VOLUME: 10 | ISSUE: 2 | 2026 | JUNE

>
g™ Crossref
Similarity (?heck

ROBUSTNESS EVALUATION OF VOLTAGE AND
CURRENT MODEL-BASED ROTOR FLUX ESTIMATION
UNDER RESISTANCE VARIATIONS IN FOC SYSTEMS

Vojtech Sotola', Marek Kubatko', Quang Thanh Nguyen **, Huy Duc Bui 3,
Phung Hai Nguyen 3

!Department of Applied Electronics, Faculty of Electrical Engineering and Computer Science,
VSB-Technical University of Ostrava, Ostrava, Czech Republic
2Power System Optimization Research Group, Faculty of Electrical and Electronics Engineering,
Ton Duc Thang University, Ho Chi Minh City, Vietnam
3Faculty of Electrical and Electronics Engineering, Ton Duc Thang University, Ho Chi Minh
City, Vietnam

*Corresponding Author: 2*Quang Thanh Nguyen (Email: nguyenthanhquang@tdtu.edu.vn)
Co-Authors: !Vojtech Sotola (Email: vojtech.sotola@vsb.cz), !Marek Kubatko (Email:
marek kubatko@vsb.cz), *Huy Duc Bui (Email: buiduchuy.st@tdtu.edu.vn), *Phung Hai Nguyen
(Email: nguyenhaiphung.st@tdtu.edu.vn)

(Received: 03-April-2026; accepted: 11-June-2026; published: 30-June-2026)
http://dx.doi.org/10.55579/jaec.2026102.544

Abstract. This study examines how two To-
tor flux estimators, the voltage model and the
current model, behave when wused within the
same field-oriented control (FOC) structure for
a three-phase induction motor drive. Particular
attention is given to the effect of stator and ro-
tor resistance variations, since these parameters
directly enter the voltage and current model cal-
culations and may change during operation due
to heating. In the simulation study, both estima-
tors are tested under low-, medium-, and high-
speed conditions. A 30% increase in stator and
rotor resistance is introduced while the drive is
operating, and the resulting speed response and
flux estimation behavior are then compared. The
assessment is based on four time-domain error
criteria: Integral of Absolute Error (IAE), Inte-
gral of Time multiplied Absolute Error (ITAE),
Integral of Squared Error (ISE), and Integral of
Time multiplied Squared Error (ITSE). The re-
sults show that the wvoltage model depends on
the accuracy of the stator resistance, while the
current model depends on the rotor resistance.
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This effect is most severe in the low-speed region,
where the resistive voltage drop becomes signif-
icant relative to the applied stator voltage. At
higher speeds, the voltage model error decreases,
and the difference between the two estimators be-
comes smaller. These results indicate that the
current model is a more reliable option when the
drive is expected to operate under uncertainty in
stator and rotor resistance, particularly at low
speed.

Keywords: Current model, Voltage model, Ro-
tor flur, Resistance wvariation, Field-oriented
control.

1. Introduction

Electric motors are widely used in modern in-
dustry, where they convert electrical energy into
mechanical motion for use in production, trans-
port, pumping, ventilation, and renewable en-
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ergy, as well as robotics [1]. Among existing
motor technologies, induction motors are still
the most widely used today because of their ro-
bust construction and low maintenance require-
ments [2]. On the other hand, PMSM motors [3]
and DC motors [4] remain the focus of research
for applications that demand diverse high effi-
ciency, miniaturization, or adjustable speed con-
trol.

Over the last few decades, various con-
trol strategies have been developed to address
these challenges. Direct Torque Control (DTC)
has emerged as a new approach that provides
excellent torque response and a simple con-
troller design [5,6]. Although these advan-
tages, DTC-based methods usually exhibit a
high torque ripple and an inconsistent switch-
ing frequency, which deteriorate the steady-state
performance [7]. The traditional V/f strat-
egy is one of the simplest scalar control meth-
ods and relatively easy to implement [8]; how-
ever, it has weak disturbance rejection capabil-
ity and poor dynamic performance [9,10]. Field-
oriented control (FOC) remains a fundamental
strategy for high-performance induction motor
drives because it enables decoupled flux and
torque regulation. Tran et al. [11] improved
sensorless FOC by integrating stator-resistance
estimation into CB-MRASCV. Nisha et al. [12]
analyzed FOC under field-weakening operation,
emphasizing torque capability in propulsion sys-
tems. Wolkiewicz et al. [13] showed that inter-
nal DFOC signals are valuable for early stator
inter-turn fault monitoring. In addition to con-
trol performance, reliability has become a major
concern in modern drive systems.

