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ABSTRACT Finite-control-set model predictive control (FCS-MPC) has achieved superiority in managing
multiphase induction machines due to its quick dynamic response, control flexibility, and overall good
performance. Its advantages, including simplicity, computational efficiency, compensation for system
perturbations, and effective handling of multivariable problems, have made it a competitive alternative in
various industrial applications. Nevertheless, FCS-MPC has some limitations. It is highly dependent on the
accuracy of the predictive model’s parameters. Unfortunately, the estimation of magnetizing inductance, the
most critical factor, especially in the weakening field region, has not been studied yet. Focusing on this
gap, this article proposes a technique to estimate the magnetizing inductance in the field weakening zone
for a six-phase asymmetrical induction machine driven by the FCS-MPC. Experimental tests have verified
the effectiveness of the proposed method, considering stator currents and rotor speed tracking, as well as a
reduction in the (x − y) currents.

INDEX TERMS Field weakening operation, magnetizing inductance, multiphase induction machine,
predictive current control, space vector modulation.

I. INTRODUCTION
Scientists and industrialists are showing increasing interest
in multiphase machines due to their intrinsic characteristics,
including fault tolerance, lower current per phase, lower
torque ripple and better harmonic profile, compared to
their three-phase equivalents [1], [2], [3], [4]. This is
why practical applications of multiphase motor drives are
becoming more popular in recent years. Koenigsegg’s dark
matter electric vehicle and the General Electric motor for ship
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propulsion system are good examples ofmultiphasemachines
commercial applications [5], [6].

The most commonly used controls for multiphase
machines are generally based on techniques developed for
their three-phase equivalents, such as field-oriented control
(FOC) based on internal proportional-integral (PI) current
control or direct torque control [7], [8], [9]. However,
a technique called finite control set model predictive control
(FCS-MPC) has been proposed recently, replacing internal
current loops. This has become one of the most studied
controllers for its intuitive nature, ease of implementation
in digital systems and fast transient response compared
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to non-linear controllers [10], [11], [12], [13]. Accurate
estimation of the parameters of electric machines is required
to implement FCS-MPC effectively. In [14], [15], different
techniques are observed to estimate the parameters in
permanent magnet synchronous motors and [16] and [17] for
induction motors. FCS-MPC offers certain advantages, such
as handling multiple objectives and constraints, adaptation
to different power converters and machine models, and
controlling linear and nonlinear systems. Variants of the
FCS-MPC have been designed to address its limitations,
such as (x − y) current reduction [18], [19], [20], [21],
computational load reduction [18], [19], [20], [21], and
steady-state error in the (d − q) plane [22], [23], [24], [25].
Specifically, research in [26] demonstrated that the

steady-state error for a six-phase asymmetrical induction
machine (SPAIM) was corrected, including in the field
weakening (FW) zone where the error increases. However,
one limitation of the FCS-MPC is its sensitivity to the
variation of parameters since this control depends on the
mathematical model’s precision. Particularly in the FW zone,
the magnetization inductance varies given the operating
conditions, so the quality of control decreases. Some works
made approximations of the magnetization inductance with
a polynomial dependent on the current ids and the current
im in FW operations [27], [28]. Nonetheless, there is
currently no proposed method for accurately determining
the magnetization inductance in the flux-weakening zone for
multiphase machines under FCS-MPC control.

Therefore, this article proposes a method to estimate the
magnetizing inductance in the FW zone for the SPAIM
controlled by the FCS-MPC, named PMPC [29]. The
controller, which uses different estimated values of the
magnetizing inductance, is evaluated through experimental
results. The results will be discussed regarding the (α − β)
currents and rotor speed tracking, (x−y) currents reduction by
considering the mean square error (MSE) as figures of merit.

The rest of this document is organized as follows:
The SPAIM mathematical model is shown in Section II.
Section III presents the proposed controller, including the
FCS-MPC design, as a predictive current control (PCC).
Section III also describes the design of the PMPC, including
an FW algorithm, the steady-state regulator, and the magne-
tizing inductance estimator. The experimental results show
the steady-state and transient behaviour for the proposed
technique, where the figures of merit are discussed in
Section IV. Finally, the conclusions are defined in Section V.

