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ABSTRACT This paper presents an optimized backstepping control approach that combines a genetic
algorithm (GA) and a robust sliding model observer (SMO) for achieving high-performance sensorless
control of a 5-phase permanent magnet synchronous motor (SP-PMSM). Initially, a robust nonlinear strategy
based on backstepping control is introduced to accurately track desired reference values of speed and direct-
axis current. The stability analysis of the overall control system employs the Lyapunov theorem to ensure the
convergence of tracking errors. However, the arbitrary selection of gains in backstepping control can impact
controller quality. To address this, a novel numerical technique leveraging a genetic algorithm is proposed.
This technique aims to determine optimal control gains while adhering to the physical limitations of the
5P-PMSM drive. Moreover, for sensor reduction purposes, a sliding model observer is devised to extract
electromotive force information from the 5SP-PMSM drive. Meanwhile, the angular position and motor speed
are estimated using an adaptive back EMF observer. To validate the proposed solution, real-time modeling
was implemented on an FPGA using the OPAL-RT 4500 simulator. The paper concludes by presenting
real-time simulation results, illustrating the efficacy of the proposed approach across diverse test trajectories.

INDEX TERMS Backstepping control, 5SP-PMSM drive, genetic algorithm, sliding model observer, OPAL-
RT 4500 simulator.

I. INTRODUCTION

In recent years, the prominence of multiphase permanent
magnet synchronous motors (PMSMs) has surged, surpass-
ing other motor types like multiphase induction motors [1],
[2]. This rise in popularity can be attributed to their
remarkable attributes, which encompass high efficiency, low
inertia, enhanced dynamic response, dependable operation,
robustness, elevated power factor, compact size, straight-
forward structure, and reduced maintenance needs [3], [4],
[5]. Consequently, multiphase PMSMs have emerged as
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prime contenders for real-world applications that necessitate
superior performance, such as automobiles, household appli-
ances, renewable energy systems, ship propulsion, robotics,
aerospace applications, and more [1], [6], [7], [8]. Never-
theless, the inherent nonlinearity and multivariable nature
of the 5-phase PMSM’s dynamic model present formidable
control challenges. These challenges arise from the intricate
interplay between mechanical speed and electrical attributes,
compounded by perturbations stemming from parameter vari-
ations [3], [6].

Conventional fixed-gain PI and PID controllers are often
employed for the control of these machines [9], [10].
These controllers have found widespread use in practical
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applications due to their applicability and simplicity [10].
Within this paradigm, the PI controller performs admirably,
yielding satisfactory outcomes. However, achieving optimal
performance in the face of significant motor parameter uncer-
tainties and mismatches induced by external disturbances
becomes problematic [3], [11].

To tackle these issues, diverse nonlinear control method-
ologies have been proposed in the literature for PMSM
control systems. These include input-output linearization
control [12], sliding mode control [13], direct torque con-
trol [14], backstepping control [15], and more [2], [4],
[5]. Yet, these control approaches are not without their
own challenges and difficulties, including stability concerns,
oscillations, chattering, and disturbances. Among the range of
control techniques available, backstepping control stands out
due to its robustness and superior dynamic performance [7].
However, the efficacy of this approach hinges on appro-
priately set control gains to achieve desired performance,
including swifter dynamics in stator current and mechanical
speed. The prevailing method for determining these gains
involves empirical tuning, requiring a series of experiments
to identify gain values that yield the desired performance.
However, this approach often proves challenging and not
consistently effective in producing optimal results. Conse-
quently, the incorporation of stochastic search techniques
such as genetic algorithms becomes essential to ascertain
suitable gains. Prior research has indeed substantiated the
effectiveness of such strategies in yielding optimal outcomes
for optimal gain selection [16], [17].

