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Improved speed sensorless control for induction motor drives using rotor flux angle estimation

Introduction. In the typical field-oriented control (FOC) method, the variation of machine resistance is not considered when calculating the
rotor flux angle. This omission affects the accuracy of the control method during motor operation, leading to potential performance
degradation. Problem. Neglecting stator resistance variations in the voltage model-based FOC technique can cause rotor flux angle
estimation deviation. This inaccuracy impacts motor speed control, especially under varying operating conditions where resistance changes
due to temperature fluctuations. Goal. This paper aims to improve the accuracy of rotor flux angle estimation in the voltage model-based
FOC technique by incorporating a real-time stator resistance estimation process. Methodology. The proposed research integrates a model
reference adaptive system to estimate the stator resistance and replaces the rated resistance value in the rotor flux angle calculation
algorithm of the FOC technique. The effectiveness of the method is evaluated by using MATLAB/Simulink simulations, where the estimated
resistance value is compared with the actual resistance value, and the motor speed control performance is analyzed. Simulation results
demonstrate that the proposed method significantly enhances the accuracy of rotor flux angle estimation by adapting to changes in stator
resistance. This improvement ensures better motor speed control performance, reducing deviations between the actual and reference speeds
under different operating conditions. Scientific novelty of this research lies in integrating real-time stator resistance estimation into the rotor
flux angle calculation process of the voltage model-based FOC technique, addressing a key limitation in typical FOC approaches. Practical
value. By improving the accuracy of rotor flux angle estimation, the proposed method enhances the stability and efficiency of motor speed
control. This ensures better performance in industrial applications where precise motor control is essential under varying operating
conditions. References 27, figures 11.
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Bcemyn. Y munosomy memooi ynpaeninnsa 3 opicnmayiero no nomo (FOC) smina onopy mawunu ne 6paxogycmucs nio 4ac po3paxyHky Kyma
nomoxy pomopa. Lletl HeOoniK 6NIUBAE HA TMOUHICbL MEMOOY KepY8aHHs ni0 4ac pobdomu 08USYHA, WO NPU3B00Ums 00 NOMEHYIIHO20
3HUdICeHHA npodykmuenocmi. IIpodnema. Hexmysanns sminamu onopy cmamopa y memoodi FOC Ha ocHosi moodeni Hanpyeu modice
npuzeecmu 00 IOXUNEHHs OYIHKU Kyma nomokKy pomopa. L{s nemounicme eniusac na Kepy8anHs weUOKicmio 08U2yHa, 0COOIUBO 8 YMOBAX
excnayamayii, Konu onip 3MiHIOEMbCs Yepe3 KoausanHs memnepamypu. Memoto oanoi pobomu € niosuwyeHHs moyHocmi oYiHKu Kyma
nomoky pomopa ¢ memooi FOC na ocHosi mooeni nanpyeu WIsAXOM 6KIIOUEHHS. NpoYecy OYiHKU ONopy CMAamopa 6 peaibHOMY Ydci.
Memoouka. Ilpononosane 00cniodcens inmespye adanmushy CUCeMy 3 emanoHHOI0 MOOeNIO O OYiHKU ONOpY CMAmopa ma 3amiHIoe
HOMIHATIbHE 3HAYEHHS ONOPY 6 ANROPUMMI PO3PAXYHKY Kyma nomoky pomopa memooom FOC. Edexmusnicms memody oyinoemvca 3a
donomoeoro mooemosantsi MATLAB/Simulink, 0e pospaxynkoge 3nauents onopy nopieHIocmocs 3 (hakmusHumM 3HA4EHHSIM ONOpY, a NOMIM
ananizyeEmvCsl Xapakmepucmuka Kepysanus weuoxicmio osuzyna. Pezynemamu mooenioganns nokasyioms, wjo 3anponoHo8aHuil Memoo
3HAUHO NIOBUWLYE MOYHICIb OYIHKU KYIMA NOMOKY POMOpa 3a paxyHoKk adanmayii 3min onopy cmamopa. Lle noxpawenns 3abesneyye dinbut
epexmusHe YNpasninHa WEUOKICIIO OBUSYHA, 3MEHULYIOUU BIOXUIEHHS MIJIC (PAKMUYHOK MA 3A0aHON WEUOKOCHSAMU Y DISHUX POOOUUX
ymosax. Haykoea nosusna oanozo 0ocuiodicennss nonazac 8 inmezpayii oyinku onopy cmamopa 8 peaibHoOMy Haci 8 npoyec PO3PAxyHKY
Kyma nomoky pomopa memoodom FOC na ocHosi Mooeni Hanpyau, wo ycyeae Kmouose obmecents: munosux nioxoodie FOC. Ipakmuuna
sHauumicms. [liosuwyouu moyHicms OYiHKU Kyma HOMOKY pOmopa, 3anponoHO8anutl Memoo niosuwye cmabilbHicmb ma eqekmueHiCmb
ynpasninna wieuokicmio osucyna. Lle 3abesneuye Oinbut UCOKY npOOYKMUGHICMb Y NPOMUCTOBUX 3ACINOCYBAHHAX, O€ MOYHICIMb YNPAGTIHHS
08uzyHOM HeobXiOHa 6 3MiHHUX pobouux ymosax. biomn. 27, puc.11.

