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Abstract
This paper is part of an effort to bridge the gap between energetic and equivalent-circuit motor models used in system-level
electric-powertrain simulations, balancing model fidelity with computational efficiency. The goal is to investigate the use of
lookup tables as tools to abstract low-level motor control into a numerical optimization problem requiring few input data and
minimal specialized knowledge, thereby making high-fidelity equivalent-circuit models more suitable for early-stage system-
level powertrain studies. The approach was experimentally validated on a 600-W induction motor. Results demonstrate that
the control based on lookup tables achieves torque, flux, stator current, and efficiency levels comparable to a traditional field-
oriented control scheme. While the two methods use different current trajectories, the overall performance metrics remain
similar, confirming the effectiveness of lookup tables as a simulation tool for electric-powertrain development, control strategy
evaluation, and early-stage electric vehicle system studies.

Keywords Electric drives · Electric motors · Electric mobility · Electric vehicles · Lookup tables · Field-oriented control

1 Introduction

The transition from conventional to electrified powertrains
[1] is reshaping road-vehicle design, driven by stringent
emissions regulations [2], evolving consumer expectations,
and rapid progress in battery systems [3] and power elec-
tronics. Electric-drive architecture and its control strategy
have become key determinants of vehicle performance,
energy consumption, and packaging constraints, increasing
the demand for modeling approaches that accurately repre-
sent electrical interactions among the energy storage system
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(ESS), inverter, and electric machine. In this context, the
PerfECT Design Tool [4] was developed as a structured,
multi-step vehicle design workflow that explicitly addresses
performance, energetic flows, electrical interactions, and
thermal dynamics. The PerfECT framework contains a ded-
icated “currents” level aimed at early-stage studies where
architecture choices, ESS sizing, and supply voltage limita-
tions must be evaluated without the cost of full controller-
or pulse width modulation (PWM)-level simulation. This
design-level module provides the electrical fidelity required
for system-level trade-offs while remaining suitable for
repeated simulations and rapid iteration.

The PerfECT “currents” level implements a hybrid elec-
tric drive description [5] that captures the dominant ESS–
inverter–motor interactions using twocomplementary abstrac-
tions: one for motor control and one for inverter modeling.
Low-level motor control is encapsulated in stator current
lookup tables (LUTs) that map torque requests to d−q
stator current pairs, enabling higher-level modules of the
inverter model to predict stator currents, phase voltages,
and power flows without simulating low-level motor con-
trol. Complementing this, the inverter is represented by
a phenomenological model [5] that enforces the essential
ESS-to-motor constraints: an AC voltage limit tied to the
available DC voltage to avoid the inverter’s nonlinear mod-
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ulation region, and a torque-saturation routine that ensures
commanded d − q currents remain within ESS and inverter
capabilities. The combined LUT–inverter formulation repro-
duces the electrical limits relevant for architecture selection
and sizing while keeping computational burden low and pre-
serving the ability to run large numbers of design iterations.

The scope of the present work is to address the evaluation
gap of such system abstractions through a physical imple-
mentation. Themain contributions and novelties of this paper
are summarized as follows:

• Experimental Validation:We provide a comprehensive
experimental validation of the LUT control abstraction
concept in steady-state conditions on a physical 600-W
induction motor test bench. This complements the purely
simulation-based analysis initiated in [6] by evaluating
the real-world accuracy and viability of the tool.

• Focus on Magnet-Free Traction Alternatives: We
deliberately apply and validate the proposed method-
ology on an induction machine. This directly responds
to the current automotive industry trend of reducing
reliance on rare-earth permanent magnet synchronous
motors (PMSM) to mitigate supply-chain risks, making
advanced simulation tools for alternative traction drives
highly relevant.

• Modified LUT Formulation: We introduce a modi-
fied lookup table generation algorithm that accepts an
explicit stator flux reference as a direct input rather than
a mere upper bound, aligning the simulation approach
with actual industrial control parameters.

• Integration into Control Loop: We present a modified
control scheme where precomputed optimization LUTs
are successfully embedded directly into a donor field-
oriented control (FOC) system to replace the standard
current reference generation blocks.

While this work validates the LUT concept in steady-state
conditions, the comprehensive investigation of dynamic tran-
sients is reserved for future research.