Conversely, most control techniques typically necessitate
accurate position and speed information to achieve high-
performance variable-speed motor drives [2]. Conventionally,
this information is acquired through speed sensors like
resolvers, hall sensors, and encoders. However, the use of
physical sensors introduces complexities and costs to the
system, reducing its reliability and constraining its viability
in harsh operating environments. Hence, sensorless control
for PMSMs has gained traction as an effective and suc-
cessful solution, relying on electromagnetic information to
derive position and speed signals in lieu of mechanical
sensors. In this context, a variety of sensorless methods
have been proposed in literature to eliminate the need for
speed sensors in three-phase PMSMs. These methods include
model reference adaptive systems (MRAS) [18], Kalman
filters (EKF) [19], sliding mode observers (SMO) [2], and
approaches based on neural networks [20]. However, scant
attention has been directed towards speed sensorless control
for multiphase PMSMs. Notable exceptions include studies
involving the MRAS estimator [3], EKF techniques [21],
and SMO algorithms [11]. In [21], the author proposed a
robust sensorless control strategy founded on an extended
Kalman filter (EKF) for a SP-PMSM drive. This observer
design, despite accommodating motor parameter variations,
exhibited satisfactory performance in terms of step reference
speed. Nonetheless, the observer’s complexity and high com-
putational demands undermine its suitability for real-time
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applications. In [3], a different approach involved the devel-
opment of a 5SP-PMSM speed estimation technique utilizing
a model reference adaptive system (MRAS) estimator for
sensorless speed control. The MRAS estimator, distinguished
by its heightened dynamic performance and precise estima-
tion, does possess a notable limitation. It becomes sensitive
to fluctuations in stator resistance, compromising its perfor-
mance, especially in low-speed regions. The fault-tolerant
fixed-time tracking control based on backstepping method
presented in [22] was designed for a class of switched non-
linear systems with nonaffine faults. However, the designed
control requires intensive calculations and proper initializa-
tion. Authors in [23] have used an output feedback tracking
control of switched nonlinear systems with partially unstable
subsystems, the performance tracking control is achieved
using the Lyapunov theory. However, the used strategy is
associated with high computational complexity, and the gains
are sufficiently large to compensate the non-linearity present
in the unstable subsystems. An alternative method, detailed
in [11], introduced a nonlinear observer grounded in the
sliding mode observer (SMO) principle. This approach tar-
geted the estimation of back electromotive force (EMF), rotor
position, and motor speed. SMO techniques exhibit supe-
rior dynamic behavior, simplicity, robustness, and reduced
computational overhead. However, the key challenge of the
SMO technique is the chattering phenomenon, arising from
the discontinuity in the signum function [2], [5]. To address
this, researchers have proposed substituting the signum func-
tion with a saturation or sigmoid function [11], which has
demonstrated improved performance.

The proposed control scheme in this work offers a range
of advantages that effectively mitigate the drawbacks out-
lined above. These benefits are succinctly summarized as
follows:

Original Approach: This paper introduces an optimized
backstepping control mechanism that employs a genetic
algorithm for sensorless speed regulation in a 5P-PMSM
drive. Notably, the entire control approach proposed in this
work represents a novel solution that has not been previously
explored by researchers;

Precise Gain Determination: A key advantage lies in
the accurate determination of backstepping control gains,
ensuring the attainment of desired performance benchmarks.
Importantly, the algorithm put forth in this work stands out
for its simplicity, contrasting with previous methodologies
featured in [16] and [17];

Enhanced Sensorless Speed Regulation: The development
of a straightforward sliding mode observer, grounded in the
saturation function, contributes to sensorless speed regula-
tion. This observer design effectively tackles chattering issues
and maintains robustness in the face of load torque dis-
turbances and parameter uncertainties, especially regarding
stator resistance, stator inductance, and friction coefficient.
The primary objective is to eradicate speed tracking errors,
setting it apart from previous observer methods [2], [3], [5],
(71, [11], [13], [18], [19], [20], [21];
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Lyapunov Stability Analysis: The proposed scheme’s over-
all system stability is rigorously analyzed using the Lyapunov
theorem, thereby establishing its asymptotic stability;

Differentiated Sensorless Control: Distinguishing itself
from earlier strategies, such as those presented in [18], [19],
[20], and [21], the proposed sensorless control mechanism
bypasses challenges associated with tuning time and com-
putational complexity. This distinctive concept contributes a
highly competitive solution for realizing high-performance
control of multi-phase PMSM drives.

