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ABSTRACT This article proposes the use of a proportional-integral-derivative (PID) controller as an
adaptive mechanism within the framework of the model reference adaptive system-based rotor flux (MRASF)
for accurate rotor speed estimation in induction motors. The controller is designed to impose specific dynamic
behaviors and performance criteria, addressing the sensitivity of MRASF dynamics to slip speed. To achieve
this, a full-order transfer function of the MRASF is employed to systematically derive the PID parameters
using compensation and pole placement techniques. The proposed control strategy ensures that the estimated
rotor speed closely follows the desired performance across various operating conditions. The effectiveness
of the MRASF-PID design is validated through both simulation and experimental testing under open-loop
voltage/frequency control of the induction machine, confirming the successful realization of the targeted
dynamic and steady-state performance.

INDEX TERMS Proportional-integral—derivative (PID) controller (CN), model reference adaptive system
(MRAS), speed estimation, induction machines (IMs), closed-loop control system.

NOMENCLATURE M Induction machine.

R, Rotor resistance. MRASF  Model reference adaptive system-based rotor flux.
L, Rotor inductance. PID Proportional—-integral-derivative.

Ly Stator inductance. RT Rise-time.

Ly, Main inductance. ST Settling-time.

A= IZ—: Inverse of rotor time constant. V/F Voltage/frequency control.

Vso, Usg - stator voltage components. r/min Revolution-per-minute.

Isars Isp «-f stator current components.

Yra, ¥rg  a-P rotor flux components. I. INTRODUCTION

y Rotor electrical angular speed. The MRASF represents a well-established and depend-
s Laplace variable. able methodology for estimating the operational velocity of
Ws) Slip angular speed. IMs [1]. This system endeavors to minimize the discrepancy
Q Rotor mechanical shaft speed. between a reference model of rotor flux and an adaptive
F Desired value. model of rotor flux through a control mechanism termed
B Estimated value. an adaptation CN [2], [3], [4]. The mathematical repre-
CLTF Closed-loop transfer function. sentation of MRASF yields a transfer function framework,
DCLTF  Desired closed-loop transfer function. thereby providing a systematic basis for the design of CN that
CN Controller. guarantee precise rotor speed estimation while adhering to

© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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defined performance standards [5]. In its nascent implemen-
tations, MRASF predominantly utilized proportional—-integral
(PD) CN, with parameters derived from a reduced-order trans-
fer function of MRASF [6]. By disregarding slip speed and
presuming that rotor speed closely approximates synchronous
speed, the system dynamics were simplified to a first-order
transfer function [7].

Despite its notable accomplishments, the inherent simplifi-
cation present in the architecture of the PI CN for MRASF has
resulted in discrepancies across diverse operational velocities
and load conditions. To mitigate these limitations, substan-
tial progress has been achieved in the efficacy of MRASF
within the framework of sensorless vector control (SVC).
For instance, at low and zero velocities, the application of
the predictive model reference adaptive system (MRAS) has
been utilized, incorporating predictive algorithms to improve
dynamic responsiveness [8], [9]. In contexts characterized
by high-speed operations, the implementation of a sliding-
mode-based MRAS provides enhanced robustness through
the integration of a sliding-mode observer with the conven-
tional MRASF [7], [10], [11], [12], [13], [14]. Moreover,
the introduction of neural network-based MRAS approaches
has been proposed as an alternative to traditional voltage
models, employing machine learning estimators that exhibit
effectiveness in low-frequency and low-speed settings [15],
[16]. Furthermore, adaptive high-gain MRAS techniques have
demonstrated potential in ultra-low-speed and regenerative
mode operations by integrating high-gain observers within
MRASEF, thus ensuring stability and precision under critical
operational conditions [17]. While all the previously men-
tioned studies have examined the effectiveness of sensorless
closed-loop control of the IM functioning in a steady state,
the assessment of the MRASF in these analyses is regarded
as rudimentary and imprecise due to the existing overlap
among the control loops. In contrast, this article focuses ex-
clusively on the dynamics and performance of the MRASEF,
with an evaluation conducted under open-loop control of the
IM, thereby eliminating any overlap.