2 Related work

In today’s challenging automotive industry landscape [7],
simulation platforms provide a vital virtual environment
to analyze complex interactions between powertrain com-
ponents, allowing for the maximization of overall vehicle
performance from the earliest stages of the design pro-
cess. However, the inherent trade-off between model fidelity
and computational efficiency remains a central challenge in
Electric Vehicle (EV) powertrain modeling. While offering

granular accuracy, high-fidelity models are often computa-
tionally intensive and require a vast amount of input data.
Conversely, simpler models reduce simulation runtime but
often lack the detail necessary for a comprehensive analysis
of system dynamics [8, 9]. The various methodologies com-
prising the current state of the art in EV modeling can be
viewed along this spectrum.

Energetic models, which commonly employ efficiency
maps for the main powertrain subsystems, represent a foun-
dational approach in system-level EV simulations. These
models abstract away the intricate electrical dynamics of
the motor and inverter, treating them as simplified power
conversion systems. This simplification makes them compu-
tationally light and easy to implement,which is advantageous
for estimating high-level performance metrics (such as vehi-
cle torque and power demands) and for real-time powertrain
control tasks [10–12]. However, computationally light, ener-
geticmodels lack the granularity to capture detailed electrical
interactions, cannot accurately reproduce the constraints that
an insufficient DC voltage imposes on motor operation, and
are unreliable when the supply voltage fluctuates [13, 14].

At the opposite end of the fidelity–efficiency spectrum
lie high-fidelity equivalent-circuit models. These models can
provide a highly detailed representation of electric drive oper-
ation, precisely describing electrical quantities of interest
such as stator current and voltage components. Such models
are used for in-depth analysis where the intricate nuances
of the electrical system are of paramount importance [15–
17]. The main limitations of equivalent-circuit models arise
directly from their high level of complexity, which makes
them impractical for certain applications, especially in the
early stages of the design process. They require the explicit
implementation of low-level motor control strategies—a task
that demands significant expertise and adds to the model’s
complexity—and necessitate a large amount of input data,
which may not be readily available at the initial design
phases. From a computational perspective, these models are
burdensome to run, making them unsuitable for rapid, early-
stage design iterations where simulation speed is key.

The intermediate ground between these extremes has been
comparatively less explored. Among the few approaches
available, the use of torque-constant and voltage-constant
models relies on an analogy with DC machines [8, 17].
While this formulation introduces a minimal level of electri-
cal detail, its predictive capability is limited, resembling that
of efficiency maps. These constants are tied to the nominal
control strategy and cannot be reliably applied under varia-
tions in motor control, power supply, or within the boundary
regions of the performance envelope where nonlinear effects
become significant.
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2.1 Previous work

To address the shortcomings of the modeling approaches
identified in Sect. 2, a standardized procedure was developed
to generate LUTs that directly map torque requests to d − q
stator current pairs. The approach formulates, for each possi-
ble operating point, a numerical optimization problemwhose
solution is the d−q current pair that best satisfies the selected
optimality criterion under the imposed operating conditions.
This numerical interpretation of the motor control problem
transforms the design effort into the straightforward task of
supplying the equivalent-circuit parameters to the LUT gen-
eration routine. The resultingLUT-basedmethodology offers
significant flexibility. It can be applied to both synchronous
[18] and induction machines [6], which allows the choice
of different optimization criteria, and its accuracy can be
adapted to the level of detail available in the equivalent-circuit
parameter set. For instance, in [6] the LUT generation pro-
cedure was extended to a detailed induction machine model
incorporating frequency-dependent iron losses [17] and non-
linear magnetizing inductance [19] and was solved for two
distinct optimization targets: maximum torque per ampere
(MTPA) and minimum electromagnetic power loss (MEPL).

Beyond torque request, LUTsmust also incorporate infor-
mation about the available DC voltage. Since this parameter
may vary due to design choices (e.g., battery architecture,
cell chemistries, power-converter ratings) and operating con-
ditions, the DC voltage cannot be used directly as an LUT
input. Instead, stator flux represents a more suitable parame-
ter. In the original formulation proposed in [18] and [6], stator
flux was introduced as an upper bound. This choice enabled
the LUT generator to select the optimal stator flux value
for each operating condition without exceeding the imposed
limit, thereby embedding the flux controller function within
the LUT itself. While this formulation proved convenient in
early-stage simulations—where the stator flux limit can be
computed online with relatively simple algorithms [5]—it
departs from the industrial standard of employing a fixed
flux reference [15, 20, 21]. To align more closely with real-
world practices, a modified algorithm was later presented in
[22], in which the LUT generation procedure accepts a stator
flux reference as an explicit input.