The paper is organized into seven distinct sections:
Section II introduces the mathematical model of the 5P-
PMSM, while Section III elaborates on the design of the back-
stepping strategy based on Lyapunov theory. In Section IV,
a novel numerical technique employing a genetic algorithm
is presented, followed by Section V, which details the design
of a sliding model observer with phase loop lock. Real-time
simulation results showcasing the effectiveness of the pro-
posed control system are covered in Section VI, and finally,
Section VII provides concluding insights that summarize the
paper’s contributions and significance.

Il. MODELING OF FIVE-PHASE PMSM

Assuming that the magnetic field is sinusoidal, the magnetic
flux is not saturated, and the impact of magnetic hysteresis in
the PMSM system is negligible, the nonlinear model of 5P-
PMSM drive can be established in a rotating reference frame
(di-q1, da-g2 ) as [11], [21];

dig Va1
el 4

d 1+ L.
digp _ 4 Var

i b )
diz _ . Vin
ddt : ‘glls

g2 ?2
= =d + =

dt 4 Ly

The electromagnetic torque and rotor speed are given by:

Tom = Kornpig
dwy (2)
a7

where, i1, ig1, 142, ig2 and Va1, Vg1, Va2, V2 are the currents
and voltages of stator winding. Ly and Ljg are the stator
inductances. Ter, and w; are the electromagnetic torque and
mechanical speed. ¢r and np are the magnet flux and pair
poles. Also, The parameters used in the system (1) and (2)
are given as follows:

R; .
dy = ——ig1 + wrig
L,
dy = —&i — wrig] — ﬁa)
2 %v ql rldl L r
d3 = ——igy + 3wig 3)
Ly,
dy = ——ip — 3wrign
Ly
Tew Tr Boy
ds = - — -
J J J
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FIGURE 1. Equivalent circuit of 5P-PMSM drive.

TABLE 1. Parameters of 5P-PMSM drive.

Nominal data Values
2
n
P
0.13 mH
Ll.v "
0.18Q
RS
0.163 Vs
P
J 0.11 Kg.m?

where, Ry is the stator resistance. Ty, is the load torque. J is
the inertia moment. B denotes the friction coefficient. The
equivalent circuit of SP-PMSM drive is shown in Figure 1.
The SP-PMSM parameters are resumed in Table 1.

1Il. PROPOSED BACKSTEPPING CONTROL

The fundamental idea of backstepping control is to reduce the
complicated nonlinear system to an equivalent form in order
one cascade subsystems [19], [24], [25], [26], [27]. The Lya-
punov approach offers stability. Figure 2 displays the block
diagram of the proposed Backstepping strategy of SP-PMSM
drive. The objective of the introduced backstepping control
is to attain accurate electrical speed tracking corresponding
to the desired reference. The core principle underpinning
backstepping control involves simplifying the intricate non-
linear system into a series of cascading equivalent first-order
subsystems [19]. The outlined backstepping algorithm in this
paper is devised in two distinct phases.

A. PHASE 1: CALCULATION OF REFERENCE CURRENTS
The speed controller should track the trajectory for input ref-

erence. Thus, the speed error with its derivative are presented
as [11]:

A
=0 —o
Y “
il =W — Wy
The derivative of speed error can be established as:
=" —ds (5)
98369
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FIGURE 2. Block diagram of the suggested backstepping algorithm of 5P-PMSM drive.

The first Lyapunov function related with speed error is estab-
lished to check the tracking performances as:

1 2
Vi = 511 (6)

Based on (5), the derivative of system (6) is computed as
follows [25]:

Vi =z (0" —ds) ™
Thus, the system (7) can be rewritten as:
Vi =z (0" —ds) = —c12} ®)
where, C; > 0 and the derivative of speed error gives:
2= 6" — &y = —ciz1 )

The iq; component contributes to developed torque, while the
idi, id2, iqz components contribute to the power losses [11].
Then the references currents can be described as [27]:

ig =0 "
. . 11 Bé\)r ornp
k *
= (o + 2L+ =24 2
g1 (w 7 CIZI)/( 7 (10)
=0
it =
q2

B. PHASE 2: CALCULATION OF REFERENCE VOLTAGES
The goal of this phase is to obtain the reference voltages based
on the previous phase, where the current errors are obtained
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as [24]:

s

22 =iy — g
.

