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Chapter 1

Motor Monitoring and Analysis
System (SMAM) as a Resource for
Predictive Maintenance in
Industrial Environments through
Digital Twin and IIoT
Jhennifer F. dos Santos, Yasmim M.D. Lisboa,
Elielson F.S. Barbosa, Lucas H.B. Santos, Allan R.A. Manito,
Marcelo O. Silva and Wellington S. Fonseca

Abstract

The Motor Monitoring and Analysis System (SMAM) was developed as a tool that
can help with the predictive maintenance of electric motors through Digital Twin
(DT) and the Industrial Internet of Things (IIoT). To do this, SMAM has an embedded
system made up of the ESP32 microcontroller and temperature, voltage and current
sensors, in which the measurements taken are stored in the Firebase web database. It
is worth noting that the sensors are calibrated using the least squares and linear
regression mathematical methods, as well as using the ET-5062 energy analyzer as a
reference to ensure that the measurement is reliable. In addition, strong coupling
simulations are carried out in the Finite Element Method Magnetics (FEMM) soft-
ware, which makes it possible to visualize the magnetic flux and the internal temper-
ature of the motor by entering the measured current data. In this way, SMAM is a
promising resource for the manufacturing environment.

Keywords: induction motors, finite element analysis, industrial internet of things,
digital twin, maintenance

1. Introduction

Electric motors have a significant presence in the industry, acting as essential
components in various production processes [1]. This equipment is considered a
critical asset, as it drives machines and systems that are fundamental to the continu-
ous and efficient operation of factories. Because of its importance, the failure of an
electric motor can result in unplanned downtime, loss of productivity, and high
maintenance costs [2]. For this reason, constant monitoring of electric motors is
crucial to ensure good operating performance.

1



Chapter 1

Motor Monitoring and Analysis
System (SMAM) as a Resource for
Predictive Maintenance in
Industrial Environments through
Digital Twin and IIoT
Jhennifer F. dos Santos, Yasmim M.D. Lisboa,
Elielson F.S. Barbosa, Lucas H.B. Santos, Allan R.A. Manito,
Marcelo O. Silva and Wellington S. Fonseca

Abstract

The Motor Monitoring and Analysis System (SMAM) was developed as a tool that
can help with the predictive maintenance of electric motors through Digital Twin
(DT) and the Industrial Internet of Things (IIoT). To do this, SMAM has an embedded
system made up of the ESP32 microcontroller and temperature, voltage and current
sensors, in which the measurements taken are stored in the Firebase web database. It
is worth noting that the sensors are calibrated using the least squares and linear
regression mathematical methods, as well as using the ET-5062 energy analyzer as a
reference to ensure that the measurement is reliable. In addition, strong coupling
simulations are carried out in the Finite Element Method Magnetics (FEMM) soft-
ware, which makes it possible to visualize the magnetic flux and the internal temper-
ature of the motor by entering the measured current data. In this way, SMAM is a
promising resource for the manufacturing environment.

Keywords: induction motors, finite element analysis, industrial internet of things,
digital twin, maintenance

1. Introduction

Electric motors have a significant presence in the industry, acting as essential
components in various production processes [1]. This equipment is considered a
critical asset, as it drives machines and systems that are fundamental to the continu-
ous and efficient operation of factories. Because of its importance, the failure of an
electric motor can result in unplanned downtime, loss of productivity, and high
maintenance costs [2]. For this reason, constant monitoring of electric motors is
crucial to ensure good operating performance.

1



In recent years, researchers have been exploring the development of tools for
monitoring induction motors. One example is the article [3] that proposes an auto-
mated induction motor monitoring system with IoT, using a Raspberry Pi 4 and the
Blynk IoT interface to protect the motor in abnormal conditions, such as overvoltage
and high temperature, ensuring continuous operation or automatic shutdown. The
study carried out by Patel et al. [4] monitors the condition of three-phase induction
motors by analyzing the stator current and vibration, using instruments such as the
Digital Storage Oscilloscope and the Vibration Analyzer to diagnose faults with the
support of MATLAB.

In addition, Noyjeen et al. [5] propose the control and monitoring of three-phase
motors with IoT, using the Raspberry Pi to collect data from sensors and send it to a
server, where it is processed to detect faults in components such as the rotor and
stator. The work by Noyjeen et al. [5] presents a system for monitoring three-phase
motor parameters using the ESP32 microcontroller, with cloud storage in ThingSpeak
and notifications via the Line Notify API, allowing remote access and real-time alerts
when performance limits are exceeded. This research reinforces the relevance of
innovative solutions for the efficient monitoring of electric motors in industry.

Within the context of these advances, the Industrial Internet of Things (IIoT) has
emerged as a key technology. The IIoT, which is an extension of the Internet of Things
(IoT), is specifically focused on the industrial environment [6, 7]. While IoT covers
the connectivity and automation of devices in a wide range of applications, IIoT is
aimed at optimizing industrial processes, connecting sensors, machines, and systems
to collect and analyze data in real time. The application of IIoT in the industrial sector
brings significant advantages, such as the possibility of carrying out predictive main-
tenance, avoiding unexpected failures, and extending the useful life of assets [8].

Another emerging technology that is being widely adopted in the industry is the
Digital Twin. A Digital Twin is a virtual representation of a physical asset, which
allows you to simulate and monitor its behavior in real time [9]. There are different
types of Digital Twin, including the Product, Process and Performance Digital Twin,
each focused on different aspects of an asset’s operation [10]. In industry, Digital
Twins have been used to monitor engines, providing a detailed view of their operation
and allowing simulations that predict future behavior based on real data [11]. This
approach allows for more precise control and a rapid response to any anomalies
detected, increasing the reliability and efficiency of electric motors.

In this context, this article will present the optimization of the acquisition module
that makes up the Motor Monitoring and Analysis System (from Portuguese, Sistema
de Monitoramento e Análise de Motores - SMAM) proposed by Santos et al. [12]. This
system integrates IIoT and Digital Twin technologies as a tool that can help with the
predictive maintenance of electric motors. SMAM uses an embedded system with an
ESP32 microcontroller and sensors to measure critical variables such as temperature,
voltage, and current, whose data is stored in a web database. In addition, advanced
simulations are carried out to visualize the internal behavior of the engine and these
results are displayed on a web panel, making SMAM a promising tool for the industry.

The reason for building a new acquisition module is that the work presented by
Santos et al. [12] had a significant error in one of the measurements of the current sensor
that makes up the system and which plays a crucial role in the Digital Twin model. The
current values measured by the module are incremented in the simulation carried out in
the Finite Element Method Magnetics (FEMM) software. Therefore, in addition to the
development of a new module, the contribution of this work is the application of a
calibration methodology using the least squares method and linear regression.

2

Induction Motors – Latest Research and Applications



2. The motor monitoring and analysis system

The Motor Monitoring and Analysis System (SMAM) consists of an IIoT module
that measures the temperature, voltage, and phase current of induction motors using
non-invasive sensors. The module is equipped with the ESP32 microcontroller, which
transmits measurements in real time to the cloud via a Wi-Fi connection. In addition,
computer simulations of the strong coupling of the monitored motor are carried out.
Figure 1 illustrates the general layout of the SMAM.

As described above, this work proposes the optimization of the embedded system
developed by Santos et al. [12]. Initially, a module was built on a perforated phenolite
plate measuring 12 cm long by 9.3 cm wide, which accommodates the ESP32 micro-
controller and the voltage, current, and temperature sensors, as well as providing
space for the inclusion of new sensors if necessary, as shown in Figure 2.

2.1 Acquisition module

The optimized module is managed by the ESP32-WROOM-32 microcontroller,
which is the backbone of the monitoring since it is responsible for receiving the sensor
measurements and sending them to a cloud database. The ESP32 sends this informa-
tion via the IEEE 802.11 protocol [13].

The ESP32 microcontroller has 32-bit dual-core processors operating at 240 MHz,
analog-to-digital converters, and an internal antenna with a power of 20 dBm,
supporting a data rate of up to 150 Mbps. It also has a sampling rate of 1 kHz, low bit
error rate (BER), and performs high-speed floating point operations. This device has
gained popularity in the industry due to its capabilities, being used, for example, in
the WCD-GT100-ETH and WCD-GT100 gateways from WEG [14].

It is worth noting that the purpose of this work is restricted to optimizing the
existing module, so it was not necessary to replace the sensors and microcontroller
used in the [12] work, and the module’s wiring diagram 3 was maintained.

The acquisition module consists of three current sensors model SCT-013
(Figure 3b), which are current transformers capable of measuring alternating current
(AC) of up to 100 A [15]. These sensors operate on the principles of electromagnetic

Figure 1.
The functioning of the SMAM proposed by Santos et al. [12].
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induction, where the magnetic field generated by the alternating current in the pri-
mary conductor induces a proportional current in the sensor’s secondary circuit. Each
SCT-013 is connected to one of the motor’s phases, allowing precise measurement of
the current in each phase.

For voltage measurement, the ZMPT101B module is used (Figure 4a). This sensor
is capable of measuring alternating voltages (AC) of up to 250 V, with a margin of
error of �1% [16]. The ZMPT101B includes a voltage transformer and an RC circuit

Figure 2.
New acquisition module built for SMAM.

Figure 3.
Electrical schematic of the module [12].
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with amplifiers, which condition the voltage signal into a form suitable for reading by
the ESP32 microcontroller.

For temperature measurement, the system relies on a type K thermocouple, which
has a measuring range from 0 to 600°C. The K-type thermocouple operates on the
basis of the Seebeck Effect, where the junction of two different metals, in this case,
Cromel and Alumel, generates an electrical voltage proportional to the temperature
difference between the hot junction and the reference junction. The signal generated
by the thermocouple is in millivolts, which makes it necessary to use the MAX6675, a
specialized analog-to-digital converter.

The MAX6675 reads the voltage difference generated by the thermocouple and
compares it with the voltage of an internal temperature sensor diode, converting these
values into an accurate temperature reading. The integration of the type K thermo-
couple with the MAX6675 allows the system to obtain reliable and accurate tempera-
ture measurements. The type K thermocouple and the MAX6675 are shown in
Figure 4c and d, respectively.

2.2 Sensor calibration

Linear regression and least squares statistical methods were used to adjust the
measurements taken by the on-board system. Linear regression is a specific applica-
tion of the least squares method, where the relationship between variables is modeled
by a linear equation and the parameters of this equation are estimated using the least
squares method.

Linear regression aims to model the relationship between two variables using a
linear equation, where X is the independent variable and y is the dependent variable.
Eq. 1 illustrates this model, where i represents each of the n observations in the
database, a is the intercept of the regression line on the y-axis, b is the slope of the line
and ε is the residual representing the values of y not explained by the model [17].

yi ¼ axi þ bþ εi (1)

Figure 4.
Voltage (a) and current (b) sensors, as well as the k-type thermocouple (c) and MAX6675 integrated circuit (d)
used in the SMAM.
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The least squares method is used to estimate the parameters a and b of the linear
regression equation. This method seeks to minimize the sum of squares of the residuals
(SSE), which are the differences between the observed values of y and the values
predicted by the regression equation [18]. With this, it is possible to determine the values
of aaa and b that minimize the sum of the squares of the residuals, as shown in Eq. 2.

