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ABSTRACT The model predictive control increased its prominence in the field of induction machine drives.
However, the performance of this strategy depends on the accuracy of themachinemodel parameters. In order
to overcome this deficiency, this paper proposes a robust model predictive current control employing indirect
field-oriented control in stationary reference frame using the stator current and the rotor flux vectors as
state and stator voltage vector as the input. The control algorithm combines the classical model predictive
control with the deadbeat approach in order to calculate the applied stator voltage vector in two components:
one element considers the stator current reference, and another employs the disturbances caused due to the
parameter errors, which allows to compensate the parameter mismatches in the plant model. The minimized
cost function employs the predicted stator voltage vector to select the voltage vector to be applied to the
stator terminals of the motor. The control method performance was verified using an experimental test bench
analyzing the system steady-state and dynamic actions. In this way, the results corroborate the proposed
controller robustness against parametric variations.

INDEX TERMS Induction motor, model predictive control, robust predictive control, current control,
parameter variations, deatbeat, indirect field oriented control.

I. INTRODUCTION
The induction motor (IM) has been widely used in applica-
tions that demand high torque control accuracy over a wide
speed range such as in electric vehicles [1], [2], [3], [4], [5].
Considering the control strategies for IM, one solution that
has recently been used is the model predictive control (MPC)
due to its high flexibility and simplicity [6], [7]. The basic
idea of MPC is to use a model of a plant to predict the
behavior of system variables within a time horizon. In this
way, the minimization of a cost function using the ide-
alized and the predicted behavior, an optimized control
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performance can be obtained selecting the control input to the
system [8], [9]. However, the classical MPC employs the
model of the IM to design the controllers. So, it can degrade
the performance of the controller due to the parameter errors.

Recently, some MPC strategies have been proposed in
order to increase the robustness against parameters mismatch
of the machines as presented in [10], [11], [12], and [13].
In [14], the ordinary MPC employs the nonlinear model
considering the taylor representation of IM for each equi-
librium point. A predictive torque control for IM employing
a combined integral sliding mode observer and an adaptive
Luenberger observer was presented in [15].

The work [16] proposes a model-free predictive current
control (MFPCC) based on the ultra-local model. The whole
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controller only needs the input and output data without the
need for the motor parameters. In [17], a model-free control
is also proposed and the control signal is determined by
the sampled current and the current error. In [18] and [19],
linear extended state observers are employed to this task. The
robust MPC considering a generalized proportional-integral
observer is presented in [20]. The reported results are satis-
factory during the IM parameter errors.

In [21], it is proposed a robust deadbeat predictive cur-
rent control (DPCC), which employs the error between the
measured currents and the predicted currents to compensate
the influence of machine parameter mismatches. This method
presents a good robustness against parameter mismatches.

Aiming to decrease the error of the stator current pre-
diction, [22] and [23] employ the Luenberger observer to
achieve this goal. The robust deadbeat-based current control
presented by [22] has satisfactory dynamic performance and
strong robustness in the experimental tests compared to PI
current control and traditional deadbeat. The experimental
results of the MPC strategy proposed by [23] have superior
performance against the traditional MPC current control.

This paper proposes a robust finite control set model pre-
dictive current control for IM in stationary reference frame
using the stator current and the rotor flux vectors as state
and stator voltage vector as the input variables. The proposal
employs indirect field-oriented control (IFOC) and presents
its structural robustness properties [24]. In this case, the pro-
posed solution computes two stator voltage vectors in which
one predicts the voltage vector considering the classical MPC
and another stator voltage vector element considering the
deadbeat approach to compensate the parameter errors of
the IM. Hence, the minimized cost function considering the
cited voltage elements selects the stator voltage vector to be
applied to the stator terminals of the IM. The results endorse
the performance of the proposed robust model predictive cur-
rent control in stationary frame for IM in normal operation,
during the presence of the parameter errors and against the
classical predictive current control.

II. ROBUST FINITE CONTROL SET MODEL PREDICTIVE
CURRENT CONTROL FOR IM
The proposed robust finite control set model predictive cur-
rent control of IM employs IFOC. In this way, the proposal
predicts the future actions of the stator voltage vector of
IM considering the parameter mismatches, selecting the volt-
age vector to be applied to the stator of the IM considering the
minimization of the cost function. The mentioned cost func-
tion was computed by using the predicted and the reference
voltage vectors.

