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ABSTRACT

This research addresses the degradation of speed estimation accuracy in speed-sensorless
induction motor drives that arises from temperature-dependent variations of stator and rotor
resistances. These parameter changes significantly affect the Rotor Flux-Based Model Reference
Adaptive System (RF-MRAS) observer, leading to reduced robustness and unstable operation
under dynamic conditions. To mitigate this issue, an enhanced Field-Oriented Control (FOC)
scheme is proposed, integrating an adaptive RF-MRAS observer with an online estimation
mechanism for the stator resistance and a proportional inference approach for the rotor
resistance. A complete induction motor model is formulated in the stationary o-f reference frame
and subsequently transformed into the rotating d-q frame to facilitate the implementation of the
vector control strategy. Simulation studies, conducted under both sudden step changes and
gradual ramp variations of the motor resistances, verify that the proposed method significantly
improves speed estimation accuracy and enhances overall system stability. Owing to its simple
structure and low computational burden, the proposed approach is suitable for real-time
embedded applications in modern sensorless motor drive systems.
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1. INTRODUCTION

Induction Motor (IM) drives continue to dominate in industrial and transportation applications
due to their robustness, simplicity, and cost-effectiveness [1]. To achieve high performance
comparable to DC and permanent magnet drives, the Field-Oriented Control (FOC) strategy is
widely adopted, as it enables decoupled control of torque and flux in a rotating reference frame,
thereby ensuring fast dynamic response and accurate steady-state regulation [2, 3].

In recent years, attention has increasingly turned to speed sensorless control of IM drives to
eliminate mechanical speed sensors, which add cost, complexity, and reduced reliability [4, 5].
Among various estimation techniques, the study [6] proposed a method that uses a basic Phase-
Locked Loop (PLL) combined with a simple machine model to reconstruct the Back-EMF and
estimate rotor position and speed without a physical sensor. Besides, the model reference adaptive
system (MRAS) has been one of the most popular solutions due to its simple structure, low
computational burden, and good dynamic performance [7, 8]. For example, the research [9]
reformulates the Reactive Power-Based MRAS (Q-MRAS) to ensure stability across all four
quadrants of operation, while remaining independent of stator resistance and free of differentiation
and integration operations. Another publication on controlling speed sensorless proposes an
improved rotor flux estimation method for the Torque Model Reference Adaptive System
(TMRAS) [10].

However, traditional MRAS estimators rely on the accuracy of machine parameters,
particularly the stator resistance (Rs) and rotor resistance (R;), which are sensitive to temperature
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variations. When the squirrel-cage rotor motor operates under load or at high temperatures, the
thermal increase in the stator winding and rotor bars results in significant changes in R and R..
These parameter variations result in errors in rotor flux estimation, consequently deteriorating the
accuracy of the estimated rotor speed and the stability of the overall sensorless drive [11]. Several
studies have attempted to mitigate this problem. An application of the Current-Based MRAS (CB-
MRAS) model for speed sensorless control [12] integrates a stator resistance estimation block that
operates under varying operating conditions. Similar to paper [12], the authors in [13] also
developed a CB-MRAS scheme to estimate R, in real time. Although these methods improve
accuracy, they often increase algorithmic complexity or require additional signal processing
hardware. Moreover, these studies do not account for variation in rotor resistance.

More recently, hybrid adaptive observers and intelligent algorithms such as fuzzy logic, neural
networks, and particle swarm optimization (PSO) have been introduced to estimate speed or
compensate for parameter variations in sensorless IM drives [14-16]. Despite their promising
results, these approaches often require substantial computational resources and are difficult to
implement on embedded systems. Hence, there is still a need for a simple, robust, and
computationally efficient solution that can maintain accurate estimation performance under
thermal parameter variations.

To address these challenges, this paper proposes an improved speed sensorless FOC scheme
based on the Rotor Flux-Based Model Reference Adaptive System (RF-MRAS), in which both
stator and rotor resistances are adaptively estimated online. The stator resistance is calculated from
the flux error between the reference model (voltage model) and the adaptive model (current
model). In contrast, the rotor resistance is derived in proportion to the estimated stator resistance.
The proposed adaptive observer is fully integrated into the FOC structure, allowing continuous
parameter updating during operation without additional signal injection or complex computation.

