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Abstract: In this work, the application of a sliding mode equivalent control for an induction mo-
tor drive based on a multi-pulse Voltage Source Converter is proposed. This is accomplished by
transforming the squirrel-cage induction motor mathematical model into a block control form. The
equivalent control method is applied to the sliding manifold, where the voltages are obtained in the
stationary reference frame to control the angular velocity of the motor. In addition, a proportional-
integral control is designed and applied to the motor represented in this form in order to make
performance comparisons with the equivalent control method. Multi-pulse converters of 6, 12, and
84 pulses are used directly to feed the plant that is being controlled. The outcomes of using these
power electronics devices are used to perform comparisons among the velocity tracking performance,
control voltages in stationary reference frame, tracking errors, and rejection of external disturbances.
Furthermore a dynamic and steady-state analysis of the velocity tracking performance is executed.
The energy profiles for the startup, torque variations, and steady-state are also obtained. Additionally,
total harmonic distortion values are added. All comparisons are carried out using the established
plan for the motor, both with and without the use of power electronics converters, and with both
control algorithms. The obtained results demonstrate that the use of a high-quality voltage source
converter, along with a good control strategy, allows for a general improvement in the overall system
and a significant reduction in energy usage, whilst also reducing controller complexity.

Keywords: multi-pulse VSC; equivalent control; sliding modes control

1. Introduction

Efficiently tracking the speed control of induction motors remains a challenging
task, mainly due to its nonlinear dynamics and the reaction it might have with possible
external disturbances. Anticipating any possible variation to the planned functioning and
preventing it by using conventional control algorithms demands high effort because of the
high-order of the mathematical model and the non-linearity. There are many advanced
strategies, such as Active Disturbance Rejection Control [1], where parameter changes are
compensated for by using the extended state observer and nonlinear state error feedback;
Model Predictive Current Control (MPCC) [2], which uses a novel integral sliding mode
observer and an adaptive observer to establish a robust prediction model for the stator
current prediction; fast high-order terminal sliding mode (HO-TSM) current controller [3],
which simultaneously obtains rapid convergence and effective chattering suppression,
where a surface is designed based on the system state and the control law includes a
linear integral term to enhance the capability of disturbance compensation. Furthermore, a
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nonlinear gain leads to satisfactory chattering suppression during steady-state; a second-
order terminal sliding mode (SO-TSM) speed controller [4] with nonlinear control gain
can obtain strong torque rejection capability to suppress the speed fluctuation, where a
manifold introduces the convergence trajectory without speed overshoot and the integral
term control law compensates for the external disturbance with the anti-windup mechanism.
An analytic tuning method is created for the boundary layer limit of the saturation function
by means of an anti-windup integral sliding manifold [5] for the discrete-time pseudo-
sliding mode control applied to the induction motor drives. The stator field-oriented control
(SFOC) for induction motor drives with a sliding mode control and fuzzy logic control for
speed recognition without requiring precise motor modeling [6], where the new nonlinear
sliding surface design increases the efficiency of the controller and reduces the chattering
effect, and finally, a third-order inverter is used to eliminate the high-order harmonics
components on the load current. A robust input-output feedback linearization control
technique is proposed for induction motors in which the controller is designed to be robust
against variations in the stator and rotor resistances [7]. It also accounts for the magnetizing
inductance, ensuring correct behavior and offering optimal dynamic performance in all
working conditions. The controller is capable of coping with the uncertainties of the
model. Four sensorless control schemes for the operation of induction motors in the field-
weakening region are compared and assessed in terms of performance and complexity [8].
The first one is the control scheme of a stator-flux-oriented drive, and the three other
controllers are the control schemes of rotor-flux-oriented drives. The control schemes
analyze the motor voltage to adjust the flux level. A H∞ linear parameter varying (LPV)
approach to speed control of induction motor drives has been proposed [9]. The robust
controller is designed based on the hybrid current-flux d-q equations of the induction motor
mode, where the rotor speed is used as a scheduling variable, and the resulting control is a
sum of the weighted control efforts, which depend on the current value. Takagi-Sugeno
fuzzy logic controllers [10], have been employed, replacing the Proportional-Integral (PI)
controller with a fuzzy logic controller. This approach evaluates the flux and torque in
a cost function to generate an optimal inverter switching state within a sampling period.
Adaptive Neuronal controllers [11] utilize B-spline artificial neural networks for online
parameter adjustment. This approach has been used to improve the dynamic properties
of the control system and has achieves good results. Most of these researches use the
motor drive as a black box with the possibility of providing any level of voltage and
frequency. An essential part of the drive system is the Voltage Source Converter (VSC),
which is responsible for changing the nature of the voltage to ensure that the speed of the
motor is tracking the planned trajectory, and a reduced Total Harmonic Distortion (THD)
is produced. A low quality VSC might degrade the overall functioning of the system and
add more complexity to the controller design. In addition, energy used for starting up and
managing any variation in the motor speed can be high even in a short period of time. On
the other hand, it is well known that the sliding mode control algorithm, particularly the
equivalent control results, is a great strategy for controlling nonlinear systems and is also
very robust to external disturbances [12,13]. There are different ways to design the sliding
manifold, with one of them being the very well-known transformation of the nonlinear
system to be controlled, which is used to block the control form [14,15]. This strategy is
very effective because the last block of the transformation constitutes the sliding manifold
and is therefore ready to apply the equivalent control method. This paper presents a sliding
mode with the equivalent control in conjunction with voltage source converters of 6, 12,
and 84 pulses.

