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Abstract

Numerous studies have explored the performance of electric motors under various drive cycles, with
many initially concentrating on steady-state analysis to generate efficiency maps mainly due to their
simplicity and computational efficiency. However, this approach does not necessarily provide accurate
insights and quantification of transient drive cycle performance, where the focus extends beyond
a single steady-state operating point (OP) to the dynamic sequence of torque-speed points and the
factors influencing this transient behavior. Indeed, there is only fragmented knowledge on how such
transient cycles can be evaluated in smaller scale laboratory settings. To address these gaps, this study
evaluates grid-based efficiency maps against time-stepping measurements for a permanent magnet
synchronous motor (PMSM) across diverse drive cycles, examining both total drive cycle energies and
localized performance deviations. A laboratory-based PMSM is used as the reference system, with
standardized drive cycles appropriately scaled for experimental validation. Steady-state efficiency
maps are constructed using a combination of finite element analysis (FEA), analytical methods, and
laboratory measurements, evaluated across multiple torque-speed grid resolutions. The motor’s
performance over different drive cycles, as estimated using these efficiency maps, is then evaluated
and validated against direct time-stepping measurements obtained from experimental testing. A
detailed quantification of the results from both study approaches is also presented.

Keywords: drive cycles; efficiency maps; electric machines; finite element analysis; transient measurements;
permanent magnet motors

1. Introduction

The global push toward highly energy-efficient vehicular power-trains is driven by the collective
imperative to reduce carbon emissions [1,2]. Electrification has emerged as a dominant strategy in this
transition, with a strong focus on the development of optimized electric propulsion systems. Among
these, permanent magnet synchronous motors (PMSMs) are widely favored for their high torque and
power density, exceptional efficiency, and excellent dynamic performance [3-5]. Unlike conventional
industrial applications where electric motors generally operate at fixed or limited torque and speed
points, modern traction motors must perform efficiently across a broad spectrum of torque-speed
combinations within their defined operating envelope, commonly referred to as motor operating points
(OPs). Different motor architectures exhibit unique characteristics under dynamic driving conditions,
each presenting distinct trade-offs in performance, efficiency, and cost [3,6-8]. As a result, research
efforts have increasingly concentrated on optimizing traction motor designs tailored to specific drive
cycles [9-18]. These approach leverage advanced computational techniques, multi-physics simulations,
and data-driven methods to fine-tune motor designs so that it functions with maximum efficiency and
performance within diverse usage profiles.

Efficiency maps are essential tools for evaluating and visualizing the performance of traction
motors and are widely adopted in both academic and industrial settings [19-21]. Typically, these maps
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are generated using finite element analysis (FEA) or equivalent circuit models (ECMs) [22,23] and
are subsequently validated against experimentally measured performance data [23,24]. While these
traditional modeling approaches are effective when comprehensive motor parameters are known,
inaccuracies in parameter estimation can lead to significant deviations in performance predictions,
limiting their practicality in large-scale system simulations [21-23,25,26]. Although useful, look up
tables (LUTs) derived from FEA data often fall short in precision to accurately represent very high-
efficiency motors, posing challenges during detailed design and optimization phases [22,27,28].

A promising alternative involves the performance evaluation by employing finite element-based
LUTs coupled with high fidelity-analytical models, for e.g. in [13], or using rapid performance estimation
techniques utilizing data driven surrogate models or reduced order models that provide computational
efficiency and enhanced accuracy in capturing dynamic loss mechanisms [11,14,29-31]. However, achiev-
ing an optimal balance between computational cost and modeling precision still remains a significant
challenge [8,10,13,21,29,32]. Incremental improvements in traction motor efficiency remain a critical
research objective; however, a significant gap persists in reliably quantifying the discrepancies between
LUT-based models, direct FEA approaches, and experimentally obtained time-stepping results across
various torque-speed operating points. Addressing this gap is essential for establishing confidence in
relative accuracy assessments and advancing the precision of electric motor performance modeling [21,33].