2. THEORETICAL FOUNDATION AND DESIGN

2.1. Mathematical model

The squirrel-cage induction motor is modeled through the relationships among the state
variables of stator voltage, stator current, rotor flux, and motor parameters [17]:
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The electromagnetic torque equation is shown in (2):
3 L, . .
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The relationship between electromagnetic torque and load torque:
7= +7x %% 3)
p dt

2.2. Clarke-Park transformation

The three-phase induction motor in this study is modeled based on mathematical equations in
the stationary reference frame. Therefore, the Clarke transformation from the abc reference frame
to the stationary reference frame is required to connect the motor. The Clarke transformation is
presented as follows:
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However, to implement rotor field-oriented control, it is necessary to transform the state
variables from the stationary reference frame to the rotating reference frame:

X, cosd sinf| | X, X, cosd sinf]| | X,
=] x| . &S| = . x| . %)
Xﬂ sin@ cosd X, X, —sin@ cosé@ Xﬁ.

2.3. Speed sensorless field-oriented control considering the influence of motor resistance
parameters

Figure 1 illustrates the FOC structure for a three-phase induction motor drive system without a
speed sensor. The FOC principle controls the flux and torque components independently.
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Figure 1. Rotor field-oriented control scheme combined with an RF-MRAS estimator.

The voltages uq and uq obtained from the FOC method are combined with the rotor flux angle
to generate three-phase voltage signals. These voltage signals are then processed through
Sinusoidal Pulse Width Modulation (SPWM) to produce the switching pulses for the inverter. The
rotor flux angle is calculated using the current model described by equations (6) and (7).

The MRAS model consists of a reference model and an adaptive model. The reference model
receives signals from the stator voltage and current measured by sensors. The reference model's
output signal is the rotor flux. Moreover, this is an improved model as it incorporates an estimated
stator resistance. Therefore, the reference model can also adjust itself. The equations of the
reference model are expressed as follows:

v = ax| [(u, — R, xi,)dt~Bxi, ] )
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The adaptive model is constructed according to equations (8) and (9), which receive the current
and speed signals as inputs. In speed sensorless drive applications, this speed corresponds to the
estimated speed. Moreover, this is an improved model since it incorporates the estimated rotor
resistance. Therefore, the adaptive model can automatically adjust itself based on the estimated
speed and rotor resistance.
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From the reference and adaptlve models, the flux component errors are calculated using
equation (10) and then fed into the PI controller described by equation (11). The PI controller's
output provides the estimated speed.

E0 =W XYWy~ XY (10)
=K, x¢, +K, xjgwdt (11)

r est

In addition, equations (12)-(13) present the procedure for estimating the stator resistance based
on the flux components and the stator current. Another PI controller adjusts the estimated stator
resistance as the stator windings' temperature changes.

e (e B B (A i P (12)
R

s _est

=K, x&, +K,x[g,dt (13)

As reported in the study [11], both the stator and rotor resistances vary proportionally with
changes in motor temperature. Moreover, the temperature coefficients of the copper material
(stator winding) and the aluminum material (rotor bars) are nearly the same, approximately 0.004
K-!. Therefore, this study assumes that the estimated rotor resistance increases proportionally to
the stator resistance and is calculated according to equation (14):

r _est

=k B e R 14
X —=— R X (14)
Where: k is the ratio representing the deviation between the temperature-induced increase of

the stator and rotor resistances (assuming the stator resistance increases by 30% and the rotor
resistance increases by 20%, then k=12/13=0.92308).

Regarding stability, the adaptive mechanism used in the proposed RF-MRAS follows the same
structural form as classical MRAS estimators whose convergence has been rigorously proven in
prior studies. The publication in [18] showed that MRAS schemes with PI-type adaptation satisfy
Popov’s hyperstability criterion, ensuring global convergence of the estimation deviation.
Likewise, the research in [19] provided a unified MRAS framework and demonstrated that
Lyapunov-based and Popov-based analyses lead to equivalent stable adaptive laws for rotor time
constant identification. Since our RF-MRAS employs an identical PI-based mechanism structure
based on the flux deviation, it inherits the fundamental stability guarantees established in these
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works. A complete Lyapunov derivation for the dual-parameter Ry and R, adaptation will be
addressed in future research.
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Figure 2. Rotor flux-based model reference adaptive system structure.
a) RF-MRAS without resistance estimator, b) RF-MRAS with resistance estimator.

Figure 2 illustrates the complete structure of the RF-MRAS. Specifically, figure 2a shows the

RF-MRAS without integrating the Rs and R, estimation blocks, while figure 2b presents the
proposed RF-MRAS method with these components included.