Sensor fault diagnosis in IMDs has increas-
ingly shifted toward model-based comparison
and signal reconstruction. Study in [14] used
phase-shifted current space vectors to identify
both soft and hard current sensor faults. Tran et
al. [15] simplified FTC by comparing measured
and estimated current vectors using a single ob-
server. Publication [16] proposes fault-tolerant
control (FTC) strategies to maintain stable op-
eration under fault conditions, including sensor
errors in speed and current. In sensorless FOC
systems, accurate estimation of rotor flux is es-
sential, and this has led to the development of
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two basic flux estimation methods: the voltage
model (VM) and the current model (CM).

Several studies have employed the VM to es-
timate rotor flux and its orientation angle in in-
duction motor drives. Hinkkanen and Luomi im-
proved the conventional VM by replacing the
pure integrator with a compensated low-pass
structure, thereby reducing drift and improving
behavior during speed reversal [17|. Brandstet-
ter and Kuchar also underlined its simple appli-
cation, although integration offset and stator re-
sistance variation are still major challenges [18].
Similarly, Zamora et al. showed that estimation
based on voltage and current can provide useful
flux-related information, although its accuracy
is constrained by parameter uncertainty, filter-
ing requirements, and measurement noise [19].

Flux estimation based on CM has been widely
investigated to improve field orientation in in-
duction motor drives. The work in [20] discussed
the design of a sliding-mode current model ob-
server that needs less information about the
rotor time constant and speed, and provides
higher robustness for DFO control. Cuong et
al. developed an MRAS in FOC and enhanced
it with online stator and rotor resistance es-
timation, which improves its stability against
thermal parameter variations [21]. Orlowska-
Kowalska and Dybkowski showed that stator
current-based MRAS (CB-MRAS) can provide
stable wide-speed operation, although its per-
formance remains affected by rotor parameter
mismatches and by the selection of adaptation
gains [22].

Recent MRAS-based studies have combined
voltage and current models to improve sensor-
less induction motor control. Pal et al. mod-
ified RF-MRAS by replacing measured voltage
with reference voltage to enhance low-speed es-
timation [23]. Research in [24] extended closed-
loop MRAS to linear induction motors, ac-
counting for end effects. In addition, publi-
cation [25] further improved regenerating-mode
stability through a multilayer MRAS structure.

Parameter uncertainty is now well recognized
as an important performance-degrading factor
of field-oriented motor drive systems. Laz-
cano et al. emphasized that resistance varia-
tion can be leveraged for thermal monitoring,
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but this requires accurate online estimation un-
der realistic inverter nonidealities [26]. Publi-
cation [27] demonstrated that ignoring stator-
resistance drift in FOC affects system efficiency.
Similar issues can be found in MRAS-based
sensorless drives that compensate stator resis-
tance [28]. Yoo et al. have also shown that,
especially at low speeds, it was necessary to de-
sign the resistance estimation schemes to avoid
additional torque and flux ripples [29]. For RF-
MRAS schemes, these observations imply that
degradation in the voltage model branch under
R, variation may directly disturb the adapta-
tion signal, especially at low speed.

This paper aims to provide a comprehensive
review and comparative analysis of VM and CM
for estimating rotor flux in the FOC framework
when stator and rotor resistances vary. The
study examines three realistic scenarios in which
stator and rotor resistance increase due to ther-
mal effects during operation. The impact of this
variation on flux estimation accuracy and speed
response is quantitatively evaluated using es-
tablished performance indicators. Through this
analysis, the paper seeks to clarify the relative
stability of each model and provide practical in-
sights into their applicability under parameter-
sensitive operating conditions.