SSE ¼
Xn
i¼1

yi � mxi þ bð Þ� �2 (2)

To find the SSE, calculate the partial derivatives in relation to a and b and equal
them to zero to find the values that minimize the function. Once the values of a and b
have been estimated using the least squares method, the linear regression equation can
be used to make predictions of y based on the values of x.This results in predictions
that represent the best possible estimate of the relationship between the variables,
given the distribution of the observed data.

As mentioned earlier, the engine was monitored by the ET-5062 and the optimized
SMAM system. Based on this, a Python script was developed to automate the process of
calibrating the SMAM’s current sensors, using linear regression and least squares, in order
to make it easier to identify deviations and improve the accuracy of measurements.

The script used the Pandas library for manipulating and analyzing structured data,
allowing data to be loaded from different formats such as CSV, xlsx, and SQL [19]. In
addition, the Matplotlib library was used to visualize the data. According to Ref. [20],
this library generates high-quality customizable graphics, allowing for intuitive and
harmonious data visualization.

The calibration methods were applied using the sklearn:linearmodel library, which
has the LinearRegression function of adjusting the linear regression model to the data
using the least squares method [21]. The fit method of the LinearRegression class
calculates the regression coefficients that minimize the sum of the squares of the
differences between the actual observations and the model’s predictions. In this way,
the calculated coefficients represent the parameters of the regression line, solving the
least squares problem.

Figure 5 shows the use of LinearRegression and the fit method for the values of the
current sensor that monitors Phase A. It is important to note that these functions were
also applied to the motor’s Phase B and C sensors.

# Upload sensor and commercial sensor and SMAM data
medicao_SMAM = pd.read_excel(medicao_SMAM)
medicao_anali = pd.read_excel(medicao_anali)

# Separate data into sensor readings and corresponding
# measurements for PhaseA
FaseA_SMAM = medicao_SMAM[['Fase A']]

# Initialize and adjust the linear regression model for Phase A
modelo_FaseA = LinearRegression()
modelo_FaseA.fit(FaseA_SMAM, FaseA_anali)

# Regression coefficients for Phase A
coeficiente_FaseA = modelo_FaseA.coef_[0][0]
intercepto_FaseA = modelo_FaseA.intercept_[0]

6
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2.3 Functional testing methodology

The motor selected for this study is WEG’s high-performance Plus model, with a
rated current of 4.42 A. This motor operates in conjunction with an electromagnetic
break, which consists of coils and a metal disk controlled by an electrical control
bench. The function of the brake is to act as a load, simulating real motor operation in
industry. The connection between the motor and the brake can be seen in Figure 5a.

To test operation, the motor was monitored by the optimized SMAM module and
the ET-5062 energy analyzer, used as a reference meter. According to the manufac-
turer [22], this analyzer complies with the IEC/EN61010-1 standard, Category IV
600 V Overvoltage, and allows the user to choose between 1-second and 60-minute
measurements. It also offers real-time visualization of general network parameters
such as voltage, current, and power. It is worth noting that the motor is monitored
simultaneously with both devices so that measurements can be compared.

The test followed the methodology adopted by Santos et al. [12], sequentially
applying four load levels, identified as load 1, 2, 3, and 4. At the initial load (load I),
the motor operated at no load, without the Eddy Brake coils energized. At load levels
2, 3, and 4, the motor’s phase currents reached values of 3 A, 3.5 A, and 4 A, respec-
tively. Figure 5 shows the test layout.

To monitor the external temperature of the engine, a FLIR T650sc thermographic
50 camera was used (Figure 5b), capable of measuring temperatures from 40 to
650°C. In addition, a Minipa multimeter model ET-2042E was used, with a thermal
sensitivity of �40 to 1000°C [23]. The data was stored manually, with the measure-
ments from the reference equipment being compared with the measurements from
the optimized module’s temperature sensor at each load transition.

2.4 Web application structure

Communication is carried out via a web application developed in the Python,
HTML, and JavaScript programming languages and stored on the Replit online plat-
form. Replit is a platform that stores web applications and offers resources for testing
and deploying applications in various programming languages [24].

Figure 5.
Arrangement of equipment for testing the embedded system (a) and thermographic camera used in the
experiment (b).
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The web application receives the data sent by ESP32 in JSON format, using the
HTTP POST method. The measurements received are stored in Firebase, a non-
relational database from Google that offers various functionalities, including a real-
time database [25]. The measurements are stored in Firebase in JSON format.

Socket.io middleware was also implemented in the application. This technology
enables real-time communication between the registered client and the server [26].
Thus, as soon as the measurement data is received by the application, the socket
connection sends this data to a Virtual Machine (VM).

The VM uses the Windows operating system, as the FEMM software used for
computer simulation is native to this system. This VM was configured to detect
variations in the motor current and perform a thermomagnetic simulation based on
these variations. The result of the simulation is sent to Firebase. The general flow
diagram of the communication described is shown in Figure 6.

The control panel, developed in HTML and JavaScript, is integrated into the appli-
cation to display the results of the motor current simulations in real time. Once the
simulations are complete, images are sent from the VM to Firebase and the application
via a socket connection. The JavaScript panel then automatically checks and displays the
results on the web page, eliminating the need for the user to manually update the page.

2.5 Thermomagnetic simulation of an induction motor

This research involved performing a multiphysics thermomagnetic simulation uti-
lizing FEMM software. By coupling these simulations, the outcomes from one serve as
inputs for another, thereby enhancing the fidelity to actual physical phenomena [27].
The induction motor model features a rotor with 28 slots and a stator with 36 slots,
composed of aluminum and copper, respectively.

The simulation process is automated through a Python script leveraging the
pyFEMM package, facilitating easy execution of simulations in FEMM. The script
defines the motor materials, creates the finite element mesh, and initiates the mag-
netic simulation. In this stage, Eq. 1 is numerically solved to find the potential of the
three magnetic vectors within all generated finite elements.

∇� 1
μ Bð Þ∇�A
� �

¼ �σ
∂A
∂t

� σ∇V þ Jsrc (3)

Figure 6.
Structure of the application developed by [12].
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In this context, μ Bð Þ denotes the magnetic permeability of the medium, and Jsrc
represents the current density applied by an external source. The resistive losses in the
copper conductors are calculated using Eq. 4.

q ¼ 1
σ
J2 (4)

Subsequently, the thermal simulation phase commences, solving Eq. 5 numerically
across all finite elements. This equation incorporates the resistive losses from the
magnetic simulation as heat sources.

ρcp
dT
dt

� ∇ � k∇Tð Þ ¼ q (5)

Here, ρ0 is the mass density, cp signifies the specific heat capacity, k represents the
thermal conductivity, and T stands for temperature. The electrical conductivities are
updated in accordance with Eq. 6. Where ρ0 is the electrical resistivity at 0°C, and β0
is the temperature coefficient of resistivity.

σ Tð Þ ¼ 1
ρ0 1þ β0ð ÞT , (6)

3. Results and discussions

The test carried out to verify the performance of the SMAM’s optimized embedded
system was satisfactory, since both the ESP32 microcontroller received all the sensor
measurements and sent them to Firebase, and the ET-5062 stored all the measure-
ments in its internal memory. In addition, during the test, as described in Section 2.3,
the temperature reached by the engine was monitored and it was found that there was
no need to apply statistical techniques for calibration, since this sensor showed an
average error of around 1%. Figure 7 shows the thermogram of the temperature
measurement for load 3.

With the testing stage successfully completed, we proceeded to calibration, in
which the script described in the previous section came into play, transforming the
files generated into a data frame by the Pandas library for studying the data. The first

Figure 7.
Thermogram of the motor operating with load 3 in the performance test of the optimized SMAM module.
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analysis made of this was the voltage analysis, in which the mean absolute error of the
voltage read by the SMAM and ET-5062 sensor was calculated, the result of which was
a mean absolute error (MAE) of 1.5, around 1%. The errors presented by the voltage
and temperature sensor follow those described in the work by Santos et al. [12].

The second analysis took place with the current data, in which the mean absolute
error was first calculated without calibration to assess the need to apply static tech-
niques. The result of this is shown in Table 1 and as can be seen the errors presented
by each sensor are high compared to the voltage and temperature measurements.

Once the difference between the sensors was noted, the LinearRegression functions
and the fit method were applied to determine the equations of the regression line for
each sensor, which resulted in Eqs. 7, 8, and 9.

yi ¼ 0:83xþ 0:08 (7)

yi ¼ 0:82xþ 0:10 (8)

yi ¼ 0:85xþ 0:04 (9)

After this, the calibrated measurements were calculated using the equations found,
in which the measurement made by the SMAM’s current sensor is the input to the
regression model represented by the x variable. After carrying out this process, the
average absolute error of the calibrated measurements was measured to indicate the
effectiveness of the model and the result obtained is that after using the static tech-
niques the error decreased significantly, since it is below 2% as seen in Table 1.

In addition, Figure 8 shows the graphs for each phase relating the SMAM mea-
surements to the ET-5062 data. As you can see, both the SMAM and the ET-5062 did

Without calibration With calibration

Monitored phases MAE MAE % MAE MAE %

Phase A 0.5992 14.87 0.0681 1.88

Phase B 0.6518 15.48 0.0622 1.79

Phase C 0.5944 14.26 0.0367 1.00

Table 1.
Absolute error of the SMAM current sensors.

Figure 8.
Graph showing the measurements of the motor’s three phases made by the ET-5062 and the SMAM after
calibration.
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not capture the motor’s peak current, only the permanent regime in which each step
represents the four load levels described in Section 2.3.

As for the magnetic simulation results, it was possible to visualize the magnetic
flux present in the stator and rotor, as well as the formation of the four poles inside the
motor, using a triangular mesh with 46,426 nodes and 92,294 elements. It was also
found that the maximum magnetic induction was 1.5 T, 1.8 T, 1.9 T, and 1.95 T for
loads I, II, III, and IV, respectively. As can be seen in Figure 9.

In the thermal simulation, the values of the resistive losses in the rotor and stator
windings calculated in the magnetic simulation are incorporated into the thermal

Figure 9.
The magnetic flux of the electric motor when operating at load I (a), load II (b), load III (c), and load IV (d).

Figure 10.
Resistive losses calculated in the simulation of the motor operating under load IV.
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simulation as described above. The graph in Figure 10 shows the resistive losses (in
watts) per slot in the stator and rotor for all loads.

Figure 11 shows the thermal behav of the motor for all loads, and shows the
concentration of heat in the center of the poles due to resistive losses and the high
concentration of magnetic flux.

In addition, by carrying out the thermal simulation, it is possible to calculate the
conductivity of the materials that make up the motor and which are influenced by the
temperature which, when it increases, decreases the conductivity of the materials and
causes the resistance to increase. Figure 12 shows the reduction in conductivity in the
motor’s stator and rotor as the load increases.

Figure 11.
Temperature in Kelvin of the engine when operating with load I (a), load II (b), load III (c), and load IV (d).