A. INDUCTION MOTOR MODELLING
The model of IM can be expressed using the vector notation
and it can be represented in the stationary frame according
to [25]:

Eiαβs + τσ
dEiαβs
dt
=

kr
Rσ

(
1
τr
− jpωmec

)
Eψαβr +

Evαβs
Rσ

(1)

Eψαβr + τr
d Eψαβr
dt
= jpωmecτr Eψαβr + LmEiαβs (2)

Tem =
3
2
pIm{ Eψ∗αβsEiαβs} (3)

Jm
dωmec
dt
= Tem − Tload (4)

where τr = Lr/Rr ; σ = 1 − (L2m/LsLr ); kr = Lm/Lr ;
Rσ = Rs + Rr (L2m/L

2
r ); τσ = σLs/Rσ . Lr and Ls are the

self inductance of the rotor and stator and Lm corresponds
to the mutual inductance. Rr and Rs are the rotor, stator
resistances. Jm is the total inertia, Tload is the load torque,
p is the number of pole pairs and ωmec is the rotor mechanical
speed. The vectors Eiαβs = iα + jiβ ; Evαβs = vα + jvβ and
Eψαβr = ψαr + jψβr are from the stator current, the stator
voltage, and the rotor magnetic flux, respectively. The symbol
‘‘*’’ expresses the conjugate of the complex number.

B. ROBUST FINITE CONTROL SET CURRENT CONTROL
This proposal of predictive current control considers the
errors in the estimation of the machine parameters in the
controller for the prediction of the stator voltage vector (5).
The predicted voltage vector Ev pαβs(k) is composed of two
components: one for the voltage calculated considering the
stator current reference Evff (k), and another for the voltage
that takes into account the parametric errors of the IM (Evfb).
The parametric mismatches are modeled around variations in
stator currents.

Ev pαβs(k) = Evff (k)+ Evfb(k) (5)

The selection of the voltage vector to be applied to the stator
terminals is performed by using the minimization of the cost
function g (6), in which it is limited to the voltage levels that
can be applied by the inverter (Ev refαβs).

g = |Ev refαβs − Ev
p
αβs(k)| (6)

This minimization ensures that the behavior of the con-
trolled variable reaches the reference signal.

The presented control method uses a two-level voltage
source inverter (VSI) which enable the application of eight
voltage vectors as presented in Table 1.

TABLE 1. Switching states and voltage vectors of VSI.

The vector Ev xαβs is expressed as:

Ev xαβs =
2
3
(S1 + aS2 + a2S3)Vdc (7)
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where Si represents the switching state of each i arm of the
inverter, a = ej

2π
3 and Vdc is the dc-link voltage.

The relationship between the stator current, the rotor flux
and the voltage vectors is shown in (1). Hence, it can be
employed to represent Evff (k). The starting point for calcu-
lating Evff (k) is the discretization of (1) using the Euler’s
method for a sampling time Ts [11], [26]. In this way, the
discretization of (1) is expressed by:

Evαβs(k)
Rσ

= τσ
1Eiαβs(k)

Ts
+Eiαβs(k)

−
kr
Rσ

(
1
τr
− jpωmec

)
Eψαβr (k) (8)

where 1Eiαβs(k) = Eiαβs(k + 1)−Eiαβs(k) for the instant k .
The calculation of Evff (k) can be performed using (8). In this

case, 1Eiαβs(k) = Ei
ref
αβs −

Eiαβs(k), in which Eiαβs(k + 1) = Ei refαβs
is the stator current vector reference. So, it can be expressed
as:

Evff (k) = Rσ

(
τσ
1Eiαβs(k)

Ts
+Eiαβs(k)

)

− kr

(
1
τr
− jpωmec

)
Eψαβr (k) (9)

The calculation of Evfb(k) can be performed using (8)
delayed one sampling time as presented in (10).

