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Abstract

This study proposes an electromagnetic design strategy to improve the energy efficiency
of electric-vehicle (EV) traction motors by defining an operating region with high energy
contribution using Urban Dynamometer Driving Schedule (UDDS) data and targeting ef-
ficiency improvement within that region. For distributed-winding (DW) and concen-
trated-winding (CW) IPMSM models, the stator-to-rotor diameter ratio varied, and the
resulting change in the loading ratio was used as an indicator to evaluate loss and effi-
ciency variations in the energy-weighted region of the efficiency map via two-dimensional
finite element analysis (2D FEA). The results show that the losses within the weighted
region decreased by up to 16.64% compared with the reference model, and the UDDS-
cycle-based overall energy efficiency improved by up to 0.423%. These findings demon-
strate that combining electromagnetic geometric design with driving-cycle data can serve
as a practical metric for improving EV energy efficiency.

Keywords: interior permanent magnet synchronous motor; distributed winding; concen-
trated winding; efficiency map; urban dynamometer driving schedule

1. Introduction

With the rapid growth of the EV market, the importance of high-efficiency traction
motor technologies for extending driving range and improving energy efficiency has in-
creased [1]. In an EV powertrain, the efficiency characteristics of the motor directly affect
energy consumption under real driving conditions; in particular, for driving cycles with
a high frequency of low-speed and medium-torque operation—such as urban driving—
improving efficiency in specific operating regions becomes more meaningful from the
perspective of overall energy efficiency [2-4]. However, many prior studies have primar-
ily evaluated performance at a single rated operating point, which limits their ability to
reflect efficiency characteristics across the diverse operating points that occur frequently
during real-world driving [5-7]. To address this limitation, recent studies have integrated
driving-cycle-based operating-point distributions into the design stage to improve
weighted-average efficiency [8-10]. Even under identical geometric constraints, the loca-
tion and shape of high-efficiency regions can vary depending on the winding type and
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the allocation of magnetic and electric loading; therefore, matching the high-efficiency re-
gion to a target driving cycle is an important factor in improving energy efficiency [11-
13].

The stator-to-rotor diameter ratio, Ay, is a key design variable that alters leakage flux
and flux-density distributions, thereby influencing the loss composition and efficiency
distribution within the energy-weighted region of a driving cycle [14,15]. Accordingly, a
systematic analysis of loss variations with respect to A5, and a validation of the resulting
efficiency improvement in the weighted region are required [16,17]. In this study, an en-
ergy-weighted region (), where the energy distribution is concentrated, is defined based
on actual UDDS driving-cycle data, and a design strategy aimed at improving efficiency
within this region is proposed [18]. The parameter Ay, is varied as the primary design
variable, and the loading ratio—changing accordingly —is evaluated as a dependent indi-
cator to comparatively analyze the electromagnetic characteristics of DW and CW models.
In addition, the impact of the proposed strategy on the overall, cycle-based energy effi-
ciency is quantitatively verified [19].

2. Material and Methods
2.1. Model Specifications

Figure 1 presents the baseline geometries of the DW and CW models. The baseline
models were established under identical geometric constraints to isolate and analyze the
influence of winding topology alone on the loss distribution and the resulting efficiency-
map characteristics. The two models were designed with the same number of pole pairs
p, while only the number of slots was varied so that the slots per pole per phase q, defined
by (1), can represent distributed and concentrated winding configurations, respectively.