This article proposes an innovative PID CN as the adapta-
tion mechanism for MRASF, with the objective of imposing
the requisite dynamics for accurate rotor speed estimation.
The PID CN remains widely favored in industrial contexts
due to its simplicity, stability, and efficacy in accommodat-
ing diverse operational conditions [18]. To ensure a precise
performance assessment of the proposed MRASF-PID, the
estimated speed must not be utilized within a control loop.
Instead, performance evaluations should be executed with the
IM functioning under free mechanical dynamics. Given that
validating MRASF performance necessitates covering a com-
prehensive range of rotor speeds, the implementation of an
open-loop V/F control for the IM presents a unique strategy
to fulfill this objective.

The operational efficacy of the PID CN is frequently
constrained to specific operating points [19], [20]. This lim-
itation necessitates scrupulous calibration when implemented
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FIGURE 1. Compensation and poles placement method for MRASF
estimator.

in systems defined by unknown or time-varying dynam-
ics [18], [21]. A variety of PID tuning methodologies have
been proposed to enhance adaptability and effectiveness.
Techniques, such as feedback relay tuning [22], frequency-
domain methodologies [23], [24], extremum-seeking algo-
rithms [25], and iterative feedback tuning [26], have been
thoroughly examined. Furthermore, strategies encompassing
cross-correlation analysis, Newton—Raphson optimization,
and model predictive control have been developed to improve
PID performance within dynamic contexts [27], [28], [29].
Among these techniques, compensation and pole placement
methodologies have exhibited notable effectiveness in refin-
ing PID parameters when the transfer function of the system
varies with changing operating conditions [18].

In this manuscript, an innovative PID-based adaptation
mechanism for MRASF is introduced, employing a full-
order transfer function that accommodates variations in slip
speed. The PID parameters are determined utilizing com-
pensation and pole placement strategies by equating the
closed-loop transfer function [desired closed-loop transfer
function (DCLTF)] noted H;, of the MRASF-PID CN with
a predetermined DCLTF noted Hj that delineates the target
system dynamics and performance metrics (Fig. 1)

H(s)
H(s) — H(s)H}(s) ’

PID(s) =

Consequently, the PID parameters are explicitly derived as
functions of the MRASF model parameters, the desired per-
formance criteria, and the slip speed. To realize the targeted
performance under both transient and steady-state conditions,
it is imperative to fine-tune the PID parameters for each
specific speed level. The proposed PID-MRASF approach
is especially relevant for applications requiring reliable sen-
sorless control under dynamic conditions, such as electric
vehicles, renewable energy systems, and robotics.

The rest of this article is organized as follows. Section II
delineates the mathematical modeling of MRASF predicated
on the differential equations that govern the rotor flux of the
IM. Section III elucidates the design methodology for the
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——| Reference model
Equation (1)

Adaptive model
Equation (3)
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FIGURE 2. Design and the mathematical concept of MRASF estimator.

proposed PID CN, leveraging the full-order transfer function
of MRASEF, and examines simulation results that validate the
proposed approach. Section IV elaborates on experimental
validation and assesses the performance of the MRASF-based
PID CN. Finally, Section V encapsulates the principal findings
and proposes avenues for future research.

Il. MATHEMATICAL DESIGN OF FLUX-BASED MRAS
ESTIMATOR

A plethora of estimator algorithms pertinent to IM has been
delineated within the existing body of literature [30]. This
manuscript aims to elucidate the theoretical foundations and
analytical considerations associated with the formulation of
the proposed PID CN applicable to the full-order transfer
function of the MRASF estimator. The MRASF estimator
employed within the context of IM is predicated upon two
distinct sets of differential equations requisite for the compu-
tation of rotor flux. One of these equations encapsulates the
variable subject to estimation—specifically, the rotor speed
(wr). The equation that is devoid of the estimated rotor speed
is designated as the reference model (1), whereas the equation
that incorporates the rotor speed is referred to as the adaptive
model (2). The disparity between the output values generated
by these two models is utilized to devise a suitable adaptation
mechanism that produces the estimated rotor speed (®,) for
the adaptive model [4], [31], [32]

ﬂ{ (Usa,ﬁ - Rsisot,ﬂ)

L, _Lsaisa,ﬁ} (1)

1/froz,ﬂ = B

—1(_ — j
{me =7 ( Mrg — g + }LLmlsa) )

Vg = 5 (=AVrp + O Wra + Almisp) -

Fig. 2 shows the design and mathematical theory of the
MRASF estimator applied for an IM.