B =11~ gl

. (1)
=iy — i
5 = 122 _ iqz
Hence, their derivatives are expressed as follows:
2o =iy — a1
. e .
3 =1, — g1
ql q (12)

24 =10 — i

% .
Ipp = Iq2

Iag
a
|

Using the system (10), the current errors are given as follows:

22 = —i41
. 1L B, Korny, .
Z3=(w*+7+ i +Clz1)/( 7 — g
24 = —ig2
5 = _iq2
(13)
Considering (13), the system (5) can be obtained as:
. Korn,z
f ==L (14)
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Setting (1) in the system (12), one obtains:

. Vai
Zz=l:}1—d1—L—

S
. . \ 7
Z3=l;1—d2—Lq

. Vi (135)

)
. . \ 7%
ZSZIZZ—dzl—Lf

)

Therefore, to prove the overall stability of the studied control
algorithm [11], a new Lyapunov function is defined as:

_ﬁ+é+é+ﬁ+ﬁ

\% 16
2 > (16)
It derivative of the system (16) becomes [25]:
V, = —clzf — czz% — C3Z% — c;;zi — C4z§
. V
+22 (czzz + i —d) — dl)
L
% Vql
+ 23| 323 + Kornpzy +igy —da — 2
A)
. V
+ 24 (6424 + i, —d3 — dz)
Lls
. Vg2
+5Gm+%—m—4) (a7
Lls

Consequently, if the variables within parentheses in the same
expression are equal to zero, the derivative of the overall
Lyapunov function (18) is negative.

. V.
2+ iy —di — L)
L
sk Vql
c3z3 + Kornpzy + iy — d) — 7= 0
) Vi s (18)
caz4+ iy —d3 — =0
Lls
. 2
cazs + ity —dy — - =0
a2 Lls

The reference voltages are obtained as [11]:

Vir = Ls (222 + iy — di)
V;l =1L (C3Z3 + kornpzi + i'j;l — dz)
Vi, = Lis (cazs + i, — d3)

| V2 = Lis (0425 + 322 — d4)

(19)

Ultimately, the reference variables required to regulate the
PMSM’s speed have been determined by backstepping con-
trol. However, the effectiveness of this strategy depends
on control gains that are adjusted suitably to produce the
required performance, which includes faster dynamics in both
motor speed and stator current. Therefore, a genetic algorithm
is suggested in this work to determine the control gains of
backstepping approach.
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FIGURE 3. Flowchart of standard GA.

IV. ADOPTED GENETIC ALGORITHM

Genetic algorithms (GA) represent stochastic global search
methods widely employed to address optimization challenges
across various domains, including management, economics,
and industry [16]. Figure 3 provides an overview of the
flowchart detailing the genetic algorithm process. Generally,
the GAs are presented based on three fundamental principles,
as has been suggested by J. Holland:

o The encoding: operation of encoding parameters as
genes and chromosome;

« The operator of selection: selection of the best suited
and most efficient individuals;

« The operators of reproduction: crossover and muta-
tion acting on genes.

Within the context of backstepping control, the pivotal
challenge revolves around selecting appropriate control
gains [19]. To surmount this hurdle, the integration of
stochastic optimization techniques becomes imperative. Con-
sequently, this work proposes the utilization of a genetic
algorithm, which is implemented on the discrete model of
the dynamical system equations. In our investigation, the
proposed GAs are structured upon five fundamental steps:

1. Chromosome Design: Chromosomes are constructed
using genes representing the control gains, as depicted in
Figure 4.

The following constraints must be considered:

The Parameters (C;, Cp, C3, C4) must remain within
their predetermined intervals. Adherence to the physical
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Chromosomes

[c11021031c4]

FIGURE 4. Chromosome structure.

TABLE 2. Selected optimized gains of backstepping controller.

cl 6000
2 4000
3 2500
o4 800

limitations of the SP-PMSM drive is crucial, encompassing
stator voltages, currents, and torque.