Q

= 2om M

q

Here, @ denotes the total number of slots and m denotes the number of phases. In
this study, the DW model corresponds to a representative distributed-winding configura-
tion with q = 2, whereas the CW model corresponds to a representative non-overlapping
concentrated-winding configuration with g = 0.5. In addition, the differences in winding
layout and phase allocation are illustrated in Figure 2. The air-gap length g was set to 1
mm considering manufacturing tolerances and potential eccentricity, and the rationale for
selecting g is provided in (A1) of Appendix A.1. Table 1 summarizes the basic geometric
specifications and applied materials for both models. The B-H curve of the 35PN230 steel
used for the core is provided in Appendix A.2, and Table 2 summarizes the analysis con-
ditions and reference performance.
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Figure 1. Initial model. (a) DW model (b) CW model.
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Figure 2. Winding layout. (a) DW model (b) CW model.
Table 1. Specifications of the motor.
Parameters DW Model CW Model Unit
Poles/slots 8/48 8/12 -
Number of phases 3 3 -
Stator diameter 230 230 mm
Rotor diameter 154.1 154.1 mm
Airgap length 1 1 mm
Teeth thickness 6.5 21 mm
Slot area 115.5 243.8 mm?
Turns per phase 10 22 -
Number of layers 1 2 -
Parallel paths 4 -
Conductor diameter 24 2.4 mm
Pole arc ratio 0.7 0.7 -
Stator/rotor core material 35PN230 35PN230 -
Permanent magnet material N38 N38 -
Table 2. Electrical specifications and performance.
Parameters DW Model CW Model Unit
Reference speed 3000 3000 rpm
Coil temperature 100 100 °C
Conditions Current limit 180 180 Arms
Voltage limit 565 565 Vpeak
Target torque 259 259 Nm
Input current 132 149 Ams
Phase resistance 0.020 0.021 Q
Current density 7.3 8.2 Arms/mm?
Slot fill factor 39.2 40.8 %
Results
Copper loss 836 1079 W
B-EMF 562 542 Vpeak
Stator teeth flux density 1.74 1.33 Tmax
Stator yoke flux density 1.55 1.17 Tmax

2.2. Design Procedure

This section summarizes the analysis and evaluation methodology following the de-

sign procedure illustrated in Figure 3. The overall workflow consists of: (i) establishing

the baseline models; (ii) calculating efficiency and loss components via finite element anal-

ysis; (iii) clarifying the analysis scope and limitations; (iv) defining the UDDS-cycle-based
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energy-weighted operating region ; and (v) comparing the design cases and deriving
dependent performance indicators. First, the DW and CW baseline models were estab-
lished under identical geometric constraints, and their efficiency and loss components
were obtained using ANSYS Maxwell-based 2D transient finite element analysis in Ansys
Electronics Desktop (Maxwell), 2025 R2 (Ansys, Inc., Canonsburg, PA, USA).

The efficiency map in this study was constructed based on the electromagnetic effi-
ciency obtained from 2D transient FEA, and the considered loss components were limited
to electromagnetic losses, i.e., copper loss and core loss. Mechanical losses and inverter
losses were excluded from the evaluation because they can vary significantly depending
on control conditions and operating environment, thereby introducing unnecessary un-
certainty into the model-to-model comparison. Regarding meshing, the air-gap region
and adjacent boundaries exhibit steep flux variations, making torque prediction relatively
sensitive to mesh density. Therefore, a finer mesh was applied in these regions than in
other parts of the model. A mesh-sensitivity study was performed at the reference oper-
ating point, confirming that key outputs, including average torque, were sufficiently con-
verged with respect to the mesh settings. Next, speed—torque operating points were ex-
tracted from the UDDS driving cycle, and the region where cumulative energy consump-
tion is concentrated was defined as the energy-weighted region . The stator-to-rotor di-
ameter ratio A;,, was then selected as the design variable, and four design cases (1, =
0.67,0.635,0.60, and 0.565) were configured and compared under identical conditions.
In addition, the loading ratio adjusted according to Ay, was treated as a dependent indi-
cator, and its influence on the weighted-average efficiency and loss reduction within Q
was quantitatively evaluated.