3 Case study

To validate the LUTs as a simulation tool to abstract low-
level motor control in system-level vehicle simulations, a
600 W induction motor is used as a case study. To isolate the
effect of LUTs from that of the entire electric drivemodel, the
LUTs are introduced into a donor FOC scheme with stator
flux orientation, replacing its original modules for d −q cur-
rent references generation. To fit such control scheme, stator

flux is used as second LUT input instead of stator flux limit.
The process of LUTs generation is illustrated in Sect. 3.1 and
the control scheme is outlined in Sect. 3.2.

3.1 Lookup tables generation

A stator flux-oriented equivalent circuit in the d − q ref-
erence frame has been selected to describe the behavior of
the testedmotor, featuring nonlinear magnetizing inductance
and frequency-dependent iron losses. In this framework, the
stator flux is aligned with the d-axis. Thus the q-axis compo-
nent of the stator flux is zero. Although in practice estimation
inaccuracies can introduce amarginalq-axis flux component,
this idealized alignment is assumed for the formulation of the
model. A schematic representation is shown in Fig. 1.

The motor parameters are provided in Tables 1 and 2.
The stator voltage components in the d − q reference

frame, us,d and us,q , can be expressed as functions of the
corresponding stator current components, is,d and is,q , as
shown in Eqs. 1 and 2:

us,d = Rs is,d + �̇s, (1)

us,q = Rs is,q + ωs �s . (2)

where Rs represents the stator winding resistance, �s is the
stator flux, andωs denotes the stator frequency. The definition
of stator flux leads to Eq. 3:

�s = Ls iμ (3)

here, Ls is the magnetizing inductance and iμ is the magne-
tizing current. Under these conditions, only the q-axis rotor
current component, ir ,q , contributes to the production of elec-
tromagnetic torque, which is expressed in Eq. 4:

T = 3

2
p�s ir ,q (4)

where T is the developed torque and p is the number of pole
pairs. The slip frequency, ωsl , is obtained through Eq. 5, a
more accurate expression than that used in previous works
[6]:

ωsl = 2 Rr T

3 p�2
s

(5)

with Rr denoting the rotor resistance. The stator frequency
can be decomposed into the rotor mechanical frequency, ωm ,
and the slip frequency, as given in Eq. 6:

ωs = p ωm + ωsl (6)

Iron losses are represented through a parallel resistance, RFe,
connected to the magnetizing inductance. The resulting iron
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Fig. 1 a d-axis
equivalent-circuit model; b
q-axis equivalent-circuit model

= =

=
a) b)

Table 1 Nominal ratings and
equivalent-circuit parameters of
the tested induction machine
(measured at 20°C)

Symbol Value

Nominal ratings

Nominal torque Tn 2 Nm

Nominal speed nn 2850 rpm

Nominal frequency ω0 100π rad s−1

Output power Pout 600 W

Nominal voltage us 230/400 V

Nominal current in 1.4A

Efficiency η 78.9 %

Pole-pairs p 1

Equivalent-circuit parameters

Stator resistance Rs 11.74 �

Rotor resistance Rr 8.70 �

Rotor leakage inductance Lσ,r 0.1 H

Measured iron loss resistance at nominal frequency RFe0 4300 �

Nominal stator flux �n 0.9677 Vs

loss current is evaluated separately for the d-axis and q-
axis components. In the d-axis, the iron loss current iFed
is neglected because, under steady-state conditions, the volt-
age drop across RFe is essentially zero, yielding iFed ≈ 0.
Conversely, in the q-axis, the loss current is determined by
the stator flux and synchronous frequency. Consequently, the
active iron loss current is considered predominantly in the q-
axis as iFeq = iFe, expressed by Eq. 7:

iFe = iFeq = ωs �s

RFe
(7)

In simplified models, RFe and Ls may be considered con-
stant. However, to capture nonlinear effects, the iron loss
resistance is modeled as frequency-dependent [17], and
the magnetizing inductance is often expressed as a flux-
dependent polynomial [19], as shown in Eqs. 8 and 9:

RFe = ωs

ωs0
RFe0 (8)

Ls =
5∑

j=0

c j �
j
s (9)

To enable the optimization, motor model equations are
rewritten as optimization expressions (oe), i.e., explicit func-
tions of the optimization variable (ov), the q-axis stator
current, iovs,q . Assuming constantmachine parameters, the rel-
evant expressions are:

ioer ,q = iovs,q − iFe (10)

ioer ,d = ωsl Lσ,r ioer ,q
Rr

(11)

ioes,d = ioer ,d + iμ (12)

According to Eq. 4, the electromagnetic torque depends on
the rotor current in the q-axis, which is considered as an
optimization variable. Then:
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Table 2 Parameters of the nonlinear magnetizing inductance model