Evαβs(k − 1)
Rσ

= τσ
1Eiαβs(k − 1)

Ts
+Eiαβs(k − 1)

−
kr
Rσ

(
1
τr
− jpωmec

)
Eψαβr (k − 1) (10)

where 1Eiαβs(k − 1) = Eiαβs(k) − Eiαβs(k − 1) for the instant
(k − 1).

Subtracting (10) to (8) for a stator current increment at the
instant k , considering 1Eiαβs(k) = 0 and the dynamic action
of the rotor flux is slower than the stator flux, i.e., Eψαβr (k) ∼=
Eψαβr (k − 1). The result can be observed in (11).

Evαβs(k)− Evαβs(k − 1)
Rσ

= −
τσ1Eiαβs(k − 1)

Ts
+1Eiαβs(k − 1) (11)

The assumption (1Eiαβs(k) = 0) is performed to ensure
that there is no increment due to parameter mismatches of
the IM [11], [27].

The (11) can be rearranged in the form of:

Evαβs(k)− Evαβs(k − 1) = Rσ

(
1−

τσ

Ts

)
1Eiαβs(k − 1) (12)

Equation (12) permits to calculate the stator voltage vector
increment when there is increment in stator current vector due
to the parameter mismatch of the plant. In this case, the idea
behind the definition of the component Evfb is to express it as a
function of the variation of the stator current vector due to the

errors associated with the plant parameters. So, Evfb using (12)
is defined in (13).

Evfb = −G1Eiαβs(k − 1) (13)

where G represents the gain defined as:

G = −Rσ

(
1−

τσ

Ts

)
(14)

Which permits the calculation of Evfb(k) and it can be
expressed as:

Evfb(k) = −Rσ

(
1−

τσ

Ts

)
1Eiαβs(k − 1) (15)

The calculation of Ev pαβs(k) can be described in (5); the voltage
vectors Evff (k) and Evfb(k) are obtained employing the Eqs. (9)
and (15), respectively. Therefore, theminimized cost function
in (6) is computed using the predicted values of Ev pαβs(k) and
the eight voltage levels of the inverter. Hence, the proposed
solution permits to control the stator current vector of the IM.

Figure 1 shows the block diagram representation for
the implemented Robust Model Predictive Current Control
for IM. The current references i refds and i refqs are computed
considering the rotor flux magnitude and the torque signals,
as presented in (16) and (17), considering the use of rotor field
oriented control. After performing transformation of i refds and
i refqs from the synchronous reference frame to the stationary
reference frame using the rotor flux vector position, i refαs and
i refβs are obtained.

i refds =
| Eψαβr |

ref

Lm
(16)

i refqs =
3
2
Lr
L2m

T ref
em

i refds

(17)

The variables presented in Fig. 1, ws and wele represent the
slip speed and the electrical synchronous speed, respectively.

III. EXPERIMENTAL RESULTS
The presented control method was implemented on an exper-
imental test bench shown in Fig. 2. The test bench is com-
posed by an 1.1 kW squirrel-cage IM driven by a two?level
voltage source inverter with a dc-link voltage controlled
by a 3 kVA variac. The load torque applied on the motor
shaft is done by an eddy current brake. The control sys-
tem is composed by Texas Instruments development board
LAUNCHXL-F28379D with TMS320F28379D micropro-
cessor incorporated, using auxiliary circuits built in the lab-
oratory for signal conditioning. A 3600 pulse per revolution
incremental encoder measures the rotor position.

The IM parameters are: nominal electromagnetic torque is
6.18 N·m; nominal speed is 1700 rpm; nominal frequency is
60 Hz; pole pairs = 2; Rs = 7.1 �; Rr = 3.98 �; Ls =
545 mH; Lr = 545 mH and Lm = 526 mH. The inverter
was operated with constant dc-link voltage, so Vdc = 412 V.
The control algorithm runs at a sampling frequency of 20 kHz
and uses one-step prediction horizon. The PI controller used
in speed control loop was tuned in a process of trial and error.
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FIGURE 1. Block diagram of proposed robust predictive current control for IM.

FIGURE 2. Experimental setup.

A. DYNAMIC BEHAVIOR WITHOUT SPEED CONTROL LOOP
The first test was conducted with no load to verify the perfor-
mance of the proposed control method using the iαs and isβ as
control commands (Fig. 3). The signals of i refαs and i refβs were

generated after the conversion of i refds and i refqs components to
the stationary frame as previously explained. A reference step
from 1.14 A to 1.62 A was applied for both components.

