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Abstract: This study investigates the thermal performance of induction motors powered by
multilevel H-bridge inverters using a novel Pulse width Phase Shift Triangle Modulation (PSTM-
PWM) technique. Conventional PWM methods introduce significant harmonic distortion, which
increases copper and iron losses, causing overheating and reduced motor lifespan. Through
experimental testing and comparison with standard PWM techniques (LS-PWM and PS-PWM), the
proposed PSTM-PWM demonstrates substantial reduction in harmonic distortion and internal motor
losses. A first-order thermal model is used to predict motor temperature, validated with direct
thermocouple measurements and infrared thermography. Results indicate that PSTM-PWM
technique, particularly at a triangular waveform peak value of 3.5 V, minimizes THD and improves
thermal performance, offering a practical and compliant solution for industrial motor drive
applications. The modulation order has been set to M=7 in purpose of reducing both the losses in the
power inverter and to generate very high voltage pulses (high dV/dt) that can deteriorate the
insulation of the motor windings with the time in the induction motor.

Keywords: Induction motor heating; multilevel inverter; harmonic reduction; thermal modeling;
PWM techniques; EN50160 compliance

1. Introduction

Induction motors represent one of the most widely used elements in industrial and commercial
electrical systems, due to their robustness, efficiency and low maintenance. In recent years, more than
53% of the world's electrical energy consumption has been used by electric motor systems. Since more
than 70% of this electrical energy is used by induction motors with low efficiencies [1].

However, the electrical environment in which they operate has changed significantly with the
proliferation of nonlinear loads such as power converters, which introduce voltage and current
harmonics into the power supply. This harmonic distortion, although often ignored under normal
operating conditions, can have severe thermal effects on induction motors, compromising their
lifetime, energy efficiency and operational reliability [2].

Harmonics increase stator and rotor copper losses, as well as iron losses due to higher than
fundamental frequency harmonics. These increased losses translate directly into increased motor
heating, which can exceed the thermal limits of the winding insulation, especially in critical areas
such as the winding heads. In addition, low order harmonics (such as 5th and 7th harmonics)
generate pulsating torques that further contribute to unwanted mechanical and thermal stresses [3,4].

The thermal impact of harmonics in induction motors is a complex and multifactorial
phenomenon, since it depends on the frequency and magnitude of the harmonics, the type of load,
the degree of ventilation, and the thermal insulation characteristics of the motor. Although
international standards such as IEEE 519 and IEC 60034-17 recommend total harmonic distortion
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(THD) limits, in many industrial applications these limits are exceeded, resulting in operating
conditions outside the rated design [5,6]
The thermal effect can be explained by the following causes:

1. Increased losses due to Joule effect (copper losses). Current harmonics have frequencies higher
than the fundamental (50 or 60 Hz). As a consequence, the total copper losses increase.

2. Inaddition, these harmonics circulate through both the stator and the rotor (in the form of eddy
currents), aggravating the Joule losses in both parts -Additional losses in the iron (magnetic
core). The harmonic components of the voltage generate rapid variations of the magnetic flux in
the motor core, which increases hysteresis losses, which depend on frequency and
magnetization cycle, and eddy current losses, which increase quadratically with frequency. Both
mechanisms contribute to additional heat dissipation in the stator core and rotor [9].

3.  Skin effect. At higher harmonic frequencies, the current tends to concentrate at the periphery of
the conductor, reducing the effective cross-section through which the current flows. This
increases the apparent resistance of the conductor, and therefore, the resistive losses. This
phenomenon is more noticeable in large motors, but also has an impact on small motors under
high distortion [10].

4. Less effective ventilation due to pulsating torque. Some harmonics, especially those of low odd
order (such as 5th or 7th), produce pulsations in the electromagnetic torque that can cause
vibrations, resonances and unwanted changes in the speed of the motor fan (if coupled to the
shaft). This reduces the efficiency of the motor's cooling system, further raising its temperature
[11].