The main contribution of this work is to show the advantages of applying a Voltage
Source Converter of 84 pulses over the use of the standard converters of 6 and 12 pulses
when a defined task is established through a control system. The quality of the signals
provided by power electronics converters may result in a different performance than what
is expected. The use of the 84 pulses converter ensures a THD lower than 3%, which results
in a very low variation in comparison to the developed plan.
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This work is organized as follows: Section 2 presents the background of the 6, 12,
and 84 pulse converters. Section 3 presents the control design based on the mathematical
model of the squirrel cage induction motor. Based on this model, a transformation to
the block control form is performed, resulting in the sliding manifold. The equivalent
strategy and PI control strategies are then applied. Section 4 depicts the experiment design
where the conditions of the simulations are illustrated. The results of the simulations are
shown in Section 5, and the conclusions and discussion of the results are presented in
Sections 6 and 7, respectively.

2. Multi-Pulse Converters

Multi-pulse converters refer to the type of DC to AC inverters that split the output
signal into parts of the same width (pulses), providing the concept of a timed pulsation.
By combining this timed pulsation with different amplitudes we can achieve a stepped
signal very close to a sinusoidal one. The greater the number of divisions within the
period of a signal, each with different associated amplitudes, the better the shape of the
output. Conventional multi-pulse converters are designed with 6 and 12 pulses, but some
researchers have demonstrated that by using neutral point re-injection, an effect of pulse
multiplication can be obtained [11,16,17], resulting in harmonic content reduction.

2.1. The 6- and 12-Multi-Pulse Converters

The 6-pulse converter is considered to be the basic cell for converting DC to AC signals.
It is also known as a two-level converter that can bring an output of three levels when it
is connected in a wye configuration. By adding two 6-pulse converters (wye and delta
connection), and performing the required angle and amplitude corrections as indicated
in Ref. [18], a 12-pulse converter is configured. These 6-pulse and 12-pulse converters have
been used in many medium and high-power applications where stringent power quality is
not required or with the use of a power filter to ensure that high distortion is not generated.
If no power filter is used with these converters, the applications are limited according to
international standards [19,20], but in many cases, they are still being used, ignoring the
cited recommendations. This research highlights some disadvantages of using non-filtered
6- and 12-pulse converters, as opposed to using 84-pulse converter, which has a voltage
output with a total harmonic distortion lower than 3%. The similarities obtained with the
last converter in comparison with the ideal signal matches that required by the induction
motor to develop a defined task.