II. SPAIM MATHEMATICAL MODEL
The FCS-MPC is designed by considering the mathematical
model of the system, comprising a SPAIM supplied by a
six-phase Voltage Source Inverter (VSI) connected to a DC
source, as presented in Figure 1. Accordingly, a continuous
representation of the SPAIM is written using differential
equations. To reduce the six-phase dimensional space of the
system (a, b, c, d , e, f ), the vector space decomposition

FIGURE 1. SPAIM powered by a six-phase VSI.

(VSD) method is performed, which converts it into three
two-dimensional orthogonal planes in the stationary frame
references depicted as (α−β), (x−y) and (z1− z2), using (1)
and the invariant amplitude criterion [30]. At the same time,
the SPAIM has a phase shift of 30◦ between the three-phase
windings, and they also have an isolated neutral connection;
thus, it is confirmed that the currents (z1 − z2) are null. The
VSD method is significant in current profiles. Particularly,
the (α − β) currents are related to the electromechanical
energy conversion of the SPAIM. The (x−y) currents mainly
contribute to the SPAIM losses and do not produce any
torque. This distinction between these two currents enhances
the understanding and interpretation of the SPAIM operation
and simplifies the implementation of PMPC for improved
performance.
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The six-phase VSI, consisting of two isolated gate bipolar
transistors (IGBT) per phase, has a discrete nature with 26 =

64 possible switching outputs. The different switching states
and theDC source define the output voltages. The 64 different
voltages, according to the VSD method, are depicted in
Figure 2 in which only 49 vectors (48 vectors+ 1 null vector)
are considered different in (α−β) and (x− y) planes. Hence,
the state-space mathematical model of the SPAIM can be
presented as follows:

Ẋ(t) = A(t) X(t) + B(t) U(t) + Hϖ(t) (2)

where X(t) = [x1, x2, x3, x4, x5, x6]T is the state vector
representing stator and rotor currents x1 = iαs, x2 = iβs,
x3 = ixs, x4 = iys, x5 = iαr and x6 = iβr , U(t) =

[u1, u2, u3, u4]T =
[
vαs, vβs, vxs, vys

]T is the input voltage
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vector to power the SPAIM, H is defined as the noise weight
matrix, the process noise isϖ(t) andA(t) andB(t) are matrices
defined by the SPAIM parameters as shown:

A(t)

=


−Rsc2 c4Lmωr 0 0 c4Rr c4Lrωr
c4Lmωr −Rsc2 0 0 c4Lrωr c4Rr

0 0 −Rsc3 0 0 0
0 0 0 −Rsc3 0 0

Rsc4 −c5Lmωr 0 0 −c5Rr −c5Lr
−c5Lmωr Rsc4 0 0 −c5Lr −c5Rr


B(t)

=


c2 0 0 0
0 c2 0 0
0 0 c3 0
0 0 0 c3

−c4 0 0 0
0 − c4 0 0


where Rs, Rr , Lm (mutual inductance), Lr = Llr + Lm and
Ls = Lls+Lm are the electrical parameters of the SPAIM. The
coefficients are c1 = LsLr − L2m, c2 =

Lr
c1
, c3 =

1
Lls
, c4 =

Lm
c1

and c5 =
Ls
c1
.

FIGURE 2. Voltage space vectors and 64 switching states in (α − β) and
(x − y ) planes for the SPAIM.