To explain the mathematical theory of the MRASF estima-
tor, the estimated rotor speed should be considered first in the
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adaptive model. Hence, (2) can be rewritten as follows:

{@ra = l (_)\Qra - &)rﬂérﬂ + )\'Lmisa)
wrﬂ =3 (_)"wrﬂ + & Yre + )MLmis,B) .

The performance and dynamics of the MRASF were dis-
cussed in [7]. It was also proven that the transfer function
given by (4) links the norm of the flux error to the speed error.
It can be expressed as follows:

ey (s+My?
Ady  (s+ 22+ o?

3)

“4)

where gy = V¥, 1ﬁm — 1/}r/31ﬁm and Aw, = w, — @,

The static gain of the transfer function presented in (4) is
approximately equal to 1. Taking into account Popov hyper-
stability criteria which implies that if the norm of the flux
error reaches zero (¢y, — 0), then the speed error reaches zero
(A®; — 0) and consequently @, reaches ..

For the unknown signal w,, the goal of the closed-loop con-
trol system is to control the norm of the flux error &y, to follow
its desired zero value &% . The CN used in the closed-loop
generates the desired @, which ensures that A®, = 0. Thus,
the estimated rotor speed is calculated as follows:

o = C(s)ey 5)

where C(s) is the CN used for controlling the norm of flux
error. It is designed based on the following transfer function
which is deduced from the (4):

gy _ (s + Y2

= _"7r 6
O (s+A)?+ ok ©)

Despite the prevalent misconception that wy is equiva-
lent to zero, prior scholarly investigations underscore the
importance of the MRASF estimator and advocate for its
implementation in the tuning of the PI CN. This method-
ology has exhibited encouraging outcomes, particularly in
high-velocity applications [1], [5]. Under this premise, the
transfer function delineated in (6) can be reduced to a first-
order transfer function

v _ I
o (s+2) ‘
Consequently, the parameters of the PI CN can be deter-

mined using the strategic pole placement method applied to
the CLTF

(N

K;
PI(s) =K, + - ®)
where K, = U;T’ K = UZL_*Z’ and t is the desired constant
time. ' '

MRASF has been linked to nonlinear and intelligent
algorithms, such as sliding mode control and fuzzy con-
trol [7], [10], [11]. Although these closed-loop algorithms
have demonstrated strong performance, achieving precise dy-
namics in MRASF remains challenging.

Sliding mode control is a nonlinear technique that ad-
justs its structure based on the position of the system’s state
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variables in the phase plane. While it shows impressive ro-
bustness according to the Lyapunov criterion, its convergence
dynamics are unpredictable, often relying on trial-and-error
to determine the slope of the sliding surface and the state
feedback gain [7], [10].

Fuzzy logic control, on the other hand, is a model-free
intelligent control system that uses error and the rate of change
of error as input signals. The input and output signals in
fuzzy control must be multiplied by adjustment coefficients
to optimize system performance. Like sliding mode control,
the convergence dynamics of the fuzzy CN are also unpre-
dictable and depend on trial-and-error methods to select these
coefficients [11].

The primary objective of this research is to develop CN that
can impose a precise dynamic on the MRASF. Consequently,
this manuscript argues that wg is not equal to zero. The
design’s theoretical framework will incorporate the second-
order transfer function presented in (6). The next section will
concentrate on formulating the proposed CN, which is a PID
CN for the complete second-order transfer function of the
MRASF.

Iil. PID DESIGN FOR MRAS ADAPTATION MECHANISM
The initial section will delineate the proposed design method-
ology for the PID CN, employing the comprehensive transfer
function of the MRASF. The subsequent section will em-
phasize the simulation process to evaluate the performance
attained in relation to the predefined objectives.

A. DESIGN THEORY

The mathematical modeling of the process constitutes a fun-
damental component in the design of a precise CN aimed
at optimizing the entirety of the control system. Indeed, the
presence of an open-loop transfer function, a CN, and negative
feedback establishes a straightforward and effective frame-
work that is advantageous for initiating the design process.
Consequently, the computation of the CLTF, denoted as Hj,
is regarded as a trivial endeavor. The delineation of the desired
closed-loop performance is achieved by selecting the DCLTF,
denoted as H}j. Ultimately, the requisite CN is ascertained by
equating the CLTF (H) with the DCLTF (H}).