Figure 12.
Electrical conductivity of the stator and rotor.
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Finally, as in Ref. [12], the result of each simulation was visualized in the dash-
board developed. In this way, it was possible to follow the status of the monitored
motor in real time, since the panel is web responsive, defined as a page that adapts to
the type of device used according to França [28], it was possible to monitor the
thermal and magnetic performance of the motor in operation on both smartphones
and computers.

4. Conclusions

This work proposed improvements in the measurements of the sensors present in
the Motor Monitoring and Analysis System (SMAM), a Digital Twin (DT) system that
can assist in the predictive analysis of faults in three-phase electric motors. The focus
was on optimizing the measurements of the current sensors responsible for monitor-
ing the motor’s three phases, using mathematical methods to adjust the sensors and
validate the results with reference equipment.

The results obtained showed that the proposed improvements were effective, since
after calibration, the measurements showed errors of less than 2%. Thus, the perfor-
mance test of the new SMAM module was satisfactory and provided accurate and
reliable measurements. As a result, this work contributes to the advancement of IIoT
in industry by showing effective methods for adjusting and calibrating sensors, which
is essential for the successful implementation of IIoT and for improving the efficiency
and reliability of industrial processes.
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Chapter 2

Open Circuit Fault Diagnosis in
Induction Motor Driver Inverter
Francisco Javier Villalobos-Pina, Josué A. Reyes-Malanche,
Eduardo Cabal-Yepez and Efrain Ramirez-Velasco

Abstract

The induction machines are the power horses in the industry due to the practically
null maintenance, this kind of machines are use in a widely group of industrial
applications, and with the advance of power electronics these machines replace
another kind, like direct current (dc) motors attributable to the evolution of control
algorithms and the digital platforms. In this context, a methodology is proposed to
detect and isolate faults, focusing on the inverter stage of Induction Machine motor
drives, with a specific emphasis on Insulated Gate Bipolar Transistor (IGBT) faults,
using phasor analysis and fuzzy logic. This methodology has demonstrated effective
performance in detecting and isolating different types of electrical faults, such as
stator inter-turn short-circuit. In this case, damaged switching IGBTs were identified
using low computational resources. This research was motivated because some com-
plex techniques like music (multiple signal classifier), dynamic observers, techniques
based on mathematical models, statistics techniques, optimization techniques, AI
techniques like deep learning, vector support machines, genetic algorithms, and so on,
require a great quantity of data and or computer processing. Thanks to this scheme, it
is possible to implement a low cost computational platform based on a TI DSP
TMS320F28335 processor for a real-time fault diagnosis in Induction Machine
inverter.

Keywords: induction machines, instantaneous space phasor (ISP) module, Fourier
transform, wavelet transform, current phasor, fuzzy logic

1. Introduction

Induction motors are a type of electric motor known for their trustworthiness and
applications in different processes. However, like any other electromechanical system,
they are subject to different types of faults throughout their useful life. In this regard,
various methodologies have been proposed to detect faults in different components,
such as the motor driver, which is a critical component in the functioning of these
motors.
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There are numerous works in this field, and research on the permanent
magnet (PM) brushless DC motor (BLDC) drives is analyzed under single and multi-
ple fault conditions. The BLDC motor is powered by a three-phase and two-level
inverter with six switches using IGBT technology. The three-phase source currents are
used as fault signatures. An IA algorithm can detect and identify the open-circuit
faulty switch. The proposed algorithm’s effectiveness and simulation results are
shown in [1].

On the other hand, an algorithm is proposed for BLDC motor drives to maintain
control performance under switch open damage. Using the measured current phase,
this algorithm acquires the stator currents to detect open-circuit faulty conditions.
The algorithm reaches a rapid control performance and reconfigures the system
topology [2].

Another research is based on voltage switching patterns of IBGT, and the
first proposed scheme is based on phase voltage, and the second is based on the line
voltage of the inverter. This methodology detects single and multiple open
circuit switch fault inverter scenarios. A computational analysis of cost-effectiveness-
between both methods is performed, and reach ns is performed in the best
case. The diagnostic time is better for the first method than the second for one
and a half of the fundamental voltage period. Experimental results are presented
in Ref. [3].

Conversely, an open circuit switch fault scheme in pulse width modulated
inverters is proposed. The scheme uses normalized variables and acquires only two
inverter currents for a closed-loop control. The algorithm uses the line current shapes
and the α and β reference frame under healthy and faulty operation conditions. The
diagnosis scheme first uses 27 acquired drive current patterns to detect the faulty
inverter legs. Only six patterns were used to detect a single fault; the rest were for
simultaneous faults [4].

Lastly, a methodology to choose suitable is the use of entropy variation and
parameter values. This proposed algorithm studies a BLDC motor powered by a three-
phase inverter, and single and simultaneous faults are detected in a switch open
circuit. The proposed scheme uses atypical characteristics of phase currents, and a
mathematical model is used to select the appropriate entropy functions to detect
accurately the inverter open-circuit faults [5].

This work proposes detecting and isolating open-circuit faults on the switching
IGBTs in Induction Motor (IM) Drive through digital signal processing techniques
such as Park instantaneous space phasor (ISP) modulus, which mapped the IM stator
currents to α and β reference frame. Spectral analysis uses the fast Fourier transform
(FFT) tool, multiresolution analysis (MRA) through Haar level one wavelet trans-
form, and phasor and fuzzy logic analysis of stator line currents.

2. System description

An experimental test bench, designed for studying electrical faults in
power switches, is employed for analyzing electric and electronic issues on the
power converter as well as on the IM (Induction Machine) machine, as shown in
Figure 1.

The experimental system is composed of a high-efficiency Siemens 220-volt, three-
phase induction motor, with a diameter of 10 inches, of 2:25 kW, 2-pole-pairs, and
1800 rpm maximum speed, a generator with a resistive load to produce torque, a
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three-level, full-bridge, electronic power system, a data acquisition board based on
close-loop hall-effect sensors, from FW-Bell Inc., the CSNA11, to acquire the stator
current signals from the IM, and a 32-bit, a float point unit DSP central processing unit
(CPU) based on the TMS320F28335 digital signal controller from Texas Instrument. A
software program developed on Delphi-XE7 Embarcadero is used to control and
acquire information from the electronic system through a personal computer utilizing
a high-speed serial port.

3. Phasor analysis for open-circuit fault detection and isolation

Analyzing an open-circuit fault on one or two power brakers from a single branch
of a three-phase inverter feeding a brushless motor, some distinctive behaviors can be
observed on the motor power supply currents. Specifically, when an open-circuit fault
occurs on the branch corresponding to the Ica current, the Iab and Ibc trajectories show
a characteristic conduct.

The analytical expressions in Eq. (1) represent the behavior of the power supply
currents when an open-circuit fault occurs by taking into account the phasorial rep-
resentation of the three-phase power-inverter currents under normal operation,
without any faulty condition, as depicted in Figure 2:

Ica ¼ Im∠0∘

Iab ¼ Im∠� 120∘

Ibc ¼ Im∠120∘
(1)

Figure 1.
IM machine test bench schematic diagram.
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Taking in mind that in a balanced, three-phase system, the condition described in
Eq. (2) is always satisfied

Ica þ Iab þ Ibc ¼ 0 (2)

A specific current phasor can be represented with reference to a coordinate system
built up by the phasors of the remaining two currents. In other words, a particular
current phasor can be represented through a linear combination of the other two
current phasors, as described in Eq. (3):

Iab ¼ α1 Ica þ β1 Ibc (3)

Figure 3 shows Iab coordinates regarding to the Ica and Ibc reference system, where
α1 ¼ �1 and β1 ¼ �1.

When an open-circuit fault takes place on the switch corresponding to the Ica
current, which works as a basis for the reference coordinate system, Iab moves for-
ward situating at counterphase to Ibc, as depicted in Figure 4. Therefore, it is possible
to identify and isolate open-circuit faults by identifying the power supply currents
located at counterphase.

Figure 3.
Current components of Ica in terms of Iab and Ibc.

Figure 2.
Current sequence healthy case.
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In this way is possible to detect and isolate open-circuit faults depending on which
currents are in counterphase.

4. Switch faults in power converters

The power electronic system used for controlling electrical machines is known as
driver or inverter because it transforms a signal from DC into AC. This device utilizes
electronic switches (transistors, thyristors, etc.) because of their tolerance to rough
operational conditions; however, the harsh commutation process will wear the devices
and produce failures, which will provoke power quality disturbances that degrade the
power system itself, its efficiency, and affect the electrical machine performance. In
this regard, the two most common failures are:

• Short-circuit faults.

• Open-circuit faults.

A short-circuit fault occurs when any of the switches, building up the power bridge
or inverter, allows the electric current to go through without limitation. On the other
hand, an open-circuit fault appears when any of the switches in the power bridge
interrupts the electric current flow through it, affecting the IM power supply.

Different fault-diagnosis techniques on power switches are assessed by performing
30 different trials on the healthy and faulty conditions of the power bridge feeding the
IM motor. The electric power current supply, feeding a 2-pole-pairs IM motor with a
maximum rotating speed of 1800 RPM, is acquired at 3:840 kHz, obtaining 128
discrete samples.

4.1 Experimental open-circuit fault diagnosis

Distinct fault scenarios are considered to evaluate experimentally obtained results.
A first faulty scheme contemplates an open-circuit fault on the FA-high switch of
phase A, which consists in taking away the electrical gate signal of an IGBT transistor

Figure 4.
Currents Iab at counterphase with Ibc.
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throughout the DSP firmware program. A second scenario considers coincident faulty
conditions occurring on FA-high and FA-low switches of phase A. The results from
both faulty events are contrasted against those from a healthy case, as shown in
Figure 5. Figure 6 depicts the structure of the full-bridge, three-phase inverter uti-
lized for controlling the IM of a lightweight electric vehicle.

A common faulty condition on the power electronic system of a motor drive is the
open-circuit condition. This kind of defect allows the IM to continue to work under
certain rotating speed conditions, provoking the deterioration of the motor and the
electronic power system. Figure 7 shows the experimentally acquired stator current
for the first faulty scenario, where the FA-high switch of phase A is detached, and the
stator line current Ica demonstrates it. In Figure 7, it can also be observed that when
Ica equals zero, Iab and Ibc become in counterphase.

The second faulty condition consists of cutting off the current through switches
FA-high and FA-low simultaneously. The experimentally acquired stator currents

Figure 5.
Stator currents healthy case.

Figure 6.
IM Power Converter Schematic Diagram.
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under this operational condition are shown in Figure 8, where it can be observed that,
as described in Section 3, phasor analysis for open-circuit fault detection and isolation,
the current Ica becomes zero and currents Iab and Ibc have opposite phase.

5. Park’s instantaneous space phasor analysis

The Park’s Instantaneous Space Phasor (ISP) transformation is given by Eq. (4),
where iab, ibc, and ica are the instantaneous three-phase stator currents of the IM. For

Figure 7.
Stator currents faulty case FA high.

