding displacement is reduced by 13 % by introducing
the fillets. Table 6 also shows that the maximum stress in the
1., = 2.6 pu design is at the upper end of the desired range
for a long life because of the increased magnet mass, and that
the amount of stress lies just inside the maximum limit.

F. NOISE AND VIBRATION

Ensuring acoustic comfort in an EV application is a com-
plex and challenging task owing to the unique noise and
vibration problems associated with EV powertrains, such
as a lack of engine masking noise at low vehicle speeds
and undesirable high-frequency tonal noise. In this study,
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FIGURE 19. Rotor stress and displacement of Ich = 1.3 pu design with fillets at 10,390 rpm.

TABLE 6. Calculated maximum von Mises stress and displacement at 10,390 rpm.

Max von Mises Stress Max Displacement
Ien=1.3 pu design with fillets 298 MPa 28.9 pm
without fillets 372 MPa 33.3 um
Ien =2.6 pu design with fillets 315 MPa 30.1 ym

TABLE 7. Calculated fuel economy for 2013 Nissan Leaf with the three baseline machines including auxiliary load adjustment.

Metric In=1pu In=13pu In=2.6 pu
UDDS/HWFET | UDDS/HWFET | UDDS/HWFET
Avg. energy use [MPGe] 161/165 160/ 162 157/ 157
Adjusted MPGe incl. auxiliary load adjustment 94/ 105 94/103 93 /100
Five-cycle MPGe fuel economy 100.7 99.4 97.5
EV range [miles] 71.7 70.8 69.4

the torque ripple was selected as one of the optimization
constraints and was suppressed to below 15% at the rated and
peak operating conditions to address the noise and vibration
problems. Although the reduction in the torque ripple and
the corresponding tangential forces generally contribute to
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smooth operation, these improvements are not necessarily
directly related to the decrease in the noise and vibration in
electrical machines. To effectively overcome this problem,
many researchers have focused on radial magnetic forces as
the main cause of electromagnetic noise in permanent magnet
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FIGURE 20. Comparison of the total mass of the machine (left) and cost (right) of the baseline IPM machines.

TABLE 8. Specific costs of active materials.

Magnet Copper Iron
Cost ($/kg) 118 9.44 2.36

traction machines [29], [30]. A detailed investigation of the
impact of the radial forces is beyond the scope of this study.

G. FUEL ECONOMY ESTIMATION

The simulation results were verified by calculating the esti-
mated driving range of the EV models using the three baseline
IPM designs and comparing them to the US Environmental
Protection Agency (EPA) data. The auxiliary loads were
assumed to be a constant power load of 400 W on the battery.
In addition, 30% of the braking energy is assumed to be
converted to regenerative braking.

Weighting factors were applied to the UDDS and HWFET
test results to simplify the five-cycle method of the EPA,
which is based on the fuel economy measurements of a
vehicle across five test cycles. The equations used in [31] are
as follows:

1
City MPGe = (6)
(0.003259 + 71505
1
Highway MPGe = @)
(0.001376 + 7S,

where UDDS FE is the calculated UDDS fuel economy in
MPGe, and HWFET FE is the calculated HWFET fuel econ-
omy in the MPGe. A conversion factor of 0.02967 was used
to convert MPGe to mile/kWh.

Several actual vehicle operating characteristics are consid-
ered in (6) and (7), including weather changes and higher
driving aggression. The five-cycle fuel economy is expressed
using weighting factors from [32], as follows:

5 cycle FE = 0.43 * City FE + 0.57"Highway FE  (8)
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The values calculated using (6)—(8) are remarkably similar
to the EPA sticker value for the 2013 Nissan Leaf, as shown
in Table 7. Given the 24 kWh battery capacity of the Nissan
Leaf, the calculated five-cycle fuel economy is comparable to
a range of 71.7 miles, which corresponds well with the EPA
sticker range of 73 miles. This shows that the vehicle model
utilized in this study can provide acceptable fuel economy
estimations.

H. COST ANALYSIS

Figure 20(a) shows that the total mass of the /., = 2.6 pu
machine is noticeably lower than that of the other two
designs. This is because the stack length is significantly
reduced owing to the higher magnet content, as shown in
Table 2. However, Fig. 20(b) indicates that the other two
designs have a lower machine cost compared to the I, =
2.6 pu machine. The estimated cost comparison is based on
a simple parametric study using the material costs listed in
Table 8. Because the price of rare-earth materials is highly
volatile owing to global supply chain issues, changes in the
cost of magnets may produce different results.

I. DESIGN RECOMMENDATIONS

Based on the efficiency maps in Fig. 15, when the dominant
operating regime lies in the low-speed, high-torque range and
high torque density is required, the I, = 2.6 pu design is a
more appropriate choice because of its higher specific power
and increased efficiency in the low-speed region. However,
if long intervals of operation in the high-speed, light-load
range are required with mitigated fault characteristics for
short-circuit faults, the I, = 1 pu design would be the
best design. Moreover, the I, = 1 pu design was also
shown to provide the basis for safe operation after trigger-
ing a crowbar overvoltage protection circuit under a UCG
fault [22]. As shown in Fig. 17, the optimal flux-weakening
condition can be relaxed to a higher I, value (e.g., I, =
1.3 pu) to improve the performance characteristics in terms
of torque density, inverter size, and machine cost while
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maintaining competitive performance metrics in terms of effi-
ciency and demagnetization resistance. Note that the results
of the machine cost analysis can be impacted by the price
volatility of rare-earth magnets. Although the analysis is
presented for a specific PM machine (36-slot/8-pole) with
distributed winding configurations and two magnet layers per
rotor pole, it would be applicable to any type of PM machine
in a similar manner.

V. CONCLUSION

This paper presents a detailed design procedure for IPMSMs
to simultaneously attain optimal FW capability and improved
fault characteristics while minimizing the degradation of
other important performance metrics. It is shown that the
optimal FW machine with I, = 1 pu exhibits excellent FW
performance over a wide range of constant-power operations,
reduced vulnerability to SC faults, and lower overall energy
consumption during standard driving schedules. Both quali-
tative and quantitative analyses were performed to obtain in-
depth insights into the impact of key geometry parameters
such as the slot dimensions, rotor air cavity dimensions, and
magnet fill factor. These results yielded the ideal characteris-
tic current and desirable performance characteristics.

After considering all of the engineering tradeoffs, the near-
optimal FW machine with I;;; = 1.3 pu emerged as an
attractive design owing to its promising performance metrics
such as specific power, cost, and inverter sizing. FE-based
structural analysis was used to predict the centrifugal forces
on the rotor to ensure that the predicted maximum stress val-
ues in the rotor are within safe limits at all operating speeds up
to 10,390 rpm. The torque ripple is suppressed to below 15%
under key operating conditions to reduce machine-induced
electromagnetic noise and vibration.

The work presented here provides a useful guideline to
help engineers design IPM machines capable of satisfying
the challenging performance requirements for traction appli-
cations. We plan to present more detailed work in which we
address the problems associated with the mechanical prop-
erties, such as thermal and mechanical stresses, noise, and
vibration, in future publications.
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