The transfer function delineated previously in (6) shall be
employed in all ensuing design phases. This transfer function
encompasses a stable zero that may be mitigated within the
control apparatus. The CN will be conceived in accordance
with the amended transfer function postcompensation, whilst
taking into account the requisite closed-loop performance cri-
teria.

The CLTF H,; of the bloc diagram presented in Fig. 3, can
be written as follows:

CN(s)y;2
(s + A)? + w2 4+ CN(s)y;2

He(s) = (€))

where CN(s) is the CN to be designed for achieving the de-
sired performances of MRASF.

VOLUME 6, 2025

Controller

—”(%—{ CN (s)

FIGURE 3. Structure of control for MRASF estimator.

(s + D% | &
(s + )2+ wy

1 |,
(s+2)

The DCLTF H; is characterized by a unity static gain and
real negative poles, is chosen as

1 1
as’ +ais+1 1s2—|—;—ss—i—l

@y

H(s) = 10)

where a;, a; € R, are the denominator coefficients of Hj.
w,, and £ are, respectively, the natural frequency and damping
ratio. The following condition must be validated in order to
obtain a real negative poles and consequently a damping ratio
£>1

a; > 2./ay. 1D

The CN is achieved by equating between the H. and the
desired one Hj to get

§2 4+ 205 + A2 —l—a)fl

N = U2 (azs? + ars) (12
The PID CN is defined by
PID(s) = K, + K| Kas (13)
N s+ 1

where K), is the coefficient of the proportional action, K; is the
coefficient of the integral action, and Ky, T are, respectively,
the coefficient of derivative action and time constant of the
filter.

Lemma: The CN CN(s) = "25Hms4H0 o0 the PID(s) =

dys*+d;s
K, + % + Tlf‘fl are equivalent when
— mdi—nody
K, = 7
P}
K =7
K, = nod? —nydydr+nod?
d = —diz
=%
T =7

where n7, ny, and ng represent the coefficients of the numera-
tor of the CN(s) CN and d, and d; represent the coefficients
of its denominator.

The CN is calculated by equating the CLTF H; with the
DCLTF H :1 which is inherently stable. As a result, the result-
ing system inherits the stability characteristics of the target
model.

The PID parameter can be written after applying the lemma
on (12) as follows.

1) For proportional action K,

201 — (07 4 0?)

= 14
’ ajy;? e
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1.5 T T T T
P |
- = ST

@ RT v

Time (s)

0 0.1 0.2 0.3 0.4 0.5
ay

FIGURE 4. Temporal characteristic of the desired transitional regime:
settling time and rise time.

2) For integral action K;

2 2
K — (A + wy) (15)
= —.
ary?
3) For derivative action K, T
2—2Aa1a2+(A2+w2 Va2
K, =4 51092
d a2 (16)
T=%2

The parameters of the PID CN will fluctuate in accor-
dance with the slip speed parameter wy;, in order to establish
the specified dynamics of the DCLTF. Indeed, this targeted
dynamic will be integrated into the MRASF across all op-
erational states of the IM. The subsequent section of this
discourse will concentrate on the validation through simula-
tion of the proposed PID CN utilizing the transfer function
pertinent to the MRASF.

B. SIMULATION RESULTS
The DCLTEF, HC*Z, is meticulously formulated to fulfill the
requisite performance criteria within the closed-loop control
framework. Specifically, the attainment of convergence to the
targeted value is facilitated by the selection of a unit static
gain, whereas the mitigation of overshoot and oscillations
necessitates a damping factor exceeding 1. To realize an over-
damped response, the poles of Hj are judiciously selected as
distinct real negative poles.

In order to delineate the characteristics of the transient re-
sponse, the parameter a; of H, C*, as delineated in (10), is varied
across the interval [0, 0.5]. The corresponding parameter a; is
ascertained as the boundary value that satisfies condition (11).
The resultant transient performance is depicted in Fig. 4. The
IM parameters are enumerated in Table 1.