1.1. Contribution of This Paper

Two parallel research on two different motors have been conducted at laboratory scale: one
with PMSM and other with induction motor (IM). Doing so, these research efforts have led to several
publications, see [25,26,34,35]. The results presented in this paper are based on the study carried
out for the PMSM. Similar type of studies are conducted also with the IM and results are submitted
as a separate paper. This distinction is made to ensure clarity for readers and to maintain a clear
separation between the two studies, as has been done in our previous publications. This paper is a
significantly extended version of the study first presented in [34]. In detail, it presents a through study
of a laboratory scale PMSM (motor data and specifications are available in [36]) on the drive cycle
performance analysis and performance quantification using both steady-state efficiency map based
approaches and direct time-stepping laboratory measurements over several down-scaled drive cycles (
three different drive cycles - WLTP Class 3, Artemis 130 km/h (inter-city), and the Braunschweig city
driving cycle (BCDC, urban) — are down-scaled to the PMSM laboratory settings with reference to two
different electric vehicles: BMW i3, Smart EQ, see [37] ). The main contributions are as follows:

e A rigorous study on the PMSM drive cycles performance with eighteen (3 drive cycles x 3
methods x 2 reference vehicles) different example cases is presented. This analysis incorporates
analytical, numerical, and experimental methods across three drive cycles (WLTP cycle, Artemis
130 highway cycle, Braunschweig city cycle) and two reference vehicles (BMW i3, Smart EQ).

*  Study on the influence of torque-speed grid resolution in steady-state efficiency map based
approach is presented. It demonstrates that the placement and density of grid points significantly
impact the accuracy of performance predictions.

* A quantification of PMSM drive cycles performance as well as difference error sources and their
contribution on steady-state efficiency map approaches is presented. To quantify, the results
from map based analysis are compared with time-stepping transient results obtained from direct
laboratory measurements.

First, the overall study flowchart is presented, with through description of both efficiency map and
time-stepping approaches in Section 2. Then, a detailed presentation of results from both approaches
including their quantification is provided in Section 3. Finally, in Section 4, some conclusive remarks
of the study are presented.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Study Approach

Two distinct study approaches as shown by the flowchart in Figure 1, are used: a LUT based
efficiency map approach and a direct time-stepping transient measurement approach. The following
sections provide a detailed discussion of both approaches.

Steady-State Direct Time-stepping
Efficiency Map Approach Laboratory Measurement Approach

Torque-Speed Grid

Down-scaled Drive Cycles

QWLTP) (Artemis) (BCDCD

Steady-State Efficiency Map

WLTP) (Artemis) (BCDC
Down-scaled Drive Cycles

Figure 1. Flowchart of the study.

2.1. Efficiency Map Approach

This approach usually starts with the selection of different torque-speed grid points (grid density)
that are simulated (either analytically or with FEA) or experimentally measured [24,27,38,39]. Evenly
distributed grid points are considered with torque points between 0 Nm and 0.14 Nm and speed
points between 500 rpm and 7100 rpm. Six different grid densities are considered for the analysis
as shown in Figure 2. It should be noted that, only the grid points that fall under the operational
capability (Tmax, Pmax) of the laboratory test-bench are considered. For simulation based approaches,
associated losses (ohmic, core, mechanical etc.) and mechanical output power, are computed for each
OP and the efficiency at that OP is calculated as defined in (1) [40—42]. It is important to note that, for
operating points in the generating region (i.e., negative torque and positive speed), the definitions
of input and output power are reversed, and the efficiency has been calculated accordingly. In the
following sub-sections, different methods for efficiency map approach are explained.

P .
Tsim, ss = DL 2 x 100% (1)

P, out, ss sim + P losses, ss sim

22 points grid 41 points grid 65 points grid
0.15 .15
£ o o o o £ £
z z =
e 01 IS =
@ e o o o e o @ @ °
= = ® 0 0 0 0 0 0 0 0 3 ® 00 0000 0 00
S 005 s v o o o S 005 S 005|ceccscsccecs
- - ® o0 0 0 0 0 0 0 -
00 0000 0 00
0 4000 8000 0 4000 8000 0 4000 8000
gl Speed in rpm 92 Speed in rpm 93 Speed in rpm
89 points grid 115 points grid 130 points grid
£ ® o o o o e e
z olelo 00 s z z
£ e o 0 0 0 0 0 £ £
2 c oo oo s s P 3
o © 0o 060 0 0 0 o o <3
S VBN EEEL S 5 5
AR LR R R
0 4000 8000 0 4000 8000 0 4000 8000
94 Speed in rpm 9o Speed in rpm g6 Speed in rpm