Knrouoei cnosa: NpuBOA ACHHXPOHHOTO IBHTYHA, I10J1€0PiEHTOBAHE YNIPABJIiHHSA, TANTHBHA CHCTEMA eTAJIOHHOI MO/IeJIi, omip cTaTopa.

Introduction. The rotor flux angle is a crucial factor
in the functioning and vector control methods of induction
motors (IMs). It indicates the alignment of the rotor’s
magnetic field concerning the stator’s magnetic field, and
precise estimation of this angle is vital for achieving peak
motor performance. Within the IM model, the rotor flux
angle is integral in separating torque and flux control,
enabling accurate and independent tuning of torque and
flux during motor operation [1-5].

Problems and the relevance. The field-oriented
control (FOC) method [6-9] is a widely used approach for
determining the rotor flux angle. However, this method’s
control strategy relies heavily on the machine parameters,
particularly the stator resistance. Furthermore, variations
in stator resistance are not accounted for when computing
the rotor flux angle, thereby impacting the precision of the
control method during operation.

Review of recent publications about rotor flux
estimation. Model reference adaptive systems (MRAS)
have been extensively developed to calculate the rotor flux
and its angle in IMs [10-13]. Two elementary models are
utilized in the MRAS method: the current model (CM, the
adaptive model) and the voltage model (VM, the reference
model). The CM, sensitive to rotor resistance parameters

[14, 15], relies on the stator current signal and rotor speed to
ascertain the rotor flux angle. Conversely, the VM, which
depends on the stator resistance parameter [16, 17], uses both
voltage and current signals to estimate rotor flux. A
significant challenge in MRAS modeling is the variation in
stator resistance due to temperature fluctuations, which can
impact motor precision. As the stator winding temperature
changes, the resistance alters, necessitating an adaptive
approach to estimate this parameter accurately. These
adaptive mechanisms bolster the resilience of MRAS
models, mainly during low-speed functions where the
precise determination of stator resistance is vital for
sustaining performance [18, 19]. When the stator resistance
is not accurately estimated, it leads to errors in the calculated
stator flux, affecting the torque output and stability of the
motor drive [20]. The authors [21] considered a rotor flux
estimator based on the MRAS model, which also depends on
the stator resistance (R) of the motor, and found that the
estimated R, value is susceptible to changes in IM
parameters. This estimated R; serves as an input to the speed
estimator. The relationship between temperature-induced
resistance changes and control accuracy is further supported
by the findings in [22, 23], highlighting the challenges in
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maintaining accurate rotor speed and flux estimates in the
face of R, drift. The estimated R, is considered a solution to
improve the reliability of the flux estimate.

The goal of the paper. This study introduces an
enhanced rotor flux-based model reference adaptive
system (RF-MRAS) to estimate the rotor flux and
determine the R, of the IM. This estimated resistance is
then used to update the R; in the rotor flux angle
calculation within the FOC technique, which traditionally
overlooks variations in R, [24, 25]. The proposed
approach enhances the precision of rotor flux angle
estimation, accommodating changes in stator resistance
during motor speed regulation and ensuring alignment
between the actual and target speeds across various
operational scenarios. Furthermore, simulation results
have confirmed the validity of this analysis.

Mathematical models for IMs within the [a/f]
coordinate framework. The connection between the
electrical parameters of an IM is influenced by several
nonlinear factors [26]. These parameters include the stator
current, flux linkage, and voltage. To study the dynamic
performance of the IM, a mathematical model is formulated
within the static coordinate framework [a/f#]. This model
illustrates the interaction between the voltage, current, and
flux linkage of both the stator and rotor. The primary
mathematical equations defining the IM system are:
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where u,’ is the stator voltage vector; iy is the stator
current vector; ;' is the rotor flux vector; T, = L,/R, is the
time rotor constant; R,, R, are the stator and rotor
resistances; L,, L,, L, are the stator, rotor and mutual
inductances; w, is the rotor angular velocity.

A. Apply the typical VM to calculate rotor flux in
the FOC technique corresponding to speed sensorless
control. A speed sensorless induction motor drive (IMD)
using the FOC technique consists of voltage/current
sensors [27] integrated into the converter. The IMD
consists of key components: the IM for converting
electrical into mechanical energy, with rotor flux
dynamics crucial for speed control; the application-
dependent load; the inverter power supply, a 3-phase
voltage source inverter for AC voltage and frequency to
manage speed and torque; and the sensing system for
indirect speed estimation. The FOC controller separates
torque and flux components of stator current for
independent motor control, regulated by a PI controller. A
new rotor flux controller estimates rotor flux. Figure 1
shows these components’ interconnection.

Rotor flux calculation in IM is essential to control
strategies, especially in sensorless applications. Rotor flux
using a VM is advantageous because it does not depend on
rotor parameters. The block diagram for estimating rotor
flux vector components using the VM is depicted in Fig. 2.