Figure 8.
Stator currents faulty case FA high and FA low.
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the fixed reference frame or Concordia transformation, the instantaneous current
values in the α� β framework are given by iα, iβ, and i0 [6].
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iβ
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The magnitude of the instantaneous-space-vector modulus can be obtained by

iαβ
�� ��2 ¼ i2α þ i2β (5)

Figure 9 depicts the ISP modulus, experimentally obtained through the Concordia
transformation, from the stator currents of the healthy IM. Figure 10 shows the ISP
modulus from the stator currents collected for the case when an open-circuit fault
occurs at the FA-high switch of phase A. Figure 11 illustrates the ISP modulus for the
faulty case where an open-circuit condition occurs on the FA-high and FA-low
switches of phase A, concurrently.

5.1 Frequency analysis

The open-circuit fault diagnosis on power inverters feeding IM is performed
through the motor current signature analysis (MCSA). A common technique for this
purpose examines the instantaneous space vector (ISV), defined in Eq. (5), in the
frequency domain. Taking into consideration that the current negative-sequence
components are directly associated with the asymmetry provoked by the faulty con-
dition on the power inverter, the presence of this defect can be noticed by analysis of
the ISV frequency spectrum [7].

Figure 9.
ISP modulus healthy case.
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The open-circuit failure on the power inverter can be located at the frequency
Ffault, defined by Eq. (6), which will be found at twice inter-multiples n ¼ 1,2,3, … ,∞
of the line frequency FL, in the ISV frequency spectrum.

Ffault ¼ 2nFL (6)

Figure 10.
ISP modulus faulty case FA high.

Figure 11.
ISP modulus faulty case FA high and FA low.
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The magnitude of the characteristic fault frequency component Ffault decreases as
the integer multiple increases; therefore, the fault frequency component at n ¼ 1 is
considered for useful purposes since it possesses the higher magnitude. Hence, Eq. (6)
can be rewritten as Eq. (7).

Ffault ¼ 2FL (7)

Figure 12 shows the experimentally obtained frequency spectrum for the healthy
case, where the main frequency component at FL ¼ 60 Hz, for a rotating speed of
1800 RPM, can be observed. Figure 13 depicts the frequency spectrum for the open-
circuit faulty condition at the FA-high switch of phase A. Figure 14 shows the fre-
quency spectrum for the open-circuit condition occurring simultaneously at the FA-
high and FA-low switches of phase A.

An alternative instrument to carry out fault diagnosis in power inverters is to
assess the phasor representations of line currents and phase currents [8]. Figure 15
depicts the frequency spectrum of this phasor representation when an open-circuit
fault occurs on the FA-high switch of phase A. Figure 16 displays the frequency
spectrum for simultaneous open-circuit faulty conditions on the FA-high and FA-low
switches. The phasor representation of line and phase currents allows for the diagnosis
and discrimination among distinct faulty conditions, different from the ISV, which
allows for the identification of the faulty condition. Furthermore, the phasor repre-
sentation of line and phase currents offers a higher sensitivity during fault diagnosis
and classification.

In the Figures 15 and 16 it can be observed that frequency spectra magnitude
changes in the fundamental harmonic Ffun ¼ 60 Hz that is different of the ISV
analysis in which the component spectra appears at the double of the line frequency
2Ffun ¼ 120 Hz.

Figure 12.
ISP magnitude spectra healthy case.
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5.2 Wavelet analysis

The discrete wavelet transform is an efficient and powerful tool that allows the
breaking down of the fault signature contained in the ISV into distinct scales or
resolution levels [9]. The wavelet-based multiresolution analysis (MRA) can be used
as a redundant examination tool, besides the ISV and the phasor representations of
line currents and phase currents, for determining the wavelet coefficients’ root

Figure 13.
ISP magnitude spectra faulty case FA high.

Figure 14.
ISP magnitude spectra faulty case FA high and FA low.
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mean square (RMS) value on each frequency band. Figure 17 depicts the multilevel
decomposition.

5.3 Haar mother wavelet function

Level one Haar mother wavelet is the simplest function. It relates transformation
in its discrete form, which decomposes one signal into two constituent elements, the
trend am and fluctuation dm, with the same length.

Figure 15.
Phasor magnitude spectra faulty case FA high.

Figure 16.
Phasor magnitude spectra faulty case FA high and FA low.
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The approximation coefficients for m ¼ 1,2,3, … ,N=2, where N is the original
signal length, are computed by:

am ¼ f 2m�1 þ f 2mffiffiffi
2

p (8)

The corresponding detail coefficients are given by:

dm ¼ f 2m�1 � f 2mffiffiffi
2

p (9)

The level 1 Haar transform is computed through:

f !H1 a1jd1� �
(10)

The level 1 Haar mother wavelet is used for obtaining multiple decomposition
levels to perform the MRA as follows:

Wh111 ¼ 1ffiffiffi
2

p ,� 1ffiffiffi
2

p , 0, 0, … , 0
� �

Wh112 ¼ 0, 0,
1ffiffiffi
2

p ,� 1ffiffiffi
2

p , 0, 0, … , 0
� �

Wh112 ¼ 0,0,0,0,
1ffiffiffi
2

p ,� 1ffiffiffi
2

p , 0, 0, … , 0
� �

⋮

Wh11N=2 ¼ 0, 0, … , 0,
1ffiffiffi
2

p ,� 1ffiffiffi
2

p
� �

(11)

The scale functions for the level 1 Haar mother wavelet with multiple decomposi-
tion levels are given by:

Figure 17.
Wavelet multiresolution analysis scheme.
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Vh111 ¼ 1ffiffiffi
2

p ,
1ffiffiffi
2

p , 0, 0, … , 0
� �

Vh112 ¼ 0, 0,
1ffiffiffi
2

p ,
1ffiffiffi
2

p , 0, 0, … , 0
� �

Vh112 ¼ 0,0,0,0,
1ffiffiffi
2

p ,
1ffiffiffi
2

p , 0, 0, … , 0
� �

⋮

Vh11N=2 ¼ 0, 0, … , 0,
1ffiffiffi
2

p ,
1ffiffiffi
2

p
� �

(12)

5.4 Experimental multiresolution analysis

The open-circuit faulty condition on the FA-high switch of phase A in the power
converter is inspected meticulously utilizing the MRA of the ISV through the discrete
wavelet transform employing the level 1 Haar wavelet mother function. Table 1
shows a comparative analysis of the effective values (RMS) from the wavelet
coefficients corresponding to the distinct ISV frequency bands. This case of study
utilizes a MI at 1800 RPM rotating speed. The frequency of the power-supply line is
60 Hz and the fault characteristic frequency is located at f fault ¼ 120 Hz; hence, a
meaningful change can be observed on the coefficient RMS values in the frequency
band from 60 Hz to 120 Hz, which increases from 0:9173 for the healthy case to
10:7920 for the single faulty condition on the FA-high switch. On the other hand,
it is worth noting that the frequency band from 120 Hz to 240 Hz shows some
modifications, too, such as increasing the coefficient RMS values from 0:6924 for the
healthy case to 3:9965 for the same faulty condition. These two frequency bands are
affected because the fault characteristic frequency is located at the boundary between
both of them at f fault ¼ 120Hz. For the case of simultaneous open-circuit faults on the
FA-high and FA-low switches, the frequency band between 60 Hz and 120 Hz exhibits
a significant alteration in the coefficient RMS values, going from 0:9173 for the
healthy case to 9:9142 for the faulty condition. For this case of study, the frequency
band from 120 Hz to 240 Hz shows some important modifications too, showing an
RMS value of 0:6924 for the healthy case, and an RMS value of 4:9419 for the
concurrent faulty conditions.

Level Frequency band
(Hz)

Healthy
(RMS)

Faulty FA high
(RMS)

Faulty FA high and FA low
(RMS)

1 960.0–1920.0 0.1267 0.3038 0.5784

2 480.0–960.0 0.2335 0.7593 1.4634

3 240.0–480.0 0.3848 1.8701 3.9965

4 120.0–240.0 0.6924 3.9965 4.9419

5 60.0–120.0 0.9173 10.7920 9.9142

6 30.0–60.0 0.9836 15.5401 1.8034

7 15.0–30.0 0.2974 1.3355 0.8308

Table 1.
ISV Haar level 1 wavelet MRA coefficients RMS values.
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The phasor representation of line currents and phase currents is assessed too
through the MRA, utilizing the discrete wavelet transform, for diagnosing and identi-
fying open-circuit faults in a power inverter feeding a MI. Table 2 shows the experi-
mentally obtained results, where an evident difference between the RMS values of the
wavelet coefficients is noticed at the frequency band from 30 Hz to 60 Hz, going from
24:7219 for the healthy case to 30:3983 for the single open-circuit condition on the FA-
high switch. Similarly, for the coincident open-circuit conditions on the FA-high and
FA-low switches of phase A in the power inverter, an important adjustment on the
RMS values of the wavelet coefficients for the frequency band from 30 Hz to 60 Hz
can be observed, going from 24:7219 for the healthy case to 52:6997 for the simulta-
neous open-circuit faults. This significant difference between the RMS values of the
wavelet coefficients for the healthy and faulty conditions points out that the exami-
nation utilizing the phasor representation of the line and phase currents offers great
sensitivity in detecting and classifying open-circuit faults.

6. Fault classification and diagnosis with fuzzy logic

Fuzzy logic can recognize the line-current asymmetries, using the RMS and aver-
age μð Þ values as data input to the Mamdani algorithm depicted in Figure 18, in which
it is possible to detect, isolate, and classify this kind of fault.

In Table 3, RMS and average values of the Line currents do not show significant
changes among them. Figure 19 shows the obtained results from introducing these
values to the fuzzy-logic system, which detects the condition as healthy by providing
outcomes of 0:164 in the three currents, using the centroid method are computed.
Values from 0 to 1 conform the adopted discourse universe in the proposed fuzzy
system as outputs, and it is possible to evaluate healthy IMD (induction motor drive)
conditions. The healthy threshold is established from 0 to 0:33 and the faulty thresh-
olds go from 0:33 to 0:66 and 0:66 to 1 for 1 or 2 switches in open-circuit state,
respectively.

When a switch sets on an open-circuit state, a semi-cycle of the current signal,
corresponding to the faulty condition, is lost, as depicted in Figure 7. Therefore,
Table 4 shows the RMS and average values of the line currents Ica, Iab and Iab, locating
at counterphase from each other at the time when Ica is equal to zero. In this way, the

Level Frequency band
(Hz)

Healthy
(RMS)

Faulty FA high
(RMS)

Faulty FA high and FA low
(RMS)

1 960.0–1920.0 0.2914 0.3211 0.5662

2 480.0–960.0 0.8173 0.8826 1.5414

3 240.0–480.0 2.2075 2.4484 4.3738

4 120.0–240.0 5.7460 6.6249 10.3422

5 60.0–120.0 8.5042 8.2157 12.1934

6 30.0–60.0 24.7219 30.3983 52.6997

7 15.0–30.0 0.7896 0.8455 0.8308

Table 2.
Phasor Haar level 1 wavelet MRA coefficients RMS values.
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fuzzy system is able to detect and classify the open-circuit condition by providing a Ica
value of 0:495, whereas the Iab and Ibc values set at 0:165 for the healthy condition, as
depicted in Figure 20.