2. Methodology

2.1. Modeling a three-phase

induction motor

The dynamic characteristics of an induction
motor are modeled in the stationary (a—f) ref-
erence frame. The stator voltage equation can
be expressed as:

— - dﬁs
Ust = Rstist + Wt (1)

—

where, g is the stator voltage vector (V), ig
is the stator current vector (A), Rs; is the stator

resistance (), and Fy; is the stator flux linkage
vector (Wb).
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The rotor circuit, assuming a squirrel-cage
structure with no external voltage supply, is de-
scribed by:

- dﬁr . =1
0= Rpyip + Wt — jwrtFry

(2)

where, i,; is the rotor current vector (A), Ryt
is the rotor resistance (), F,; is the rotor flux
linkage vector (Wb), and w, is the rotor angular

speed (rad/s), with:

(3)

where p is the number of pole pairs, and w,,
is the mechanical angular speed (rad/s).

Wrt = PWm

The flux linkage relationships between stator
and rotor circuits are given as:

F:st — Lst;st + ng;rt (4)

F = ngzst + Lygirg (5)

where, Ly and L, are the stator and rotor in-
ductances (H), respectively, and L, is the mag-
netizing inductance (H).

The electromagnetic torque is related to the
load torque and rotor acceleration through the
mechanical motion equation of the induction
motor [30], as expressed below:

Jm dwry

T.=T
L+ at (6)

where, T, is the electromagnetic torque (N-m),
Ty, is the load torque (N-m), and J,, is the mo-
ment of inertia (kg-m?).

2.2. Rotor Flux Estimation

Using the Voltage Model

In FOC schemes, the accurate estimation
of rotor flux components is essential, as it di-
rectly determines the orientation of the rotating
reference frame and, consequently, the overall
control performance. Among the available ap-
proaches, the VM is widely adopted due to its

141



VOLUME: 10 | ISSUE: 2 | 2026 | JUNE

relatively simple structure and fast dynamic re-
sponse. However, its accuracy is strongly influ-
enced by parameter variations, particularly the
stator resistance.

Based on the stator voltage equation in the
stationary (a—3) reference frame, the rotor flux
components can be reconstructed by integrating
the difference between the stator voltage and the
resistive voltage drop [31]. The estimated rotor
flux components along the o and 5 axes are ex-
pressed as:

174 _ Lrt
rt,a —
Ly

LstLrt - Lgng . ]
- lst,a
Lrt i

/ (ust,a - Rstist,a) dt

(7)

Ly .
Flig= i : [/ (ust,s — Rstist,p) dt
mg
LstLrt - L?ng . (8)
R P

From these orthogonal components, the mag-
nitude of the rotor flux vector is obtained as:

e (mn) o

The rotor flux angle, which is a critical vari-
able for coordinate transformation in FOC, is
determined by:

\% Fx B
OF,, = arctan | —7
Frt,a
o IV

o Fr‘;ﬁ Rotor flux components esti-
mated by the VM (Wb).

(10)

Where,

e FY: Magnitude of the rotor flux vector es-
timated by the VM (Wb).

° GXM: Rotor flux angle estimated by the VM
(rad).
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® Ustq, Ust,g: Stator voltage components (V).

® igq, ist,3: Stator current components (A).

In the VM approach, the stator resistance R,
directly affects the rotor flux calculation. This
parameter is rarely constant in real drive sys-
tems, since winding temperature, loading con-
dition, and operating duration can gradually
change its value. When the resistance used in
the estimator no longer matches the actual ma-
chine resistance, an error is introduced into the
computed flux. This effect becomes more pro-
nounced at low speeds, where the voltage drop
across R accounts for a significant portion of
the stator voltage. Consequently, both the es-
timated rotor flux magnitude and its angular
position may deviate from their actual values.
This sensitivity to R, variation is therefore a
key weakness of the voltage model. It provides
a clear basis for comparing it with the current-
model estimator, which does not rely directly on
the stator resistance.

Figure 1 illustrates the FOC structure using
the voltage model for rotor flux estimation. The
DC-link voltage Vp¢ supplies a three-phase volt-
age source inverter, whose six semiconductor
switches are gated by the sine PWM block to
generate the motor phase voltages. The mea-
sured currents i, i3, and 4. are transformed into
the stationary components i o and is g, and
also into the rotating components i4 and i,. The
voltage calculation block reconstructs ug o and
Ust,3 from the inverter states and Vpc. These
voltage and current components are then used
by the voltage model to estimate the rotor flux
F} and its angle 6}, .