Meanwhile, because this study relies on cross-sectional 2D transient FEA, it cannot
explicitly capture three-dimensional effects such as axial leakage flux, end-winding effects,
three-dimensional thermal distribution and cooling conditions along the stack direction,
high-frequency components introduced by inverter PWM, and manufacturing tolerances.
These factors can affect both the absolute values and the detailed spatial shape of the effi-
ciency map. Therefore, in this study, all analysis conditions were kept identical across
models, and only the relative trends in loss distribution and efficiency distribution with
respect to the design-variable variation were compared and evaluated.
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Specifications

( Define Requirement and Constraints )

(

Initial Model Design (DW/CW)

(

2D Transient Evaluation

)

) ~ ~

\

DW Model

\

CW Model

Driving Cycle Based Target Definition

( UDDS Operating Points Extraction J

( Energy-Weighted Region Definition )

Driving Cycle Based Target Definition

1 i
- ]

Parametric Design

Parametric Design

Design Variable Definition Ratior0.67 Ratio: 0,635
Stato ~ ~
Design Case Generation
Amatooseloe 8 Ratio: 0.6 Ratio: 0.565
~ ~
( Efficiency Map and Loss Comparison ) \ \

Energy-Weighted Evaluation

( Weighted Efficiency and Region Shift J

Energy-Weighted Evaluation

Ratio: 0.67

Ratio: 0.565

https://doi.org/10.3390/act15020123



Actuators 2026, 15, 123

5 of 16

Figure 3. Design procedure.

2.3. Driving Cycle-Based Target Definition

In this study, to define an energy-weighted operating region of the traction motor
based on a real-vehicle driving cycle, the UDDS speed-time data in Figure 4 and the ve-
hicle parameters in Table 3 were used to determine the motor operating point
(nm k], T [k]) and the motor mechanical output power P, [k] at each discrete time sam-
ple k. The UDDS speed data vypps[k] (mph) were converted into the vehicle speed v[k]
(m/s) through unit conversion, as expressed in (2).

1609.344

vikl = —3¢50

vyppslk] ()

The motor angular speed w,,[k] and rotational speed n,,[k] were calculated from
vehicle speed by applying the gear ratio G and the effective tire radius r;, as given in (3).

omll] = S vkl k] = 2

- = =5 wnlk] ©)

The longitudinal tractive force demand F[k] was modeled as the sum of rolling re-
sistance, aerodynamic drag, and the inertial term. The vehicle acceleration a[k] was ob-
tained by numerically differentiating v[k], and F[k] was defined as in (4).

Flk] = mgC,. + %pCdAv[k]2 + malk] 4)

The wheel torque T, [k] was defined as the product of the tractive force demand and
the effective tire radius 1, as given in (5). The motor torque T,,[k] was then computed
by accounting for the gear ratio and drivetrain efficiency 74, as expressed in (6).

T, [K] = FIK] ©)
AL
Talk] =2~ ©)

The motor mechanical output power B, [k] was defined as the product of the motor
torque and angular speed, as given in (7).

Pm[k] = Tm[k] wm[k] (7)

Subsequently, the energy in the motoring region was accumulated and used to cal-
culate energy weighting. With the sample time interval At[k] = t[k] — t[k — 1], the total
motoring energy E,, ,[k] is given in (8) and was calculated as 5,399,354.79 J.

Emy+ = max(Py k], 0) At[k] (8)

To align with the efficiency map, the (n,,,T,,) plane was discretized into a speed—
torque grid, and E,, .[k] was accumulated in each grid cell. The speed interval was set to
An = 500 rpm and the torque interval to AT = 10 Nm, and the grid indices (i,j) of each
sample were defined as in (9).

- .- ) g

Finally, a 4 x 4 bin search was performed on the energy grid to define the region
with the maximum accumulated energy as the energy-weighted region (), and the result
is presented in (10). The accumulated energy in Q was calculated as 2,118,759.55 ], and
the energy share y was obtained as 39.23% using (11). Accordingly, it was confirmed
that approximately 39.23% of the UDDS-cycle-based motoring energy is concentrated
within Q.
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Q = [2000,4000] rpm X [10,50] Nm (10)
E
V=7 29 11)
+,total