The objective function is formulated by encompassing
various attributes indicative of desired performance. This
incorporates time responses, overshoots, and dynamic errors
pertaining to both the current and rotor speed of the 5P-
PMSM drive. The fitness metric aggregates these attributes,
with the genetic algorithm aiming to minimize them through
the following equation:

F=Aw+ Ai+ AT o+ AT, +D (@) +D@G)  (20)

where, Aw and Ai are the relative errors of speed and current.
ATy, and AT, are the time response errors of speed and
current. D(w), D(i) are the overshoots of speed and current.
The backstepping controller gains based on AG are selected
in Table 2. The genetic algorithm parameters are resumed in
Table 3.

2. Encoding: A decimal coding approach is adopted for its
simplicity over binary coding. This is particularly apt given
that control gains are represented as decimal values.

3. Selection Function: Employing a selection algorithm
that combines the threshold and a two-competitor tournament
mechanism alongside a selection probability Py =0.8.

4. Genetic Operator: A linear discrete crossover operation
is executed on parent chromosomes, yielding three potential
offspring (Fy, F», F3) as follows:

Fi1 =05P1+ Py)
Fy =15P1 —0.5P, 21
F3 = —0.5P1 +1.5P;

Following the evaluation of these offspring and their verifica-
tion for adhering to constraints, the superior two are selected
and deemed descendants.

5. Mutation Operator: A Gaussian mutation is imple-
mented, affecting a variable percentage of offspring and
diminishing linearly from 30% to 0% at the end. Addition-
ally, a constraint is imposed on the magnitude of mutation,
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with the magnitude decreasing as the number of generations
progresses.

The pseudo code of of GA-Backstepping controller was
written in the MATLAB and linked to the Backstepping
controller from the Simulink platform. The pseudo-code of
the proposed GA-Backstepping controller is presented as
follows:

% Population Initialization

Identify the Population size (P = 20);
Define the parameters (Cy, Cz, C3, Cy);
% GA options
Define the objective function
obj_fn = optimization_GAINS (C, Ca, C3, Cq);
Select individuals based on their fitness values,
if the random individual value is less than the selected
parents;
otherwise, return;
Perform crossover to generate new parents;
Apply the Backstepping parameters;
Perform mutation with certain probability;
Compare the new fitness values with the previous values;

% Cost function

Define the cost function
Cost_fn = optimization_ GAINS (Cy, Cy, C3, Ca);
Combine the parameters of parents to produce a new
generation;

Change randomly the value of (Cy, Cp, C3, Ca);
Verify the performance criteria;

Condition verified;

end.

V. DESIGNED SLIDING MODE OBSERVER

In this section, a sliding model observer (SMO) is suggested
to estimate the back-EMF and the SP-PMSM speed as well
as rotor position, where the stator voltages are considered
measurable and taken as the observer inputs. The dynamic
nonlinear model of the SMO can be constructed in the sta-
tionary reference frame («1, 81, @1, §1) as follows [28]:

d?al
dt
di .
LS% = —Ryig1 + Vg1 — Kysat (S,gl)
- (22)
= —Ryig2 + Voo — Kpsat (sq2)

Ly—= = —Ryig1 + Va1 — Kisat (sq1)

Li,—— = —Rs;ﬁz + Vgo — Kpsat (S,gQ)

where, K; and K; are the observer gains. Also, sat(s) is
saturation function, which is expressed as [11]:

if s> x
if Isl <x (23)
1 ifs<y

sat(s) =

| }X|wr—
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) . T
where, x is positive constant. S (X) = [ sa1 Sp1 Sa2 Sp2 | =

[iep - iaﬁ]T is sliding surface. The stability of the SMO
system based on the Lyapunov function is studied under two
conditions, the first one is the Lyapunov function should be
positive. While the second condition is the derivative of the
sliding function is negative, which is selected as [28]:

1
H= zS x)T's x) (24)
Its derivative is written as:
S DR
H = ES X)) S X)
= Sq18a1 + 8581881 + Se28a2 + 582582 < 0 (25)

Thus, the derivative of estimation error can be computed as:
dsg1

ddt

Ly

= —RySq1 + eq1 — Kysat (sq1)

SB1

and—/: = —Rssp1 + ep1 — Kysat (s,g]) 26)
Sa2

Lis dd[: = —Rssq2 + eq2 — Kosat (5q2)
sp2

Llsd—f = —Rsspg2 + eg2 — Kosat (Sﬂz)

By carefully selecting the observer gains, the presented SMO
can achieve the separation between observer design and state
feedback. When the system arrives to the sliding surface.