The flux loop compares F..; with FY to pro-
duce };, while the speed loop compares w;.. s with
west to generate iy. The current PI controllers
finally determine uq and ug4, closing the control
loop.

2.3. Rotor Flux Estimation

Using the Current Model

Compared to the VM, which is defined by its
integration of a continuously available dynamic
quantity (rotor dynamics rather than direct volt-
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Figure 1: FOC scheme based on VM for rotor flux estimation.

age), the CM also offers an alternative formula-
tion for rotor flux estimation. Such an approach
is well suited to low-speed operation, where the
VM is prone to drift and parameter sensitivity.

Starting from the rotor circuit equation and
flux linkage relationships, the rotor flux dynam-
ics in the stationary reference frame can be ex-
pressed as a first-order differential system. The
estimated rotor flux components are obtained
as [31]:

dF}, L 1
% = T Gy o — —F i F, 11
dt Trt st T rt,a +w t ( )
dFl, 5 L 1
rt, mg . I
=me FlL oy —weFL (12
dt T Lst,B T rt,8 — Wrtd'pg, ( )
With
L,
Trt = R i (13>
rt

where T;.; denotes the rotor time constant.
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From these components, the magnitude of the
rotor flux vector is computed as:

(e ()
rt,o rt,

Similarly, the rotor flux angle required for co-
ordinate transformation in the FOC scheme is
obtained by:

Fl = (14)

I
0] _ F"“tyﬁ
F,, = arctan | —; (15)
Frt,a
Where,
. Frta, FL ¢ Rotor flux components esti-

mated by the CM (Wb).

e Fl: Magnitude of the rotor flux vector es-
timated by the CM (Wb).

e 01 : Rotor flux angle estimated by the CM
(rad).

In the current model, rotor flux estimation is
not directly affected by the stator resistance Rg;.
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This feature makes the method less vulnerable
to errors associated with stator winding temper-
ature rise, especially when compared with the
voltage model. Its accuracy, however, is closely
linked to the rotor circuit parameters. In par-
ticular, the rotor resistance R,; appears through
the rotor time constant 7,;, which governs the
transient build-up and decay of the estimated
rotor flux. During practical operation, R,; also
varies due to rotor heating. If the value used
in the estimator differs from the actual rotor re-
sistance, the computed rotor time constant be-
comes inaccurate. This mismatch can distort
the estimated flux magnitude and shift the cal-
culated rotor flux angle, thereby weakening the
field orientation.

The CM depends strongly on the accuracy of
R,; and the availability of reliable rotor speed
information. Figure 2 presents the FOC scheme
in which the rotor flux is obtained from the cur-
rent model. The DC source Vp¢ feeds a three
phase inverter composed of six semiconductor
switches, and the sine PWM unit assigns their
gating signals to synthesize the stator voltages
applied to the induction motor. The measured
phase currents i,, i, and i, are transformed into
ist,o and i g, which, together with the rotor
electrical speed w,¢, serve as the inputs of the
current model. This estimator provides the ro-
tor flux magnitude F}, and its position f, . The
same angle is used in the abe/dg transformations
to obtain i4, 14, i3, and 7;. The flux regulator
compares Fr.y with F!L . while the speed reg-
ulator compares wy.y with wy,. The resulting
uq and u, are finally converted back to inverter
commands. Compared with the voltage model,
this structure avoids direct dependence on Ry,
but its estimation quality remains governed by
the rotor time constant and, consequently, by
the variation of R,;.

2.4. Quantitative Performance

Evaluation

To evaluate the performance of the estimation
methods, several time-domain performance in-
dices are employed. These indices are computed
from the speed tracking error between the ref-
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erence speed and the actual motor speed. The
speed tracking error is defined as:

e(t) = nres(t) — nm(t) (16)
where n,.s denotes the reference speed, and
N, denotes the actual motor speed.