To generate the efficiency maps, the maximum achievable operating speed for each
design case was calculated under the voltage constraint. As a result, the maximum speed
in all design cases exceeded the upper speed limit of Q (4000 rpm). For the DW model,
the maximum speeds for A5, = 0.67,0.635,0.60, and 0.565 are 5570 rpm, 6709 rpm, 8481
rpm, and 10,000 rpm, respectively. For the CW model, the maximum speeds in the same
order are 7974 rpm, 9873 rpm, 10,000 rpm, and 10,000 rpm, respectively. Therefore, even
when the voltage limit is considered, the maximum achievable speed sufficiently exceeds
the upper speed bound of Q for all design cases, indicating that the efficiency and loss
comparisons within Q are conducted under conditions where the influence of the maxi-
mum-speed constraint is limited.

Speed [rpm]

0 200 400 600 800 1000 1200
Time [s]

Figure 4. UDDS cycle.

Table 3. Vehicle parameters.

Parameters Value Unit
Vehicle mass 1500 kg
Air density 1.225 kg/m?
Gravitational acceleration 9.8 m/s?
Rolling resistance coefficient 0.011 -
Drag area (CdA) 0.62 m2
Road grade 0 rad
Tire effective radius 0.31 m
Overall gear ratio 8 -
Driveline efficiency 95 %

3. Parametric Design
3.1. Design Variable Definition

In this study, the stator-to-rotor diameter ratio A5, was defined as the key design
variable. Ay, is the rotor outer diameter D, normalized by the stator outer diameter D,
as given in (12). The definitions of D, and D;s, are illustrated in Figure 5. Because A,
determines the radial space allocation between the rotor region and the stator region, it is
an important design variable from the perspective of the split ratio. When A, changes,
the torque-producing radius changes, and the air-gap flux path, yoke thickness, and ef-
fective slot area can vary simultaneously. As a result, the saturation distribution and leak-
age flux change, and the relative contributions of copper loss and iron loss, as well as the
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location of the high-efficiency region on the efficiency map, may shift. Therefore, A5 was
selected as a control factor in this study to compare the resulting changes in loss distribu-
tion between the DW and CW models.

h =5 (12)
Wy, |
SR,
sl 2
36
K

Figure 5. Design variable.

3.2. Design Case Generation

In this section, design cases were generated by reconfiguring the geometric parame-
ters of the DW and CW models according to variations in A,. All cases were formulated
by varying only Ay, while keeping the inverter voltage/current limits and the reference
operating-point conditions identical. The baseline model was defined with an initial de-
sign value of A5 = 0.67. As A, decreases, the reduction in rotor outer diameter D, al-
ters the available mechanical air-gap margin, and the change in slot area affects winding
feasibility and the slot fill factor. In addition, because the pole-arc ratio was fixed at 0.7,
the permanent-magnet dimensions and volume vary geometrically as dependent quanti-
ties with D,. The resulting geometric changes are illustrated in Figures 6 and 7, and the
corresponding variations in key design parameters are summarized in Tables 4 and 5.
Consequently, changes in the stator region influence winding constraints and copper-loss
characteristics, whereas changes in the rotor region modify the air-gap/back-yoke flux dis-
tribution and saturation behavior. The lower bound of 4, was determined within the
range that simultaneously satisfies these constraints, and the minimum feasible level was
selected as Ay = 0.565. Finally, four levels, A; = 0.67,0.635,0.60, and 0.565, were
adopted to ensure consistent trend comparisons under identical conditions.

Meanwhile, in both models, a reduction in D, can change the torque-producing ra-
dius, the air-gap flux level, and the saturation distribution, potentially leading to a de-
crease in output. To prevent this, the number of turns and the current were adjusted to
satisfy the target torque at the reference operating point. The turn number was deter-
mined with target-torque achievement as the primary criterion, while simultaneously sat-
isfying the inverter voltage/current limits and winding feasibility constraints. In this pro-
cess, variations in the RMS current I.,s and the phase resistance Ry, directly affect the
copper loss P, as defined in (13). In addition, the target-torque constraint can be de-
scribed by the electromagnetic torque equation, which is given in (14).