5. Localized thermal imbalance. The effect of harmonics is not uniform throughout the motor:
certain areas, such as the turn heads or stator slots, can become hotter due to winding geometry
and non-uniform loss distribution. This can accelerate insulation deterioration and lead to
premature failure [12].

Induction motors are designed to operate within a specific temperature range, defined by the
thermal insulation class of their windings. If this range is exceeded, adverse effects are generated that
accelerate the aging of the motor and can lead to total failure. The problems caused by overheating
in induction motors are as follows:

a. Deterioration of the winding insulation. The high temperature degrades the dielectric material
covering the stator conductors. It is estimated that for every 10 °C above the limit, the lifetime of
the insulation is reduced by half (Montsinger's rule). This can lead to short circuits between turns
or between phases, resulting in catastrophic electrical failures [13-16].

b. Efficiency loss. At higher temperature, the resistance of the copper increases, which increases
the I?R losses. This reduces the energy efficiency of the motor and increases the electrical
consumption [17].

c.  Rotor damage. Although the rotor is more thermally robust, it also suffers from temperature
rise. Mechanical deformation, uneven expansion or weakening of the shaft may also occur [18].

d. Bearing and lubrication failures. Excessive heat can degrade lubricating grease, causing
premature bearing wear. This leads to vibration, noise and mechanical failure. Decreased
thermal performance of the housing [19].

The most critical part of an induction motor in terms of heating is the stator winding, especially
the coil heads. These areas are prone to overheating due to accumulation of thermal losses and less
efficient heat dissipation. Overheating in these areas can degrade the insulation, which could lead to
short circuits between turns and catastrophic motor failure.

In summary, an induction motor should not be heated beyond its thermal capacity because this
shortens its life, affects its electrical and mechanical performance, and can lead to critical failures.
Keeping the motor within its safe thermal range is essential to ensure its reliability.

Power inverters are widely used to power induction motors because of their ability to control
the frequency and amplitude of the applied voltage, which allows speed and torque to be adjusted
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efficiently. However, the switching operation of these inverters-especially in pulse width modulation
(PWM) topologies-inevitably introduces harmonic components into the voltage and current supplied
to the motor.

Standard EN50160 defines the characteristics of the voltage supplied by public electricity
distribution networks, including limits for harmonic distortion. Although it is not specifically aimed
at electric motors, it does establish power quality levels that directly affect their operation and
durability. This standard serves as a reference to ensure compatibility between the grid and the
equipment connected to it (such as motors). Poor wave quality can cause motors to fail to perform
their function properly or suffer premature failure [20].

Unlike an ideal sinusoidal power supply, the output signal of an inverter is composed of a
sequence of pulses that approximate a desired sine wave. This nonlinear waveform contains a series
of high-frequency harmonics that propagate into the motor [21-23]. The voltage harmonics induce
harmonic currents in the stator windings, resulting in a number of undesirable effects discussed
earlier. In this context, multilevel inverters - such as diode-clamp (NPC)[24,25], flying capacitor
(FCO)[26] and cascade H-bridge (CHB) inverters [27] - can reduce harmonic distortion, overvoltages
and switching losses, which improves both system efficiency and motor life [28-30]. This paper
presents a modulation technique for multilevel H-bridge inverters that reduces harmonics and
achieves lower heating of induction motors. The technique has been compared with classical
modulation techniques. The experimental results obtained show the goodness of the PSTM-PWM
technique.

The structure of the article will be as follows. Then, a basic thermal model defining the thermal
resistance is presented, which will be used to contrast the losses. Chapter 2 presents the peculiarities
of the discontinuous modulation technique applied to the reduction of the motor heating. Chapter 3
shows the assembly that has been carried out to feed the motor with the 9-level multilevel converter
with H-bridges and with the lowest modulation index of the converter to reduce the switching losses
of the power inverter and to generate very high voltage pulses (high dV/dt) that can deteriorate the
insulation of the motor windings with the time [7,8]. And finally, Chapter 4 presents the discussion
and the conclusions that have been obtained.