Equation (2) describes the rotor flux estimation:

d
dr
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with a = (LSL, -1, )/Lm,

where om0, Wip are the rotor flux components in the
VM on the coordinate axis [a/f].
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B. Sensorless technique based on RF-MRAS.
Figure 3 shows the rotor flux-based speed observer in the
improved RF-MRAS model for speed estimation.
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Fig. 3. Block diagram of the speed estimation using RF-MRAS

This improved model consists of the reference
model (VM), represented in (2), and the adaptive model
(CM), based on the relationship between the stator
current, the rotor flux, and the rotor speed represented in
(3), together with an adaptive mechanism to minimize the
error between the 2 models, as shown in (4, 5):
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where W, Wimcn are the rotor flux components in
CM on the coordinate axis [a/f].
Equation (4) shows the discrepancy, termed as the
error, between the outputs of the 2 estimators:
ErP-MRAS = Wratomy Weprmy — WopC My Vearnsy (4)
The RF-MRAS technique estimates speed via the PI
controller:

Or _est = KP .waF—MRAS + Ki,[ggwRF—MRAS dr, (5)

where K, K; are the gain constants for the proportional
and integral components, respectively.

C. Stator resistance estimation using RF-MRAS.
During motor operation, temperature increases affect the
stator resistance, altering the R, parameter of (2) in section
A of the VM and causing rotor flux estimation errors. This
research proposes a method to estimate R, integrated with
speed estimation. Figure 4 illustrates the fundamental block
diagram of the R estimator based on RF-MRAS, which
includes a reference function f (i, u,’, R, .) and an
adaptive function f'(i;’, @, .y). The PI controller processes
the deviation between them. The output, R, ., adjusts to
minimize the error.

The parameter R, ., is expected to enhance the
precision of the rotor flux estimation approach, which
depends on the RF-MRAS model. The PI stage determines
the R, value:
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Fig. 4. Block diagram of the estimating stator resistance using
RF-MRAS

Simulation results. The performance of the
improved method is assessed through simulations of the
IMD. The parameters for IM are: pole pairs — 2; rated
speed — 1420 rpm; R, =3.179 Q; R, =2.118 Q; L,=0.209 H;
L,=0209H; L, =0.192 H.

The sensitivity to changes in motor parameters was
tested at a low-speed reference speed value increasing from
0 rpm to 300 rpm at 0.5 s. The motor was operated at a load
of 14.8 N'm after 1 s (full load). Two cases considered the
influence of the stator resistance on the VM-based flux
estimator. The stator resistance was assumed to be
unchanged and increased by 20 % from the nominal value,
while the other parameters remained the same.

The 1st case simulated the operation of the IMD
corresponding to the improved FOC method with rotor flux
based on the VM. Figure 5 shows the performance of the
motor when R, is constant, showing the reference speed
and the motor’s actual speed; the control system
maintained the motor speed closely following the reference

value in a stable manner despite small overshoots during
starting and at maximum load. The stator current stabilizes
quickly after speed and load changes, with a slight initial
spike when the speed changes, indicating that the system
responds quickly and sensitively. Figures 6, 7 show that the
components of the rotor flux vector components in [a/f]
from the CM also remain accurate and well maintained,
ensuring efficient operation of the system.
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In the 2nd case, when the stator resistance increases by
20 % from the nominal value at 1.3 s, this change affects the
rotor flux and rotor speed in the RF-MRAS technique.
Although the initial change in R leads to a deviation
between the reference value and the estimated value, the
estimator has shown good adaptability, accurately adjusting
to the change in R,. The simulation results show (Fig. 8) that
the difference between the actual and estimated stator
resistance is negligible. The rotor flux and stator current
vectors remain stable (Fig. 9, 10). Although the estimated
speed in Fig. 11 still closely follows the actual speed and is
very close to the reference speed, ensuring high accuracy in
both the transient and steady-state responses.
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Fig. 8. Actual/estimated and error between stator resistance
using RF-MRAS
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The improved FOC system works well in both cases,
ensuring accurate speed and fast response. When R
changes, the system takes some time to adjust but still
provides the accuracy of the speed estimate. The
difference between the actual R, and the estimated R, is
negligible, proving the stability of the estimator.

Conclusions. The proposed method focuses on
accurately estimating the R; to improve the accuracy of
estimated speed in sensorless control systems and aims at a
more comprehensive approach. Specifically, the method
improves the accuracy of the rotor flux angle, which is the
core element of FOC in motor speed control. Since the
rotor flux angle plays an important role in ensuring the
separation of torque and flux control, any deviation in this
value due to the change in R, can cause deterioration in the
control performance. Therefore, optimizing both the
estimation of R; and the flux angle will significantly
improve the accuracy and stability of the vector control
system, not only under normal operating conditions but
also when R, changes significantly due to the influence of
temperature or other environmental factors. The simulation
results show that the proposed method can adapt to the
change in R, ensuring that both the rotor speed and the flux
angle are accurately estimated, thus improving the
performance of sensor and sensorless control systems.
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