SX)=8SX)=0 (27)
Substituting (27) into (26) yields:
eat = Kisat (a1 — ial)
eg1 = Kysat ;l:/gl — i,gl) 28)
eq2 = Kpsat (iaz - iaz)
egr = Kpsat (2,32 — i,gz)

On the other hand, a simple algorithm of speed sensorless
control is built to extract the back EMF value for good filter-
ing so to estimate the SP-PMSM speed, which can be written
as follows [28]:

I déozl ~ A ~ ~
dr = —wrég] — Wregl — Meéy]
degr . . . .
—— = Wr€yql + Wreq1 — megi
dt
¢ (29
deyr -
= —mjéy2
dr *
deg .
= —mjen,
dt p
where, eyl = €q1 — €ql1, €81 = €81 — €1, a2 = €q2 —

ew?, éﬁz = ?3/32 —ep2 and @, = ®; — w;.

Also, m, m; are constants that are obtained by applying
the given stability conditions. Therefore, to demonstrate the
stability of system (29), a new Lyapunov function is given as
follows [11]:

Gt e e, ey, @2
H| = 5 + 7 (30)
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TABLE 3. Genetic algorithm parameters.

GA parameters Value
Population size 20
Number of genes 4
Selection Type Threshold &
Probabilistic Tournament
Mumber of generation 1000
Selection Probability 0.8
Crossover Type Linear crossing (Wright)
Mutation rate [0% , 30%]
Sampling frequency 0.0001s
TABLE 4. Constant gains of SMO algorithm.
Kl KZ KP(U K[(u
700 300 25 0.15

Its derivative is written as:
Hy = e41241 + 81251 + Ca2an
+ époep + %a)a) 31)
where, A > 0. Substituting (28) into (30) yields:

H] = —m (é(%{l + é%l) — nmj (égz + é%z)
- - A - l;
+a, (ealeﬂl —epreql + Ia)r) (32)
The function Hj is positive. Thus, the first stability require-
ment is satisfied. The second requirement is that the deriva-

tive of the H; be smaller than zero. It is important for the H 1
to be negative as:
—m (B2, + ) —mi (2 +2) <0
-~ - .~ X (33)
Wy (ealeﬂl —egieql + Iwr) =0

Based on the estimated back EMF value, the estimated 5P-
PMSM speed as follows:

(’[)r = /1/ (éa]éﬁl — éﬁ]éa])dt (34)

Finally, the adaptation law based on PI controller is computed
as [24]:

&y = Kpo, (E‘aléﬂl - éﬂléal)

+Klw/ (2a18p1 — ep18q1)dt (35)
ér = arctan (f“—l) (36)
6/31

where, K, and Kj,, are the PI speed gains. The constant gains
used in SMO are chosen in Table 4, which is used in the real
time simulation tests.

The general structure of the suggested observer for SP-
PMSM drive is presented in Figure 6. As can be seen, the
feedback currents iy1, g1, ia2, 12 and the stator voltage V41,
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FIGURE 5. Block diagram of the gains determination algorithm.
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FIGURE 6. General structure of proposed observer for 5P-PMSM drive.

Vg1, Va2, Vg2 are the SMO inputs. While the estimated
5P-PMSM speed and rotor position are the outputs of the
suggested observer.

VI. REAL-TIME SIMULATION RESULTS

The merits of the introduced backstepping technique, lever-
aging the genetic algorithm for a SP-PMSM drive, along with
the robustness and accuracy of the proposed sliding model
observer, are rigorously substantiated through real-time sim-
ulations conducted on the OPAL-RT 4500 simulator.

A series of real-time simulations are executed to assess the
performance of the suggested control strategy across diverse
operational scenarios. These scenarios encompass load vari-
ations, alterations in motor parameters, and emulation of
industrial test trajectories. The schematic illustration of the
real-time setup utilizing the OPAL-RT 4500 simulator is
visualized in Figure 7.