Parameter Symbol Value

Zero order term c0 0.1728 H

First order term c1 6.526 HV−1 s−1

Second order term c2 −15.67 HV−2 s−2

Third order term c3 17.71 HV−3 s−3

Fourth order term c4 −9.696 HV−4 s−4

Fifth order term c5 1.841 HV−5 s−5

T oc = 3

2
p�s i

oe
r ,q (13)

In addition to the constraints imposing the motor operating
conditions—rotor speed, stator flux and torque—other condi-
tions may be introduced, for example to impose a maximum
stator current amplitude like in Eq. 14:

iocs,max ≤
√(

ioes,d
)2 + (

iovs,q
)2 (14)

Finally, an optimality criterion must be specified. Here the
MEPL strategy is adopted,which aims atminimizing electro-
magnetic losses. These are the summation of copper losses at
the statorwinding, copper losses at the rotorwinding and iron
losses. Therefore, the objective function can be expressed as
shown in Eq. 15:

J = Rs
(
(ioes,d)

2 + (iovs,q)
2) + Rr

(
(ioer ,d)

2 + (ioer ,q)
2)

+RFe i
2
Fe (15)

The way the expressions outlined in this section are
arranged together in an algorithm to generate the LUTs is
schematized in the pseudocode in Fig. 2.

3.2 Motor control scheme

The original motor control scheme is shown in Fig. 3. The
control strategy decouples torque and flux control by align-
ing the d-axis of the rotating reference frame with the stator
flux vector �s . The outer speed control loop compares the
reference speed ωre f with the measured rotor speed ω (from
the encoder) to generate the reference torque-producing cur-
rent is,q,re f . The flux reference�s,re f is used to compute the
magnetizing current reference is,d,re f through a flux-control
proportional integral (PI) controller. The current control loop
consists of two decoupled PI controllers, which regulate is,d
and is,q and generate the corresponding voltage references
us,d,re f and us,q,re f in the d−q frame. These are transformed

to α − β voltages and then to three-phase voltage references
by means of space vector modulation (SVM).

The flux estimator provides the stator flux vector �s and
slip angular frequency ωsl , which, combined with the mea-
sured rotor speed, yield the reference frame angular velocity
ωs . This ensures correct orientation of the d − q frame with
respect to the stator flux.

In the modified motor control scheme, shown in Fig. 4,
the reference generation stage of the FOC is augmented with
the precomputed LUTs. These LUTs provide the d-and q-
axis current references is,d,re f and is,q,re f as functions of
the requested electromagnetic torque Tre f and stator flux �s

(and other variables depending on the used equivalent-circuit
model, like mechanical speed in this case).

In this configuration, the outer speed controller and the
flux controller operate differently from the baseline FOC,
producing Tre f and�s,re f respectively. These signals are fed
to the LUT block, which outputs is,d,re f and is,q,re f directly.
The rest of the control structure, including the current con-
trollers, voltage synthesis, and SVM, remains unchanged.

The modified control scheme is not intended to improve
control performance with respect to the traditional FOC.
Instead, its purpose is to validate the accuracy of the LUT-
generated current references by comparing the resulting
current trajectories and machine performance with those
obtained by the FOC. To ensure a consistent baseline for
comparison, the modified controller retains both the mag-
netic flux and speed control loops from the original control
scheme. Therefore, the modified structure serves primarily
to evaluate the LUTs on a physical drive and verify the accu-
racy of the generated current references. Importantly, this
experimental validation focuses exclusively on steady-state
accuracy and energy-efficiency mapping, while the investi-
gation of dynamic transient behavior is reserved for future
research.

4 Experimental results

This section presents the overall framework for the exper-
imental testing of the discussed control strategies. First,
Sect. 4.1 details the physical laboratory test bench, includ-
ing the hardware configuration andmeasurement equipment.
Subsequently, Sect. 4.2 provides the experimental results
alongside a comprehensive discussion of the evaluated con-
trol performance. Finally, Sect. 4.3 addresses the practical
considerations and system boundaries of the proposed LUT-
based implementation.

4.1 Setup for experimental validation

A picture of the experimental setup is provided in Fig. 5,
whereas Fig. 6 presents its schematic representation for
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Fig. 2 Pseudocode for the
LUTs generation algorithm for do

for do
for do

if then

else

end if
end for

end for
end for

Fig. 3 FOC scheme
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Fig. 4 LUTs-based control
scheme

improved clarity. The physical assembly and measurement
chain components are summarized in Table 3. The tested
motor, denoted as EM1, is mechanically connected to a sec-
ond motor, denoted as EM2, which serves as a dynamometer
providing a controlled mechanical load. The inverter driv-
ing EM1 was supplied directly from a three-phase grid and
was equipped with a braking resistor to dissipate regenera-
tive energy and ensure DC bus stability during various load
conditions.