A simple mathematical model for the VSI is presented
to ensure an effective optimization calculation. Stator
voltages are related on the switching state S, where
S = [Sa, Sd , Sb, Se, Sc, Sf ], Si ∈ {0, 1} and can be obtained
from the six-phase VSI modelM[S] presented:

M[S] =
1
3


2 0 − 1 0 − 1 0
0 2 0 − 1 0 − 1

−1 0 2 0 − 1 0
0 − 1 0 2 0 − 1

−1 0 − 1 0 2 0
0 − 1 0 − 1 0 2

ST (3)

The six-phase VSI generates a voltage in every phase through
the switching signals, and then they are transformed to (α−β)
and (x − y) planes. They are presented as U(t):

U(t) = Vdc TM[S]. (4)

where Vdc is the DC source. The output vector, Y, is:

Y(t) = C X(t) + ν(t) (5)

where ν(t) is the measurement noise and

C =


1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 1 0 0

 .
The SPAIM torque is calculated through these equations:

Te = 3 P
(
ψαsiβs − ψβsiαs

)
(6)

Ji ω̇m + Bi ωm = (Te − TL) (7)

ωr = Pωm (8)

where Te is the electromagnetic torque, ψαs and ψβs are
the stator fluxes, P the number of pole pairs, Bi the friction
coefficient, Ji is the inertia coefficient, TL is the load torque,
ωr and ωm are the rotor mechanical speed and the rotor
electrical angular speed respectively.

III. CONTROL SCHEME APPLIED TO THE SPAIM
This section illustrates the complete control scheme which
includes a speed control, an inner PCC with a reduced-order
observer, the defined cost function, the modulation stage,
the FW operation, the steady-state current regulator and the
estimation of the magnetizing inductance on the FW zone.

A. OUTER SPEED CONTROL
The SPAIM mechanical speed outer loop is designed based
on a PI controller with a saturated output and an anti-windup
method, as proposed in [31]. This PI is selected due to its
simplicity and robustness. The PI speed regulator generates
the dynamic current reference named i∗qs.

At the same time, the slip frequency (ωsl) calculation is
developed based on the indirect rotor field-oriented control
(IRFOC) method through the (d−q) stator current references
(i∗ds, i

∗
qs) and the rotor parameters Rr ,Lr . The speed control is

defined as follows:

i∗qs = Kp(ω∗
m − ωm) +

Ki(ω∗
m − ωm)
z− 1

(9)

where Kp and Ki are the PI parameters representing the
proportional and integral parts, respectively.

B. PCC BASED ON PMPC
To the PMPC to perform correctly, the SPAIM ((2) and (5))
needs to be defined into a discrete form, and for this case,
a direct Euler method is applied to reduce computational
complexity. The equations will be suitable for digital
processing, where predicted variables are obtained from past
values. Thus, the prediction of the variables, defined as
X̂[k+1|k], is calculated:

X̂[k+1|k] = X[k] + f
(
X[k], U[k], Ts, ωr[k]

)
(10)
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where [k] is the present sample, f is the function symbol and
Ts the sampling time.

C. REDUCED ORDER OBSERVERS
In the presented model (2), only the stator currents and the
rotor speed can be measured [32]. The stator voltages are
obtained from the switching states for the six-phase VSI.
However, the rotor currents cannot be measured, so they
must be observed. This can be done through reduced-order
observers. Some methods like the Luenberger Observer (LO)
and Kalman Filter (KF) were proposed [33], where the KF is
considered a better selection as the observer gains are updated
through the consideration of the noise input to the sensors.
For a comprehensive understanding of the dynamics and error
convergence of the KF, refer to [34], given that this aspect was
omitted from the present work for reasons of conciseness.

D. COST FUNCTION
The cost function is defined from optimising essential
variables, such as reduction of torque ripple and the harmonic
distortion [21]. However, in current control, the error in the
predicted stator currents in the (α − β) and (x − y) planes
are the most important variables. PMPC calculates the cost
function for 49 iterations:

J[k+2|k]

=

[
(i∗αs[k+2] − îαs[k+2|k])2 + (i∗βs[k+2] − îβs[k+2|k])2

+ λxy

(
(i∗xs[k+2] − îxs[k+2|k])2 + (i∗ys[k+2] − îys[k+2|k])2

) ] 1
2

(11)

By considering (12), a second step forward prediction
of the stator currents îs[k+2|k] is performed to compensate
dead time [34]. The stator current references are depicted as
i∗s[k+2]. Weighting factor optimization is a subject of current
research interest, with some studies dedicated to exploring
this topic [35], [36]. Usually, in multiphase machines, λxy is
tuned to prioritize the (α − β) currents.