Figure 2. Different torque-speed grid densities considered for the efficiency map based analysis.
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2.1.1. Analytic

For the analytic method, a MATLAB® script-based model is developed to compute the total losses
corresponding to each motor OP across varying grid densities. The corresponding current magnitude
for each OP is pre-determined using the maximum torque per ampere (MTPA) control strategy and
subsequently employed in the loss calculations. Mechanical losses are modeled using a curve-fitted
empirical equation as a function of motor speed, derived from experimental no-load measurement
data. Core losses are modeled using common frequency domain models ( such as Bertotti model [43] )
that incorporate loss coefficients for eddy current, hysteresis, and excess losses. These loss coefficients
are also derived using curve-fitting tools ( eg. MATLAB® curve fitting tool [44] ) using laboratory
measurement data. The PMSM no-load and load measurement data as well as equivalent circuit
parameters are available in [36].

2.1.2. FEA

For the FEA method, a high-fidelity electromagnetic model of the PMSM as shown in Figure 3, is
developed within a commercial software JMAG® [45]. Each torque-speed operating point is simulated
as an individual case, and the associated losses are computed accordingly. In addition to the ohmic
and core losses obtained directly from the FEA simulations, the associated mechanical losses are
incorporated to determine the efficiency at each OP. The simulations are carried out using a model
with a mesh resolution of 1.5 mm ( as presented in Figure 13, this mesh size gives a perfect balance
of computation time and accuracy ), and each case is simulated over a full electrical cycle to ensure
accurate loss characterization.

Stator and Rotor Iron
Copper Windings (M250-35A)

Stator Teeth

Figure 3. A 2D schematic of the PMSM FEA model.

2.1.3. Experiment

In steady-state experimental method, all torque-speed OPs are measured in the laboratory. A
laboratory test-bench setup including a simplified control schematic is shown in Figure 4. Each OP
is measured for a duration of 30 sec. A transition time of 1 sec is allocated between consecutive
OPs to ensure that steady-state conditions are achieved before the measurement period begins. A
similar approach is also presented in [24]. For each OP, input electrical power (Pin, meas) and output
mechanical power (Pout, meas) are measured and the OP efficiency is calculated as defined in (2).

P,
Texp, ss = out, ss meas % 100% (2)

P in, ss meas
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Figure 4. A 3D schematic of the PMSM laboratory test bench. The orange lines represent the simplified control
schematic. The system integrates both efficiency map-based computations and direct time-stepping laboratory
measurements. The motor under test is torque controlled and the load motor is speed controlled.

2.2. Time-Stepping Approach

For the time-stepping approach, down-scaled transient drive cycles are directly measured in the
laboratory. Both the speed and torque time profiles of the drive cycles are used as inputs. A complete
control block diagram of the laboratory test setup used for testing these time-dependent drive profiles
is shown in Figure 5. As illustrated, the torque time profile is applied to the motor under test ( referred
to as MOTOR ), while the speed time profile is provided to the load motor ( referred to as LOAD ).

A cascaded control structure is implemented for speed regulation, comprising inner current
control loops and an outer speed control loop. For torque control, the MTPA control strategy is
employed. A torque sensor placed between the MOTOR and LOAD captures the shaft torque. A rotary
encoder provides position feedback. All measurements are recorded using an HBM Gen3i device [46],
operating at a sampling rate of 2 MS/s. For each time step in the torque and speed profiles, both input
and output power are measured, allowing the instantaneous efficiency to be calculated as defined in
(3). Unlike the steady-state approach, the time-stepping transient measurement method revealed a few
instances, particularly in low-torque and regenerative operating regions, where the direction of power
flow could not be clearly determined. In such cases, efficiency is undefined and has therefore been
conservatively assigned a value of zero.