The control algorithms were implemented on The entire
“STM32G474RE” label of MCU did not wrap to the first
column and extends into the second column (STMicroelec-
tronics) 32-bitmicrocontroller featuring anARMCortex-M4
core and a floating-point unit. The control structure was
developed using a model-based design (MBD) workflow
within the Matlab/Simulink environment, utilizing the X2C
tool [23] (Linz Center of Mechatronics) for automatic C-
code generation. The block-oriented implementation within
the X2C environment directly corresponds to the control
scheme illustrated in Fig. 3 for FOC control scheme and
Fig. 4 for proposed LUT-based control scheme. Both the
LUT-based abstraction and the reference FOCwere executed
at a switching and sampling frequency of 10 kHz, ensuring
deterministic real-time performance.

Data acquisitionwas performed using a dual-streamwork-
flow to capture both internal and external variables. Internal
control signals, including currents (isd , isq ) and flux, were
recorded directly from the microcontroller’s RAM using the
STM32CubeMonitor tool. Simultaneously, external param-
eters were captured through a National Instruments cDAQ-
9188 chassis interfaced with LabVIEW custom graphical
user interface (GUI). A ZES Zimmer LMG641 precision
power analyzer was utilized for high-accuracy measurement
of phase currents and voltages at the motor terminals. Shaft
torque was acquired using a Magtrol TM309 transducer. To
ensure a stable mean torque reading for steady-state vali-
dation, the analog torque signal was processed through a
differential low-pass filter with a time constant 720μs before

being recorded by an NI 9222 card. Rotational speed was
acquired using an external incremental encoder connected
directly to themicrocontroller for real-time control feedback.
Winding and ambient temperatureswere captured using a 24-
bit NI 9219 module in a four-wire (Kelvin) configuration to
eliminate lead resistance errors.

To ensure temporal alignment between the internal MCU
data and the externalNI-basedmeasurements, a synchroniza-
tion pulse was utilized to trigger both systems at the start of
each test sequence. Finally, both datasets were exported in
CSV format and processed in MATLAB to merge the data
and generate the graphical results.

The baseline accuracies of the measurement instruments
are detailed in Table 3. Due to the continuous thermal drift
of the machine under load, the reported values are time-
averaged over the respective acquisition windows. While
rigorous statistical and repeatability analyses are common,
they are omitted here. For this proof-of-concept study, the
primary focus is onmacroscopic control trends and energetic
equivalence, which are clearly observable and significantly
exceed the baseline sensor uncertainties.

4.2 Results and discussion

LUTs were generated using the steady-state equivalent-
circuit model of the induction machine. To evaluate their
performance, a stepped-torque test was designed to exam-
ine motor behavior under different load conditions. In each
step, the mechanical torque was held constant for a suf-
ficient duration to allow transients to settle, enabling a
steady-state comparison between the LUT-controlled and
FOC-controlled motor responses.

The stepped-torque profile was executed at constant speed
and constant flux. To investigate the influence of operating
conditions, three different speed levels and two different flux
levels were tested. The speed level is indicated at the top of
each diagram in the subsequent figures, with values set at
950 rpm, 1900 rpm, and 2850 rpm. The two flux levels are
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Fig. 5 Test setup

Fig. 6 Test setup schematics

Table 3 Specifications of the laboratory equipment utilized in the experimental validation

Device type Manufacturer and model Precision/key specifications

Power analyzer ZES Zimmer LMG641 ±0.015% of reading + ±0.01% of range∗

DAQ chassis NI CompactDAQ 9188 Ethernet-based, deterministic timing

Temperature module NI 9219 24-bit, 4-wire RTD mode, ±0.1% gain error

Torque input card NI 9222 16-bit, ±0.02% of reading + ±0.01% of range

Incremental encoder Hengstler F14 4096 ppr, quadrature TTL interface

Torque sensor Magtrol TM309 Rated torque (RT) 20 Nm, < ±0.1% of RT

Tested motor (EM1) ATAS T22VT512 See Table 1

Dyno motor (EM2) Kollmorgen AKM42E PMSM servo: 3.32 Nm; 4000 rpm; 1.1 kW

Dyno drive (EM2) Kollmorgen AKDP00307 Integrated speed/torque control loop

∗Internal sensors was used

Table 4 Overview of evaluated
operating cases for LUT-based
control and traditional FOC