X̂[k+2|k] = A[k]X[k+1] + B[k]U[k+1] + Hϖ[k] (12)

E. MODULATION STAGE
PMPC uses a modulation stage designed as a space vector
modulation (SVM). PMPC uses 4 vectors, which includes
2 mid vectors (VM) and 2 large vectors (VL). This
modulation improves the performance of the stator current
tracking by including the adjacent VM per sector to avoid the
null vectors (VZ). VZ limits the voltage range of the vectors
when combined with its corresponding duty cycle, reducing
the PMPC ability to track the stator currents in (α− β) plane
because VZ duty cycle is increased when the (x− y) currents
are reduced [29]. The duty cycles, for the four active vectors

d1, d2, d3 and d4, are obtained by solving these equations:

d1 =
σ

J1
d2 =

σ

J2
d3 =

σ

J3
d4 =

σ

J4
(13)

d1 + d2 + d3 + d4 = 1 (14)

where J1, J2, J3 and J4 are the cost functions (11) for every
vector in any sector. σ can be clear and the duty cycles for
each vector are defined in the following equations:

JT1 = J1J3J4 + J2J3J4 (15)

JT2 = J1J2J4 + J1J2J3 (16)

d1 =
J2J3J4

JT1 + JT2
(17)

d2 =
J1J3J4

JT1 + JT2
(18)

d3 =
J1J2J4

JT1 + JT2
(19)

d4 =
J1J2J3

JT1 + JT2
(20)

FIGURE 3. Possible sectors of PMPC for the six-phase VSI.

PMPC analyses all the 12 sectors, as presented in Figure 3,
by obtaining the cost function for every vector and the duty
cycles of each vector are defined with their cost functions.
At last, the cost function to select a sector is depicted as:

G[k+2|k] = d1J1 + d2J2 + d3J3 + d4J4 (21)

F. FIELD WEAKENING OPERATION
The simplest method for FW operations is to modify the
rotor flux reference in inverse proportion toωm [37], reducing
the magnetic field. In this method, above rated speed, the
reference currents i∗ds and i∗qs are calculated in the next
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equations:

i∗ds =
ωm(rated)

ωm
ids(rated) (22)

i∗qs(max) =

√
i2s(max) − i∗2ds (23)

where is(max) is the maximum stator current value, typically
limited to 1.5 times the rated current [38]. At the same
time, i∗qs(max) is the maximum reference value if an external
speed control is not performed. In this case, it is used to
limit the output of the speed controller iqs. Usually, when i∗ds
is decreased, to achieve the maximum stator current, i∗qs is
increased.

G. STEADY-STATE CURRENT REGULATOR
The steady-state current regulator is based on an integrator
combined with the PMPC to mitigate the steady-state error
in (d − q) currents. This approach involves the following
function [39]:

I (z) =
KRz−1

1 − z−1 (24)

PMPC with a small sampling time is approximated to
a closed-loop system with eigenvalues at the origin in the
complex plane, so it is considered as a delay z−1 in the
(d − q) plane [39]. Although a limited version of a more
complex controller like the MPC, it simplifies the analysis
in the (d − q) plane. So, the following open-loop function is
defined:

G(z) =
KRz−2

1 − z−1 (25)

At the same time, the close-loop function is:

idqs(z)
idqs(z)∗

=
KRz−2

1 − z−1 + KRz−2 (26)

where it can be seen that to stay inside the unit circle, 0 <
KR < 1 must be satisfied. Finally, the output is saturated, and
an anti-windup is included to provide more security for the
system.