Using the same interval for the parameter a; and consid-
ering the boundary condition in (11), the effect of the slip
speed variations is analyzed within the range [0, 20] rad/s.
This leads to visualize the PID parameter (14), (15), and (16)
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TABLE 1. Parameters of the IM

Description Parameter Value
Nominal power PN 1 kW
Nominal voltage Un 3X380 V 50 Hz
Nominal current In 2.5A
Nominal speed ny 2780 rpm
Nominal efficiency nN 0.83
Nominal power coefficient cospn 0.80
Nominal torque TN 3.43 Nm
Stator resistance R 720
Rotor resistance R, 72Q
Mutual inductance Lo, 469 mH
Stator inductance Ls 487 mH
Rotor inductance Ly 487 mH
Nominal inertia In 0.0001 kg m?

wg (rad/s) ay

10000
X 5000
0

15

10 0.4 0.5

5

01 02

wy (rad/s) a

(b)

x10?

0.1
< 0.05

15 0.5

10

5

0 01 02
wy (rad/s) a1

©

FIGURE 5. PID parameters according to desired performances and slip
speed: (a) proportional action K), (b) integral action K;, and (c) derivative
action K.

as 3-D surfaces (see Fig. 5). The variations of K),, K;, and Ky
are depicted in Fig. 5(a)—(c), respectively.

The figures reveal that for low values of a1, K, and K; ex-
hibit minimal variations across the selected slip speed interval
wy1, while K; undergoes significant changes. Conversely, for
higher values of a; within the same wg; range, K, and K; show
substantial variations, whereas K; remains nearly constant.
The primary objective is to verify whether the desired system
performance can be achieved for different values of wy;, given
that the PID parameters are calculated accordingly. To this
end, three distinct desired performances, DPy, DP;, and DP3,
are selected based on three predefined DCLTF (10), where the
parameter values are set to a; = {0.5, 0.1, 0.05}.
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TABLE 2. PID Parameters Based on the Chosen Desired Performances

PID Wsl 18.84rad/s  12.56rad/s  6.28rad/s

Ky 30 50 70

K; 1147 752 516

K, 14 7 4 DPI
T 0.25 0.25 0.25

Ky 210 190 167

K; 6735 3763 2580

K, 12 6.2 5 DP2
T 0.05 0.05 0.05

Ky 400 403 432

K; 11470 7526 5160

Ky 13 10 8.5 DP3
T 0.026 0.026 0.026

ey (Wb)

ey (Wb)

100 200 300 400 500 600

ey (W)

Time (ms)

©

FIGURE 6. Step-response of the controlled system for different slip-speed
values when: (a) DP, is imposed, (b) DP; is imposed, and (c) DPs is
imposed.

The step response characteristics for DPy, DP;, and DP3 ex-
hibit no overshoot, with settling times of ST} = 1.45 s, ST; =
0.29 s, and ST5 = 0.14 s. The corresponding rise times are
RT] = 0.83 5, RT; = 0.16 s, and RT; = 0.08 s.

In addition, three slip speed values are selected: wy =
{18.84 rad/s, 12.56 rad/s, 6.28 rad/s}. Given these parame-
ters, and by applying (14)—(16), the corresponding PID pa-
rameters are computed and summarized in Table 2.

Fig. 6(a)—(c) clearly demonstrates that the desired perfor-
mances, DPy, DP;, and DP3, are successfully achieved for
all selected slip speed values. Furthermore, the output signal

VOLUME 6, 2025

curves in each figure closely align with the desired behavior
curve, 8:213 , which represents the response obtained from the
DCLTF under the same input conditions.

The PID parameters were calculated based on the desired
performance set by a suitable choice of DCLTF. The con-
trolled system MRASEF, starting from an initial condition with
a predefined slip speed, exhibits the desired behavior. There-
fore, the objective of the next experimental validation will be
to maintain the desired performance of the controlled system
at any slip speed associated with any level of rotor speed.

IV. EXPERIMENTAL VALIDATION
The experimental validation was performed on a laboratory-
built test bench including a 1-kW IM mechanically coupled
to a 1-kW dc machine through a rotor speed measurement
unit, which utilizes an incremental encoder with a resolution
of 1024 pulses per revolution. In addition, the setup fea-
tures a MicroLabBox control platform, an autotransformer,
an inverter, and measurement devices (see Fig. 8). The IM
parameters are listed in Table 1.