Case LUT Control Traditional FOC Torque profile
Speed (%) Flux (%) Speed (%) Flux (%)

1 100 100 100 100 Step profile (up to 100% Tn)

2 67 100 67 100

3 33 100 33 100

4 100 88 100 88

5 67 88 67 88

6 33 88 33 88

All cases utilize a dynamic torque step profile up to 100% of the rated torque Tn = 2.0Nm. Rated base speed
nn = 2850 rpm, rated stator flux �n = 0.9677 Vs
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Fig. 7 Measured torque and flux profiles under nominal flux conditions

denoted in the legends as nominal flux �n (0.9677 Vs) and
reduced flux �rdc (0.850 Vs). An overview of all evaluated
operating cases relative to the rated motor specifications for
both LUT-based control and traditional FOC is summarized
in Table 4. To ensure a consistent thermal baseline across the
experiments, all measurement sequences were initiated at a
motor temperature of 40 ◦C, which was chosen to reflect an
equivalent mean continuous load of the machine.

Figures 7 and 8 illustrate the tracking performance of the
two control schemes under nominal and reduced flux condi-
tions, respectively. Notably, the initial steady-state step in the
2850 rpm profile (bottom subplot in Fig. 7) was purposely
chosen to explicitly demonstrate the motor operating at its
rated operation point (2 Nm, 2850 rpm, and 0.9677 Vs). A
good correlation between the torque profiles obtained with
FOC and with LUT-based current reference generation is
observed, with differences remaining below 3% for most

123



375 Page 10 of 18 Electrical Engineering (2026) 108:375

Fig. 8 Measured torque and flux profiles under reduced flux conditions

steady-state phases. The deviation is smallest under nomi-
nal flux and tends to increase with torque amplitude, which
is likely due to the amplification effect that occurs when the
percentage error is calculated with a smaller denominator.

It is worth emphasizing that torque is measured at the
motor shaft; thus, the observed differences are not caused
by poor tracking of the LUT-controlled scheme but result
from the closed-loop nature of the control structure. Torque
can be regarded as the control action exerted by the outer

speed control loop, and its final value is influenced by the
performance of the flux and current control loops.

In contrast to torque, deviations in the output flux are
primarily attributable to the tracking performance of the flux-
control loop. The flux error remains very small for most
operating points, consistently below 1%. However, a notable
deviation is observed at the 2 Nm torque step under nominal
flux conditions, where the steady-state error reaches approx-
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imately 5% at 1900 rpm and increases to about 10% at 2850
rpm.

The observed flux drop under high loads stems from the
lack of temperature compensation in the LUTs. As shown
in Fig. 9, the outer flux controller attempts to compensate
for thermal drifts by increasing the flux reference supplied
to the LUT block. Nevertheless, when the requested flux
reaches the LUT upper saturation boundary, set to 1.1 Vs, no
further compensation is possible, and the commanded sta-
tor d-axis current becomes limited. At this saturated state,
temperature-induced parameter variations take effect: the
rapid temperature rise increases the rotor resistance, and the
resulting higher slip frequency draws an elevated d-axis rotor
current. Because the stator d-axis current is held constant by
the LUT limit, this increased rotor current demand reduces
the available magnetizing current (according to Eq. (12)),
leading to a reduction in the actual stator flux. The influence
of rotor speed further compounds this effect; at lower speeds,
the q-axis rotor current is smaller, which reduces the inter-
nal voltage drops and mitigates the flux error. This saturation
issue could theoretically be resolved by extending the maxi-
mum flux boundary defined in the LUTs or by incorporating
temperature-dependent parameter adaptation. However, as
detailed later in Sect. 4.3, introducing a thermal dimension
conflicts with the primary objective of keeping the method-
ology computationally light for early-stage simulations.

Figures 10 and 11 show the d and q-axis stator current
profiles under nominal and reduced flux conditions. These
results highlight that LUT-based and FOC-based control
achieve the same torque and flux targets through different
current trajectories. This deviation arises directly from the
differences in the underlyingmachinemodels:while standard
FOC relies on a simplified linear representation that assumes
constant magnetizing inductance and neglects iron losses,
the LUTs are generated using a detailed model accounting
for both nonlinear magnetic saturation and an equivalent iron
loss resistance (RFe).