Table 5 shows the RMS and average values of the line currents when 2 IGBT
switches on a single branch, for the same line current, remains open because of a
faulty condition. When this situation occurs, the corresponding line current, Ica for
this case, disappears, whereas the two remaining ones, Iab and Ibc, locate at
counterphase from each other with the same magnitude, as depicted in Figure 8.
The obtained RMS values are utilized as input to the fuzzy-logic algorithm, producing

Figure 18.
Fuzzy Logic Algorithm based on Mamdani model.

Trial Iab μð Þ Ica μð Þ Ibc μð Þ Iab RMSð Þ Ica RMSð Þ Ibc RMSð Þ
1 �0.0836 0.0695 �0.1359 3.3532 3.3263 3.3724

2 �0.0609 0.0531 �0.1375 3.3901 3.3412 3.5042

3 �0.0500 0.0320 �0.1320 3.4759 3.4264 3.3947

4 �0.0547 0.0930 �0.1859 3.3196 3.3575 3.5380

5 �0.0477 0.0672 �0.1656 3.3912 3.5331 3.3718

Iab μð Þ, Ica μð Þ, Ibc μð Þ are average values of the stator line currents healthy case.
Iab RMSð Þ, Ica RMSð Þ, Ibc RMSð Þ are RMS values of the stator line currents healthy case.

Table 3.
RMS and average values of the stator currents in healthy case.
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Figure 19.
Healthy case response throughout fuzzy logic.

Trial Iab μð Þ Ica μð Þ Ibc μð Þ Iab RMSð Þ Ica RMSð Þ Ibc RMSð Þ
1 2.4578 �4.5609 1.8867 4.7893 5.4575 3.7346

2 2.5922 �4.6555 1.8438 4.9517 5.5394 3.6856

3 2.5719 �4.5977 1.8117 4.8667 5.4884 3.6672

4 2.5937 �4.5930 1.7867 4.9066 5.5094 3.6758

5 2.4937 �4.5680 1.8672 4.8074 5.4729 3.6319

Iab μð Þ, Ica μð Þ, Ibc μð Þ are average values of the stator line currents positive semi-cycle family case.
Iab RMSð Þ, Ica RMSð Þ, Ibc RMSð Þ are RMS values of the stator line currents healthy case positive semi-cycle family case.

Table 4.
RMS and average values of the stator line currents with the positive semi-cycle switch in open-circuit fault
condition in drive’s phase A.

Figure 20.
Detection and isolation of one switch faulted corresponding to Ica current using fuzzy logic.
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an output value of 0:83 for Ica in open-circuit condition and output values of 0:165
for Iab and Ibc in healthy state, as shown in Figure 21.

7. Conclusions

This research presents some techniques for the detection and isolation of open-
circuit faults in the IGBT technology switches of the power converter applied to a
three-phase induction motor. One of the techniques used is the time-decimated base-2
discrete Fourier transform. This algorithm is fed with the mapping of the induction
motor’s stator currents to the alpha-beta reference frame, known as the Concordia
transform, which uses the d-q transform or Park’s instantaneous spatial vector (ISV).
The main technique that allows fault detection and isolation is the phasor analysis of
the line currents. A classifier based on fuzzy logic with the Mamdani algorithm is
implemented to validate the fault isolation, which allows the identification of the
faulty switch as well as the phase.

Trial Iab μð Þ Ica μð Þ Ibc μð Þ Iab RMSð Þ Ica RMSð Þ Ibc RMSð Þ
1 0.0375 0.0430 �0.2211 5.6210 0.3061 5.8062

2 0.0078 0.0453 �0.1858 5.6220 0.2759 5.7950

3 0.0070 0.0680 �0.2195 5.6727 0.3073 5.8139

4 �0.0094 0.0563 �0.1734 5.5877 0.2910 5.7680

5 �0.0906 0.0969 �0.1461 5.6730 0.3257 5.8596

Iab μð Þ, Ica μð Þ, Ibc μð Þ are average values of the stator line currents both semi-cycles family case.
Iab RMSð Þ, Ica RMSð Þ, Ibc RMSð Þ are RMS values of the stator line currents both semi-cycles family case.

Table 5.
RMS and average values of the stator line currents with both semi-cycle switches in open-circuit fault condition in
drive’s phase A.

Figure 21.
Detection and isolation of two switches faulted corresponding to Ica current using fuzzy logic.
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Abbreviations

IM induction motor
IMD induction motor drive
MCSA motor current signature analysis
MRA multiresolution analysis
DSP digital signal processor
PM permanent magnet
IGBT isolated gate bipolar transistor
ISV instantaneous space vector
DC direct current
PWM pulse width modulation
FFT Fast Fourier Transform
CPU central processing unit

Nomenclature

Iab Phase A to B line current
Ibc Phase B to C line current
Ica Phase C to A line current
iab Phase A to B instantaneous current
ibc Phase B to C instantaneous current
ica Phase C to A instantaneous current
Fstator stator fault frequency
Ffault driver fault frequency
FL line frequency
Iα α current in the α-β reference frame
Iβ β current in the α-β reference frame
I0 0 current in the dq reference frame and α-β reference frame
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Chapter 3

Implementing ADRC and PI
Controls for a Sensorless Induction
Motor Supplied by a Multi-Level
Converter and Using PV Sources
Abdellah Oukassi

Abstract

The proposed book will focus on the controls of induction machines aimed at
exploiting them in the field of speed variation (electric vehicles, aeronautics, etc.). In
this work, the authors utilize cascaded multi-level converters to reduce the harmonic
distortion rate of the voltages at the machine’s input. The converter is controlled by
pulse width modulation (PWM) technique. The use of active disturbance rejection
control (ADRC) will contribute to eliminating internal disturbances (undesired vari-
ations in machine resistances) as well as minimizing external effects (inertia, resisting
torque). State observers are employed to estimate mechanical speed, allowing the
elimination of the speed sensor in the system. The mathematical models obtained have
been simulated using MATLAB/Simulink software. Several scenarios have been tested
through simulation, including comparing ADRC and PI control, and the effect of
varying atmospheric conditions on PV power supply and consequently on the
machine.

Keywords: induction motor, photovoltaic generator, multi-level converter, active
disturbance rejection control, indirect field-oriented control, control PID, state
observers

1. Introduction

In recent years, the integration of renewable energy sources with advanced control
techniques has sparked growing interest in the field of electrical systems and indus-
trial applications. Such an integrated system involves the combination of an induction
machine, indirect vector control, power supply from photovoltaic (PV) panels, cas-
caded multilevel converters, and closed-loop control using either active disturbance
rejection control (ADRC) or proportional-integral (PI) control. This integrated system
represents a sophisticated solution aimed at effectively harnessing renewable energy
while ensuring reliable and precise control of the induction machine’s operation. By
combining intermittent energy generation from PV panels with the dynamic

41



performance of the induction machine, this system provides a sustainable energy
solution suitable for various applications, ranging from water pumping to industrial
processes.

Induction machines, also known as asynchronous motors, are widely used in
variable-speed drives due to their excellent performance and reliability. Here are some
key performances of the induction motors used in variable speed drives [1]. They
operate stably over a wide load range and exhibit good tolerance to load variations,
ensuring reliable operation in various conditions. They allow continuous speed
adjustment over a wide range, making them suitable for a variety of applications,
from fans to industrial conveyors. Compared to other types of motors, induction
machines are often less expensive to manufacture and maintain, making them an
attractive choice for many applications. Currently, vector control (direct or indirect)
based on a mathematical model of the machine is widely used to achieve the previ-
ously mentioned performances [2, 3].

The use of renewable energies, especially solar energy, in electromechanical systems
has grown considerably. Indeed, the performance of photovoltaic (PV) sources depends
largely on the ability to maximize the capture and use of available solar energy. A crucial
method to achieve this is the use of maximum power point tracking (MPPT) control
[4]. MPPT systems optimize the performance of solar panels by continuously adjusting
their operation to extract maximum energy possible, despite variations in environmen-
tal conditions such as sunlight and temperature. In the future, the focus will be on the
use of photovoltaic sources to power static energy converters. These converters can be
integrated into various real systems, such as electric cars, railways, and aerospace
applications. Here, the focus is on the development of a variable-speed drive based on
an induction machine and powered by photovoltaic sources.

Multilevel converters are increasingly used in electric vehicles due to their advan-
tages in terms of energy efficiency and performance. They facilitate efficient conver-
sion of DC power from PV panels into high-quality AC power, minimizing losses and
harmonic distortions. Due to their design, multilevel converters can reduce electro-
magnetic interference [5], thereby improving the reliability and durability of elec-
tronic systems in electric vehicles. Their use in this context enables better
management of electrical energy conversion, resulting in improved overall efficiency
of the electric propulsion system in vehicles. Additionally, their use offers better
control capability of electrical power, allowing for more precise regulation of the
speed and torque of the electric motor.

The use of indirect vector control allows for precise control of the speed and torque
of the induction machine, ensuring optimal performance in variable operating condi-
tions. This control method is based on a cascade regulation loop that regulates both
stator current and magnetic flux [6]. By adjusting these parameters, indirect vector
control can accurately control the speed and torque of the induction machine,
enabling fast dynamic response and excellent regulation accuracy. The use of indirect
vector control offers numerous advantages, including improved energy efficiency,
rapid response to load changes, and reduced mechanical stress on the machine. The
parameters of the vector control will serve as reference signals, which will then drive
the PWM control circuit of the multi-level converter.

Furthermore, the closed-loop control strategy, implemented either with ADRC or
PI control, adds an extra layer of stability and robustness to the system. ADRC offers
active disturbance rejection capabilities, allowing the system to adapt to changing
conditions and effectively reject external disturbances [7]. This maintains high control
performance even in the presence of external disturbances or load variations. Unlike
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some other advanced control methods, ADRC does not require a precise model of the
system, simplifying its implementation in real-world applications where modeling
may be difficult. Due to its ability to actively reject disturbances, ADRC can offer
better reference tracking and disturbance rejection performance compared to PID
control in some cases. On the other hand, PI control, a well-established method, offers
simplicity and reliability, making it suitable for applications where precise modeling
may be difficult [8, 9].

The use of state observers to estimate the mechanical speed of an induction
machine is a crucial area in the control and monitoring of electromechanical systems.
However, their mechanical speed, which is often a vital parameter for precise system
control and monitoring, is not directly measurable. This is where state observers come
into play. These sophisticated algorithms leverage available measurements, such as
electrical currents and voltages, to estimate internal system variables like mechanical
speed, which are not directly accessible. State observers are particularly useful in
applications where dedicated sensors for certain variables are expensive or difficult to
install. In this context, the Leunberger observer is an effective and robust method for
estimating the mechanical speed of induction machines by utilizing available electrical
measurements and combining them with a dynamic model of the system [10]. This
approach plays a crucial role in the precise control and monitoring of these critical
electromechanical systems in various industrial applications. The Leunberger observer
offers several advantages, including its robustness against disturbances and model
uncertainties, as well as its ability to operate effectively even under nonlinear operat-
ing conditions [11]. Additionally, it is relatively simple to implement and does not
require detailed knowledge of the distribution of measurement errors, making it
attractive for many industrial applications.