It must be considered that an integrator has a slow response
and could present oscillations in its dynamic behaviour. For
this reason, a lead compensator (LC) is also included to
accelerate the response since it has a high transient response
speed and bandwidth. This compensator is typically designed
based on some criteria. In this case, the selected criteria is
the frequency domain behaviour of the simplified system
shown in (25) to obtain an increase of 40◦ of phase margin,
improving the system bandwidth [26]. The compensator is
defined as follows:

LC(s) =
Ts+ 1
αTs+ 1

(27)

being α the attenuation factor, T is the compensator time
and s the Laplace operator. Then, its discrete version with a

zero-order holder is presented:

LC(z) =

z
α

+ 1 −
1
α

− e−( Ts
αT )

z− e−( Ts
αT )

(28)

The parameters for the (d−q) current regulator are defined
as: α = 0.2, T = 0.24, KR = 100Ts. PMPC is finally
depicted as a block diagram in Figure 4.

FIGURE 4. Block diagram of PMPC.

H. MAGNETIZING INDUCTANCE IN FIELD WEAKENING
ZONE
It is known that the magnetizing inductance may vary
when the rotor flux reference changes in the FW zone.
Some approximation approaches have been proposed to
consider this phenomenon. Most of these approaches are
based on polynomial functions dependent on the ids or the
im currents [27], [28].
As (22) is used to calculate the i∗ds in FW, the inversely pro-

portional relationship with the rotor speed can be observed.
At the same time, an approximation to the behaviour of the
magnetization current im in FW can be considered, applying
the following:

im =
ωm(rated)

ωm
im(rated) (29)

Furthermore, the following can be assumed:

im(rated) =
vm(rated)
xm(rated)

=
vm(rated)

2π f(rated)Lmag(rated)
(30)

im =
vm(rated)
xm

=
vm(rated)
2π fLmag

(31)

Substituting (30) and (31) into (29)

Lmag =
Lmag(rated)f(rated)ωm

f ωm(rated)
(32)

Lmag =
Lmag(rated)f(rated)

2π f
P (1 − Slip)

f 2π f(rated)P (1 − Slip(rated))
(33)

At the end of the simplifications, it is obtained:

Lmag =
Lmag(rated)(1 − Slip)
(1 − Slip(rated))

(34)
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Considering the approximation of the Slip within the
IRFOC, it can be calculated below:

Slip =
i∗qs
i∗ds

Rr
Lr

1
ωs

(35)

Slip =
i∗qs
i∗ds

Rr
(3Lmag(rated) + Llr )

1
ωs

(36)

Applying (36) in (34)

Lmag =
1

(1 − Slip(rated))
(Lmag(rated) (37)

− Lmag(rated)
i∗qs
i∗ds

Rr
(3Lmag(rated) + Llr )

1
ωs

) (38)

Since 3Lmag(rated) + Llr ≈ 3Lmag(rated) and ωs = 2π f the
equation can be simplified

Lmag =
1

(1 − Slip(rated))
(Lmag(rated) −

i∗qs
i∗ds

Rr
3

1
2π f

) (39)

Finally, considering that i∗ds varies with the rotor speed
according to (22), the proportion of the speeds ωm(rated)

ωm
≈

f(rated)
f , then:

Lmag =
1

(1 − Slip(rated))
(Lmag(rated) (40)

−
i∗qs

ids(rated)f(rated)

Rr
3

1
2π

) (41)

For a simple visualization, these constants are considered
k1 =

1
(1−Slip(rated))

, k2 = k1 1
ids(rated)f(rated)

Rr
3

1
2π . Then the

magnetizing inductance will be affected mainly by i∗qs:

Lmag = k1Lmag(rated) − k2i∗qs (42)

Figure 5 presents the variation in the magnetizing induc-
tance in FW for different values of i∗qs compared to its rated
value. k1 is approximately 1.181 and k2 is 0.0086.

FIGURE 5. Magnetizing inductance (Lmag) versus i∗qs current graph.