Regarding the thermal model, a first order model for induction motors expressed in equation 1
has been chosen, which offers multiple advantages and makes it a practical and efficient tool to
evaluate the heating [31,32]. The starting point would be the following equation:

de
T # + 0(t) = Ryp * Pioss(t) 1)

where 1 is the thermal time constant (s), O(t) is the instantaneous motor temperature (°C or K), Ry, is
the thermal resistance (°C/W) and Ploss, loss power (W), and in the solution of the equation, the
thermal time constant will be:

T = C_th * Ry, (2)

Its mathematical simplicity, based on a single linear differential equation, makes it easy to
understand, implement and solve quickly, without requiring complex simulations. In addition, it
requires few essential physical parameters, such as thermal resistance and capacitance, which are
relatively easy to estimate, thus reducing modeling uncertainty. Although it is a simplified model, it
adequately captures the basic heating and cooling dynamics of the motor, including the transient
response to changes in losses or load conditions. This feature allows its effective integration into real-
time thermal monitoring and control systems, helping to prevent overheating damage. Likewise, the
first-order model serves as a basis for more complex and refined developments, maintaining clarity
in the thermal analysis. Its low cost, accessibility and general applicability make it a popular choice
for most industries, offering the right balance between accuracy and ease of use for thermal
evaluation of induction motors.

In the first order thermal model used to represent the thermal behavior of an induction motor,
the thermal resistance R plays a key role in relating internal losses to temperature rise. Traditionally,
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this parameter is considered constant to facilitate analytical calculations, however, under real
operating conditions, especially in the presence of harmonics in the power supply, this thermal
resistance can be significantly affected, altering the accuracy of the model. As the temperature of the
motor increases due to these harmonic losses, the thermal properties of the internal materials begin
to change. The thermal conductivity of the insulating materials, copper and steel decreases with
increasing temperature, reducing the ability of the system to transfer heat to the environment. This
phenomenon implies an effective increase in the thermal resistance R, although this increase is not
evident in static modeling. Additionally, accelerated aging of insulating materials caused by elevated
temperatures reduces the overall thermal efficiency of the motor in the long term.

When the motor reaches its thermal steady state the temperature derivative is zero, and the
thermal resistance can be calculated using the following expression:

T =T,

Ploss

Ren = ©)
where T is the final temperature, T is the ambient temperature and Puoss is the total losses.

In this work we are going to analyze how thermal resistance changes as a function of each of the
implemented PWM techniques.

The increase in thermal resistance implies that, for the same level of losses, the estimated
temperature will be higher, reflecting more critical thermal behavior. If this increase in thermal
resistance is not considered in the model, the actual motor temperature may be underestimated,
compromising the reliability of the thermal protection system and significantly reducing the life of
the motor.

2. PSTM-PWM Technique

The proposed method, called Triangle Phase Shift Modulator (PSTM), is a pulse width
modulation (PWM) technique that uses a sine wave as carrier and a triangle wave as modulator. The
triangle wave has a higher peak value than the sine wave, which generates periods of no modulation
(no switching), causing overmodulation. To keep the number of switching times constant, the carrier
frequency is adjusted according to the peak value of the triangle wave. Thus, the same theoretical
modulation index M is retained, where M = fy/fm. Figure 1 shows this technique for M = 15.

Vsen Vitril Vitri2 Vitri3

0 2m 4m 6m gfm 10m 12m 14m 16m 18m 20m

Time (s)
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Figure 1. (a) Modulating (sine) and carrier (triangular) waves, (b) Modulated wave.