2. Modeling of the motor

Asynchronous machines, or induction machines, are among the most widespread
and essential electromechanical devices in modern industry. Electrically, an asyn-
chronous machine can be represented by a set of equations delineating the interac-
tions among magnetic fields, currents, and voltages. And from an electromechanical
perspective, the equations describe the relationship between electrical and mechanical
quantities, such as electromagnetic torque and rotational speed. Here are the funda-
mental equations used in the mathematical model of an asynchronous machine in the
form of a state-space model (Eq. (1)).

dx
dt

¼ A½ � x½ � þ B½ � U½ �
y½ � ¼ C½ � x½ �

(1)

With: x½ �t ¼ isd isq ϕrd ϕrq

h i
, u½ �t ¼ vsd vsq

� �
.

A½ �t ¼

a11 a12ωs a13 a14ωr

a21ωs a22 a23ωr a24
a31 a32 a33 a34ωg

a41 a42 a43ωg a44

2
6664

3
7775 B½ � ¼

b11 b12
b21
b31

b41

b22
b32

b42

2
66664

3
77775
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a11 ¼ a22 ¼ � 1
Tsσ

þ 1� σ

Trσ

� �
, a12 ¼ �a21 ¼ 1, a13 ¼ a24 ¼ 1� σ

TrMσ
,

a14 ¼ �a23 ¼ 1� σ

σM
a32 ¼ a41 ¼ 0, a33 ¼ a44 ¼ �1

Tr
, a34 ¼ �a43 ¼ 1,

b11 ¼ b22 ¼ 1
σ � Ls

, b31 ¼ b32 ¼ b41 ¼ b42 ¼ b12 ¼ b21 ¼ 0

The coefficients that may be affected by the variation of the machine parameters
(stator resistance and rotor resistance) are: a11, a13, a42, a44. The matrix A0½ �can be
written as (Eq. (2)).

A0½ � ¼ A½ � þ ΔA½ � (2)

With: ΔA½ � ¼

Δa11 0 Δa13 0

0 Δa22 0 Δa24
Δa31 0 Δa33 0

0 Δa42 0 Δa44

2
6664

3
7775Δa11 ¼ Δa22 ¼ � Krs

Tsσ
þ Krr

1�σ
Trσ

� �
,

Δa13 ¼ Δa24 ¼ Krr
1�σ
TrMσ, Δa31 ¼ Δa42 ¼ Krr

M
Tr
Δa31 ¼ Δa42 ¼ Krr

M
Tr
,

Δa33 ¼ Δa44 ¼ Krr
�1
Tr
, 0≤Krs%≤ 100, 0≤Krr%≤ 100. Krr and Krs are the coefficients

of resistance variation.

3. Pv source

Photovoltaic sources are widely used in various applications, including residential,
commercial, and industrial electricity production, standalone power generation sys-
tems, large-scale solar power plants, etc. In terms of equations, mathematical models
of photovoltaic sources can be based on physical laws such as the current-voltage
characteristic equation, equations describing temperature-dependent behavior, and
equations describing efficiency variation with solar irradiance [12]. These equations
allow predicting the electricity production of photovoltaic sources under different
environmental and operational conditions. In our case, these sources are used to
power the multi-level converter. The fundamental equations used to model a photo-
voltaic cell include:

The current generated by the panel can be given as (Eq. (3)):

I ¼ Iph � ID � IP (3)

The relationship between I and V is given by Eq. (4):

I ¼ Iph � I0 exp
V þ RsI
a:Vt

� �
� 1

� �
� V þ Rs:I

Rp
(4)

The Iph is a grandeur that gives information on the spectrum of the photovoltaic
cell. Practically, its evolution is related to ambient temperature and irradiation G. Its
formula is Eq. (5):

Iph ¼ G
Gr

Iscr� Ki T � Trð Þð Þ (5)
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Tr is the reference temperature, Iscr is the cell’s short circuit current at Tr, ki is
the temperature coefficient of the short circuit, and Gr is the nominal irradiation.
The diode saturation current I0 depending on temperature may be expressed by
Eq. (6):

I0 ¼ Ior
T
Tr

� �3

: exp
qEg
Ak

1
Tr

� 1
T

� �� �
(6)

Where Ior is the nominal saturation current, and Eg is the band gap energy. Usually,
a PV installation is broken down into several cells (series or parallel). Before operating
a cell, it is necessary to know its physical parameters (e.g., Table 1 illustrates the
characteristics of a panel).

4. Multi-level inverter modeling with PWM control

4.1 Topology

Multilevel converters have emerged as a crucial technology in modern power
electronics, offering advantages such as higher voltage levels, reduced harmonic dis-
tortion, and improved efficiency compared to traditional two-level converters. Several
types of multilevel converters exist, each with its own unique configuration and
characteristics. One common type is the neutral-point clamped (NPC) converter [13],
which features capacitors connected between the neutral point and each phase to
achieve multiple voltage levels. Another type is the flying capacitor (FC) converter
[14], which utilizes a set of capacitors connected across the semiconductor switches to
generate the desired voltage levels. Additionally, the cascaded H-bridge (CHB) con-
verter is widely used in high-power applications, employing multiple H-bridge cells
stacked in series to achieve multiple voltage levels. Other variants include the modular
multilevel converter (MMC), which utilizes submodules interconnected in a series-
parallel configuration, offering scalability and fault tolerance. The cascaded H-bridge
(CHB) inverter topology consists of multiple H-bridge inverter modules connected in
series [15]. This configuration enables the inverter to generate a higher number of

Symbol Parameter Value

K Boltzmann Constant 1.38065e-23 j/K

Iscn Nominal SC Current 8.21 A

Vocn Nominal OC voltage 32.9 V

Kv Temperature Voltage constant 0.123 K

Ki Temperature current constant 0.003 K

Ns Number of series connected cells 48

Rs Series Resistor 0.221 Ω

Rsh Shunt Resistor 415.405 Ω

T Nominal temperature 298 K

Table 1.
PV device specifications (1 kW/m2, 25°C).

45

Implementing ADRC and PI Controls for a Sensorless Induction Motor Supplied…
DOI: http://dx.doi.org/10.5772/intechopen.1006027



voltage levels, thus improving the quality of the output waveform. In this configura-
tion (Figure 1), the converter consists of 12 single-phase H-bridge modules arranged
to power a three-phase induction machine. Each phase of the induction machine is
powered by 4 single-phase H-bridge modules. Each H-bridge module can switch
between three voltage states: Vdc, 0, and �Vdc.

4.2 PWM control

The basic principle of the multi-carrier MCPWM is the use of multiple triangular
carrier signals of different amplitudes or phases, which are then compared to a single
sine waveform to generate the control pulses. The best known MCPWM classes are:
phase disposition (PD), phase opposed disposition (POD), and alternative phase
opposed disposition (APOD). In the technique (PD), all carriers are in phases. In the
POD technique, carriers are all in phase both above and below the zero-reference value.
Nonetheless, there exists a 180-degree phase shift between those above and below zero.
Conversely, in the technique (APOD), carriers are alternately two-phase by 180
degrees in relation to each other [16]. A modified PWM technique to improve the total
harmonic distortion of the multilevel inverter is used [17]. Table 1 shows the algorith-
mic organization of the proposed PWM control to drive the switches of each bridge.
The advantage of this structure is to eliminate the logic gates found in other structures.
Table 1 clearly indicates each phase: the parameters of the sinusoidal voltage source
(peak and frequency), the parameters of each triangular wave (frequency of each
triangular wave and amplitude variation interval), and the four bridges (switches used
in each bridge). The proposed algorithm allows that for each bridge:

Figure 1.
Converter structure (nine CHBs) for a single phase.
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A sine wave is compared (Comp sup) to a triangular wave having a positive level.
If the sine wave is greater than the positive triangular wave, then pulses are sent to
two opposite switches (e.g., S1 and S4).

The same sine wave is compared (Comp inf) to a negative triangular wave having
the same level as the positive triangular wave previously used. If the sine wave is
less than the negative triangular wave, pulses are sent to the remaining two switches
(e.g., S2 and S3). Figure 2 shows the logic control circuit proposed in Table 2.

5. Indirect field-oriented control approach

Indirect field-oriented control (IFOC) is a sophisticated control approach widely
employed in the field of electric drives, particularly for AC induction motors and
permanent magnet synchronous motors (PMSMs). This method is designed to achieve
precise control of motor speed and torque while minimizing losses and improving
efficiency. At its core, IFOC aims to decouple the motor’s electromagnetic dynamics,
separating the torque and flux components [1]. By utilizing the relationships between
magnetic fluxes and currents in the rotor windings (Eqs. (7) and (8)):

Figure 2.
PWM control electronic circuit to generate pulses for 16 IGBT.

Sine
wave

Triangular
wavef = 2 KHz

Comparison between sine wave
and triangular waves

H-Bridge H-Bridge
switches

Level Volts Comp-sup Comp-inf

Peak
1 Volts
f = 50 Hz

+1 [0 0.25] Sin wave > level + 1 1 (S1-S4)

�1 [-0.25 0] Sin wave < level-1 1 (S2-S3)

+2 [0.25 0.5] Sin wave > level + 2 2 (S5-S8)

�2 [�0.5–.25] Sin wave < level-2 2 (S6-S7)

+3 [0.5 0.75] Sin wave > level + 3 3 (S9-S12)

�3 [�0.75–.5] Sin wave < level-3 3 (S10-S11)

+4 [0.75 1] Sin wave > level + 4 4 (S13-S16)

�4 [�1–0.75] Sin wave < level-4 4 (S14-S15)

Table 2.
Organization of the PWM control logic for a 9-level converter.
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0 ¼ Rrird þ dφrd

dt
� ωgφrq (7)

0 ¼ Rrird þ
dφrq

dt
þ ωgφrd (8)

For decoupling control, we have φrq ¼ 0, φrd ¼ φr. The expressions of the sliding
pulsation (Eq. (9)) and the torque (Eq. (10)) are:

ω̂g ¼
isq
iφLr

R̂r (9)

Ce ¼ p
M2

Lr
iφisq (10)

The mechanical speed estimated as a function of electromagnetic torque and load
torque is given by the following expression (Eq. (11)).

J
dΩ̂r

dt
¼ �Kf Ω̂r þ Ce � Crð Þ (11)

An additional set of expressions, utilizing the concept of decoupling within the
framework of IFOC, are presented by Eq. (12). These equations describe the relation-
ships between voltages and currents in the stator windings of the machine.

v ∗
sd ¼ σLs

disd
dt

þ σLs
1

Ts � σ þ 1� σ

Tr � σ
� �

i ∗ sd

v ∗
sq ¼ σLs

disq
dt

þ σLs
1

Ts � σ þ 1� σ

Tr � σ
� �

i ∗ sq

(12)

6. ADRC control

ADRC stands for active disturbance rejection control, which is an advanced control
strategy used in various engineering applications, particularly in the field of control
systems. ADRC is designed to actively reject disturbances and uncertainties in the
system by employing an extended state observer (ESO) to estimate and compensate
for these disturbances in real time. ADRC is the result of proportional-integral deri-
vation (PID), the key to its success, and this is a control based on errors rather than on
a model [18]. Figure 3 provides a visual representation of how these components are
interconnected and how information flows within the ADRC system, illustrating the
overall architecture and functionality of the control system.