IV. EXPERIMENTAL RESULTS
To experimentally verify the proposal, tests were carried out
with a six-phase drive with the PMPC approach in which the
performances of the steady-state and transient regime were
comparedwhen the parameter Lm was kept constant andwhen
it was varied according to (42). The experiment includes a
SPAIM, two typical three-phase VSIs, and a DC source. The
VSIs are activated by a real-time rapid prototyping platform
controlled with MATLAB/Simulink 2014a named dSPACE
MABXII DS1401. The SPAIM parameters were obtained
by AC time domain conventional methods and stand-still
tests [40] and are depicted in Table 1.

TABLE 1. SPAIM parameters.

The currents are measured by LA 55-P s sensors. The
SPAIM rotor angle is measured by a 1024 ppr incremental
encoder, and its speed is estimated from it. At the same
time, a mechanical load is performed on the SPAIM using
an adjustable 5 HP eddy current brake. At last, a photo of the
entire setup is shown in Figure 6.

FIGURE 6. Photo of the entire setup, including the SPAIM, the dSPACE
platform, the eddy current brake and the two three-phase VSIs.

The cost function in (11) with λxy = 0.1 was adjusted
to perform the PMPC [29]. The measurement and process
noise values are calculated by the autocovariance-least-
squared (ALS) method since it provides unbiased estimations
with the lowest covariance, guaranteeing an optimal KF
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TABLE 2. Performance of stator currents, MSE (A) and MSE (A) for PMPC
with constant Lmag with iqs = 1.5 A at different rotor speeds (rpm).

TABLE 3. Performance of stator currents, MSE (A) and MSE (A) for PMPC
with constant Lmag with iqs = 2.5 A at different rotor speeds (rpm).

TABLE 4. Performance of stator currents, MSE (A) and MSE (A) for PMPC
with estimated L̂mag with iqs = 1.5 A at different rotor speeds (rpm).

TABLE 5. Performance of stator currents, MSE (A) and MSE (A) for PMPC
with estimated L̂mag with iqs = 2.5 A at different rotor speeds (rpm).

adjustment [34]. The applied values are Q̂w = 0.0022 and
R̂v = 0.0022. Then, (x − y) current references are fixed to
zero (i∗xs = i∗ys = 0) since this plane is only related to
the SPAIM losses and a fixed d current (i∗ds = 1 A) was
considered in rated speed conditions. The sampling frequency
is set to 16 kHz. At last, for hardware limitations, i.e., the
encoder and the eddy current brake top speeds, the DC source
is diminished to 65% of the rated value, set to 400 V, and the
rated speed in this condition is now 1700 rpm.

A. FIGURES OF MERIT
The proposal is analyzed in steady-state and transient
conditions and then evaluated with figures of merit, such as
MSE, which is obtained between the reference and measured
stator currents in (α − β) and (x − y) planes and the rotor

FIGURE 7. Obtained results from the SPAIM at a speed of 2550 rpm and
iqs = 2.5 A: (a) Polar representation of stator currents; (b) Stator currents
ids, i∗ds and iqs, i∗qs; (c) Rotor speed tracking ωm and ω∗

m.

speed. The MSE is described:

MSE(is8) =

√√√√ 1
N

N∑
k=1

(is8[k] − i∗s8[k])
2 (43)

being N the number of samples, is8 the measured stator
currents, i∗s8 the stator currents reference and8 ∈ {α, β, x, y}.

B. STEADY-STATE RESULTS
The tests in steady-state are performed with different rotor
speeds: 2150 rpm, 2550 rpm, 3000 rpm and 3400 rpm. Table 2

VOLUME 12, 2024 128355
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and 3 show the results for all rotor speeds for the PMPC with
constant Lmag with iqs = 1.5 A and iqs = 2.5 A, respectively.
Also, in Table 4 and 5, the results with the estimated L̂mag
with the same iqs = 1.5 A and iqs = 2.5 A are shown. Some
of them are the MSE of the rotor speed and the stator currents
at (α − β) and (x − y) planes.

Figure 7 presents the stator currents tracking in (d − q)
planes for PMPC, a polar representation of the stator currents
in the (α−β) and (x− y) planes and the rotor speed tracking
for a speed of 2550 rpm. Tests were performed with a fixed
eddy current to establish a constant mechanical load that
generates a iqs current of 2.5 A. At the same time, Figure 8
shows the six-phase stator currents in steady-state regime.