A. FIRST TEST: LOAD TORQUE CHANGE

The inaugural test serves to underscore the efficacy and
performance of the proposed sensorless algorithm. In this
evaluation, the estimated speed takes the place of the mea-
sured speed. The real-time outcomes of the sensorless control
strategy, augmented by the AG with SMO system, are
depicted in Figure 8.
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The prescribed reference speed remains constant at
100 rad/s, while an applied load torque of 5 N.m is intro-
duced at 0.5 s. The alignment between the actual speed
and the estimated speed of the SP-PMSM drive is pre-
sented in Figure 8(a). Evidently, the estimated speed adeptly
shadows the actual speed in accordance with the imposed
reference speed, devoid of any overshoot. This attests to
the effectiveness of the proposed sensorless control solution.
Figure 8(b) illustrates the speed tracking error between the
actual speed and the estimated counterpart. This error remains
minimal, hovering around 0.02 rad/s during the motor’s
steady-state operation. Notably, negligible error is observed
during moments of load torque variation. Importantly, this
speed tracking error showcases a significant reduction com-
pared to errors encountered in prior works [3], [4], [5], [11],
[15], [19], highlighting the precision and robust tracking
dynamics introduced by the proposed SMO system.

Developed torque and applied load torque are visual-
ized in Figure 8(c). The motor’s torque dynamics post-load
torque alteration are evidently swift and accurate. In steady-
state operation, the motor torque aligns seamlessly with the
imposed load torque, accompanied by acceptable ripples.
These observations stand in contrast to findings in [6], [7],
[14], [19], and [21].

Figure 8(d) illustrates the sinusoidal waveform of the
five-phase currents within the 5SP-PMSM drive. Notably, the
currents exhibit balanced sinusoidal behavior, marked by a
reduction in chattering—a notable improvement compared
to previous instances of chattering observed [5], [11], [13].
Furthermore, figure 8(e) presents a comparison between the
estimated rotor position, derived from the SMO system, and
the real rotor position. Evidently, the rotor position main-
tains a periodic pattern oscillating between zero and 2x rad.
Impressively, the estimated position aligns seamlessly with
the real rotor position, underscoring the minimal rotor posi-
tion error exhibited in Figure 8(f).

B. SECOND TEST: ROBUSTNESS TEST

A comprehensive robustness examination is undertaken to
validate the proposed sensorless control’s performance under
low-speed operation. Specifically, a fixed step of 5 rad/s is
introduced, coupled with an applied load torque of 5 N.m
at 0.5 s. Of paramount importance is the investigation of the
5SP-PMSM drive’s response to parameter uncertainties. These
uncertainties are delineated in Figure 9(a) and manifest as
follows:

R _ 0182 0<r<02
T lo21e 02<1<1,
21mH 0O0<t<04
Ly = and
3.15mH 04 <t<1
S 0.0011Kg.m* 0 <t <0.7
~ ] 0.00165Kg.m> 0.7 <1<1
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This examination is instrumental in understanding the
impact of motor parameter fluctuations on the proposed

control algorithm. The real-time findings of the
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Sensor- Figure 9.

less control strategy, underpinned by the AG with SMO
system, amidst parameter uncertainties are portrayed in
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Figure 9(b) illustrates the measured real speed and the
corresponding estimated speed at a low speed of 5 rad/s.
The estimated speed tracks the actual speed with remark-
able fidelity, even during low-speed operations devoid of any
discernible overshoot. This behavior underscores the control
algorithm’s robustness and precision, even when subjected to
low-speed conditions. Notably, the algorithm’s performance
remains resilient to changes in motor parameters—a contrast
to findings in [2], [5], and [12].

The speed tracking error is impressively mitigated from
0.015rad/s to 0.008rad/s compared to previously reported
results [2], [3], [4], [5], [11], [19], as depicted in Figure 9(c).
This outcome serves as a testament to the sensorless control’s
superior performance, ensuring a stable operational mode
for the SP-PMSM drive, even during low-speed operation
(within 5 rad/s). Figure 9(d) reveals the sinusoidal nature of
the five-phase currents within the SP-PMSM drive, observed
even amidst motor parameter fluctuations and low-speed
operation.