However, the analysis results indicated that, under the same operating conditions,
the variation trend of stator tooth flux density differed depending on the winding config-
uration. In the DW model, the flux is distributed over a larger number of slots, which
results in a relatively narrower tooth width; consequently, the tooth flux density was
formed higher than that of the CW model under the same conditions. Nevertheless, as A,
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decreased, the reduction in air-gap flux associated with the decreased rotor diameter out-
weighed the flux increase due to the higher current required to meet the target torque,
leading to an overall decreasing trend in tooth flux density. In contrast, in the CW model,
the winding is concentrated in a smaller number of slots, causing the flux to be concen-
trated in a limited region. When a decrease in A, was accompanied by an increase in
tooth width, the tooth flux density was maintained even in the operating range where the
air-gap flux density decreased, and in some cases, an increasing trend was observed. As a
result, even for the same A, variation, the DW and CW models exhibited different
changes in tooth/yoke saturation sensitivity and flux distribution. In particular, the CW
model can show relatively higher saturation sensitivity than the DW model due to local-
ized flux concentration.

Py = 3Ir2msth w (13)

3
T = Ep(zpfiq + (Lg — Lg)iaig) Nm (14)

~ ~ ~ ~

D,/2 D,/2 D,/2 D,/2
77.05mm 73.03mm 69.00mm 64.98mm
r 1 J {7 1 R { 1 R| F — R
Dg/2 Dg/2 Ds/2 Dg/2
(a) (b) (c) (d)

Figure 6. DW parametric design. (a) A5 =0.67, (b) A5 =0.635, (c) A5 =0.6, (d) A5 =0.565.

Figure 7. CW parametric design. (a) A, =0.67, (b) A5 =0.635, (c) Ag =0.6, (d) A5 =0.565.

Table 4. DW parameters.

Parameters Ag =0.67 Ag =0.635 Ay =0.6 Ag =0.565 Unit
Slot area 115 130 144 155 mm?
End-coil length 240 235 230 225 mm
Turns 10 10 10 11 -
Input current 132 140 149 144 Ams
Phase resistance 0.020 0.019 0.018 0.020 Q
Current density 7.3 7.3 7.3 7.3 Arms/mm?
Slot fill factor 39.2 36.6 354 34.8 %
Torque 261 261 261 261 Nm
Airgap flux density 0.67 0.65 0.64 0.63 Tavg
Stator teeth flux density 1.74 1.64 1.53 1.44 Tmax
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Stator yoke flux density 1.55 1.48 1.42 1.37 Timax
Table 5. CW parameters.

Parameters Ag =0.67 Ag =0.635 Ag =0.6 Ag- =0.565 Unit

Slot area 243 284 321 353 mm?

End-coil length 172 170 169 167 mm
Turns 22 22 22 22 -

Input current 149 148 156 165 Ams
Phase resistance 0.021 0.021 0.020 0.018 Q

Current density 8.2 8.2 8.2 8.2 Arms/mm?

Slot fill factor 40.8 35.0 32.6 31.3 %

Torque 259 259 259 259 Nm

Airgap flux density 0.64 0.63 0.63 0.63 Tavg

Stator teeth flux density 1.33 1.38 1.42 1.48 Tmax

Stator yoke flux density 1.17 1.15 1.13 1.09 Tmax

3.3. Efficiency Map and Loss Comparison

In this section, the loading ratio was introduced as a design index to quantitatively
analyze the effect of A, variation on electromagnetic characteristics. The loading ratio is
defined as the ratio of the electric loading a. to the magnetic loading B,,,, as given in
(15). Here, the electric loading a. denotes the number of ampere conductors per unit cir-
cumferential length on the stator inner-diameter surface, and it is calculated as in (16)
from the constant m, the equivalent series turns per phase N,,, the RMS phase current
I, and the air-gap diameter D;. The magnetic loading B,,, represents the average air-

gap flux density.
ac
Loading ratio = [%] (15)
avg
2m N, I
_Z " "ha
==, (16)