The results for Eiαβs components allow us to observe that
the elements of the stator currents reaches the references. It is
possible to observe in steady state periods that as rotor speed
raises the current frequency also increases. In the interval
of 0.65 s to 0.775 s the mean absolute error (MAE) for
iαs is 0.074 A and for iβs is 0.058 A. The values of root
mean square error (RMSE) are 0.09 A for alpha component
and 0.072 A for beta component of the stator current. The
calculated current total harmonic distortion (THD) registered
for the currents is 7.48%.

The action of the elements is depicted in details in
Fig. 4(a) and (b). The equivalent step response of the stator

FIGURE 3. Stator current components waveforms of the proposed control
method to |Eisαβ | steps.

current vector magnitude |Eisαβ | is plotted in Fig. 4(c) and its
setting time is 0.5 ms with no overshoot. After the settling
time period, the peak to peak ripple for the measured values
was estimated in 0.1858 A. The MAE is 0.0285 A and the
mean relative error (MRE) is 1.76%.

B. DYNAMIC BEHAVIOR WITH SPEED CONTROL LOOP
The performance of the control method with speed control
loop was evaluated by two tests. In the first one the speed
range control was evaluated varying the rotor speed from
−570 rpm to 570 rpm with no load applied on the motor
shaft. The signals of speed, torque and one phase of stator
current measured during the test are depicted in Fig. 6. The
proportional and integral gains of the PI controller were set
at 0.3 and 0.1, respectively.

The settling time is 80 ms for the reversing process in
which the maximum torque applied was limited to 6 N·m and
it is nearly its nominal value. After the setting time, the MAE
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FIGURE 4. Zoom in stator current components waveforms and |Eisαβ | step
response.

FIGURE 5. Speed, torque and stator phase current waveforms in a
partial-speed reversal maneuver.

is 9.4 rpm and theMRE is 1.7%. The control system followed
the speed reference and presented low torque ripples. The
stator current has an amplitude near 1.3 A in steady-state and,
during the reversion of the speed, a peak of−3.5 A during the
test.

Another test was carried out considering the rated mechan-
ical speed. In this case, it was applied a speed step from
−1700 rpm to 1700 rpm with no load on the motor shaft.
The speed, torque and stator phase current measured during
the test are presented in Fig. 6. The proportional and integral
gains of the PI controller were set at 0.1 and 0.3, respectively.
In this test, the setting time is 270 ms, the MAE is 35.8 rpm,
and the MRE is 2.1%.

In a third test, a load torque (Tload = 4.6 N·m) is applied to
the motor shaft while the speed is maintained constant and it
is depicted in Fig. 7. The reference speed was set at 570 rpm
and the eddy current brake was switched on for a short period
of time changing the load torque from 0.3 N·m to 4.6 N·m
until it is switched off again. The proportional and integral

FIGURE 6. Speed, torque and stator phase current waveforms in a
complete-speed reversal maneuver.

gains of the PI controller were set at 0.1 and 0.3, respectively.
Thus, the electromagnetic torque reference calculated by the
PI controller could be properly attended for the torque refer-
ence as long as the rotor speed reached its reference.

FIGURE 7. Speed and torque waveforms for dynamic response of the
proposed control method under partial load application.

C. STEADY-STATE BEHAVIOR UNDER PARAMETER
VARIATION CONDITIONS AND COMPARISON WITH
CLASSICAL FINITE CONTROL SET
In order to verify the robustness of the proposed control
method against parameter mismatches, its steady-state per-
formance was analyzed when the parameters of the IM are
changed. The IM was kept at constant speed of 850 rpm and
the load torque is 3.8 N·m for all tests.

In the first experiment, the stator resistance value, Rs, was
changed multiplying it by (1+ σRs ) for the calculation of the
reference voltage, Evff (k), in the proposal. Additionally, the
variation σR is virtually inserted in the control algorithm [28]
to allow a comparison between the strategies.