To obtain the carrier frequency in the PSTM technique, a sine wave (carrier) is compared with a
half triangular wave (modulator), resulting in a linear equation describing the modulation. From this
comparison, the time instants at which the modulation occurs (t; and t,) are calculated:

2U
y=—U+—wpt 4)
i
2U
1=-U +?wmtb - n(1+U) = 20wyt (5)
2U
-1=-U +?wmta - n(U—-1) =2Uwyt, (6)

—Ur + 20wt
_—

- n = —U+2Uwy,t, (7)

1= U+2U t, =
= T[wmz_

where U is the peak value of the triangular and w, its pulsation.

_n+Un_ 7(1+U)

27 0w, 20wy, ®
Un—n nwn(U-1)
ty = = )
20wy, 20wy,
The period for which the modulation lasts is:
n+nU—-nU+m T
t= tz - tl = = (10)

2Uwy, " Uwy,

The carrier frequency can be calculated by knowing how many pulses must be generated in half
a period of the modulating signal, i.e., how many pulses are obtained in 7 radians. The total number
of pulses in half a period is:

‘= M _ M (1)
2(wpty; —wpty)  2wp(t; —t)
The number of pulses in a full period of 27t radians will be twice as many:
M= — (12
W (tz = t1)

Using expression (11), the theoretical modulation order is obtained:
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Me=——m =UM (13)
™ Uwy,

This indicates that the angular frequency of the carrier is not M (efective modulation order)
because the modulation is discontinuous. It should be UM times that of the modulating signal, which
could be considered as the modulation order necessary to maintain the number of pulses with respect
to a continuous modulation technique:

wy, =UMwy, - f, =UMfy, (14)

As previously mentioned, increasing the number of switches per period generates more heating
in the switches and reduces the efficiency of the inverter. Therefore, it is advisable to work with the
lowest possible value of M. For the PSTM-PWM technique, a modulation order M =7 has been chosen,
which complies with EN50160, which sets a maximum THD value of 8 %.

3. Experimental Model of the Multilevel H-Bridge Inverter

To determine which peak values of the triangular wave are the most suitable - that is, producing
low total harmonic distortion (THD) and a high RMS value of the fundamental component - a sweep
of U values was performed. The objective was to find the value of U that minimizes the THD and
maximizes the RMS value of the fundamental, keeping M=7 constant.

Figure 2 shows the THD (total harmonic distortion) value as a function of the peak value of the
triangular modulator. The maximum value of the sine wave carrier has been kept at 1V. Minimum
THD values are obtained for modulator peak voltages of 1.4 V and 3.5 V.

THD versus modulating waveform peak voltage

14
1.4 3.5

12

10
8
6

4

2

0

112141618 2 22242628 3 32343638 4 42444648 5
Amplitude (V)

THD (%)

Figure 2. Total harmonics distortion versus triangular modulator amplitude.

This technique has been compared with the classical modulation techniques used in H-bridge
multilevel inverters: amplitude shift keying (LS-PWM) and phase shift keying (PS-PWM). The results
obtained, which are summarized in Table 1, correspond to a modulation order M =7 and a DC supply
voltage Uc=100 V. With these parameters, the proposed technique complies with the requirements
established by the EN50160 Standard, while the classical techniques fail to comply with the
regulatory limits, due to the presence of harmonic values that exceed the maximum allowed values.

It is also important to note that none of the classical techniques manages to comply with the level
of total harmonic distortion (THD) required by the standard for modulation order M=7.
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Table 1. Harmonic levels (%) of different modulation techniques with multilevel inverter with M=7.