. P out, time—step meas
Texp, time—step — P
in, time—step meas

% 100% 3)
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¢ elec. @

Current Controller

qu/ abc
Torque Sensor

Uq
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|MTPA | | Current Controller
i*
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Iopoouy A1ejoy

Torque* q
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Pelec. é]

ISpeed Controller|

Speed”
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Figure 5. Complete control block diagram of the PMSM laboratory test bench used for drive cycle time-stepping
measurements. Real-time control, data acquisition, and torque-speed profile tracking are implemented to ensure
accurate replication of drive scenarios. The speed in fed back using a low pass filter (LPF) with a time constant of
4 ms.
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3. Results and Discussions

The study results from both approaches discussed above are presented and analyzed in de-
tail. These results include drive cycle energy conversion efficiency, energy losses, and a thorough
quantification of the findings.

3.1. Efficiency Map Approach

Example efficiency maps and the corresponding WLTP cycle efficiency plots ( obtained through
efficiency maps as LUTs ) for three different methods ( Analytic, FEA, and Experiment ) presented above
on the steady-state efficiency map approach are illustrated in Figure 6(a) through (f), respectively. To
visualize the differences of OPs efficiency obtained through steady-state simulations and measurements,
the efficiency difference heat maps are generated. The results for a 130-points grid (g6) as an example,
are presented in Figure 7(a) through (c). The most significant discrepancies occur in the low-speed,
low-to-high torque region, as well as in the high-speed, low-torque region. The average deviation between
analytically and experimentally determined efficiency values is ~ 3.5%, while this deviation between the
efficiency values obtained through FEA and experiment is around 3.8%. The average difference of the OP
efficiencies from two simulation methods (FEA and Analytic) is below 1.5%.
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Figure 6. Efficiency maps and corresponding efficiency plots of the PMSM during down-scaled WLTP drive cycle
OPs (with BMW i3), determined from steady-state LUT based analysis through: (a) FEA model, (b) analytic model,
(c) experiment; interpolations are based on the 130-points grid (g6) for each map.
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Figure 7. Efficiency difference heat maps of torque-speed OP efficiencies determined through simulations and
measurements: (a) FEA - Experiment, (b) Analytic - Experiment, (c) FEA — Analytic. The example results are
shown for the 130-points grid (g6).

3.2. Time-Stepping Approach

The full time-stepping measurement results of the down-scaled WLTP drive cycle (with BMW i3)

are presented in Figure 8(a) through (d), where measured speed, torque, input and output power, and
calculated efficiency time profiles are shown. All other drive cycles measurement results, along with
additional PMSM design and measurement data, are published and made openly accessible in [36]. By
direct comparison of performance of drive cycles OPs ( down-scaled WLTP with BMW i3 ) between

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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the efficiency-map approach and direct time-stepping measurement approach, yields an average mean
absolute error (MAE) of 8% to 10%. The complete data of point wise performance comparison ( for all
18 analysis cases ) is presented in Table Al in Appendix A.
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Figure 8. Laboratory measurement results of full down-scaled WLTP drive cycle (with BMW i3): (a) speed-time
profile, (b) torque-time profile, (c) input and output power-time profiles, (d) calculated efficiency-time profile.

3.3. Energy Conversion Efficiency and Loss Analysis

To better understand the steady-state efficiency map method across different torque-speed grid
densities, as well as the direct time-stepping method, full drive cycle’s energy conversion efficiencies
and the associated energy losses are analyzed. Both input energy ( the total electrical energy required to
operate the motor, W, = Wi, ) and output energy ( total mechanical energy required to operate the cycle,
Winech. = Wout ) are computed as the cumulative sum of the products of the respective power values and
their corresponding time steps (At) over the down-scaled drive cycles, as defined in (4) and (5).