2.2. The 84-Multi-Pulse Converter

There is a noticeable difference in the 12-pulse converter used for re-injection through
the neutral point, as the DC source is not shared between the 6-pulse modules. The
positive multi-pulse signal between the main terminals of the first 6-pulse converter and
the mirrored positive multi-pulse signal to the second 6-pulse converter are connected.
To achieve a neutral point, the negative terminal of the first converter is connected to the
positive terminal of the second converter. With this slight modification, a neutral point
re-injection can be obtained with the effect of pulse number multiplication. We have used a
7-level inverter as the pulse generator to obtain 84 pulses, as depicted in Figure 1 [21].

The process of synchronizing and tracking the required amplitude of three-phase
voltage to ensure the motor performance is not considered a part of this research, but
interested readers can refer to Refs. [11,18]. The aim of this research is to contrast the use of
three different voltage source converters for the velocity control of an induction motor. The
advantages of using a generated signal that is very close to the required one are presented
by the following illustrations and tables.
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Figure 1. The 84-pulse voltage source converter.

3. Control Design

The mathematical model of the squirrel-cage induction motor in the α-β axes, trans-
formed into the stationary reference frame, is as follows [14,22]:

dωm

dt
=KT

(
iβsλαr − iαsλβr

)
− Bm

Jm
ωm −

1
Jm

TL

dλαr

dt
=− 1

Tr
λαr −

P
2

ωmλβr +
Lm

Tr
iαs

dλβr

dt
=

P
2

ωmλαr −
1
Tr

λβr +
Lm

Tr
iβs

diαs

dt
=

δ

Tr
λαr +

P
2

δωmλβr − γiαs +
1

σLs
vαs

diβs

dt
=− P

2
δωmλαr +

δ

Tr
λβr − γiβs +

1
σLs

vβs

(1)

where ωm is the angular mechanical velocity; λαr and λβr are the rotor flux linkages at α and
β axis, respectively; iαs and iβs are the stator currents, and vαs and vβs are the control inputs.
The definitions of the remaining parameters and parameter constants of the induction motor
model (1) can be found in Refs. [14,22]. Then, in order to create a sliding manifold, the
system (1) is transformed in the following block control form based on the error variables:

ε̇1 = −K1ε1 +

[
KTλ>r M
2 Lm

Tr
λ>r

]
ε2

ε̇2 = F(λr, ε1, ε2)− B2vs

λ̇αr = −
1
Tr

λαr −
P
2

(
ωre f − εω

)
λβr +

Lm

Tr
iαs

(2)

For simplicity, the procedure of transformation is not shown, and the reader is kindly
referred to Ref. [14]. The last equation of system (2) is used to complete the order of
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the system. Then, the new state variables of system (2) are: ε1 =

[
ωre f −ωm
φre f − φr

]
, and

ε2 =
[
ire f − is

]
, where:

ire f =

[
KTλ>r M
2 Lm

Tr
λ>r

]>{[
ω̇re f +

Bm
Jm

ωm

φ̇re f +
2
Tr

φr

]
+

[
1
Jm

ṪL

0

]
+ K1ε1

}
(3)

The sliding manifold is defined by using the error vector ε2 of system (2) as:

s = ire f − is (4)

and whose dynamics are: ṡ = F(λr, ε1, ε2)− B2vs, where:

F(λr, ε1, ε2) =
d
dt

ire f −

 δ
Tr

P
2 δ
(

ωre f − εw

)
− P

2 δ
(

ωre f − εw

)
δ
Tr

λr + γ
(

ire f − ε2

)
(5)

and B2 =

[
1

σLs
0

0 1
σLs

]
. Then, with a feasible control input vs =

[
vαs vβs

]>, the movement

of the manifold s = ε2 is forced to zero in finite time, and the stator current vector achieves
ire f and the dynamics ε̇2 set the asymptotic movement towards the origin of the tracking error
variable ε1. Based on the block control transformation (2), in this work, two control algorithms
are proposed in order to obtain the control input vector vs to control the angular velocity of the
squirrel-cage induction motor model (1), which are explained in the following subsections.

