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Performance improvement of sensorless scalar and vector control for induction motor drives
via an enhanced voltage model

Introduction. Scalar control (SC) and field-oriented control (FOC) are widely used in sensorless induction motor (IM) drives for their
balance of performance and cost. Among estimation techniques, the voltage-model (VM) based model reference adaptive system (MRAS)
is preferred in industry due to its simple structure and low computational load. Problem. Traditional VM-based MRAS schemes are
highly sensitive to parameter uncertainties, especially to variations in stator resistance R, caused by temperature changes. These
variations degrade flux estimation accuracy, leading to significant speed-tracking errors, increased transients, and reduced stability in
both SC and FOC. Goal. This study quantitatively evaluates how the estimation of stator resistance R; and the dependent rotor
resistance R, affects the speed-control performance of sensorless SC and FOC under parameter mismatch. Methodology. An improved
VM-based MRAS is proposed with parallel R, estimation and R, updated via a linear relation to R. Estimator stability and convergence
are proven using Lyapunov theory. The estimator is integrated into SC and FOC and tested in MATLAB/Simulink under identical
conditions, including a sudden 30 % increase in resistance. Speed tracking is quantified using the integral of time-weighted absolute
error (ITAE). Results. Parameter estimation markedly enhances the robustness of both strategies. In sensorless SC, ITAE drops by about
66.2 % (5.512 to 1.863), indicating much lower transient oscillations. In sensorless FOC, ITAE falls by about 54 % (0.7075 to 0.323),
with speed overshoot nearly eliminated (0.031). Scientific novelty. The study provides a unified quantitative comparison of sensorless
SC and FOC using ITAE under identical operating and estimation conditions, revealing different levels of performance recovery with the
proposed dual-resistance adaptation. Practical value. The findings guide the design of more reliable industrial IM drives, showing that
while FOC retains superior dynamics, SC with estimation becomes a robust, cost-effective option for applications with significant
parameter uncertainty. References 31, table 1, figures 13.

Key words: induction motor, sensorless control, scalar control, field-oriented control, model reference adaptive system, stator
resistance estimation.