Standard EN50160 LS-PWM PS-PWM © STM-PWM PSTM-PWM

Harm. . . . V=14 V=35
(%) (%) (%) %) %)
1 100 100 100 100

2 2.000 0.000  0.000 0.005 0.010

3 5.000 3789 0.193 0.059 0.134

4 1.000 0.000  0.000 0.002 0.004

5 6.000 3438 0.074 0.819 1.628

6 0.500 0.000  0.000 0.007 0.000

7 5.000 4195 0.176 4122 4.001

8 0,500 0.000  0.000 0.006 0.005

9 1.500 3832 0.037 0.074 0.166

10 0.500 0.000  0.000 0.003 0.004

11 3.500 6652 0.105 1.656 1.741

12 0.500 0.000  0.000 0.007 0.000

13 3.000 3.677  0.030 0.737 0.782

14 0.500 0.000  0.000 0.006 0.003

15 0.500 1722 0.051 0.070 0.282

16 0.500 0.000  0.000 0.004 0.003

17 2.000 4126 0.196 1.347 1.562

18 0.500 0.000  0.000 0.006 0.000

19 1.500 0.160  0.161 0.108 0.337

20 0.500 0.000  0.000 0.008 0.001

21 0.500 4876 5.017 0.048 0.434

2 0.500 0.000  0.000 0.009 0.002

23 1.500 1715 11.772 1.007 1.290

24 0.500 0.000  0.000 0.008 0.000

25 1.500 4761 0.090 0.412 0.627

Fund. Value RMS 250,51  243.95 221,32 295.57
THD25 (%) 8 1362 12.83 4.89 5.59

An AEG motor with the following parameters was used to validate the proposed technique:
AEG three-phase induction motor Rated voltage: 380V, star connection. Rated power: 0.3 kW. Rated
current: 1.65A. Frequency: 50 Hz Rated speed: 1450 rpm. Rated slip: 0.05626, Power factor 0.829,
Number of poles = 4, Rated efficiency: 81.56%, Rated torque: 6.82 Nm. Starting current: 5.5 times
rated. Starting torque: 2.7 times nominal. Maximum torque: 2.8 times nominal.

For the implementation of the multilevel inverters, the GPT-IGBT module from GUASCH
S.ATM was utilized. This module facilitates the construction of an H-bridge using insulated gate
bipolar transistors (IGBTs) for motor control applications. It incorporates a three-phase bridge
rectifier, a capacitor bank, IGBTs with a forced air-cooled heat sink, opto-isolated drivers, output
phase current sensors, a DC-Link current sensor, and a DC-Link voltage sensor. The main electrical
specifications include a maximum DC-Link voltage of 750 V and a maximum current output per
phase of 32 A.

To generate the control signals for the inverter stages, hardware from National Instruments was
employed, specifically the NI9154™ module. A LabVIEW™-based platform was developed to
implement various pulse-width modulation (PWM) techniques. Voltage harmonics at the inverter
output were measured using three-phase power analyzers, while power quality was assessed with
the Chauvin Arnoux™ C.A 8336, which is capable of measuring up to the 50th harmonic. The DC
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supply voltage (Uc) feeding the H-bridges was set to 100 V. The experimental laboratory setup is
illustrated in Figure 3.

POWER LINE

Va W r - Al A d
> | ‘—-.mtvqﬁ :>

CONTROL

INDUCTION MOTOR

MEASURES

Figure 3. Experimental laboratory setup. Control, H-bridge, Measurements and motor.

Figure 4 shows the oscillograms of the classical PWM techniques: 4a (LS-PWM) and 4b (PS-
PWM). Figure 5 shows the oscillograms of the proposed PWM technique for two V values: 5a (PSTM-
PWM, V=14) and 5b (PSTM-PWM V=3.5).
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Figure 5. Oscillograms of PWM techniques (a) PSTM-PWM V=14, (b) PSTM-PWM V=3.5.

4. Experimental Results

For the selection of the measurement location, the motor was pre-warmed for 30 minutes, the
hottest points were observed with the thermographic camera and the points of the coil that were the
hottest were chosen, one located between the coil passage slot and the coil itself, and the other in the
curved part of the coil under the insulator, in addition to the thermocouple that measures the internal
ambient temperature Figure 6.Authors should discuss the results and how they can be interpreted
from the perspective of previous studies and of the working hypotheses. The findings and their
implications should be discussed in the broadest context possible. Future research directions may

also be highlighted.
AT A N\ FOUCAULT BRAKE I
ACQUIYTION , ’ ’4

- MODUL

Figure 6. Data acquisition module for thermocouples and Foucault brake connected to the motor.