The q-axis current generated by the LUT-based control
remains closer to the theoretical value given by Eq. 4 (isq,n =
1.3788 A). In comparison, the FOC-based control exhibits a
higher q-axis currentmagnitude for the same torque demand.
Furthermore, neither strategy employs explicit temperature
compensation. However, while the closed-loop PI controllers
in standard FOC inherently adjust the applied currents to
counteract thermal parameter drifts (such as increasing rotor
resistance), the open-loop LUT approach continues to apply
setpoints calculated for the nominal, lower temperature. This
fundamental difference further contributes to the observed
deviations between the two command strategies. Since the
LUT-based control relies on nominal motor characteristics
and proactively accounts for the active power consumed
by iron losses through RFe, it maintains the expected is,q

level. To maintain the required torque, the LUT-based con-
trol accordingly adjusts the current component in the d-axis.

The analysis of the d-axis stator current—which is pri-
marily responsible for establishing the stator flux—reveals
more complex behavior. According to Eq. 12, the d-axis sta-
tor current is the sum of magnetizing current, iμ, and d-axis
rotor current, ir ,d . Since the tests are carried out at constant
flux (except during the saturation event observed in Fig. 9),
the magnetizing current is expected to remain nearly con-
stant. Consequently, variations in the d-axis stator current
are largely attributable to changes in d-axis rotor current,
which depends on both slip frequency ωsl and the q-axis
rotor current, as expressed in Eq. 11.

Because torque and slip always share the same sign, the
numerator of Eq. 11 remains positive. Therefore, under con-
stant flux, any torque production – regardless of its sign –
should result in an increase of d-axis stator current rela-
tive to the no-torque condition. This expected behavior is
clearly observed in the LUT-generated d-axis current pro-
files, where each torque step produces a corresponding rise in
d-axis current. In contrast, the FOC-generated d-axis current
shows a less pronounced dependence on torque, especially at
medium and low speeds. Overall, the LUT-based control sys-
tematically yields higher d-axis current levels than the FOC,
reflecting its ability to precisely follow the nonlinear mag-
netization curve rather than relying on a simplified constant
inductance.

In the presented experiments, the stator flux was inten-
tionally constrained to emulate specific DC-link voltage
limitations. By fixing the flux reference, the optimization
algorithmwithin the LUT generation is restricted and cannot
minimize overall losses. Consequently, both control schemes
force the induction machine into the exact same physical
operating point. The fundamental difference lies in how this
point is reached: the LUT method provides precise, model-
aware current setpoints directly as a feed-forward action,
whereas traditional FOC relies on simplified references that
require continuous corrective effort from the closed-loop PI
controllers.

The stator current amplitude profiles for nominal and
reduced flux operation are presented in Fig. 12. For this spe-
cific motor, the maximum stator current is is = 2 A. Overall,
the results obtained with the LUT-based control and FOC
show very good agreement under both operating conditions.

Under nominal flux, the LUT-based controller produces
currents that are approximately 10–15% higher than those of
the FOC at low torque levels. This offset is consistent with
the higher d-axis current component observed previously and
confirms that theLUTs rely on a largermagnetizing current to
establish the desired flux.Whenmoving to reduced flux oper-
ation, the discrepancy is significantly reduced, indicating that
the observed offset is primarily linked to the flux-producing
current.
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Fig. 9 Requested flux for LUTs

At higher torque levels, the relationship between the two
controllers partially inverts, with the FOC currents becoming
slightly higher than those of the LUTs. This is likely due to
the lowerq-axis current demanded by theLUT-based control,
which compensates for the effect of its higher d-axis current
contribution. As a result, the overall current amplitude pro-
files closely match across most of the operating points, with
differences remaining below 5% during the majority of the
steady-state phases and increasing only at low torque values.

A comparison of motor efficiency is presented in Fig. 13.
Overall, an excellent agreement is observed between the
results obtained with FOC and those from the LUT-based
control. For all other operating conditions, efficiency pro-
files are nearly indistinguishable. A slight advantage for FOC
can be seen at low torque levels, particularly under nominal
flux operation. This trend is consistent with the observations
on stator current amplitude, where the LUT-based controller
required slightly higher currents to achieve the same torque
at light load. Since copper losses scale with the square of the

stator current, this explains the small efficiency gap observed
in this operating region.

The accuracy of the LUTs in representing the motor oper-
ation from an energetic perspective is further confirmed
by Fig. 14, showing the cumulative input energy profiles
under both nominal and reduced flux conditions. Differences
between FOC and LUTs are small, consistently below 5%.
Discrepancies seem to get larger as stator flux is reduced,
especially when torque output is small.