The remaining parameters of system (2) can be found in Ref. [14]. The procedure for
transforming a nonlinear system (in our case system (1)), to the desired block control form
(the resulting form (2)), is explained in Ref. [23].

3.1. Sliding Modes with Equivalent Control

In this work we used the well-known sliding modes with the equivalent control
method [12], where the sliding manifold is designed by using the transformation of the
non-linear system to be controlled (1) to the block control form (2).

As was previously explained, the error vector ε2 of system (2) constitutes the sliding
mode (4), such that s = ε2 = 0. Then, taking into account the control bound umax as the
maximum voltage given by the source, and by applying the following equivalent control [12]:

u =

 ueq if ‖ueq‖ ≤ umax
umaxueq

‖ueq‖
if ‖ueq‖ > umax

(6)

giving ε̇2 = 0 of system (2), then ueq = B−1
2 [F(λr, ε1, ε2)]; thus, the control signal u (6)

makes the tracking error converge to a vicinity of the sliding manifold s = 0. For a more
detailed explanation regarding the existence conditions of the sliding mode with equivalent
control, see Ref. [12].

3.2. PI Controller

The design of the PI controller is through the obtained block control form transforma-
tion (2) based on the error dynamics from system (1). For this, the chosen sliding manifold
is defined as ṡ2 = ż2 of the transformation (2). Then, the PI controller is proposed as follows:

vs = Kps + Ki

∫ τ

0
s dτ (7)

where Kp and Ki are the diagonal matrices that correspond to the proportional and integral
gains, respectively. Then, in order to force the surface movement of the sliding manifold
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s to zero, and to achieve ire f , by setting a control system with the control action of vs,
the surface variable moves to zero in finite time, and then achieves its reference ire f by
setting a control system by currents. Consequently, the error vector ε1 has an asymptotic
movement to zero, in order to fulfill the control goal, which is to control the velocity motor
and regulate the modulus of the rotor flux linkages.

4. Experimental Design

For this work, we have considered the following conditions for simulation: the an-
gular velocity reference is ωre f = 500 rev/min; the values for the load torque (external
disturbance) TL are (see Figure 2 for reference):

• from 0 to 0.25 s, TL = 4 N ·m
• from 0.25 to 0.5 s, TL = 12 N ·m
• from 0.5 to 0.75 s, TL = 2N ·m
• from 0.75 to 0.85 s, TL = 10 N ·m
• from 0.85 to 1 s, TL = 6 N ·m

0 0.25 0.5 0.75 1

0

2

4

6

8

10

12

Figure 2. Load torque TL.

These sudden changes of TL (at 0.25, 0.5, 0.75, and 0.85 s) are used to verify the
effectiveness of both controllers regarding the hard changes of the external disturbance
and to make some statistical comparisons of the systems with and without VSC. The
term “without VSC” means an ideal source able to provide any sinusoidal voltage at any
frequency that corresponds to the control inputs at the α-β stationary reference frame in the
simulation of the induction motor velocity controller, where it is not necessary to condition
the signals. The same conditions of angular velocity reference and the sudden changes in
the load torque are applied to a system without VSC, and to systems with VSCs of 6, 12,
and 84 pulses. The simulation is made using Simulink of MATLAB® Version 2022b, and
using PLECS® module Version 4.6.8. The time simulation is 1× 10−5 s, using the solver
Ode3 (Bogacki-Sampine) type fixed-step. The induction motor model parameters used in
the simulation are presented in Table 1 [24].
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Table 1. Induction motor model parameters [24] .

Parameter Value Units

Stator resistance, Rs 0.435 Ω

Rotor resistance, Rr 0.816 Ω

Stator leakage reactance, Xls 0.754 Ω

Rotor leakage reactance, Xlr 0.754 Ω

Magnetizing reactance, XM 26.13 Ω

Inertial moment, Jm 0.0890 kg ·m2

Power, P 3 HP

Line-to-line rated voltage 220 V

The statistical analysis for the velocity tracking performance is made between systems
with and without VSC, as shown in Table 2, and includes the following parameters:

• The transient response, which includes:

– Maximum overshoot Mp (or in case, undershoot Mp̄): the maximum peak value
of the response curve.