Bcemyn. Cranapre xepysanns (SC) ma eexmopne kepyeants (FOC) wupoxo 3acmocogyiomvcs 8 6e30amuuKosux eiekmponpueooax 3
acunxpounumu osueynamu (IM) 3as0axu onmumansromy noconanmio eghexkmugrocmi ma sapmocmi. Ceped Menmooie OYiHIo8aHHs a0anmueHa
cucmema 3 emanonnoio mooennio (MRAS) na ocrnosi mooeni nanpyeu (VM) € nowuperoro 6 npomuciogocmi 3a805Ku Hpocmiti CmpyKmypi ma
Husbkum  obuucmosanvium  eumpamam. Ilpoonema. Tpaouyitini cxemu MRAS Ha ocHosi moleni Hanpyeu € SUCOKOUYMAUBUMU OO
HeguHaueHoCmell napamempis, 0cobauso 0o 3min onopy cmamopa (Ry), cnpuuunenux memnepamypruumu enaueamu. Taxi sminu nozipuytoms
MouHicmy OYiHIOBAHHS NOMOKO34eNNeHH, W0 NPU3B00UMsb 00 3HAYHUX HOXUDOK GIOCMEdICeH s WEUOKOCMI, 3pOCMAHHS NepexiOHUx npoyecie
i suuorcennsa cmitikocmi Ak y SC, max i y FOC. Mema. KinvkicHo oyinumu 6nius oyiHIO8aHHsa onopy cmamopa Ry ma nog’sa3ano2o 3 Hum
onopy pomopa R, na xapaxmepucmuku Kepysanns wieuoxicnio 6 bezoamuuxosux cucmemax SC i FOC 3a ymos po3yzeo0oicents napamempis.
Memoouxa. 3anpononosano edockoranery cucmemy MRAS na ocnosi moodeni nanpyeu 3 napanenvhum oyiHosanuam Ry ma onoenennsam R,
3a AiHiUHOW 3anedxcHicmio 8i0 R, Cmitikicmb i 30i4CHICIb OYIHIOBAYA 008E0EHO 3 BUKOPUCMAHHAM meopii JIanynoea. Oyinioeay iHmezpoeano
0o cmpykmyp SC i FOC ma docniosceno 6 cepedosuwji MATLAB/Simulink 3a oonaxosux ymos, 30kpema npu panmogomy 30inbuienti onopy
Ha 30 %. Hxicmb giocmescentss WeUOKOCMI OYIHIOBANACS 30 IHMESPATbHUM Kpumepiem abcomomuoi noxubku, 3eadxcenol 3a yacom (ITAE).
Pesynemamu. Oyinrosanns napamempie cymmego nioguufye podoacmuicmy obox cmpamezii. /[ns 6esoamuuxosoeo SC suauenns ITAE
3meHwunocsa npudausto na 66,2 % (3 5,512 0o 1,863), wo ceiouume npo icmomme 3HUNCEHHs NEPEXIOHUX KOMUBAHb. [[1s1 6e30amyuKo8020
FOC snauenns ITAE snusunocs npubnusno na 54 % (3 0,7075 0o 0,323), npu yvomy nepepeyirosantss weUOKOCmi 6y10 Mauxice NOGHICHIO
yeyneno (0,031). Haykosea nosusna. Y pobomi nasedeno yHigixosane KinvkicHe nopigHamnHsa 0Oeszoamuuxosux cucmem SC i FOC 3a
xkpumepiem ITAE 6 00Haxosux ymogax pobomu ma oyiHiO8AHH, WO 00360IUN0 BUAGUMU PI3HULL DiGeHb GIOHOBNEHHS XAPAKMEPUCIUK NPU
sanponoHosaniti. aoanmayii 0éox onopis. Ipakmuuna 3nauumicmev. Ompumani pesyrbmamu MoKiCymv Oymu GUKOPUCMAHI N0 4ac
NPOEKMY8AHHSA OLTbLU HAOTIIHUX NPOMUCTIOBUX eeKMPONPUB00i8 3 ACUHXpoHHUMU 08ucyramu. Tlokazaro, wo xoua FOC 36epizac nepesazy 3a
Ounamiunumu xapakmepucmuramu, SC 3 oYiHIOBAHHAM NAPAMEMPIE € pOOACHUM | eKOHOMIYHO OOYLTLHUM DILUEHHAM Ol 3CMOCYBAHb 3i
BHAYHOIO HegusHauenicmio napamempis. bion. 31, tadn. 1, puc. 13.

Kniouosi cnosa: acCHHXPOHHHMIA JBHMIYH, 0e31aTUMKOBe KepPYBaHHS, CKAJIsipHe KepyBaHHs, BEKTOPHe KepyBaHHs, alanTHBHA
cHCTeMa 3 eTAJIOHHOI0 MO/IeJITI0, OLiHIOBAHHS OIIOPY cTaTopa.

Introduction. The induction motors (IMs) is widely
used in variable-speed drive systems due to its simple
structure, low production cost, and high operational
reliability [1, 2]. Their favorable efficiency, low acoustic
noise, and limited maintenance requirements have led to
extensive adoption in pumps, compressors, CONveyor
systems, ventilation units, automated production lines, and
various mechatronic applications. To control IM drives,
several strategies are commonly employed, including scalar
control (SC) based on the voltage-frequency (V/f)
relationship [3-8] and field-oriented control (FOC) [9-11].
Among these methods, FOC is particularly suitable for
applications requiring fast dynamic response, as they
decouple torque and flux components through coordinate
transformations, enabling independent regulation of these
variables. Consequently, FOC is generally regarded as the
preferred solution for high-performance IM drives [12-14].

Problems and the relevance. Although modern
control techniques have significantly evolved, SC remains
widely adopted in industrial practice due to its low

implementation cost and structural simplicity. Classical
V/f-based SC schemes maintain an approximately constant
stator flux by preserving a fixed voltage-frequency ratio
[15, 16]. However, it has been well documented that such
an approach exhibits limited capability in handling
dynamic operating conditions, particularly during load
disturbances and rapid speed variations, with performance
degradation becoming more evident in sensorless (SSL)
operation. Comparative investigations indicate that while
closed-loop SC schemes enhance performance relative to
open-loop implementations, they still fall short of vector
control methods in terms of dynamic response and speed
regulation accuracy [17]. This trade-off between
performance and simplicity highlights the need to improve
the operating characteristics of different control strategies,
particularly in SSL configurations.