The performance evaluation is carried out us-
ing four commonly used time-domain criteria:
Integral of Absolute Error (IAE), Integral of
Time multiplied Absolute Error (ITAE), Inte-
gral of Squared Error (ISE), and Integral of
Time multiplied Squared Error (ITSE). The
TAE index reflects the total accumulated track-
ing error during the evaluation interval. The
ITAE index further emphasizes errors that per-
sist for a longer time, making it suitable for as-
sessing settling behavior. The ISE index gives
greater weight to large transient errors due to
the squared error term. Meanwhile, the ITSE
index combines the effects of error magnitude
and time duration, thereby highlighting large
and sustained deviations in the speed response.
The four evaluation indices are defined as fol-
lows:

1) Integral of Absolute Error (IAE)

T
TAE = / le(t)|dt (17)
0
2) Integral of Time Multiplied
Absolute Error (ITAE)
T
ITAE = / le(t)|dt (18)
0

3) Integral of Squared Error (ISE)

T
ISE = / e2(t) dt (19)

0

4) Integral of Time Multiplied
Squared Error (ITSE)
T

ITSE = / te?(t)dt (20)

0

(© 2026 Journal of Advanced Engineering and Computation (JAEC)



VOLUME: 10 | ISSUE: 2 | 2026 | JUNE

e

{ Induction

INVERTER
\ motor
\N/
. @,
Sine PWM 7 l -
F” lst,a a
9; Current | af i
abc i model abc| i,
dq st,f3
u u, !
q E R pry W N PP
L] \/% L] 1 dq
rt
— — 0y ||
PI q PI rof i
l @, d “q

Figure 2: FOC scheme based on CM for rotor flux estimation.

where T' denotes the total evaluation time of
each simulation scenario.

IAE, ITAE, ISE, and ITSE capture both tran-
sient and steady-state performance, with time-
weighted terms that emphasize long-lasting er-
rors. These indices are used to assess accumu-
lated error, long-duration deviation, large tran-
sient peaks, and sustained oscillatory errors, re-
spectively. Simulations are conducted under
varying R and R,.; resistances.

The angular speed deviation is defined as:

Awp, (t) = wrep(t) — wm(t) (21)

where wyey is the reference angular speed

(rad/s).

3. Simulation and results

The simulation study was conducted using the
induction motor parameters summarized in Ta-
ble 1. The selected motor nameplate data are
inherited from a previous study [27], thereby
maintaining consistency with earlier research

(© 2026 Journal of Advanced Engineering and Computation (JAEC)

conditions. This also provides a common bench-
mark for future comparison of rotor flux estima-
tion methods under parameter variations.

Table 1: Catalog of the Induction Motor.

Parameter Value Unit
Rated power P, 2.2 kW
Rated frequency f, 50 Hz
Rated speed n,qted 1420 rpm

Stator/Rotor  resis-

tance Rgt/ Ryt

Stator/Rotor induc-
tance Lg; /L

3.179/2.118 Q

0.209/0.209 H

Magnetizing induc- 0.192 H
tance Ly
3.1. Scenario 1: Low-Speed

Operation (200 rpm)

The goal of this scenario is to analyze the
effectiveness of the VM and CM at low speeds.
Figures 3 — 7 illustrate the dynamic performance
of the drive system under low-speed operation
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with a step increase of 30% in both stator and
rotor resistances at t = 2 s.

The simulation scenario assumes that the sta-
tor and rotor resistances simultaneously increase
by 30% at the 2nd second (Figure 3). Figure 4
shows the motor’s speed response tracking the
reference speed. Before the stator and rotor
resistances change, the system operates stably
with good output speed quality. However, as
the resistance increases, the motor speed in the
VM case fluctuates more significantly than in
the CM case. The deviation of motor speed is
more clearly shown in Figure 5. In addition,
the current in the dq coordinate system is also
affected if the magnetic flux is not calculated ac-
curately (Figure 6). Because, according to the
Park transformation, the formula in this trans-
formation includes the rotor flux angle, this will
directly affect the accuracy of the current in the
rotational coordinate system. Figure 7 directly
represents the magnitude and angle of the rotor
flux (in radians). In general, in low-speed oper-
ation mode, FOC control using a voltage model
has weaker response performance than a current
model when both stator and rotor resistances
change simultaneously.