3. RESULTS AND DISCUSSION

In this section, the control object is a three-phase squirrel cage induction motor with the
following parameters: Ry =3.179 (Q); R, =2.118 (Q2); Ly = 0.209 (H); L, = 0.209 (H); Lin = 0.192
(H); J = 0.047 (kg.m?); p = 2; £ = 50 (Hz); Nsatea = 1420 (rpm); Prarea = 2.2 (kW). The results are
analyzed and evaluated using MATLAB and Simulink.

All parameter limits used in the simulations, such as current, voltage, speed, and flux
boundaries, were selected within the standard operating range of the tested induction motor to
ensure consistent and realistic transient behavior.

This study is organized into two simulation cases, described in detail in table 1:
Table 1. Simulation cases description.

Case . Reference Stator and rotor
study Scenario speed resistance estimator Rsand R
. 1 Constant No -
2 Constant Yes With proportion (k=1)
5 1 Variable No -
2 Variable Yes With proportion (k=1)
1 Variable No —
. 2 Variable Yes Without proportion (k=0.92308)

3.1. Case study 1

In case 1 - Simulation scenario 1, the reference speed is accelerated from 0 to 400 rpm within
the first 0.5 seconds and then maintained constant at 400 rpm, as illustrated in figure 3c.

At 1.5 seconds and 2.5 seconds, the stator and rotor resistances of the motor are increased by 15%
and 30%, respectively (figures 3a and 3b). In the scenario without the resistance estimator, the
estimated motor speed is unstable, causing the actual motor speed to deviate from the reference. The
estimated speed fluctuates between 389 rpm and 410 rpm, demonstrating that variations in stator and
rotor resistances significantly affect the accuracy of the RF-MRAS speed estimation process.
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Figure 3. Simulation results of case 1 without the resistance estimator.
a) Stator resistance, b) Rotor resistance; c) Rotor speed.
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Figure 4. Simulation results of case 1 with the resistance estimator.
a) Stator resistance, b) Rotor resistance; c) Rotor speed.
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In case 1 - Simulation scenario 2, setting the reference speed is identical to that of Scenario 1.
However, in this case, the system incorporates an online estimation block for both the stator and
rotor resistances. At 1.5 seconds and 2.5 seconds, when the stator and rotor resistances suddenly
increase, the adaptive estimation mechanism is activated. The estimated stator and rotor resistances
closely follow their actual values, as shown in figures 4a and 4b. The estimated motor speed (figure
4c) fluctuated slightly during the transient period when the resistance increased, then quickly
reached a steady state and closely followed the reference speed.

3.2. Case study 2

In case 2 - Simulation scenario 1, the reference speed is continuously varied to evaluate the
stability and dynamic performance of the proposed method. The reference speed accelerates from
0 to 300 rpm within the first 0.5 seconds and then remains constant. Between 1.0 and 1.5 seconds,
the reference speed decreases from 300 rpm to 100 rpm, and subsequently increases again at 2.0
seconds, forming a reference speed variation as shown in figure Sc.
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Figure 5. Simulation results of case 2 without the resistance estimator.
a) Stator resistance; b) Rotor resistance; c) Rotor speed.

At 2.0 seconds, both the stator and rotor resistances increase gradually by 30% in a ramp
manner (figures 5a and 5b). Similarly, in the case without the resistance estimation block,
the estimated speed from the RF-MRAS observer is unstable, leading to instability in the
overall system.

In case 2 - Simulation scenario 2, the system includes an estimation block for both stator and
rotor resistances. Figures 6a and 6b show that the estimated stator and rotor resistances closely
match the motor's actual resistance values. As a result, both the estimated and actual rotor speeds
remain stable and operate smoothly (figure 6¢).
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Figure 6. Simulation results of case 2 with the resistance estimator.
a) Stator resistance; b) Rotor resistance; c) Rotor speed.
3.3. Case study 3
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Figure 7. Simulation results of case 3 without the resistance estimator.
a) Stator resistance; b) Rotor resistance, c) Rotor speed.
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To evaluate the effectiveness of the RF-MRAS estimation block in various conditions, the
authors additionally simulate the case in which the rotor resistance does not increase proportionally
to the stator resistance. Depending on the structure of each motor type, the authors assume that in
this case, the rotor bars are cooler than the stator windings; therefore, the stator resistance increases
by 30%, and the rotor resistance increases by only 20%.

In case 3 - Simulation scenario 1, as the motor resistances increase, both estimated and actual
motor speeds become unstable, similar to the behavior observed in the previous simulation cases.
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Figure 8. Simulation results of case 3 with the resistance estimator.
a) Stator resistance, b) Rotor resistance; c) Rotor speed.