4.3 Practical considerations and system boundaries

Although this study focuses on steady-state operation to
evaluate energy efficiency, the dynamic behavior of the LUT-
based approach should be briefly addressed. While dynamic
transients have not been experimentally tested in this work,
theLUTs are not expected to introduce any significant control
delays. The interpolation process takes only a few microsec-
onds and is executed directly within the fast PWM control
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Fig. 10 Measured stator current profiles under nominal flux conditions

loop. In contrast, the speed controller operates in a slower
1ms loop, and the stator flux dynamics are governed by a
much larger electromagnetic time constant. Therefore, the
overall dynamic response of the system is determined by
the tuning of the PI controllers and the physical limits of
the motor, rather than the LUT computation. Additionally,
because the LUTs directly provide current setpoints for a
given torque request, they essentially act as a feed-forward
mechanism, which is expected to support a smooth transient
response. Furthermore, in an automotive context, themassive

mechanical inertia of a vehicle naturally prevents instan-
taneous speed changes during regular driving. While all
these factors suggest stable and reliable operation, a compre-
hensive experimental and analytical evaluation of dynamic
performance is reserved for future research.

Another practical boundary is the lack of real-time temper-
ature compensation. The presented LUTs are generated for
a nominal temperature of 20 ◦C. However, operational heat-
ing alters key machine parameters, such as rotor resistance,
which shifts the optimal current trajectories. Because the
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Fig. 11 Measured stator current profiles under reduced flux conditions

LUTapproach operates in an open loop, it cannot compensate
for these thermal changes. Adding a temperature input would
requiremultidimensional LUTs, significantly increasing data
size and computational complexity. This simplification suits
early-stage EV simulations, which typically lack detailed
thermal models. Ultimately, omitting temperature effects
keeps simulations fast while maintaining sufficient accuracy
for preliminary energy assessments.

A final practical consideration concerns the physical scale
of the experimental setup. The proposed methodology was

validated using a small-scale 600-W induction motor, serv-
ing primarily as a proof-of-concept case study. Scaling this
implementation to full-size automotive traction drives will
naturally alter the system’s electromagnetic and thermal
time constants, as well as the magnitude of nonlinear mag-
netic effects. However, the fundamental principles of the
LUT-based abstraction remain unchanged. Because the spe-
cific machine parameters are embedded entirely within the
offline LUT generation phase, the proposed architecture is
inherently scalable. The core methodology remains fully
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Fig. 12 Measured stator current amplitude profiles

applicable to high-power automotive applications without
requiring structural changes to the control abstraction itself.

5 Conclusion

Modeling electric vehicles involves an inherent trade-off
between model fidelity and computational efficiency. While
energy-based models are fast, they offer a simplified repre-
sentation. In contrast, high-fidelity equivalent-circuit mod-

els are accurate but computationally expensive. This work
bridges this gap by experimentally validating the use of LUTs
to abstract low-level motor control for system-level pow-
ertrain analysis, enabling computationally efficient electric
drive simulations.

Applying this methodology to a 600W inductionmachine
successfully demonstrated its viability as a proof-of-concept
formagnet-free powertrain alternatives. Experimental results
confirm that theLUT-based abstraction achieves the requested
torque and flux targets, maintaining an overall energy con-
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Fig. 13 Measured efficiency profiles

sumption and efficiency equivalent to a traditional FOC
scheme. Interestingly, the two control strategies reached the
exact same physical operating point through different current
trajectories. The LUT-based control commanded systemati-
cally higher d-axis and lower q-axis currents. This is a direct
result of its detailed underlying model, which proactively
accounts for nonlinear magnetic saturation and iron losses,
whereas standard FOC relies on a simplified linear represen-
tation.

However, the deliberate trade-off prioritizing computa-
tional lightness over absolute thermal robustness impacted
the stator flux production under high loads. Because the
LUTs operate without real-time temperature compensation,
they cannot inherently account for thermal parameter drifts,
such as increasing rotor resistance. This mismatch ultimately
caused the outer flux-control loop to reach theLUTsaturation
boundary, artificially limiting the d-axis current and resulting

in a steady-state flux deviation. While introducing multidi-
mensional, temperature-dependent LUTs could resolve this,
it conflicts with the objective of minimizing data require-
ments and computational overhead.

Despite this practical boundary, the LUT-based method
demonstrated strong overall performance and robustness.
In conclusion, this research validates that LUTs can effec-
tively abstract motor control behavior without compromising
macroscopic energetic accuracy. This makes the proposed
framework highly suitable for early-stage EV system studies,
where computational speed is critical and detailed thermal
data is often unavailable.While this study proves the concept
for steady-state operation, future research will investigate its
dynamic transient performance.
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Fig. 14 Measured cumulative input energy profiles
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