Review of recent publications on SSL control of
IM drives. SSL control for IM drives is gaining attention
because it reduces hardware costs and improves reliability
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by eliminating mechanical speed sensors [18-20].
Traditional observer-based methods, such as sliding mode
observers, remain widely used for their robustness to noise
and parameter deviations and can provide acceptable speed
estimation under load wvariations, though low-speed
performance and vibration issues persist [21]. Al-based
methods and hybrid observer-machine learning schemes
demonstrate that Al-assisted sensorless IM control with
dual magnetic-field orientation improves speed estimation
accuracy and robustness to parameter variations compared
with traditional approaches [22]. The work [23] shows that
combining an extended Kalman filter (EKF) with a neural
network-based magnetic model significantly enhances
speed estimation and stability in electric drives, offering
useful guidance for sensorless IM systems.

Model reference adaptive systems (MRAS) are
widely used for SSL control because they have moderate
computational complexity and integrate easily into
traditional control structures. They estimate rotor speed
by minimizing the difference between a reference model
and an adaptive model, typically based on a voltage
model (VM) or current model, making them suitable for
real-time industrial use [24, 25]. Sensorless control with
MRAS offers a good trade-off between estimation
accuracy, robustness, and cost compared to more complex
Al-based or EKF methods. However, traditional MRAS is
sensitive to parameter deviations, especially R, variations
at low speed, motivating advanced MRAS designs with
parameter adaptation to improve stability and robustness
under changing operating conditions [26].

The goal of the paper. This study quantitatively
evaluates how the estimation of stator resistance R, and
the dependent rotor resistance R, affects the speed-control
performance of sensorless SC and FOC under parameter
mismatch. An improved VM-based MRAS with parallel
resistance estimation is embedded in both schemes under
identical conditions, using the integral of time-weighted
absolute error (ITAE) index [27] for a unified assessment
of speed tracking accuracy and robustness.

Mathematical model of the IM. In the stationary
(@, p) frame, the dynamic behavior of an IM is described
by voltage and flux-linkage equations, which relate the

stator currents, rotor flux components, and motor
parameters, as described as:
, . dy?
N oS s .
u, =R, +— (1)
A RN dt
s dyy .
0=R,iy + L4 —jows 2
‘//:vv :Lsig +Lmi}§; 3)
) = Lyiy + L,d) s “4)

where i, i’ are the stator and rotor current vectors; u,’,
u,’ are the stator and rotor voltage vectors; y;’, y;’ are the
stator and rotor flux-linkage vectors; R, R, are the stator
and rotor resistances; L,, L,, L,, are the stator, rotor and
magnetizing inductances; , is the electrical angular
speed; T, is the electromagnetic torque.

By combining (1)-(4), the electromagnetic torque 7,
is obtained as:

3 ,
T, =Eme Im{tg,l//f}, (5)

where p is the number of pairs of poles.
SSL control for IM drive. The proposed SSL
employs an improved MRAS scheme for rotor speed

estimation. The observer compares the rotor flux obtained
from the VM-based reference model with that generated by
the adaptive model (AM). The resulting flux error is
processed by an adaptive PI mechanism to update the
estimated quantities. As shown in Fig. 1, the proposed
MRAS structure incorporates parallel estimation of the R,
and rotor time constant (7,) together with the rotor speed.
Compared with conventional VM-based MRAS approaches,
this enhanced structure improves robustness against
parameter variations and changes in operating conditions.
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Fig. 1. Sensorless speed based on improved MRAS using VM

Reference model using VM. In the stationary («, f)
frame, the rotor flux components of the VM are expressed
via the IM voltage equations:
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m
where v, yu, Y yar are the rotor flux components
from VM; R, ,, is the estimated R;.