N

Win = ) Ppi-At 4)
i=1
N

Wout = P out,i At (5)
i=1

Shown in Figure 9 and Figure 10 are the drive cycle energy efficiency and energy loss bar charts,
respectively. The results shown correspond to the down-scaled drive cycles with the BMW i3. The
corresponding results for the Smart EQ are provided in Table A2 and Table A3, respectively, both in
Appendix. Increasing the grid density of the efficiency map generally enhances drive cycle energy
conversion efficiency and reduces energy losses. However, there exists an optimal grid density and grid
point distribution that provides performance metrics more closely aligned with those obtained from
direct time-stepping measurements. As it is observed, beyond this optimal point, further increasing the
grid density does not necessarily enhance performance prediction. In fact, it can degrade accuracy due
to added interpolation errors outweighing the benefits of finer resolution. This trade-off is quantified
in the next sections.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 10. Influence of the no. of grid points on the efficiency maps” predictive performance. The figures
show the energy loss (Win,map — Wout,cycle) of the drive cycles as determined from efficiency maps and by direct
time-stepping measurements in the laboratory (Win meas — Wout,cycle), all for the mid-size car (BMW i3). Efficiency
maps as LUTs are constructed for different torque-speed grid points ( grid X2 meaning motoring/generating
regions respectively ) using: (a) FEA method, (b) Analytic method, (c) Experiment method. Drive cycles total
input energy (Win meas) as measured in the laboratory: WLTP = 5.46 k], Artemis = 8.53 kJ, and BCDC = 3.65 kJ.

A visual representation of the total input energy-time profile during PMSM drive cycle operation
( down-scaled WLTP with BMW i3 ) computed using both approaches ( efficiency map and time-
stepping ) is presented in Figure 11. As it can be seen, the efficiency map based approach consistently
overestimates the required electrical input energy. The total input energy difference between two
approaches is around 1.4 k] for WLTP drive cycle (with BMW i3), which is roughly 26% of the input
energy obtained from direct time-stepping measurements. For all studied down-scaled drive cycles,
this difference varies between 20% to 30%.

8

7F

—— Time-stepp. meas. ~1.4KkJ
Eff. map — FEA (g4) A

— Eff. map —analytic (g4)

—— Eff. map — meas. (g6)
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Figure 11. Total input energy measured or simulated during down-scaled WLTP drive cycle (with BMW i3) opera-
tion using different approaches. Time-stepping analytical simulations are conducted in the MATLAB/Simulink®
environment. For the steady-state efficiency map-based analysis, results are presented only for the optimal grid
density identified among the grid densities evaluated.
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3.4. Results Quantification

A comprehensive quantification of the results from both study approaches is provided in the
following sections.

3.4.1. Quantification of Grid Interpolation Errors

For a given grid density, an influence of placement of torque-speed grid points on the grid
interpolation error is studied and quantified. To study this, a grid density of 100 torque-speed grid
points ( torque points between 0 Nm and 0.14 Nm and speed points between 0 rpm and 7500 rpm ) are
analytically simulated for their performance. Six different grid placement variations of these points are
considered. Subsequently, efficiency maps are generated for each placement, and the performance of
the PMSM OPs for a given drive cycle is evaluated using these maps as LUTs. As shown in Figure 12,
Grid A has uniformly distributed torque-speed points (10 x 10), Grid B consists of more torque
points and less speed points (20 x 5), Grid C consists of less torque points and more speed points
(5 x 20), Grid D, Grid E, and Grid F have a non-uniform torque-speed distribution (10 x 10) with
quadratic spacing for torque and uniform spacing for speed, uniform spacing for torque and quadratic
spacing for speed, and quadratic spacing for torque and quadratic spacing for speed, respectively. As
presented, Grid C gives the highest energy loss in comparison to other grid groups. This means, the
grid interpolation is more sensitive to torque placement. Grid D and Grid F, where the torque points are
quadratically spaced, predict the energy loss metrics more closer to the time-stepping measurements.
As a result, depending on how the grid points are placed, the same grid density influences the drive
cycle performance prediction metrics ( on the efficiency map approach ) by a factor of ~ 1/3.
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Figure 12. Quantification of grid interpolation errors associated with torque-speed grid points under different
placement strategies. Plot shows loss energies (Win — Wout) of different down-scaled drive cycles (with BMW i3),
obtained from map-based analyses using various grid points placement and from direct time-stepping laboratory
measurements.