– Rise time tr: the time required for the response to rise from 0 to 100%.
– Peak time tp: the time required for the response to reach the first peak of the

overshoot.
– Settling time ts: the time required for the response curve to reach and stay within

a range for the final value of size specified by the absolute percentage, which in
this case is the value of 1%.

• The steady-state analysis is done using the root-mean-square (RMS) error, which
is used as a measure of the differences between values predicted by a model or an
estimator and the values observed. This analysis is applied when the effect of each
change of disturbance disappears.

Table 2. Dynamical and steady-state analysis for the velocity tracking performance.

Time (s)
Torque (N · m) Parameter No VSC 6 Pulses 12 Pulses 84 Pulses

SM PI SM PI SM PI SM PI

0
4

Mp (%) 18.50 0 13.6 0 18.25 0 18.30 0
tr (s) 0.00705 0.0755 0.00848 0.08 0.0072 0.079 0.00719 0.077
tp (s) 0.00929 0.0755 0.01010 0.08 0.00946 0.079 0.00943 0.077
ts (s) 0.07026 0.071 0.5612 0.07214 0.0558 0.06912 0.05514 0.0685

RMS error 0.2681 0.1435 4.3366 0.1546 0.2412 0.145 0.1797 0.1441
0.25
12

Mp (%) 0.162 0.036 1.1 0.029 0.15 0.034 0.126 0.032
RMS error 0.0726 0.0767 1.5977 0.0848 0.2137 0.0752 0.056 0.0749

0.5
2

Mp (%) 0.232 0.0382 0.396 0.056 0.238 0.048 0.236 0.048
RMS error 0.2541 0.0594 1.4208 0.0687 0.2847 0.0584 0.2227 0.0583

0.75
10

Mp (%) 0.152 0.062 0.384 0.074 0.136 0.074 0.130 0.068
RMS error 0.2597 0.0605 1.5136 0.0691 0.2954 0.0609 0.2187 0.0605

0.85
10

Mp (%) 0.108 0.01 0.460 0.016 0.114 0.0134 0.106 0.0132
RMS error 0.1726 0.0505 0.8073 0.0601 0.2256 0.0497 0.1378 0.0495

The transient analysis is applied at the beginning of the simulation (parameters Mp,
tr, tp, and ts) and at the immediate instant of time after each perturbation is changed
(parameters Mp or in case Mp̄). We use Mp̄ when the change of the disturbance undergoes
a transition from a larger value to a smaller one: at 0.5 s (from 12 to 2 N ·m) and at 0.85 s
(from 10 to 6 N ·m). On the contrary, we employ Mp (0, 0.25, and 0.75 s).
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5. Simulation Results

• Sliding modes with equivalent control

In order to present the effectiveness of the control algorithm along with the use of
the power electronics converter, Figure 3 shows the velocity tracking performance for the
squirrel-cage induction motor without VSC and with VSCs of 6, 12, and 84 pulses. In this
figure, 1 s of simulation is depicted, and the effect of changes or disturbances in the torque
are presented with ovals. In addition, the detail of each system to reach the reference ωre f
is shown from 0.225 to 0.25 s. It can be noted in the detail that the three signals are very
similar with the exception of the ωrSM6 (VSC of 6 pulses). Note that in the time of 0.25 s
when the torque changes from 4 to 12 N · m, there are variations on the signals of ωrSM,
ωrSM12, and ωrSM84, with minimum variations in the oscillation.

0 0.25 0.5 0.75 1

0

100

200

300

400

500

600
Disturbances

0.225 0.25 0.275

495

500

505

Figure 3. Velocity tracking performance for the squirrel-cage induction motor without VSC and with
VSCs of 6, 12, and 84 pulses using sliding modes with the equivalent control algorithm.

The velocity tracking errors for squirrel cage induction motor without VSC and with
VSCs of 6, 12, and 84 pulses are presented in Figure 4, where the convergence of each signal
to zero can be seen with and without VSC. A detail is presented where it can be noted that
at 0.25 s there are some oscillations due to the change of the external disturbance from 4 to
12 N ·m. These oscillations have minimum differences in amplitude and phase, with the
exception of εrSM6, which presents bigger oscillations than the other systems.