Based on the rotor flux components in (6), (7), the
rotor flux angle (y,) is computed by:

7, :tan_l M . (8)
' Yvia_vM

Adaptive model and rotor speed estimation. The
rotor flux in the AM is computed from the estimated
speed and stator current dynamics, as follows:

dl//ra AM Lm 1
_ _ L . o
dr 7;fiest Sa Eiesz Via_am _estVrp_AM )
dl/’rﬂ AM Lm
. o~ +a (10
dr Ty e sp T e Yip_am riest'//raiAM( )

The estimated rotor speed is obtained via an
adaptive PI mechanism:

o =WYra AMYrp VM ~Yra vM¥rp am > (11)
r_est = Kpa)gw +Kiwjgwdt 5 (12)

where v, am» Wip am are the rotor flux components from

.

AM; T. ; 1s the estimated rotor time constant; &, is the flux
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error function used as the adaptation signal; @. . is the

estimated rotor speed; K., Kj, are the proportional and
integral gains of the adaptive PI controller.

Parameter identification for the improved
structure. In SSL systems for IM drives, the precision of the
estimated rotor speed is highly dependent on the stability and
accuracy of the motor parameters. To overcome inaccuracies
caused by parameter variations during operation, this study
performs parallel estimation of the R, and 7, to ensure the
convergence and reliability of the improved MRAS.

Variations in R; directly affect the accuracy of the
rotor flux calculated in the VM through (6), (7).
Therefore, R; estimation is performed in parallel with the
speed estimation process to account for these changes. A
PI controller is used to estimate the stator resistance as:

ER :isa(‘//ra_VM_‘//ra_AM)+isﬁ(l///~ﬁ_VM —l//rﬁ_AM)2 (13)
Rs_est :KpRgR +KiRIngtn (14)

where Kz, K;z denote the PI controller parameters for R;
estimation, respectively.

The rotor time constant is a core parameter in the
AM, as seen in (9), (10). However, 7, cannot be directly
measured and is difficult for standard observers to
identify independently. To address this limitation, this
research uses a method, in which R, is linearly adjusted
relative to the estimated R;:

Rs _est

Rr_est = R R, -

7

(15)

Under the assumption that the ratio L,/R, remains
weakly affected by temperature variations relative to R,, 7,
can be treated as quasiconstant during the estimation process:

T L. (16)

r_est —
B Rriest

Stability analysis of the estimation observer using
Lyapunov theory. To guarantee bounded estimation
errors and convergence of the adaptive scheme to the true
values, the stability of the proposed MRAS observer is
analyzed via Lyapunov stability theory [28, 29].

Let the state error vector be defined as

e=¥, oy, yu- We define the parameter estimation

errors as Aw. =@, —@, o5 and ARg=R;—R

s _est*

To ensure the simultaneous stability of the flux
observer and the parameter estimators, a quadratic
Lyapunov candidate function ¥V is defined as:

1 1 1
V=—ele+—(do, P +——(4R,)*, (17
2 24 24,
where 4, 4, are the positive constants representing the
adaptation gains. The function V is positive definite (V>0)
for all non-zero errors and equals zero only when the
estimated states and parameters match the actual values.

The time derivative of the Lyapunov function is
given by:

1 do 1 dRy
d—VZSTE——Aa)}, r_est ——ARS s_est (18)
dt d 4 dt Ay de

with 4, 1, are the positive constants that ensure the
positive definiteness of V.

Based on the error dynamics of the improved MRAS

derived from (11)-(14), the term &'(dg/df) contains

components related to the parameter mismatches. To
ensure asymptotic stability dF/ds, the adaptation
mechanisms must be chosen to cancel out the indefinite
terms in the derivative.

By equating the parameter update rates to the error
driving terms, we derive the following adaptation laws:

For rotor speed in (12): the adaptation law
minimizes the cross-product of the flux error, which
corresponds to the torque error component. This satisfies
the condition for minimizing the Aw, term in the
Lyapunov derivative.

For Ry in (14): the adaptation law is proportional to
the dot-product of the stator current and the flux error,
representing the resistive voltage drop error.