3.4.2. Quantification of FEA Mesh Size, Time-Accuracy Trade-Offs

Several PMSM OPs are simulated using the FEA model with varying mesh element sizes, and the
corresponding motor performance metrics are computed. These simulation results are then compared
with the corresponding experimental measurements. Each simulation is performed over one full
electrical period. As shown in the Figure 13, the figure illustrates the impact of mesh element size on
the PMSM performance accuracy for an example operating point at 0.042 Nm and 1800 rpm. The error
is presented relative to the corresponding laboratory measurements. As observed, there is a clear trade-
off between accuracy and computational time: smaller mesh elements improve accuracy but increase
computation time. Notably, the relationship among mesh size, accuracy, and computational effort is
non-linear, highlighting the need for careful mesh-size selection to achieve better time-accuracy metrics.
Moreover, Figure 14 illustrates the relationship between torque-speed grid density and time-accuracy
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trade-offs for various FEA-simulated grid resolutions, comparing efficiency map based drive cycles
performance predictions to direct time-stepping measurements. As shown, a clear trade-off exists
between computational time and accuracy, with an optimal grid density giving the best performance
metrics for all drive cycles.
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Figure 13. Quantification of the FEA model in terms of mesh size, computational time, and accuracy for evaluating
the performance of a PMSM OP. The results are obtained from simulations at an OP with a torque of 0.042 Nm
and a speed of 1800 rpm.
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Figure 14. Trade-off between no. of evenly spaced FEA simulated grid points ( gridx2 meaning motor-
ing/generating regions respectively ) for efficiency map determination, simulation time and drive cycle efficiency
prediction. Results are shown in terms of the MAE [47] where reference is the direct time-stepping laboratory
measurements for corresponding down-scaled drive cycles (with BMW i3).

3.4.3. Quantification on Effect of Temperature

The effect of temperature on the PMSM efficiency map ( and ultimately on the drive cycles
performance prediction ) is simulated and analyzed. As shown in Figure 15, increasing the steady-state
temperature mainly impacts the medium to high torque-speed regions, making the map appear as if it
expands from bottom to top as temperature increases. Regarding the effect on drive cycles performance,
as all down-scaled drive cycles OPs of the PMSM lie in low torque regions ( typically below 50% of
maximum torque ), these effects are negligible. Performance comparisons of these down-scaled drive
cycles using simulated efficiency maps across different temperatures show minimal variation, with
degradation from 20 °C to 100 °C being less than 0.5%. Shown in Figure 16 are the temperature rise of
different motor parts during laboratory testing of the down-scaled WLTP drive cycle (with BMW i3).
As observed, the temperature rise was significantly lower, indicating low thermal utilization due to
the down-scaling to smaller laboratory settings.
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Figure 15. Simulated steady-state efficiency maps of the PMSM at different temperatures: (a) 20 °C, (b) 100 °C;
interpolations are based on the 130-points grid (¢6) for each map.
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Figure 16. Measured temperature rise (AT) of selected parts of the laboratory PMSM during down-scaled WLTP
drive cycle (with BMW i3) operation.

3.4.4. Computational Efficiency of Methods

To study the computational efficiency of the efficiency map based approach, the total computa-
tional time of different methods ( Analytic, FEA, Experiment ) is considered. It includes simulation/
measurement time for an example grid density (g4), efficiency map creation, and drive cycles per-
formance calculation. For direct time-stepping measurements, it includes the total time required for
measurements and drive cycles performance calculation. This is summarized in Table 1. Efficiency map
based approach is fast and can be accurate enough given the optimal grid density as well as grid points
placement. Direct time-stepping measurement approach on the other hand can be time-consuming
though inherently accurate.

Table 1. Simulation and measurement times of different approaches on drive cycles performance computation.

A h Drive Cycles
pproac WLTP | Artemis | BCDC
Time-stepping meas. ~44 min. [ ~29 min. [ ~44 min.
Eff. map (analytic, g4) <1 min.
Eff. map (FEA, g4) ~122 min.
Eff. map (experiment, g4) ~100 min.
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3.4.5. Influence of Error Sources

As the study shows, irrespective of the specific method applied, the efficiency map-based steady-
state approach consistently overestimates the total input energy required over a drive cycle, resulting
in an artificially optimistic assessment of energy efficiency for the example case PMSM. This overesti-
mation stems mainly from various source of errors as presented in Table 2. It neglects dynamic drive
behavior and relies on linear interpolation, which seems to be the dominant source of error along with
inaccurate loss modeling ( mainly mechanical losses ).