Tables 6 and 7 summarize the loading-ratio analysis results of the DW and CW mod-
els with respect to variations in Ay,.. For both models, as A, decreases, a. increases
while B, decreases, resulting in an overall increasing trend in the loading ratio. This
indicates that, under the same outer-dimension constraints, changing the radial allocation
between the rotor and stator regions alters the torque-producing radius and the main flux
path, and the current demand required to satisfy the target torque is reconfigured accord-
ingly; these coupled effects are reflected in the combined behavior of the electric and mag-
netic loadings.

Table 6. Loading ratio analysis results for the DW model.

Parameters Ag =0.67 A =0.635 A, =0.6 A, =0.565 Unit
Loading ratio 48,490 55,275 63,461 72,750 -
ac 32,508 36,365 40,945 46,204 A/m
Bayg 0.67 0.65 0.64 0.63 T

Table 7. Loading ratio analysis results for the CW model.

Parameters A =0.67 A, =0.635 A, =0.6 A, =0.565 Unit
Loading ratio 62,970 66,127 74,530 83,360 -
ac 40,364 42,288 47,155 52,942 A/m
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Bavg 0.64 0.64 0.63 0.63 T

The comparison results of losses and efficiency within Q are summarized in Tables
8 and 9. The analysis indicates that, in all models, stator core loss accounts for the largest
share of the total losses. In particular, the DW model achieved an efficiency of 93.87% at
Asr = 0.565, whereas the CW model exhibited a higher efficiency of 94.51% under the
same condition. This result suggests that the CW model maintains relatively lower stator
core loss than the DW model while enabling a more effective allocation between electric
and magnetic loadings.

Table 8. Loss and efficiency analysis for DW model.

Parameters Ag. =0.67 A, =0.635 A, =0.6 A, =0.565 Unit
Efficiency 92.95 93.44 93.56 93.87 %
Total loss 505.59 484.10 460.45 435.14 W

Stator iron loss 468.75 414.33 420.36 394.14 W
Rotor iron loss 11.42 10.45 9.26 7.65 W
Copper loss 25.42 59.33 30.83 33.36 \l

Table 9. Loss and efficiency analysis for CW model.

Parameters Ag. =0.67 A, =0.635 A, =0.6 A, =0.565 Unit
Efficiency 93.49 93.92 94.22 94.51 %
Total loss 486.45 450.29 427.60 405.51 w

Stator iron loss 394.37 377.80 358.20 335.75 W
Rotor iron loss 31.02 18.98 14.04 13.37 W
Copper loss 61.06 53.52 55.37 56.39 \

The efficiency-map-based comparison results are shown in Figures 8 and 9. For both
models, compared with the reference model at A, = 0.67, the optimal model at Ay, =
0.565 exhibits an expanded high-efficiency region exceeding 97% within Q. This trend
can be interpreted as a consequence of the A,,-driven redistribution of electric and mag-
netic loadings and the associated changes in the loss composition, which are reflected in
the efficiency distribution.

Efficiency Map (A, = 0.67)
T

Torque [Nm]
8
Efficiency [%]

Energy-weighted Region

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
Speed [rpm]

(a)
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Efficiency Map (s, = 0.565)
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Figure 8. DW efficiency map. (a) Ay =0.67 (b) A =0.565.
Efficiency Map (4, = 0.67)
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Figure 9. CW efficiency map. (a) A5 =0.67 (b) A5 =0.565.
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4. Energy-Weighted Evaluation
Weighted Efficiency and Region Shift

In this section, the UDDS-cycle-based energy-consumption reduction rate was calcu-
lated to quantitatively evaluate how design modifications that consider driving conditions
affect the vehicle-level energy efficiency. The electrical energy reduction rate before and
after the design change within the energy-weighted region can be expressed by the ratio
of efficiencies, as given in (17). By combining this term with the cycle-level energy share
v, the overall system energy-reduction metric in (18) was derived. In this study, y =
39.23% (i.e., ¥y = 0.3923 in dimensionless form); therefore, the dimensionless value y =
0.3923 was used in the calculation of (18).