The control signals vαsSM and vβsSM are presented in Figures 5 and 6, respectively.
Here the voltages are displayed for systems with and without VSC. It can be noted that
in both figures, the voltages ||ueq|| are applied at approximately 0.03 s, and after that
the sliding manifold is reached. In addition, both figures shown a detailed view where
a disturbance is presented from 4 to 12 N · m. It is observed that the signals change in
amplitude when the disturbance is presented.
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Figure 4. Tracking errors for squirrel cage induction motor without VSC and with VSCs of 6, 12, and
84 pulses using sliding modes with the equivalent control algorithm.

0 0.25 0.5 0.75 1

-1000

-800

-600

-400

-200

0

200

400

0.225 0.25 0.275

-200

-100

0

100

200

Figure 5. Control input performance vαsSM using sliding modes with the equivalent control algorithm.

The velocity of the motor and torque variations on the connected load demand higher
energy compared to that required for steady-state without any fluctuations. Considering
a load that requires a constant velocity of 500 rev/min, an idle induction motor with the
parameters of Table 1 and the torque variations indicated in Figure 2, the used energy
profile of the motor is portrayed in Figure 7. The high energy needed to start up is evident
and a slight slope can be noticed after the disturbances take place. Figure 8 presents the
energy needed after startup and the perturbances end to illustrate the requirements of
steady-state energy. The significance this is that the performance of the motor for the
variations considered are fulfilled with an ideal VSC. This is the the basis for comparing
different VSC structures and to define how to achieve the expected results in a better way.
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The startup for the idle motor to achieve the required velocity considering the voltage
required is generated with the ideal source (without VSC) is 1206.76 J. This is considered
100% of the energy used in 0.2 s. Using a 6-pulse VSC to generate the required voltage
demands around 2.2 times the energy calculated for the startup. When a larger amount
of pulses is used to build a VSC and drive the motor, the required amount of energy is
slightly smaller than the ideal. The energy consumption is indicated in Table 3. As expected,
an almost straight line is obtained and the slope indicates the energy consumption. The
84-pulse VSC exhibits the best performance and with the lowest amount of energy used.
The frequency of the steady-state signal required for the system to function is 17.85714 Hz,
with a maximum voltage of 54.3 V and 38.4117 VRMS and the variations are illustrated in
Figure 9. The total harmonic distortion (THD) is 0.09%, 2.84%, 34.24%, and 61.41% for
outputs without VSCs, 84, 12, and 6 pulses, respectively.

0 0.25 0.5 0.75 1

-1000

-800

-600

-400

-200

0

200

400

0.225 0.25 0.275

-200

-100

0

100

200

Figure 6. Control input performance vβsSM using sliding modes with the equivalent control algorithm.

0 0.2 0.4 0.6 0.8 1

0
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1500

2000
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3000

Figure 7. Energy profile for the squirrel cage induction motor without VSC and with VSCs of 6, 12,
and 84 pulses using sliding modes with the equivalent control algorithm.
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2.5 2.75 3 3.25 3.5

0

50

100

150

Figure 8. Energy profile for the squirrel cage induction motor without VSC and with VSCs of 6, 12,
and 84 pulses, after torque variations using sliding modes with the equivalent control algorithm.

3.44 3.45 3.46 3.47 3.48

-75
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0

25

50

75

Figure 9. Steady state voltage without VSC and with VSCs of 6, 12, and 84 pulses using sliding modes
with the equivalent control algorithm.

• PI controller

Figure 10 presents the velocity tracking performance for the squirrel-cage induction
motor without VSC and with VSCs of 6, 12, and 84 pulses using the PI control algorithm.
The tracking is almost the same in all signals, with a little difference when using the VSC of
6 pulses. In addition, the detailed window shows the effect on the motor speed when a
sudden change from 4 to 12 N · m takes place at 0.25 s. The behavior of the speed signals is
also very similar. Additionally, Figure 11 shows the tracking errors on the speed for the
squirrel cage induction motor without VSC and with VSCs of 6, 12, and 84 pulses using the
PI control algorithm. In steady-state, all the signals are at zero or very close to zero, which
can be confirmed in the detailed view.
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Figure 10. Velocity tracking performance for the squirrel-cage induction motor without VSC and
with VSCs of 6, 12, and 84 pulses using the PI control algorithm.