Additionally, in both steady-state based FEA and experiment approach, there are differences
between the measured or simulated OPs and the reference OPs as shown in Figure 17. This also
contributed to inaccurate drive cycle performance prediction due to added interpolation errors. This is
the reason why g6 is found to be the optimal grid density in case of steady-sate measurement method
while it is g4 for Analytic and FEA methods. The root mean squared (RMS) torque error (ATrvs)
relative to reference grid points (g6) is 0.0020 Nm with corresponding FEA simulated points, while it is
0.0031 Nm with corresponding measured points. This difference resulted in a drive cycle performance
prediction error of less than 1% in FEA and and approximately 2 to 5% for steady-state measurements
when compared with direct time-stepping measurements.

Table 2. Impact level of error sources on drive cycle efficiency prediction using efficiency maps as LUTs across
PMSM models (aggregated view).

Impact Level
Error Source (out of 5)
Interpolation errors in it
LUT based analysis
Inaccurate friction and
mechanical loss estimation L
Laboratory test-bench
related unknown errors i
Iron loss modeling inaccuracies ot
(e.g., hysteresis, eddy currents)
Inaccurate motor N
parameters
Unmodeled harmonics or N
PWM switching effects
Mesh quality and resolution N
in FEA
Thermal effects and
temperature dependencies "

0.15 0.15 T
88000
sssssesese ggsoceosss
E oy |000008000800 E o1/ 00000008888s
< 0000000000000 < 0000000088880,
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Figure 17. Visual difference between the reference and measured/simulated torque-speed OPs for steady-state
efficiency map approach with: (a) FEA method, (b) Experiment method. An example case of 130 points grid (g6)
is presented.
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4. Conclusions

This study presents a comprehensive study on the drive cycles performance analysis of a small
laboratory-scale PMSM using two distinct approaches. Analytic, FEA, and experimental steady-state
efficiency map based methods are studied against direct laboratory time-stepping measurements for
several down-scaled drive cycles.

The findings indicate that most discrepancies between the efficiency map-based predictions and
time-stepping measurements occur in low-speed regions with low-to-high torque and at high speeds
with low torque. Notably, the steady-state map approach consistently overestimates the required
energy input across all tested grid densities and drive cycles. Although increasing grid density
improves prediction accuracy, there exists an optimal combination of grid density and grid distribution
that provides the most accurate results.

Additionally, the distribution of grid points affects performance predictions, with variations of
up to one-third depending on the grid configuration. Among the sources of modeling errors, grid
interpolation errors are identified as the primary contributor. These errors are influenced both by the
distribution of grid points and by the misalignment between simulated or measured data points and
the reference points. Thermal effects are considered negligible in this study due to the down-scaling of
drive cycles for such small laboratory setups.

Finally, efficiency map based approach can still be accurate enough provided that an optimal
grid density or grid combination is properly simulated or measured. On the other hand, direct time-
stepping measurements are resource-intensive though inherently accurate. A promising way forward
lies in data-driven or high-fidelity hybrid models, that are accurate and computationally efficient.
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Appendix A

Table A1. The MAE [47] error of efficiencies of the PMSM drive cycles OPs obtained from steady-state efficiency
maps as compared to direct time-stepping measurements. Grid densities highlighted in blue represent the optimal
configurations, yielding minimal error among the grid densities evaluated.

MAE of drive cycles OPs

Approach Grid | WLTP | Artemis | BCDC
\ Mid Sized Vehicle (BMW i3) |
gl 28.08% | 35.96% | 22.91%

g2 22.86% | 30.00% | 18.97%
g3 16.20% | 21.37% | 14.48%

Eff. map (analytic)

g5 9.14% 10.95% | 10.25%
g6 10.68% | 13.18% | 11.28%

gl 28.76% | 36.87% | 23.58%
g2 23.35% | 30.82% | 19.48%
g3 16.46% | 22.12% | 14.76%

Eff. map (FEA)

g5 9.16% 10.71% | 10.29%
g6 10.14% | 11.98% | 11.00%

gl 31.69% | 39.47% | 25.32%
g2 26.08% | 33.05% | 21.22%
g3 20.05% | 24.32% | 17.13% |

Eff. map (experiment)