This Equation (Eq. (13)) describes how the output y of the system evolves over
time based on its internal dynamics (y, ε, t) and the input signal u, with b0
representing the scaling factor or sensitivity of the system to the input [19].

y ¼ f y, ε, tð Þ þ b0u (13)

Using the state-space form, equation (Eq. (13)) can be represented as follows
(Eq. (14)):
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y ¼
1

0

 !T

:x

_x¼
0 1

0 0

 !
:xþ

1

0

 !
:b0uþ

0

1

 !
: _f

8>>>>><
>>>>>:

(14)

The extended state observer (ESO) is commonly represented by an equation that
estimates the internal state of the system as well as the disturbances affecting the
system dynamics. A generic form of the ESO equation could be (Eq. (15)).

ŷ ¼
1

0

 !T

:z

_z¼
0 1

0 0

 !
:zþ

1

0

 !
:b0uþ

2ω0

ω2
0

 !
: y� ŷð Þ

8>>>>><
>>>>>:

(15)

with ω0 the observer bandwidth, determined by pole placement, in order to
provide a fast, high-quality output [20]. According to ADRC, a law of control is then
determined by (Eq. (16)):

u ¼ u0 � z2
b0

(16)

With: z2 being a correct estimation of “f” and z1 a correct estimation of “y”.
The resulting equation (Eq. (13)) becomes (Eq. (17)):

u0¼ Kp h� z1ð Þ
_y ¼ u0 þ f � z2ð Þ≈u0

�
(17)

Where: h is the reference input signal.
The equations (Eqs. (11) and (12)) above can be written in ADRC canonical form

as the corresponding equations below (Eqs. (18)–(20)).

Figure 3.
Interconnection between components of the ADRC system.
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dids
dt

¼ f d ids, ε, tð Þ þ Vds tð Þ
Lsσ

(18)

diqs
dt

¼ f q iqs, ε, t
� �þ Vqs tð Þ

Lsσ
(19)

dΩ
dt

¼ fΩ Ω, ε, tð Þ þ Ce tð Þ
J

(20)

7. Luenberger state observer

The Luenberger observer is a crucial tool in control theory used to estimate the
state of a dynamic system based on its measured outputs. The classical formulation of
the Luenberger observer is given by the following equation (Eq. (21)). In your con-
text, it is indicated that the coefficients of the matrix D are chosen so that the
observed model is faster than the real model. This means that the eigenvalues of the
matrix A�DC should be chosen such that they are larger in absolute value than those
of the matrix A [21, 22].

ŷ ¼ A:x̂
_̂x¼ B:x̂þ CuþD: y� ŷð Þ

(
(21)

The real physical model of the machine is identical to the one found in Section 2. It
simply requires linking the stator reference frame to the (α, β) reference frame. The
state vectors, the different matrices of the machine, and the coefficients of the obser-
vation matrix are as follows:

A¼

� 1
σ

1
Ts

þ 1� σð ÞRr

Lr

� �
0

MRr

σLsL2
r

Mωr

σLsLr

0 � 1
σ

1
Ts

þ 1� σð ÞRr

Lr

� �
Mωr

σLsLr

MRr

σLsL2
r

MRr

Lr

0

0

MRr

Lr

�Rr

Lr

ωr

�ωr

�Rr

Lr

2
6666666666664

3
7777777777775

B ¼
1
σLs

0 0 0

0
1
σLs

0 0

2
664

3
775,C ¼

1 0 0 0

0 1 0 0

" #
,D ¼

d11 d12 d13 d14

�d12 d11 �d14 d

" #

d11 ¼ k� 1ð Þ 1
σ

1
Ts

þ 1� σð ÞRr

Lr

� �
þ Rr

Lr

� �

d12 ¼ 1� kð Þωr

d13 ¼ 1� k2
� � MRr

Lr
� LsLr

M
1
Ts

þ 1� σð ÞRr

Lr

� �� �
þ LsLr 1� kð Þ

M
1
σ

1
Ts

þ 1� σð ÞRr

Lr

� �
þ Rr

Lr

� �

d14 ¼ σLsLrωr 1� kð Þ
M
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Lyapunov function for mechanical speed systems can be conceptualized to analyze
the stability of the speed dynamics of the system. To estimate a mechanical speed
(Eq. (22)), the Lyapunov function is utilized [23].

V ¼ x� x̂ð Þ x� x̂ð ÞT þ ωr �cωrð Þ2
ρ

(22)

With: ρ being a positive constant coefficient. x� x̂ is the estimation error vector of
the induction motor and LO. The derivative of V in time, which should be negative, is
defined by the following equation (Eq. (23)):

dV
dt

¼ d x� x̂ð Þ
dt

x� x̂ð ÞT þ x� x̂ð ÞT
dt

x� x̂ð Þ þ 1
ρ

d ωr �cωrð Þ2
dt

(23)

The equation (Eq. (23)) can be developed by (Eq. (24)):

dV
dt

¼ B� ADð ÞT þ B� ADð Þ
h i

x� x̂ð ÞT x� x̂ð Þ þ 2 ωr �cωrð Þ
σLsLrcωr 1� kð Þ

M
cφβr iαs � biαs
� �

� cφαr iβs � biβs
� �� �

� 2 ωr �cωrð Þ
ρ

dcωr

dt

(24)

The expression B� ADð ÞT þ B� ADð Þ
h i

x� x̂ð ÞT x� x̂ð Þ is always negative. Both

last terms may be set to zero since they are insignificant in comparison with the first
(Eq. (25)).

2ðωr �
d

ωrÞ σLsLrωr 1� kð Þ
M

cφβr iαs � biαs
� �

� cφαr iβs � biβs
� �� �

� 2 ωr �cωrð Þ
ρ

dcωr

dt
¼ 0

�

(25)

Thus,

cωr ¼ ρ
σLsLrωr 1� kð Þ

M

ð
cφβr iαs � biαs
� �

� cφαr iβs � biβs
� �� �

dt (26)

Many scientists have suggested a PI adaptation mechanism for improving estima-
tion accuracy. It gives the following expression (Eq. (27)) for the estimated speed:

cωr ¼ Kp þ Ki

s

� �
cφβr iαs � biαs
� �

� cφαr iβs � biβs
� �� �

(27)

Where Kp and Ki are positive constants.

8. System proposed

The proposed (ADRC-IFOC- PI) diagram for the sensorless induction motor fed by
HCBI is depicted in Figure 4. This system comprises interconnected subsystems
aimed at maximizing performance. In the power supply segment, photovoltaic gener-
ators supply energy to a 9-level inverter via a boost converter. The multilevel
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inverter’s output voltages are directly applied to the induction machine. A Luenberger
observer is employed to estimate mechanical speed in the absence of sensors.
Leveraging this observer, the estimated speed can be compared to a reference using a
control law based on either the ADRC or PI approach. By integrating the indirect field-
oriented control (IFOC) method with these two approaches, the system generates
requisite signals for driving PWM control vectors, thus enhancing overall system
efficiency and performance.

9. Results and discussions

The characteristics of the induction machine are illustrated in Table 3. Two sce-
narios were considered. The simulation tests conducted in the first scenario consist of
not varying the parameters of the machine (stator and rotor resistances, moment of
inertia). The second scenario involves considering these variations at different times.

9.1 Scenario 1: variation of the speed reference and load torque

The PV module is tested taking into account the values of the different given
parameters and according to the conditions specified in Table 1(T = 25 degrees,

Figure 4.
Optimized operation of sensorless induction machine via nine-level converter with ADRC and PI controls.
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I = 1000W/m2). The output voltage is illustrated in Figure 5 (between 0 and 8 s). The
PV module is tested taking into account the values of the different given parameters
and according to the conditions specified in Table 1(T = 25, degrees I = 1000 W/m2).
The output voltage is illustrated in Figure 5 (between 0 and 8 s).

In this part, the simulation is performed by varying only the speed and load torque.
In the interval [0, 5 s], the speed is equal to 90 rad/s, and in the interval [5 s, 8 s], the
speed is equal to 140 rad/s. At t = 2 s, the torque goes from 0 to 5 Nm, and at t = 6 s,
the torque goes from 5 Nm to 0 Nm. Figure 6 shows the evolution of the three
voltages obtained at the output of the nine-level converter, with a zoom on the

Parameters Value

Power 1kw

Voltage 220/380 V

Current 4.58A/2.56A

Stator resistance 6,8 Ω

Rotor resistance Rr 5,43 Ω

Stator inductance Ls 0,3973 H

Rotor inductance Lr 0,3558 H

Mutual inductance M 0,39 H

Number of pole pairs 2

Viscous friction coefficient Kf 0,0025 Nm.s/rad

Rated speed n 1440Tr/min

Rotor time constant Tr 0.0655 s

Stator time constant Ts 0.0584 s

Table 3.
Parameters of induction machine.

Figure 5.
Output voltage (Pv source).
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interval [0.4 s, 0.5 s] illustrated in Figure 7. The stator currents are shown in Figure 8,
and a zoom on the interval [0.4 s, 0.5 s] is provided in Figure 9. Figure 10 presents
the evolution of the mechanical speed in both cases (ADRC, PI), clearly demonstrat-
ing the faster response time and better performance of the ADRC control compared to
the PI control.

Figure 11 shows the evolution of the electromagnetic torque in both
scenarios (ADRC, PI). Additionally, the torque obtained with ADRC control
exhibits sudden variations after a change in load torque, unlike the torque obtained
with PI control.

To verify the validity of the state observer, rotor fluxes were also simulated.
Figure 12 illustrates the evolution of the two components of the flux along the α and β
axes, and a zoom on the interval [0.4 s, 0.5 s] is provided in Figure 13.

Figure 6.
Waveforms of line-to-line voltages of three phases (a,b,c).

Figure 7.
Waveforms of line-to-line voltages loop (0.4 sec–0.46 sec).
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Figure 8.
Waveforms of stator currents.

Figure 9.
Waveforms of stator currents loop (0.4 sec–0.46 sec).

Figure 10.
Speed and reference speed.
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Figure 11.
Torque, load torque, and reference torque.

Figure 12.
Components of the flux along the α and β axes.