The motor was supplied with a voltage of 380 V RMS of the fundamental harmonic in star
mounting for all techniques. The load consisted of an eddy current fed eddy current brake to adjust
the power consumed to 200 W. The total power consumed by the machine was also measured to
evaluate the power losses of each technique. A controlled ambient temperature of 25 °C was assumed
for all techniques.

For an accurate evaluation of the heating in an induction motor, it is essential to measure the
temperature directly in the stator windings. This can be achieved by means of integrated temperature
sensors such as thermocouples that provide accurate readings of the internal temperature of the
motor.

It should be noted that the accuracy of thermocouples can range from +0.5 °C to +2.0 °C,
depending on factors such as the type of thermocouple, the quality of the mounting, and the
calibration of the acquisition system.

During the process, care was taken to keep the experimental conditions constant: the sensor was
fixed in a stable manner to ensure good thermal contact, and a uniform acquisition frequency was
maintained for all measurements. These precautions minimized the occurrence of systematic errors
associated with variations in positioning or reading times. To evaluate the consistency and stability
of the measurements under controlled conditions, 15 consecutive measurements were taken at the
same sampling point.

From the data obtained, the basic statistical parameters were calculated: the arithmetic mean as
a representative value of the measured temperature, and the standard deviation as an estimate of the
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dispersion of the readings. Under stable conditions and with good mounting, the standard deviation
obtained was consistent with what is expected for this type of sensor, being located in a range of
approximately +0.3 °C to 0.6 °C. These values reflect both the sensitivity of the sensor and small local
thermal variations of the system under study.

The temperature of the outside of the motor and windings were also measured using a
thermographic camera. It is important to note that measuring the temperature on the external surface
of the motor does not provide accurate indication of the internal temperature of the windings, since
the casing can be significantly cooler than the inside of the motor.

From the tests, the thermal resistance was calculated for each of the techniques using equation
2. Table 2 below shows the average values of the 15 temperature measurements made and, therefore,
the calculated values of these thermal resistances.

Table 2. Temperature, time to steady state, loss and thermal resistance for different techniques.

Temperature Time Losses Rth
() (s) W) (cCIw)
LSPWM 61,1 6332 31,2 1,15705128
PSPWM 59,2 5570 25,8 1,3255814
PSTM V=14 56,2 5541 16,2 1,92592593
PSTM V=3.5 55,3 5530 15,9  1,90566038

With the proposed technique, losses are reduced due to the lower harmonic content. In addition,
the thermal resistance is higher, so the motor heats up less. The following figures show the images
obtained with the thermographic camera of the techniques tested. There is a difference between the
temperatures provided with the measurements made with the thermocouples and those provided
with the thermographic camera, because the thermographic camera measures areas and not specific
points, so it can have errors of + 1 degree. The reading of a thermocouple is more accurate. But in the
test carried out there is a correlation between the techniques used and the measurements both with
the thermographic camera and the thermocouples. Of the measurements made, those corresponding
to the thermocouples are taken as valid. The following graph shows the measurements with the
thermographic camera of the motor with the techniques used: (a) LS-PWM, (b) PS-PWM, (c) PSTM-
PWM V=14, (d) PSTM-PWM V=3.5.

16/04/2024

18/04/2024

(d)
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Figure 7. Imagen de las termografias de las Técnicas: (a) LSPWM, (b) PSPWM, (c) PSTM V=14 y (d) PSTM
V=3.5.

Subsequently, and to contrast the goodness of the technique, we proceeded to increase the motor
load by increasing the power consumed by the brake by 10% with the proposed PSTM-PWM
technique with V=3.5, since it showed the best thermal behavior. The losses calculated by the
difference between the input power and the power consumed by the eddy current brake was 17.3 W.
With this measured power loss data and using equation (3) together with the thermal resistance value
from Table 2 corresponding to the technique used, the temperature should be 58.2 degrees Celsius.