(0.67)
AEelec,ﬂ. 779
£067) =156 [%] (17)
elec,Q) 770.
(0.67)
AEelec 779_
—_°f & 1 -2 0
Eelec 14 50.565) [%] (18)

Based on the above formulation, the energy-consumption reduction effect for each
model was calculated by substituting the efficiency values within Q reported in Tables 8
and 9. For the DW model, 17((10'67) =92.95% and 17((10'565) = 93.67% yield an energy-con-
sumption reduction within Q of approximately 0.769%, as given in (19). When weighted
by y =39.23% (i.e, ¥ = 0.3923 in dimensionless form), the total UDDS-cycle energy-
consumption reduction is estimated to be approximately 0.302%, as shown in (20).

AE o, Q) 0.9295
g =1—-—— = 0.769 [%] 19
<—Eelec,ﬂ . 0.9367 (49
AE
(_6’“) ~ 0.3923 x 0.00769 ~ 0.302 [%] (20)
Eelec DW

Using the same procedure for the CW model with ng)m) =93.49% and ngo.sas) =
94.51%, the energy-consumption reduction within Q is calculated as approximately
1.079% asin (21). When weighted by the energy share y = 39.23% (y = 0.3923), the cy-
cle-level energy-consumption reduction is approximately 0.423% as in (22). Although
the absolute improvement over the entire cycle may appear small, this result is obtained
under a high-efficiency operating regime where the Q-region efficiency is already in the
93-95% range, leaving limited room for further gains. Therefore, the reported value rep-
resents the cycle-equivalent energy reduction obtained by weighting the Q-region effi-
ciency improvement by the UDDS energy share y, quantitatively demonstrating that a
marginal enhancement in the efficiency map within Q can translate into measurable en-
ergy savings under practical driving conditions.

AEelecﬂ. 0.9349
—elecq) =1 ~ 1.079 |9
( Eelec c 0.9451 %] 2D
AE
< e_leC> ~ 0.3923 x 0.01079 ~ 0.423 [%] (22)
Eelec cw

5. Discussion

This study derives an energy-weighted region (), where the accumulated energy is
concentrated, from the UDDS driving cycle, and quantitatively evaluates the performance
changes after adjusting design variables with the goal of improving efficiency within that
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region. In particular, 15 was selected as the key design variable, and by comparing—
around Q—the redistribution of the loading ratio and the changes in loss components that
are reconfigured as A, varies, we demonstrated that a design strategy that aligns the
high-efficiency region with the energy-weighted region can be translated into reduced
energy consumption from a driving-cycle perspective. In addition, by confirming that, for
all design cases, the maximum achievable operating speed under the voltage constraint
exceeds the upper speed limit of (), we ensured the consistency of the comparison condi-
tions such that the comparison within Q is not distorted by the maximum-speed con-
straint.

Moreover, because the efficiency within Q is already located in a high-efficiency
range of 93-95%, the additional improvement margin may be limited, and therefore the
improvement rate on a full-cycle basis may appear small. However, the improvement re-
ported in this study is interpreted by weighting with the energy share y concentrated in
Q, and it shows that a marginal improvement in the efficiency map can be linked to a
quantitative energy reduction from a driving-cycle perspective. In other words, these re-
sults suggest that a target-region-based design framework that reflects the distribution of
frequently occurring operating points in real driving can complement the limitations of
conventional single-rated-point-centered evaluations.