FIGURE 8. Obtained results from the SPAIM at a speed of 2550 rpm and
iqs = 2.5 A: Six-phase stator currents.

C. TRANSIENT RESULTS
For the transient analysis, two tests are presented: a step
change in mechanical speed, from 2550 to 3300 rpm and
a step change in the mechanical load that generates a step
change in q current from 0.25 to 3 A for PMPC with constant
Lmag and with the estimated L̂mag. Figures 9 and 10 present
the dynamic behaviour which includes the iqs dynamic
response and the rotor speed ωm. Table 6 depict the values
for the figures of merit under those transient conditions.

D. DISCUSSION
To perform a comparative analysis, the obtained MSE with
the constant Lmag and estimated L̂mag were taken into account.

TABLE 6. Performance of stator q current, MSE (A) and rotor speed
MSE (rpm) for PMPC for the step change of speed and torque load.

FIGURE 9. Transient response of stator currents (iqs) and the rotor speed
(ωm) from a speed step response of 2550 to 3300 rpm: (a) ωm; (b) iqs.

To do this, the following equation is considered in terms of
%:

MSEreduction = 100
MSE[Lmag] −MSE[L̂mag]

MSE[Lmag]
(44)

If the result is positive, it means that the performance
worsened; if it is negative, it means that it improved since
it represents the percentage reduction of the MSE for the
proposal.

The experimental results reveal that the estimated L̂mag
has led to notable improvements in specific performance
aspects of the SPAIM, as shown in Figure 11. Three scenarios
can be seen, two in steady-state for different speeds and
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FIGURE 10. Transient response of stator currents (iqs) and the rotor
speed (ωm) from a step change in mechanical load that generates a step
change in iqs current from 0.25 to 3 A: (a) ωm; (b) iqs.

iqs current and one for transient analysis with change in
speed and load torque. Regarding the steady-state operation,
it can be seen that there are varied results for both scenarios.
A better performance is obtained for some parameters; in
others, it is not. However, it can be verified that there is more
reduction of MSE at more operating points, especially in the
case of mechanical speed tracking, and the adverse results
do not have a very high value compared to those that are
reduced.

The slight variations in MSE, less than 10%, are deemed
negligible, considering the inherent variability observed in
figures of merit, which can fluctuate between trials due
to temperature and measurement errors [41]. Therefore,
despite minor adverse results, the overall improvement in
transient analysis, particularly in speed tracking, underscores
the effectiveness of the proposed approach.

Considering other proposals in the literature, approxima-
tions of the Lm have been found considering the stator current
ids [27] and the magnetizing current im [28]. In the first
case, considering a qualitative approach, the results showed
a significant improvement in the transient response speed.
In the second case, tests were observed in sensorless speed
control, which, with the estimation, significantly improves
the speed tracking in a steady-state regime, although, in a
transient regime, it presents a slower behaviour.

FIGURE 11. Comparison of MSE between constant Lmag and estimated
L̂mag for different conditions: (a) Steady-state results with iqs = 1.5 A;
(b) Steady-state results with iqs = 2.5 A; (c) Transient results with step
change of speed and torque.

V. CONCLUSION
The main objective of this article is to estimate the
magnetization inductance in the field weakening zone.
An estimation method was obtained for said inductance
concerning its nominal value and the current iqs, which
depends directly on the load torque. Experimental tests were
then carried out, which validated the estimated L̂mag for
a constant Lmag. The results confirmed better performance
in most operating points, especially in transient conditions,
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speed, and load torque. The estimation method is carried out
online, but the computational cost is minimal since it is a
first-degree equation dependent on SPAIM parameters. It is
worth mentioning that although there are several proposals
in the literature on estimating the Lm, no approach has yet
approximated it based on the stator current iqs, which depends
on the motor load torque and is constantly varied during a
typical operation.
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