Figure 11. Tracking errors for the squirrel cage induction motor without VSC and with VSCs of 6, 12,
and 84 pulses using the PI control algorithm.

Figures 12 and 13 depict the control input voltages vαsPI and vβsPI , respectively, for
systems without VSC and with VSCs of 6, 12, and 84 pulses. The inputs are bounded to
obtain feasible simulation results with the PI control algorithm. In both figures, a detail
in 0.25 s when the external disturbance TL changes from 4 to 12 N · m are displayed. At
this time, all the voltages change suddenly to the bound value. This means that with the PI
controller, the system requires a big input signal.
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Figure 12. Control input performance vαsPI using the PI control algorithm.
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Figure 13. Control input performance vβsPI using the PI control algorithm.

In order to contrast the behavior of the system with the SM control and the bounded
PI control in terms of energy, the same conditions are considered, which means a load that
requires a constant velocity of 500 rev/min, an idle induction motor with the parameters of
Table 1, and the torque variations shown in Figure 2. The used energy profile of the motor
is portrayed in Figure 14. A very large transitory is needed to ensure the performance of
the motor, but after around 0.1 s the behaviors of the system with and without VSCs are
very close to each other. Figure 15 depicts the energy profile after the motor startup and the
disturbances take place. The required energy is very similar without and with any VSC
using this type of controller. The energy consumption is also indicated in Table 3. The
frequency of the steady-state signal required for the system to function is slightly lower
than for the SM system, with 17.52848 Hz, with a maximum voltage of 110.032 V and
80.1119 VRMS, which constitutes a voltage around two times of that required with the SM
system. The variations are illustrated in Figure 16. A big peak can be noticed in this figure,
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and several fast commutations on the 6 and 12 pulses VSCs are also evident. The THD
increases due to the found peak, ans the values are 4.56%, 5.41%, 18.27%,cand 47.04% for
outputs without VSC, 84, 12, and 6 pulses, respectively. This confirms the fact that when
using a 84-pulse VSC, the harmonic content produced by the power electronics device
is minimum.

0 0.2 0.4 0.6 0.8 1

0

500

1000

1500

Figure 14. Energy profile for the squirrel cage induction motor without VSC and with VSCs of 6, 12,
and 84 pulses using the PI control algorithm.

2.5 2.75 3 3.25 3.5

0

10

20

30

Figure 15. Energy profile for the squirrel cage induction motor without VSC and with VSCs of 6, 12,
and 84 pulses, after torque variations using the PI control algorithm.

Table 2 shows the dynamic and steady-state analysis for the velocity tracking perfor-
mance, where the first column represents the time when the external disturbance occurs and
the value of this changed; the second column is the statistical parameter that is evaluated;
columns 3 and 4 correspond to the values obtained for the system without VSC (SM and
PI, respectively); columns 5 (SM) and 6 (PI) correspond to a system with VSC of 6 pulses;



Energies 2023, 16, 4866 15 of 18

columns 7 (SM) and 8 (PI) correspond to a system with VSC of 12 pulses; and columns 9
(SM) and 10 (PI) correspond to a system with VSC of 84 pulses.

Table 3. The energy used for the startup and torque variations period (2.5 s).

VSC Type Time = 0.2 s % Time = 0.2 s %(J) (J)

without VSC 1206.76 100 1506.81 100

84 pulses 1128.25 93.49 1428.46 94.80

12 pulses 1129.36 93.59 1468.68 97.47

6 pulses 2649.87 219.59 3047.86 202.27

3.44 3.45 3.46 3.47 3.48
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Figure 16. Steady state voltage without VSC and with VSCs of 6, 12, and 84 pulses using the PI
control algorithm.