12.50% | 10.25%

18.89% | 10.57%
\ Small Sized Vehicle (Smart EQ)

gl 27.09% | 33.35% | 21.88%
g2 | 22.13% | 26.50% | 18.02%
g3 16.26% | 16.56% | 13.68%

Eff. map (analytic)

g5 10.68% | 6.65% 9.73%
g6 11.85% | 8.26% 10.66%

gl 27.77% | 34.45% | 22.49%
g2 22.60% | 27.48% | 18.45%
g3 16.62% | 17.46% | 13.84%

Eff. map (FEA)

g5 10.97% 6.34% 9.80%
g6 12.14% 8.32% 10.77%

gl 30.66% | 36.70% | 24.14%
g2 25.25% | 29.09% | 20.10%
g3 19.87% | 18.73% | 16.15%

7.64% 12.25%

Eff. map (experiment)

13.32%
g6 18.70% | 17.76% | 16.21%
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Table A2. PMSM drive cycles energy efficiencies (VV\Z"”L) obtained from grid based efficiency maps and direct

time-stepping measurements. Drive cycles total output energy (Wout, meas.) as measured in the laboratory :
WLT Psmart £Q = 3.47 K], Artemisgmart gQ = 6.83 k], and BCDCgmart g = 1.80 kJ. Highlighted in blue are the
corresponding optimal grid densities.

Drive cycles energy efficiency

Approach Grid [ WLTP | Artemis | BCDC
\ Small Sized Vehicle (Smart EQ) |
| Time-steppingmeas. | - | 56.54% | 65.84% | 39.06% |

gl | 16.54% | 27.00% 10.90%
g2 | 21.10% | 33.96% 14.02%
g3 | 28.30% | 45.62% 19.53%
g4 | 40.40% | 59.40% 29.00%
g5 | 38.62% | 58.63% 27.80%
g6 | 36.10% | 56.43% 25.53%

gl | 15.81% | 25.80% 10.38%
g2 | 20.35% | 32.78% 13.50%
g3 | 27.72% | 44.50% 19.11%
g4 | 40.68% | 60.30% 29.41%
gb | 39.05% | 59.36% 28.04%
g6 | 35.84% | 56.56% 25.57%

gl | 13.24% | 22.77% 7.35%
g2 | 16.19% | 29.96% 9.24%
g3 | 22.09% | 41.61% 12.78%
g4 | 35.32% | 60.60% 19.95%
g5 | 34.73% | 59.26% 19.54%
g6 | 25.13% | 42.57% 13.35%

Eff. map (analytic)

Eff. map (FEA)

Eff. map (experiment)

Table A3. PMSM drive cycles loss energies (Wi, — Wout) obtained from grid based efficiency maps using different
methods. Drive cycles total output energy (Wout, meas.) as measured in the laboratory : WLT Psyar gQ = 3.47 K],
Artemisgmart £Q = 6.83 K], and BCDCgmart £ = 1.80 kJ. Highlighted in blue are the corresponding optimal grid
densities.

Drive cycles energy loss in k]

Approach Grid | WLTP | Artemis [ BCDC
\ Small Sized Vehicle (Smart EQ) \
| Time-steppingmeas. | - | 2.67k] | 354k] | 2.82K] |

gl | 1750k | 1848L] | 14.80K
g2 | 1301k | 13.30k] | 11.08K
g3 | 880K | 814K | 605K
g4 | 513k | 467k] | 443K
g5 | 550Kk | 482Kk | 470Kk]
g6 | 615K | 527k | 526Kk

gl | 1847k | 19.65K] | 15.60 K
g2 | 1358K | 14.01k] | 1157k

g3 | 905k | 852k | 765K
Eff. map (FEA) g4 | 506k | 450k | 433K
g5 | 5A1K] | 467k | 463K
g6 | 621Kk | 524Kk | 526K

gl | 2273k | 23.17K] | 2276 K
g2 | 1795k | 1597K] | 17.75K
g3 | 1223k | 959k] | 1233 K
g4 | 635k | 444K | 725K
g5 | 652k | 470k] | 7.43k]
g6 | 1033k | 922K | 11.72K

Eff. map (analytic)

Eff. map (experiment)
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