In Case 3 - Simulation scenario 2, the system includes an estimation block for both stator and
rotor resistances. At 2 seconds, the stator resistance increases by 30%, and the rotor resistance
increases by 20%. Figures 8a and 8b show that both the estimated stator and rotor resistances still
follow the actual values. As a result, both the estimated and actual rotor speeds remain stable and
operate smoothly (figure 8c).

3.4. Comparison between the proposed RF-MRAS method and related MRAS techniques

Table 2. Summary and comparison among MRAS techniques.

Criteria RF-MRAS CB-MRAS®Y [12] CB-MRAS®€ [13]

& gRF = l//rﬁ' ‘l/}ra - l//ra 'l/}rﬁ gCV = l/}rﬁ"gia - l/}rzx ‘giﬁ 8CC = l/}rﬁ ‘81':1 - l/}rtx ‘giﬂ
Estimated Speed, Ry, R, Speed and R, Speed and ﬂ}lx; no
parameters resistance estimation

. Low - simple PI Medium - requires Medium - requires
Implementation . . ) .
complexity adaptation + proportional virtual current stator-current estimator
R; inference computation + current model
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A comparative evaluation between the proposed RF-MRAS method and two related MRAS
structures, namely the improved CB-MRAS®Y with estimated stator resistance [12] and the CB-
MRASC® with formal stability analysis [13], is summarized in table 2.

4. CONCLUSIONS

This paper proposes an improved speed-sensorless FOC scheme for a three-phase induction
motor using an adaptive RF-MRAS structure. The stator resistance was adaptively estimated from
the flux deviation between the reference and adaptive models, while the rotor resistance was
derived proportionally. The main contribution lies in the real-time estimation of stator and rotor
resistances, effectively compensating for temperature-dependent variations that degrade
conventional MRAS performance. Simulation results verified that the proposed method enhances
speed estimation accuracy and stability under thermal variations. Although the approach has been
validated through simulation, experimental testing has not yet been conducted, which is a current
limitation of this study. In future work, the method will be implemented on a DSP/FPGA-based
platform for real-time verification and further extended to incorporate iron-loss effects and
potential applications in fault-tolerant motor control.

Acknowledgement: This research is funded by Ton Duc Thang University.

APPENDIX
Table 3. Nomenclature.
Symbol Description Symbol Description
u, Complex stator voltage L, Magnetizing inductance
i Complex stator and rotor current @, = pw,, Rotor speed
V., y, Complex stator and rotor flux T, Load torque
R, R, Stator and rotor resistance T, Electromagnetic torque
L,L Stator and rotor inductance J Moment of inertia
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TOM TAT

MRAS ning cao véi b wéce tinh dién tré stator va rotor
trong dieu khié€n vector dong co khong dong bo

Nghién ciru nay tdp trung vao van dé suy giam do chinh xac wéc hrong toc do trong h¢é
truyén dong dong co khong dong bé diéu khién khéng cam bién toc dg, von bat nguon tu sw
thay doi ciia dién tré stator va rotor theo nhiét d. Sw bién thién cia cdc tham 0 nay anh
hwong dang ké dén b quan sdat RF-MRAS, dan dén suy giam dg bén viing va tiém an nguy
co mat on dinh trong cac diéu kién qua do. Pé khdc > phuc han ché nay, bai bao dé xudt mot
cau tric diéu khién tya tir thong rotor (FOC) cai tién, tich hop bé quan sat RF-MRAS thich
nghi voi co ché wée lwong triec tuyén dién tré stator va suy ludn ty 1é dién tré rotor. Mo
hinh dong co dwoc xdy dung trén hé toa do tinh o-f va sau do bién doi sang hé toa dp quay
d-q dé trién khai diéu khién vecto. Cdac truong hop mé phong da dang chiing minh phiong
phdp dé xudt giip ndng cao dang ké do chinh xdc woe hrong toc do va cai thién do on dinh
tong thé ciia hé thong. Nho cau tric don gian va khong yéu cau tinh todn phiic tap, phuwong
phdp nay phit hop cho cdc nén tang diéu khién thoi gian thuc trong hé truyén dong khong
cam bién hién dai.

Tir khos: Dong co khdng dong bo; Didu khién tya tir thong; Khéng cam bién tdc d6; RF-MRAS; Bién thién dién tré.

24 T. D. Cuong, ..., P. T. D. Khoa, “Improved MRAS with stator ... of induction motors.”