C. THIRD TEST: INDUSTRIAL TEST TRAJECTORIES

To ascertain the viability of the proposed sensorless
algorithm, an industrial operating profile of the SP-PMSM
drive is employed, mirroring the profile provided in [7]. This
profile is chosen due to its ability to encapsulate diverse
scenarios across a broad spectrum of reference speed changes
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and load torque variations, rendering it a robust testbed for
assessment. As illustrated in Figures 10(a) and 10(b), this
profile traverses an array of distinct scenarios, offering a
comprehensive evaluation of the sensorless algorithm’s per-
formance under realistic industrial conditions.

Figure 10(c) juxtaposes the measured real speed against
the estimated counterpart. The convergence of estimated and
actual speed profiles to the reference profile is conspicuous,
manifesting minimal overshoot. Notably, the speed tracking
error remains negligible across varying reference speeds and
applied load torques, as evidenced in Figure 10(d). This
underscores the sensorless algorithm’s adeptness in deliver-
ing precise tracking dynamics and remarkable accuracy.

Figure 10(e) uncovers the amplitude behavior of the five-
phase currents, resonating with the dynamic characteristics
of the SP-PMSM operation under diverse scenarios. Notably,
during intervals when the motor speed reaches zero, the
five-phase currents adopt DC-like characteristics. Further-
more, figure 10(f) reaffirms the efficacy of the proposed
approach as the estimated rotor position aligns closely with
the real signal, attesting to the algorithm’s robustness and
accuracy.

Response of five-phase PMSM under different controls are
resumed in Table 5. Based on the real-time outcomes from
the three preceding tests, it is evident that the devised back-
stepping approach, rooted in the genetic algorithm and SMO
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TABLE 5. Response of five-phase PMSM under different controls.

Works Proposed Sensorless control based on a GA Sensorless Vector Control Based on a Sensorless Backstepping Controller Using
and a sliding model observer Sliding Mode Observer [11] Extended Kalman Filter [19]
Speed Low speed Rated speed | High speed Low speed Rated speed | High speed Low speed Rated speed | High speed
Rise Time 0.07 0.08 0.08 0.15 0.2 0.15 0.11 0.14 0.15
Settling Time 0.11 0.13 0.15 0.2 0.25 0.2 0.3 0.36 0.4
Speed Estimation Error 0.008 0.017 0.023 0.3 0.2 0.35 0.015 0.27 0.15

system, furnishes rapid response capabilities with height-
ened precision under varying load torque disturbances and
reference speed changes. Simultaneously, the algorithm’s
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robustness to motor parameter changes is evident, affirm-
ing its adaptability to real-world industrial applications.
This distinctive blend of attributes positions the proposed
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backstepping approach as a promising solution for SP-PMSM
drives across diverse industrial contexts.

VIl. CONCLUSION
This study delved into the realm of robust nonlinear control
for the enhancement of the performance of the studied 5P-
PMSM drive. Leveraging the potency of a genetic algorithm,
we devised a backstepping controller that showcased remark-
able performance. Additionally, we seamlessly integrated
a sliding mode observer into the framework to achieve
real-time and accurate rotor position and speed estima-
tions. Rigorous validation was attained through Lyapunov’s
criterion, substantiating the stability of both the proposed
controller and observer. The efficacy of the developed sen-
sorless control was rigorously examined through real-time
simulations executed on the OPAL-RT 4500 simulator. These
simulations underscored the resilience and potency of the pro-
posed sensorless control approach for the SP-PMSM drive,
even under the influence of parameter uncertainties. Partic-
ularly noteworthy were the variations in stator resistance,
friction coefficient, and stator inductance, which are pivotal
aspects in the dynamic behavior of a SP-PMSM drive system.
Further observation revealed that the proposed sensor-
less control framework exhibited impressive load torque
disturbance rejection capabilities, outperforming previous
approaches by exhibiting smaller speed tracking errors.
Consequently, this solution stands as a robust and effi-
cient sensorless technique primed for practical applications.
In future research, our focus will shift towards conducting
practical experiments to validate the proposed sensorless
scheme for the SP-PMSM drive system.
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