The PI controllers are employed for both the speed
estimator and the R; estimator [30]. For the speed
estimation loop, a parallel PI structure is adopted with
gains K,,~150, K;,=1500. For the R, estimation loop, a
parallel PI controller with gains K,z=3.6, Kjz=12 is
implemented. These gains are tuned to achieve smooth
tracking of the R, while minimizing its interaction with
the speed estimation loop.

Improved closed-loop SC. The main principle of
the closed-loop SC method is to use an estimated speed
technique to calculate slip compensation [31]. Figure 2
shows the control structure of the closed-loop SC with
slip compensation using improved MRAS.
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Fig. 2. Block diagram of the SC using SSL

In this structure, the y, in (8) is used to compute the
slip frequency, which is fed back to correct the
commanded synchronous frequency, thereby improving
speed regulation and transient performance. The
synchronous speed of the rotor flux w; is determined by
differentiating y, and the slip frequency wy is defined as:

oy =dy,/dt; (19)
Wy = (a)s WO eyt ) p- (20)

Improved FOC control. FOC is a widely adopted
vector control technique for IM drives requiring fast
dynamic response. By orienting the rotating reference
frame along the rotor flux, the stator current vector is
separated into orthogonal components associated with
flux production and torque generation, enabling
independent control of these quantities.

Reliable FOC operation depends on accurate
information about the y, and rotor speed. To eliminate
mechanical sensors, an improved FOC structure based on
SSL is employed [10, 11]. The overall configuration of
FOC using improved MRAS is illustrated in Fig. 3.
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Fig. 3. Block diagram of the IM drive using SSL

Performance evaluation criteria. The performance
of each control scheme is evaluated using the ITAE index
[7, 27]. By weighting the tracking error with time, the
ITAE criterion effectively reflects prolonged deviations
between the actual and reference signals. The index is
calculated over a 5 s interval as:

ImaE=|! t‘(a)m o, ]dz : @1

where w,, a)m* are the real and reference mechanical
angular speeds of the IM, respectively.

Simulation results. To validate the proposed
MRAS-based SSL scheme with integrated R; and R,
estimation, an IM drive was simulated under SC and
FOC. The goal was to assess how resistance estimation
affects speed control performance for both strategies
under identical conditions.

In all simulations, the reference speed increased
linearly from 0 to 710 rpm at 0.5 s, with a constant 1 N-m
load torque applied from startup. Two cases are
considered to assess the impact of R, and R, estimation:

Case 1: No R, and R, estimation.

Case 2: Estimation of both R, and R,.

The IM parameters are as follows: p = 2; rated speed
1420 rpm; R, = 3.179 Q; R, = 2.118 Q; L, = 0.209 H;
L,=0.209H; L, =0.192 H.

A. Sensorless SC. In the sensorless SC scheme
without resistance adaptation, the controller uses fixed
nominal R, and R, while the actual motor parameters vary.
As shown in Fig. 4, the deviation between nominal and
actual resistances increases over time, distorting the torque-
speed relationship and causing oscillatory transients and
poorer tracking, as seen in the rotor speed response in Fig. 5.
This demonstrates that sensorless SC is highly sensitive to
parameter variations without estimation.
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’ = = R e R
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Fig. 4. Actual and nominal R/R, under SC without resistance
estimation
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Fig. 5. Rotor speed response under sensorless SC without R/R,
estimation (reference, real and estimated)

With the proposed resistance estimation, the estimated
R, and R, closely match their actual values (Fig. 6). The
estimation errors converge quickly and remain bounded
(Fig. 7). The improved parameter accuracy yields a much
smoother rotor speed response with reduced oscillations
and better tracking (Fig. 8). The performance indices in
Table 1 confirm that the estimation scheme significantly
improves the transient response and robustness of
sensorless SC under varying operating conditions.