The rotor speed response for the proposal is shown in
Fig. 8 (a). In Figs. 8 (b) and (c) was ploted the behavior
of the stator current components, iαs and iβs, and the vector
magnitude, |Eisαβ |, is presented in Fig. 8(d). The values of σRs
were changed in regular steps along time and they can be seen
in Fig. 8 (e).

Next, Rs was changed dividing it by (1 + δRs ) for the
calculation of the reference voltage, maintaining the same
conditions from the previous test. The experimental results
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FIGURE 8. Steady-state response of the proposed control under partial
load and variations when Rs is multiplied by (1 + σRs ). The measured
signals are shown in blue and the references in red.

TABLE 2. MAE, RMSE, MRE, and THD values for the stator current
components when Rs is multiplied by (1 + σRs ).

are presented in Figs.9(a), (b), (c), (d), and (e), for rotor speed,
iαs, iβs, |Eisαβ | σRs , respectively.
The variation of Rs values did not affect the performance

of the controller significantly as it can be seen in the data
presented in the Tables 2 and 3. Under themaximum variation
of 800%, the MAE and the RMSE did not ultrapass 0.14A.
Only in |Eiαβs| an increase of MRE from 2.9% to 3.7% could
be seen.

The impact of the variation of Rr values presented in
Figs. 10(a), (b), (c), (d), (e) when Rr is multiplied by
(1+σRr ) for rotor speed, iαs, iβs, |Eisαβ | σRr , respectively. And
Figs.11(a), (b), (c), (d), and (e) whenRr is divided by (1+σRr )
for rotor speed, iαs, iβs, |Eisαβ | σRr , respectively. Therefore,

FIGURE 9. Steady-state response of the proposed control under partial
load and variations when Rs is divided by (1 + σRs ). The measured signals
are shown in blue and the references in red.

TABLE 3. MAE, RMSE, MRE, and THD values for the stator current
components when Rs is divided by (1 + δRs ).

the data presented in Tables 4 and 5 confirm the absence of
variations visualized in the figures. In the same way as the
tests presented when variations occur in Rs value.
Other tests were conducted for simultaneous variations

in both resistances, and this time the proposed robust finite
control set model predictive control was compared to the
classical current finite control set [28] with the same rotor
field orientation depicted in Fig. 1.

The classical predictive current control [28] was tested
under the same conditions described to the proposal. The
resistances Rr and Rs were changed multiplying them by
(1 + σR). The signals of speed, current components, current
vector magnitude, and imposed variations are presented in
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FIGURE 10. Steady-state response of the proposed control under partial
load and variations when Rr is multiplied by (1 + σRr ). The measured
signals are shown in blue and the references in red.

TABLE 4. MAE, RMSE, MRE, and THD values for the stator current
components when Rr is multiplied by (1 + σRr ).

Figs.12(a), (b), (c), (d), and (e), respectively, for the proposal,
and Figs.13(a), (b), (c), (d), and (e), respectively, for the
classical current finite control.

Both strategies were able to maintain the rotor speed next
to 850 rpm. However, the proposed robust finite control set
demonstrates a superior performance when it is considered
the MAE, RMSE, MRE, and THD values for the stator cur-
rent components, as presented in Table 6, considering themax
(800%) variation.

Keeping the same boundary conditions, Rr and Rs
were also changed dividing them by (1 + δR). The
speed, the stator current components, the current vector
magnitude and the variation δ signals are presented in

FIGURE 11. Steady-state response of the proposed control under partial
load and variations when Rr is multiplied by (1 + σRr ). The measured
signals are shown in blue and the references in red.

TABLE 5. MAE, RMSE, MRE, and THD values for the stator current
components when Rr is divided by (1 + δRr ).

Figs.14(a), (b), (c), (d), and (e), respectively, for the proposal.
The same signals are depicted in Figs. 15(a), (b), (c), (d),
and (e), respectively, for the classical predictive current
control.

The proposed robust finite control set current controller
was able to keep the current elements close to their references
under all range of variations but with smaller error ranges
when compared to the classical approach. The MAE, RMSE,
MRE, and THD values for the stator current components
during parameters variations test can be observed in Table 7.