Meanwhile, since this study is based on 2D transient finite-element analysis and effi-
ciency-map-based calculations, it does not directly account for all factors in a real driving
environment, such as three-dimensional effects including end-winding and axial leakage
flux, high-frequency losses due to inverter PWM, mechanical losses, thermal/cooling con-
ditions, and manufacturing tolerances. Therefore, the absolute values of efficiency and
losses presented in this study should be interpreted not as system-level performance but
as comparative results that examine relative trends due to variations in 4, and differ-
ences in winding structure under identical analysis and constraint conditions. In addition,
because this study treats A;, as a single independent variable and fixes some conditions
such as the pole-arc ratio to isolate trends, further verification is required in practical de-
signs from a simultaneous-optimization perspective for coupled variables such as magnet
volume, pole-arc ratio, and winding specifications. Furthermore, geometric modifications
should be accompanied by an engineering feasibility assessment considering constraints
related to manufacturing processes, assembly tolerances, and cost. Nevertheless, this
study systematically demonstrates—within the scope of 2D analysis—that defining the
target region Q based on driving data and matching design variables to the loss-domi-
nant factors in that region can lead to a shift and expansion of the high-efficiency area on
the efficiency map and to reduced energy consumption from a driving-cycle perspective.

6. Conclusions

This paper proposes a target-region-based design framework that reflects the energy
share within a real driving cycle and quantitatively evaluates how design modifications
affect a UDDS-cycle-based energy-efficiency metric. Using UDDS driving data, the distri-
bution of speed—torque operating points was analyzed to define an energy-weighted re-
gion ) that concentrates 39.23% of the total motoring energy. With the objective of im-
proving efficiency in , the stator—rotor diameter ratio 45, was adjusted, and the result-
ing changes in losses and efficiency characteristics within the energy-weighted region
were comparatively analyzed.

The results show that the total motor loss within Q decreases by up to 16.64% rela-
tive to the baseline model. When weighted by the energy share y of Q and translated to
a full-cycle perspective, the resulting UDDS-cycle-level improvement is evaluated as 0.302%
for the DW model and 0.423% for the CW model. These findings indicate that, rather than
simply maximizing the absolute efficiency value, aligning the high-efficiency region of the
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efficiency map with a driving-cycle-derived energy-weighted region can lead to a reduc-
tion in energy consumption from a cycle perspective.

Furthermore, by quantifying how electromagnetic geometric variations affect loss
components and efficiency distributions with a focus on the energy-weighted region, this
study presents an evaluation procedure and design metrics that connect design outcomes
to performance indicators based on driving conditions.
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Appendix A
Appendix A.1

In this study, the mechanical air-gap length g is a key design variable that governs
the air-gap flux density B;. Under magnetic-circuit conditions where the air-gap reluc-
tance is dominant, an increase in g is directly associated with a decrease in B,. Therefore,
the air-gap length should be determined to satisfy the target B; level and the required
performance, while simultaneously accounting for mechanical margins including manu-
facturing tolerances and assembly errors. To this end, the air-gap flux density B, was ap-
proximated using a simplified magnetic-circuit model that includes the permanent mag-
net and the air gap, as follows.

li Sy (A1)

Because increasing g in Equation (A1) enlarges the denominator term, B, exhibits
a decreasing trend. Therefore, to maintain the target air-gap flux density while ensuring
manufacturability and mechanical robustness, the air-gap length was set to g =1 mm.
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This air-gap length was applied identically to all design cases so that the electromagnetic
performance comparison with respect to the winding topology and A, variation would
not be confounded by changes in the air-gap condition. Here, B, denotes the air-gap flux
density, kypn the permanent-magnet leakage factor, B, the remanent flux density of the
permanent magnet, u,,, the relative permeability of the permanent magnet, k. the
Carter factor, I,, the magnet thickness along the magnetization direction, S,,, the effec-
tive cross-sectional area of the permanent magnet, and S, the effective cross-sectional
area of the air gap.

Appendix A.2

Figure Al shows the B-H curve of the 35PN230 electrical steel. This curve was used
as the magnetic material property input for the core in the ANSYS Maxwell 2D transient
simulations.
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Figure A1. B-H curve of 35PN230.
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