The sensitivity of the voltage model to sta-
tor resistance mismatch can be interpreted di-
rectly from its flux estimation equation. If the
resistance used in the estimator is Rst, while the
actual resistance is Ry, the resulting resistance
error is expressed as:

A]%st = Rst - Rst (22)

The error introduces an additional voltage er-
ror term —ARg iy into the integrator. There-
fore, the induced flux estimation error can be
approximated as:

AFY ~ — / ARgig dt (23)

Under sinusoidal steady-state operation, the
magnitude of this error is approximately pro-
portional to:

‘AFV x |ARst| |ist|
rt
w

S

(24)
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where wg is the synchronous angular speed
(rad/s). This relationship indicates that the
voltage model sensitivity increases as the sta-
tor frequency decreases. Consequently, at low
speed, where the back-EMF is small and the
resistive voltage drop becomes relatively dom-
inant, even a moderate error in R can cause
significant deviation in both rotor flux magni-
tude and angle.

4.5
S 4 1
S R
§ 35| — flst|]
Z — R,
51
~ 3r
S
8
25 /
n

2 1 1 1
0 1 2 3 4
Time (s)
Figure 3: The simulation results of scenario 1: Resis-
tance variation.

300
B
g: 200
3 205 ” == My
& 100 200~ RAAA i — VM

-=-n,—-CM
195
2 2.5
0 1 1 1
0 1 2 3 4
Time (s)

Figure 4: The simulation results of scenario 1: Speed
responses.

VM
CM

— Awpy, —
- - Aw,y, —

Speed deviation (rad/s)

Time (s)

Figure 5: The simulation results of scenario 1: Speed
deviations.
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Figure 6: The simulation results of scenario 1: Cur-
rents in dq frame.
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Figure 7: The simulation results of scenario 1: Magni-
tude & angle of rotor flux.

3.2.  Scenario 2: Medium-Speed

Operation (500 rpm)

Figures 8 — 12 present the simulation results of
the drive system under medium-speed operation
at 500 rpm, with a 30% increase in stator and
rotor resistances applied at t = 2 s. As depicted
in Figure 8, both resistances change abruptly to
emulate the thermal drift that may occur during
practical operation.

For medium-speed operation, the motor speed
using the VM and the CM did not differ signif-
icantly from scenario 1 (Figure 9). At t = 2 s,
when the resistances (Rg; and R,;) changed
(Figure 8), the motor speed using the voltage
model dropped to approximately 499 rpm, while
the current model showed less fluctuation. It can
be seen that the FOC drive system using the
voltage model to calculate the rotor flux and
flux angle still showed a weaker response than
the case using the current model. The speed de-
viation at medium speed was more stable than
at low speed (Figure 10).

(© 2026 Journal of Advanced Engineering and Computation (JAEC)

The current components in the rotating ref-
erence frame are shown in Figure 11. Before
changing the resistance, the iq and 7, responses
of both models were almost identical. After in-
creasing R and R, only small fluctuations in
control were observed based on the voltage and
current models. This confirms that both meth-
ods can maintain acceptable current regulation
at this operating point, although the current
model still offers slightly better stability. Fig-
ure 12 has two vertical axes: the left vertical
axis represents the magnitude of the rotor flux,
and the right vertical axis represents the angle
of the rotor flux (from —m to ).

>
wn

IS

= th
— Ry

w
w

w
T

Stator Resistance (£2)

|38
W

2 3 4
Time (s)

38}

(=}

Figure 8: The simulation results of scenario 2: Resis-
tance variation.
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'E 400 /
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0 | .
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Figure 9: The simulation results of scenario 2: Speed
responses.

3.3. Scenario 3: High-Speed

Operation (900 rpm)

As illustrated in Figure 13, the change in re-
sistance is identical to that in the previous sce-
narios, allowing consistent comparisons across
different operating points. The speed response
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Figure 10: The simulation results of scenario 2: Speed
deviations.
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Figure 11: The simulation results of scenario 2: Cur-
rents in dq frame.
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Figure 12: The simulation results of scenario 2: Mag-
nitude & angle of rotor flux.

shown in Figure 14 indicates that both the volt-
age and current models achieve nearly iden-
tical performance. The transient response at