4 E Q T P
2 .
— Rs R:;St
09 i 2 3 4 fs 5
R, Q ] -
2
— e B¢ —_— Rest ]
e
09 1 2 3 i &s 5
Fig. 6 Actual and estimated R/R, under sensorless SC
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Fig. 8. Rotor speed response under sensorless SC with R/R,
estimation (reference, real and estimated)

B. Sensorless FOC. In sensorless FOC without
resistance estimation, the R, and R, in the controller and
MRAS observer are kept constant, while the actual R;
increases during operation (Fig. 9). This mismatch
degrades rotor flux and adaptive speed estimation, causing
the rotor speed response in Fig. 10 to show large transients
and poor tracking, highlighting the sensitivity of sensorless
FOC to resistance mismatches without adaptation.
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Fig. 9. Actual and nominal R/R, under parameter variation
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Fig. 10. Rotor speed response without Ry/R, estimation
(reference, real and estimated)

With the proposed MRAS-based resistance estimation
enabled, R, and R, are accurately identified (Fig. 11). The
estimation errors converge rapidly (Fig. 12). This improved
parameter estimation yields more accurate flux and speed
estimates, producing a smooth rotor speed response with
minimal oscillations (Fig. 13).

4 RsaQ I
2 -
- — Ry ——— R%!
% 1 ‘ 3 4 is 5
R, Q ‘
2 4
1 — — Rr Rnst 7
0 [ 1 1 1 1 i
0 1 2 3 4 s 5
Fig. 11. Actual and estimated Ry/R, with MRAS-based
estimation
om0 . ; : ;
€R,
0
) 1 2 3 i is 5
| o ; : : .
€R,
0
1o 1 2 3 4 s 3
Fig. 12. Estimation errors of R/R,
800 (i ‘ : :
’ | | —
J 711 \ ]
709 ——— |
1.5 2 3 35 4
=Tl —m—— gy ——n§he |
i 2 3 i s s

Fig. 13. Rotor speed response with Ry/R, resistance estimation
(reference, real and estimated)

The quantitative results in Table 1 show reduced
cumulative tracking error and transient deviations,

confirming the method’s effectiveness in enhancing the
dynamic behavior and robustness of sensorless FOC.

C. Quantitative performance comparison. Table 1
summarizes the speed performance of sensorless SC and
FOC with and without resistance estimation. For both
methods, ignoring resistance variations severely degrades
performance under parameter uncertainties, whereas the
proposed estimation consistently improves tracking and
reduces transients. Sensorless FOC still outperforms SC
dynamically due to its decoupled structure. Still, both benefit
markedly from the MRAS-based resistance estimation,
which mitigates parameter mismatch and improves the
reliability of sensorless IM drives under variable conditions.

Table 1
Speed performance comparison under SC and FOC
Control R/R, Speed Speed Performance
strategy | estimation | ITAE | overshoot assessment
No 5512 | 7895 |Large oscillations,
SC low robustness
Yes 1.863 0.0196 B.etter tracking,
higher robustness
No 0.7075 | 0.2987 |LArge transient
deviation
FOC d ic
Yes 0.3230 | 0.0310 [>Mooth response,
high robustness

Conclusion. This paper examined how estimation of
R, and R, resistances affects sensorless IM drives using
SC and FOC. An improved MRAS-based scheme with
parallel resistance updates was proposed to reduce
parameter mismatch effects.

Without estimation, both strategies degraded under
resistance variations. In sensorless SC, the mismatch
caused significant tracking errors (ITAE 5.512) and high
overshoot (7.895). With estimation enabled, ITAE fell to
1.863 and overshoot to 0.0196, significantly improving
steady-state and transient performance.

In sensorless FOC, baseline performance was better
(ITAE 0.7075), but resistance changes still induced
transient deviations (overshoot 0.2987). Estimation
reduced the overshoot to 0.0310 and the ITAE to 0.3230,
further enhancing the dynamics.

Thus, although FOC remains dynamically superior,
both strategies gain substantially from the proposed
MRAS-based resistance estimation, with SC significantly
narrowing the gap. Resistance estimation is therefore
crucial for robustness, reduced transients, and reliable
sensorless IM operation under parameter uncertainties.

The results demonstrate the performance gains of the
proposed estimator and provide practical guidance for a
robust, cost-effective solution under parameter uncertainty.

In the future, it is necessary to conduct real IM
drives experimental studies of examined how estimation
of R, and R, resistances affects sensorless IM drives using
SC and FOC based on proposed an improved MRAS-
based scheme with parallel resistance updates to reduce
parameter mismatch effects.
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