To validate the effectiveness of the proposed PID CN for the
MRASF and compare its performance with a conventional PI
CN, an open-loop V/F control approach is utilized (see Fig. 7).
This method enables a comprehensive performance evaluation
across different IM rotor speeds.

Fig. 7 illustrates the block diagram of the V/F con-
trol algorithm and the MRASF model, implemented in the
MATLAB/Simulink environment. The program features two
manual switches: the first one operates as a rate limiter to reg-
ulate acceleration, while the second allows switching between
PI and PID CN for MRASF adaptation. The rate limiter is
activated when the IM starts from zero speed and accelerates
beyond 1000 r/min, ensuring smooth operation. The real-
time program executed on the dSPACE MicrolabBox uses a
control loop period of 150 wus. The carrier signal used for
pulsewidth modulation (PWM) generation operates at 300 s,
corresponding to a switching frequency of 3.33 kHz.

The experimental tests are conducted under the assumption
that the slip remains constant at 2% across all rotor speed
levels when the IM is unloaded.

Test #1: The first test was conducted to validate the pro-
posed design methodology for the PID CN in the MRASF
system. Two desired closed-loop transfer functions were se-
lected to represent the intended dynamic behavior of MRASF,
defined as follows:

HY = !
cll 1.4 10*2s2+124 10~2s5+1

*
Hc12 T 3.61073524+12 10~ 25+1

a7

where RT] = 0.51 s, ST} =0.92's, RT5 = 0.2 s, and ST} =
0.35 s.

To validate the proposed PID CN design, it is essential to
select rotor speeds below 1000 r/min to prevent activation of
the rate limiter. For Test #1, two rotor speeds were chosen:
1000 and 500 r/min, corresponding to synchronous angular
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FIGURE 7. Block diagram of the V/F control algorithm and MRASF.

E P W

~“f Main computer

FIGURE 8. Test bench.

velocities of 104.6 rad/s and 52.3 rad/s, respectively. Assum-
ing a 2% slip, the resulting slip speeds are 2.09 and 1.04 rad/s.
The computed PID parameters from (14) (15), and (16) for
the desired performances H}j; and H}, are as follows.

1) PIDI?% = (380, 5100, 10, 005)
2) P1D500 (395, 4900, 10.5, 0.05).
3) PIDIOOO (410, 6300, 13, 0.03).
4) PID500 (403, 5940, 11.3, 0.03).

Fig. 9(a) and (b) clearly illustrates that the performance of
the MRASF-PID closely matches the desired performance at
both speed levels.

Test #2: This validation test evaluates the proposed CN
sensitivity to parameter variations. Specifically, the CN pa-
rameters derived from H}, were increased by 10% and 20%
using reference speeds of 1000 and 500 r/min. The results of
this test are represented in Fig. 10(a) and (b). As it can be
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noticed, the increase in parameter values led to a faster dy-
namic response; however, this enhancement was accompanied
by overshoot levels ranging from 6% to 20% .

Test #3: Two additional experiments were conducted as
part of the validation tests to assess the performance of the
proposed CN during a reference change without parameter
adjustments. The first test involved reducing the speed from
2000 to 1000 r/min, while the second test increased the rotor
speed from 1000 to 2000 r/min. The results of these tests are
shown in Fig. 11(a) and (b). Although the dynamics are simi-
lar, a noticeable tracking error exists [60 r/min in Fig. 11(a)
and 40 r/min in Fig. 11(b)] between the desired estimated
speed and the speed estimated by the unadjusted CN.

In all subsequent tests, the performance of MRASF was set
to match that of the DCLTF Hj,. The dynamic behavior of
H}j, closely aligns with the actual measured rotor speed. The
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FIGURE 10. Test #2: Performances when varying PID parameters from
their desired values. (a) 1000 r/min. (b) 500 r/min.

PI CN parameters were fixed across the entire speed range and
computed using (8), resulting in PI = (450, 5120).

Test #4: The fourth test was conducted to evaluate and
compare the performance of MRASF-PID and MRASF-PI
at high speeds of 3000 and 2000 r/min. To achieve this, the
rate limiter was activated to minimize the starting current
and ensure smooth acceleration. The objective of this test is
to achieve comparable performance for MRASF using both
PID and PI CN at high speeds. Establishing equivalence at
higher speeds is crucial for performing an objective low-speed
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FIGURE 12. Test #4: Comparison MRASF based PI and PID at high speed.
(a) 3000 r/min. (b) 2000 r/min.

comparison, where the PID parameters are tuned dynamically
for each slip speed wy;.