The effect of variation of inductances values was also
verified in another test. The most significant impact occurred
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FIGURE 12. Steady-state response of the proposed control under partial
load and variations of (1 + σR ) in the rotor and stator resistance values.
The measured signals are shown in blue and the references in red.

TABLE 6. MAE, RMSE, MRE, and THD values for the stator current
components when Rr and Rs are multiplied by (1 + σR ).

when the mutual and leakage inductances were divided by
(1+ δL) as presented in Figs. 16(a), (b), (c), (d), (e), respec-
tively, for the proposal and 17(a), (b), (c), (d), and (e),
respectively, for the classical predictive current control.

FIGURE 13. Steady-state response of the classical predictive current
control [28] under partial load and variations of (1 + σR ) in the rotor and
stator resistance values. The measured signals are shown in blue and the
references in red.

TABLE 7. MAE, RMSE, MRE, and THD values for the stator current
components when Rr and Rs are divided by (1 + δR ).

The classical predictive current control [28] demonstrated
poor responses for iαs and |Eiαβs| when δL increases. Accord-
ing to the Table 8, the RMSEs of iαs for the classical predic-
tive current control were more than two times greater than
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FIGURE 14. Steady-state response of the proposed control under partial
load and variations of (1 + δR ) in the rotor and stator resistance values.
The measured signals are shown in blue and the references in red.

FIGURE 15. Steady-state response of the classical predictive current
control [28] under partial load and variations of (1 + δR ) in the rotor and
stator resistance values. The measured signals are shown in blue and the
references in red.

those values registered for the proposed robust predictive
current control. The instability recorded in the experimental

FIGURE 16. Steady-state response of the proposed control under partial
load and variations of (1 + δL) in the inductance values. The measured
signals are shown in blue and the references in red.

FIGURE 17. Steady-state response of the predictive current control under
partial load and variations of (1 + δL) in the inductance values. The
measured signals are shown in blue and the references in red.

values of |Eiαβs| leads to MRE = 18.4% for the classical
controller, while the proposal presentedMRE= 4.4% in case
δL = 800%.
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FIGURE 18. Step response of the proposed control under partial load and rotor resistance variation values applied in rotor
flux angle estimation. The measured signals are shown in blue and the references in red.

TABLE 8. MAE, RMSE, MRE, and THD values for the stator current
components when mutual and leakage inductances are divided
by (1 + δR ).

D. IMPACTS OF PARAMETERS VARIATION OVER FLUX
ESTIMATION
Due to the importance of the rotor flux angle estimation in
the proposed control algorithm, its sensitivity to variations

in the parameter Rr was also investigated. These alterations
can affect the dynamic response of the control, which could
be evaluated through the execution of step response tests
for rotor speed as depicted in Figs. 18(a), (b), (c), (d), and
(e), respectively. The speed was varied from −570 rpm to
570 rpm keeping 6 N·m as maximum torque reference gen-
erated by the speed PI control where the gains are 0.1 for
the proportional gain and 0.3 for the integral gain. The value
of Rr was changed only for the calculation of θ (k) depicted
in Fig. 1. It can be observed that the torque reaches the
references. However, there is a speed error of more than 5%
in Fig. 18(a). It can be corrected by considering other values
of the PI gains.

Although outside the scope of this work, there are new
observer alternatives for estimating rotor flux as presented
in [29], [30], and [31]. So that, they can be incorporated into
the proposed control, improving its performance.

IV. CONCLUSION
This paper proposes a robust finite control set model predic-
tive current control for IM using IFOC in stationary reference
frame. The proposal calculates the applied stator voltage vec-
tor as a sum of two voltages elements: one employs the classi-
cal MPC and another one considering the deadbeat approach
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to compensate parameter mismatch. Hence, the stator voltage
vector is selected using the minimized cost function.

The proposal demonstrated strong robustness considering
the variations in the IM resistance values. Even variations of
800% of the nominal values did not compromise the steady-
state performance, indicating potential for applications that
require stability in the control of IM. The experimental results
endorse dynamic-state and steady-state performances for the
proposed control and its superiority over classical predictive
current control. The impact of parametric mismatches on the
rotor flux orientationwas also analyzed and it can be observed
that the strategy works satisfactorily even when the rotor
resistance varies up to 300%.
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