After reaching the regime temperature at 4 times its thermal time constant (5552 seconds), the
new temperature measurements were carried out. The average value of the 15 measurements made
with the thermocouple at the head of the coils gave a value of 58.1 degrees Celsius. Figure 8 shows
the measurement made with the thermographic camera gives a maximum value of 58.0 degrees
Celsius.

25/04/2024

Figure 8. Thermography image of the PSTM V=3.5 Technique with 10% more load.

5. Discussion and Conclusions

This paper has shown that harmonics generated by power inverters have a significant impact on
the thermal behavior of induction motors, increasing their internal losses, mainly due to the Joule
effect, iron losses and phenomena such as the pellicular effect. These additional losses result in an
increase in temperature, especially in critical areas such as the stator coil heads, which compromises
the life of the insulation and, therefore, the reliability and durability of the motor.

In order to mitigate these effects, a new PSTM-PWM (Pulse width Phase Shift Triangle
Modulation) pulse width modulation technique has been implemented and experimentally
evaluated, applied in an H-bridge type multilevel inverter. This technique is distinguished by the use
of a sinusoidal signal as carrier and a triangular signal with overmodulation as modulator, allowing
to effectively reduce the harmonic content of the inverter output signal. The modulation order
parameter was kept constant at M =7, in order to keep the number of switching operations as low as
possible and to comply with the requirements of the EN50160 standard, as opposed to conventional
techniques that do not comply with it. It is true that this is not mandatory, but it is recommended. In
addition, to minimize power inverter losses and reduce the generation of high-voltage pulses with
steep voltage transitions (high dV/dt), which can lead to long-term degradation of the insulation in
induction motor windings, the modulation order was set to M =7.

During laboratory tests, three modulation techniques were compared: LS-PWM, PS-PWM and
two configurations of the proposed PSTM-PWM technique (with peak values of the triangular signal
U=1.4V and U= 3.5 V). To ensure homogeneous conditions, the AEG motor used was subjected to
a constant load of 200 W using a Foucault brake, and with a supply voltage of 380 V RMS
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corresponding to the fundamental harmonic. Temperatures were measured at the winding heads
using thermocouples. Temperatures were also measured with a thermographic camera.

The results indicated that the PSTM-PWM technique, especially with U equal to 3.5V, achieved
a significant reduction in the internal temperature of the motor compared to the classical techniques.
The average temperature recorded in the winding was 55.3°C with this technique, compared to
61.1°C obtained with LS-PWM, which represents a clear reduction in thermal stress. Also, lower
internal losses were observed (159 W for PSTM-PWM versus 31.2W for LS-PWM), which was
reflected in an increase of calculated thermal resistance, confirming that the motor heats up less under
this configuration.

To validate the robustness of the first-order thermal model used in this study, an additional test
was performed by increasing the motor load by 10% (up to 220W), maintaining the PSTM-PWM
technique with U equal to 3.5V. The model predicted a final temperature of 58.2°C, a value that was
practically confirmed by the experimental measurement with thermocouple (58.1°C) and by the
thermographic camera (58.0°C), which evidences the validity of the proposed model for real-time
thermal estimations.

In summary, the experimental results confirm that the PSTM-PWM technique not only meets
the regulatory requirements in terms of total harmonic distortion (THD), but also allows a remarkable
improvement in the thermal behavior of induction motors fed by multilevel inverters. This implies a
reduction in motor heating, reduced insulation aging, higher energy efficiency and a possible
extension of the equipment lifetime. Therefore, it is concluded that the PSTM-PWM technique
constitutes an effective and practical technical alternative to conventional modulation strategies,
especially in industrial applications where power quality and thermal reliability are critical factors.
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