In addition, in each row, the minimum parameter is light-cooper highlighted (for the
case of the SM with the equivalent control) and highlighted in gray (for the case of the
PI controller). As can be seen in this table, almost all the minimum values for the SM
controller correspond to the plant with the VSC of 84 pulses as the driver. Note that the
minimum values are compared only for the plants with VSC, because the plant without
VSC is the reference of the optimal value. Additionally, for the case of the PI controller,
all the minimum values correspond to the system with the VSC of 84 pulses. The results
presented in this table confirm the effectiveness of the VSC of 84 pulses in almost all of the
comparisons. An exception to this comparison constitutes the Mp in the VSC of 6 pulses
for the SM controller. This behavior is at the beginning of the simulation and we attribute
this result to the fact that the startup of the motor requires a quasi-constant voltage at the
beginning, which is easier to attain with a 6-pulse converter. However, the settling time is
higher compared to using one of the other converters, which demonstrates the superior
quality of the VSC with a higher number of pulses. Now, by making a comparison between
the results of SM with PI in the RMS error without VSC and with 6 and 12 pulses, one can
observe that the values of the PI are lower than the SM in almost all of these comparisons.
Regarding the Mp in the sudden changes of the external disturbance, the PI shows lower
values than SM. In this work, although the comparison between the performance of the
controllers was not the main objective, the results show that the PI performs slightly better
than SM, which indicates the precision that is had when tuning the PI controllers to constant
reference velocity signals. Of course, there could be other scenarios of comparison, such as
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varying the reference velocity with time-varying signals. However, to compare these and
other scenarios is out of the scope of this paper.

In order to verify steady-state energy consumption, (after the settling time is reached
for the last modification on the torque), 2.5 s was considered sufficient to compute the
total energy that is depleted. The amount needed for the ideal voltage source is 1506.81 J,
considered 100% for analysis. The amount of energy used when VSCs are part of the system
is presented in Table 3. After this time, we can consider the steady-state on the system and
the needed energy profile is illustrated in Figure 8.

6. Conclusions

This research has presented how two control strategies used for a defined task are
affected by the quality of the signals provided by power electronics converters. The side
effects of not using low THD converters include high oscillations around the reference,
large power demand when starting up, an important increase of the energy consumption
in steady-state, and, in extreme cases, the use of very sophisticated control strategies.

By combining a good control strategy, which in this case is the sliding mode with an
equivalent control or the PI control algorithm, with a high-quality voltage source converter,
allows applications, in general, to perform very close to the established plan, which for this
case is the obtained signals without VSC. The signals achieved using the plant with VSC,
16, 12 and 64 pulses could be reached.

7. Discussion

This work presents the simulation results for controlling the angular speed of the
squirrel-cage induction motor model, even when the system has two controlled outputs: the
angular speed and the square modulus of rotor flux linkages [14]. The reason for showing
only these results is that the main contribution of the work is to show the advantages of
applying a VSC of 84 pulses over the use of VSC of 6 and 12 pulses.
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Abbreviations
The following abbreviations and variables are used in this manuscript:

Acronym Name
AC Analog current
DC Direct current
MPCC Model predictive current control
PI Proportional-Integral
THD Total harmonic distortion
VSC Voltage source converter
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Variable Name
ωm Angular velocity
ωre f Reference angular velocity
λαr, λβr Rotor flux linkages at α and β axis
iαs, iβs Stator currents at α and β axis
vαs, vβs Voltages in stationary reference frame α and β

vs =
[
vα vβ

]>
Stator vector voltages α and β

φr Rotor flux linkages
φre f Reference rotor flux linkages

is =
[
iαs iβs

]>
Stator vector currents

ire f Reference stator vector currents

ε1 =

[
ωre f −ωm
φre f − φr

]
Tracking error vector 1

ε2 =
[
ire f − is

]
Tracking error vector 2

s = ε2 = ire f − is Sliding manifold
u Sliding modes with equivalent control law
ueq Equivalent control law
umax Maximum voltage given by the source
TL Load torque
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