= 2s shows a small overshoot. This obser-
vation is further confirmed in Figure 15, where
the speed deviation remains extremely small af-
ter t = 2s for both methods. The difference
between the two estimation methods becomes
negligible, with only slight high-frequency oscil-
lations appearing in the voltage model. These
oscillations have very low amplitudes and do
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not significantly affect the overall performance.
The current responses in Figure 16 also show a
high degree of similarity between the two mod-
els. Both the ig and i, components are stable be-
fore and after the change in resistance. Figure 17
directly represents the magnitude and angle of
the rotor flux. At high operating speeds, the im-
pact of changes in stator and rotor resistance on
the voltage and current models becomes negli-
gible. Therefore, both estimation methods yield
comparable performance.
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Figure 13: The simulation results of scenario 3: Resis-
tance variation.
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Figure 14: The simulation results of scenario 3: Speed
responses.
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Figure 15: The simulation results of scenario 3: Speed
deviations.
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Figure 16: The simulation results of scenario 3: Cur-
rents in dq frame.
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Figure 17: The simulation results of scenario 3: Mag-
nitude & angle of rotor flux.

3.4. Discussion

Quantitative results provide clearer evidence
of the differences in performance between the
voltage and current models. At 200 rpm, the
voltage model showed significantly larger errors
in all four parameters: TAE = 1.4190, ITAE
= 3.8750, ISE = 1.6310, and ITSE = 4.0490.
In contrast, the corresponding values obtained
with the current model were only TAE = 0.1594,
ITAE = 0.3699, ISE = 0.0403, and ITSE =
0.0904. Thus, at low speeds, the voltage model
error was approximately 10 times greater for
TAE and ITAE, and more than 40 times greater
for ISE and ITSE. This confirms that the voltage
model is strongly affected at low speeds.

As speed increases, the performance of the
voltage model improves significantly. For ex-
ample, the VM-based TAE index decreases from
1.4190 at 200 rpm to 0.4939 at 300 rpm, 0.3158
at 400 rpm, and approximately 0.2696 at 900
rpm (Figure 18). A similar trend is observed
in the ITAE, decreasing from 3.8750 to 0.6339
within the same speed range (Figure 19). The
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squared error indices show an even sharper de-
crease. ISE decreases from 1.6310 to 0.04465
(Figure 20), while ITSE decreases from 4.0490
to 0.09904 (Figure 21).

In comparison, the current model shows a
much smoother variation. Its IAE index ranged
from 0.1594 to 0.2603, and the ITAE index in-
creased gradually from 0.3699 to 0.6161. The
ISE and ITSE values remained almost constant,
mostly in the 0.04-0.09 range. Overall, the
current model provided more stable estimation
quality as resistance varied.
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Figure 18: Quantitative evaluation based on IAE in-
dex.
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Figure 19: Quantitative evaluation based on ITAE in-
dex.

4. Conclusion

This study presents an evaluation analysis
comparing voltage and current models in esti-
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Figure 20: Quantitative evaluation based on ISE index.
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Figure 21: Quantitative evaluation based on ITSE in-
dex.

mating rotor flux in FOC structures. The in-
fluence of stator and rotor resistance on the op-
erating efficiency of the motor drive system is
quantitatively analyzed through the IAE, ITAE,
ISE, and ITSE indices. The results show that
the voltage model is highly sensitive to varia-
tions in machine parameters, especially at low
speeds. This leads to instability of rotor flux
magnitude and angle, thereby causing oscilla-
tions in the motor’s speed response. In addition,
the current model shows slight oscillations when
rotor resistance changes at low speeds, but its
efficiency is still better than that of the voltage
model. As operating speed increases, the effi-
ciency difference between the two methods grad-
ually decreases.

Overall, the current model consistently
achieves better efficiency. These findings con-
firm that the current model is more suitable

150

for applications requiring high accuracy and re-
liability under parameter variations, especially
in low-speed operation. Although the results
clearly compare the voltage and current models
under simultaneous Rg; and R,; variations, this
study is limited to simulation-based validation.
Practical factors such as measurement noise,
sampling delay, inverter dead time, voltage drop,
and discretization errors may further affect flux
magnitude and angle estimation. Therefore, fu-
ture work will focus on real-time and experimen-
tal validation under hardware nonidealities.
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