The PID parameters were computed based on H;, as the
desired response and considering slip speeds wyg; = 6.28
rad/s and wgp = 4.18 rad/s. The resulting PID values are as
follows.

1) PID3%0 = (390, 4700, 11, 0.03).

2) PID2%% — (392, 4300, 11, 0.03).

The results obtained from Test #4 for 3000 and 2000 r/min
are presented in Fig. 12(a) and (b), respectively.
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500 r/min/s. (b) Slope 1000 r/min/s.

Test #5: The PID parameters for rotor speeds of 100 and 30
r/min are as follows.

1) PID!% = (430, 4000, 14, 0.03).

2) PID? = (430, 3700, 14, 0.03).

The results shown in Fig. 13(a) and (b) clearly demonstrate
that MRASF-PID outperforms MRASF-PI when operating
the IM at 100 and 30 r/min, respectively. In the 100 r/min test
with the PI CN, a steady-state error of 20 r/min was observed,
while in the 30 r/min test, the error increased to 50 r/min.
Notably, the derivative action of the PID CN improves the
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FIGURE 16. Test #8: Inertia variation. (a) 3000 r/min is imposed. b) 2000
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stability of MRASEF, especially in situations where there are
inaccuracies in rotor flux estimation at low speeds.

Test #6: To evaluate the system’s response under dynamic
conditions, several trapezoidal reference trajectories were ap-
plied to the rotor speed at different levels: 500 r/min (see
Fig. 14) and 1000 r/min (see Fig. 15). The PID settings
remained consistent with those used in Test #1. Fig. 14(a)
presents the results for a speed slope of 500 r/min/s, while
Fig. 14(b) corresponds to a 1000 r/min/s slope. Similarly,
Fig. 15(a) and (b) illustrates the system response for speed
slopes of 1000 and 2000 r/min/s, respectively. A compar-
ison of all results confirms the superior performance of
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MRASEF-PID over MRASF-PI, particularly in terms of track-
ing accuracy and dynamic response.

Test #8: The final test was conducted to examine the impact
of mechanical parameter variations on the dynamics of the
MRAS. Specifically, a dc machine was coupled to the 1M,
introducing variations in system inertia.

For this test, reference speeds of 3000 and 2000 r/min were
applied, the rate limiter was activated, and the PID settings
remained consistent with Test #4. The obtained results are
presented in Fig. 16(a) and (b), corresponding to 3000 and
2000 r/min, respectively. The findings clearly indicate that
MRASEF-PID outperforms MRASF-PI, primarily due to the
derivative action, which enhances stability and compensates
for inertia variations.

V. CONCLUSION

This manuscript presented the architecture of a PID CN
conceived as an adaptive mechanism for the MRASF. The
primary objective was to achieve specified dynamic and
steady-state performance for rotor speed estimation in IMs.
The design methodology utilized a full-order transfer function
of the MRASF—which inherently depends on slip speed—
and applied pole compensation and placement techniques.
By matching this model with a desired closed-loop trans-
fer function, the PID parameters were formulated as explicit
mathematical expressions that relate machine characteristics,
slip speed, and the coefficients of the target dynamics. To
evaluate the effectiveness of the proposed MRASF-PID ap-
proach, a comprehensive set of simulation and experimental
validations was conducted using open-loop V/F control of
the IM. The presented simulation and experimental results
clearly confirmed that the estimated speed closely follows
the desired reference dynamics across a wide range of op-
erating conditions in addition to superior accuracy and ro-
bustness compared to a conventional PI CN. These findings
strongly validate the MRASF-PID design, both theoretically
and practically, and demonstrate its potential for deployment
in high-performance IM drives. A promising avenue for future
research lies in integrating this PID-based adaptation mech-
anism into a closed-loop SVC framework. This integration
should be accompanied by an online PID tuning mechanism
responsive to real-time slip speed variations, which would
further enhance the adaptability, responsiveness, and fault
resilience of the system under diverse and demanding oper-
ational conditions.
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