Figure 13.
Components of the flux along the α and β axes loop (0.4 sec – 0.46 sec).
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9.2 Scenario 2: consideration of parameter variations (resistances and moment
of inertia)

In the second part, the robustness of the proposed system is examined following
variations in internal parameters (machine resistances) and external parameters
(moment of inertia). The simulation tests were conducted with the following variations:
For the machine, the rotor resistance was increased by 50% at t = 3.5 s, and the moment
of inertia was also increased by 50% at t = 5 s. Figure 14 illustrates the evolution of the
mechanical speed (actual and estimated) in both cases (ADRC, PI), clearly indicating
the faster response time and superior performance of ADRC control compared to PI
control. Similarly, the error between the actual speed and the estimated speed in the
ADRC system is lower than in the PI system. Figure 15 shows the evolution of the

Figure 14.
Speed and reference speed.

Figure 15.
Torque, load torque, and reference torque.
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electromagnetic torque in both cases (ADRC, PI). Additionally, the torque obtained
with ADRC control exhibits lower interference than that obtained with PI control.

The simulated results at the end of this work involve varying the parameters of the
PV sources (at t = 0, we take T = 35 degrees and G = 1100 W/m2). We still retain the
variations of the machine parameters mentioned above. Figure 16 depicts the profile
of the voltage at the output of the PV module. A slight difference can be noticed
compared to the one obtained in Figure 5. Figure 17 shows the evolution of the actual
and estimated speed in the case of ADRC control. One can clearly observe the robust-
ness of this control as it rejects all disturbances.

10. Conclusion

The simulated prototype allows the variation of the mechanical speed of an induc-
tion machine without the use of a speed sensor. This prototype can be implemented in

Figure 16.
Output voltage (PV source).

Figure 17.
Speed and reference speed.
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an electric vehicle. The combination of the 9-level converter, PWM, ADRC, PI, and
Luenberger observer has helped reduce signal harmonics and electromagnetic torque
ripples. The system has also been designed to reject the effects of internal and external
disturbances. Operational principles and mathematical models (PV source, induction
motor, ADRC control, PI control, indirect field-oriented control, and state observers)
were analyzed in this study to ensure a good stability of the machine speed and a
response time adapted to the evolution of this mechanical quantity. The results show
that the system with ADRC is superior and more robust than the system with PI in
various scenarios and disturbance conditions.
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Chapter 4

A Full-Order Terminal
Sliding-Mode Observer-Based
Optimal Resistance Estimation for
High-Performance Control
Applications
Saad Khadar, Mohaned Menzou and Tahar Abbassi

Abstract

This chapter introduces a sensorless field-oriented control (FOC) method for an
induction motor with an open-end winding (IM-OEW). A full-order terminal sliding-
mode (FOTSM) observer is proposed to accurately estimate the rotor flux, motor speed,
and stator currents. The work presented in this chapter endeavors to elevate the
sensorless control of the researched IM-OEW topology and fortify its ability to with-
stand parameter variations. Therefore, an estimation method has been developed to
ascertain both the stator and rotor resistance during motor operation, thus contributing
to the advancement of the sensorless FOC technique’s exceptional performance and
reducing system uncertainties. Combining the resistance estimation approach with
the suggested control improves both speed estimates and control accuracy, especially at
low speeds. The simulation results produced validate the improved performance and
evident effectiveness of the developed control method in a range of various operating
scenarios.

Keywords: FOC method, FOTSM observer, IM-OEW topology, sensorless control,
parameter estimation

1. Introduction

Over the past two decades, researchers have focused on designing topologies and
control strategies for multilevel inverters for various industrial applications [1–3].
Multilevel converter topologies are often utilized for high-power variable speed drives
due to low dV/dt, and decreased harmonic distortion in output voltages [1–4]. One of the
multilevel converter topologies is an open-end winding (OEW) structure. The OEW
topology has sparked interest owing to its benefits over typical star or delta-connected
alternatives. Advantages of employing dual inverters include multilevel output voltage,
decreased switching frequency, and improved quality. This advantage reduces switching
losses, eliminates common-mode voltages, and improves fault tolerance [5–9].
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Several control strategies have been utilized for the IM-OEW, including field-
oriented control [10], direct torque control [11], backstepping control [12], and slid-
ing mode control [13]. The FOC approach is a simple and reliable solution that pro-
vides excellent dynamic performance by adjusting torque and flux independently
across a wide range of speeds [11]. However, the FOC approach is sensitive to changes
in motor resistances and load torque disturbances [2]. In addition, the FOC technique
demands precise motor speed. The speed is often measured with a specific resolver on
the motor shaft or calculated constantly using models or observers. In this sense,
sensorless control minimizes the number of installed sensors, the extra electrical
circuits, the connecting cables, and the mounting area [6]. Despite this, maintaining
high-performance drives in sensorless control presents persistent issues, particularly
at low speeds and with machine parameter variations.

Research on estimating motor speed, rotor resistance (Rs), and stator resistance (Rr)
simultaneously has been conducted to enhance motor performance during resistance
variations [2, 6, 14–17]. However, the proposed techniques established
have considerable computing costs, longer execution times, are more complex, and poor
performance during parameter variations, especially in low-speed operations.

This work aims to design and implement a robust sensorless control strategy
using a FOTSM observer with motor resistance estimation. The proposed
observers estimate motor speed, rotor flux, stator currents, stator resistance, and
rotor resistance for OESW-TPIM under low-speed operation and parameter changes.
The chapter is organized as follows: Section 2 presents the rotor-field-oriented
IM-OEW model. Then Section 3 details the proposed observer to estimate the motor
speed, the stator currents and the rotor flux. Section 4 describes the presented method
for the motor resistance estimation. Section 5 introduces the simulation results
obtained in this work. The conclusion of the presented work is given in the last section.

2. Rotor field-oriented IM-OEW model

The most often utilized control method in industrial drives, particularly for high-
speed applications, is field-oriented control [10, 18–20]. The main objective of the
FOC method for the IM-OEW topology is to manage the d-q components of stator
currents in order to gain decoupled control of motor torque and rotor flux. The q-rotor
flux becomes 0 if the rotor flux is aligned with the d-axis:

ϕrd ¼ ϕr

ϕrq ¼ 0

(
(1)

The IM-OEW model in the d-q coordinate can be determined as follows:

disd
dt

¼ μ
ϕr

Tr
� δisd þ ωþ Misq

ϕrTr

� �
isq þ KVsd

disq
dt

¼ �μωϕr � ωþ Misq
ϕrTr

� �
isd � δisq þ KVsq

8>>><
>>>:

(2)

dω
dt

¼ np
J

npMϕrisq
JLr

� TL

� �

dϕr

dt
¼ � ϕr

Tr
þMisd

Tr

8>><
>>:

(3)
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where isd and isq are the stator currents in d-q coordinate; Vsd and Vsq are the stator
voltages in d-q coordinate; ω is electric angular speed of the rotor; TL is the load
torque; np is the pole pairs number; M is the mutual inductance; ϕr is the rotor flux; Rs

and Ls are the resistance and inductance of the stator; Rr, Lr, Tr are the resistance,
inductance and time constant of the rotor. Also,

K ¼ 1=σLs, σ ¼ 1�M2=LrLs, μ ¼ K M=Lrð Þ, and δ ¼ K Rs þ RrM2=L2
r

� �
:

On the other side, the power circuit of the studied IM-OEW topology with only
one DC source is shown in Figure 1 [14]. It comprises a dual inverter and an IM,
where the stator wire terminals (a1, b1, c1) are linked to inverter 1, and (a2, b2, c2) are
coupled to inverter 2.

Thus, by using Kirchhoff’s law on Figure 1, the phase voltages across each stator
winding can be found as follows:

Vsa ¼ Va1 � Va2

Vsb ¼ Vb1 � Vb2

Vsc ¼ Vc1 � Vc2

8><
>:

(4)

3. Developed FOTSM observer

The traditional sliding mode observer, while offering straightforward implemen-
tation and design flexibility [8, 21–23]. Unfortunately, the output injection in the
conventional observer is a switching signal, which can generate large noise [24–27], a
significant drawback that necessitates a solution. Therefore, this work proposes a full-
order terminal sliding-mode observer that uses stator current and supplied voltage in
α-β axes to estimate rotor flux, motor speed, and stator currents. The suggested
improvement is not just a theoretical concept. It involves the practical application of
the sensorless control, as demonstrated in Figure 2.

The IM-OEW model in α-β axes is determined as follows [24]:

Figure 1.
The principal of the studied IM-OEW topology with one DC source.
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dϕrαβ

dt
¼ �Xþ M

Tr
isαβ

disαβ
dt

¼ μX� δisαβ þ KVsαβ

8>><
>>:

(5)

The common matrix X contains the rotor flux, motor speed, and rotor time con-
stant as:

X ¼ 1=Tr ω

�ω 1=Tr

� �
ϕrα

ϕrβ

" #
(6)

In this chapter, an FOTSM observer is created by getting the matrix X in order to
estimate the stator currents and rotor flux as [28–32]:

dϕ̂rαβ

dt
¼� 1

μ
Wαβ þ M

Tr
îsαβ

d̂isαβ
dt

¼Wαβ � δ̂isαβ þ KVsαβ

8>>><
>>>:

(7)

The switching signal used as the output injection in the traditional SM observer has
the potential to introduce significant noise into the estimated M. In order to achieve
smooth speed and rotor flux signals, this study suggests a chattering-free FOTSM
observer that targets the matrix M. It also enhances the observer’s dynamic perfor-
mance and accuracy. An FOTSM observer is designed as follows [32]:

S ¼ desαβ
dt

þ F1esαβ þ F2̂i
p=q
sαβ (8)

where esαβ is stator current error, F1 = diag(fα1, fβ1) and F2 = diag(fα2, fβ2) are
employed to define the dynamics of sliding motion. Also, q and p are odds, and
0≺q=p≺1.

The Wαβ in Eq. (7) can be rewritten as follows:

Wαβ ¼ μ
1=Tr ω

�ω 1=Tr

� �
ϕrα

ϕrβ

" #
(9)

Figure 2.
Block diagram of developed FOTSM observer.
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The required condition of the FOC technique is therefore provided by the follow-
ing estimation of the rotor flux and motor speed as:

ϕ̂rαβ ¼
ðt
0

� 1
μ
Wαβ þ M

Tr
îsαβ

� �

ωest ¼ Wαϕ̂rβ �Wβϕ̂rα
� �

= μ ϕrαβ

�� ��� �

8><
>:

(10)

Finally, it is evident that a continuous output injection from observer Wαβ can
result in a smooth estimated speed.

4. Motor parameter estimation

Variations in motor characteristics, such as uncertainties in motor parameters,
have a significant impact on the accuracy of the FOTSM observer and the perfor-
mance of the FOC method [1, 2, 8]. The motor resistances, which are known to vary
with temperature, can cause the stator resistance Rs and rotor resistance Rr to deviate
from their initial values, as shown in Eq. (10). The precise value of Rs is crucial for
accurately estimating stator flux components. Similarly, the rotor resistance can
impact the FOC method [2], especially at low speeds [30–32]. In light of these chal-
lenges, this chapter proposes an approach to enhance the robustness and accuracy of
the FOTSM observer and improve the performance of the sensorless FOC technique.
Figure 3 illustrates the basic concept of motor resistance estimation.

4.1 Stator resistance estimation

It is commonly known that changes in the temperature of the stator windings are
the primary cause of variations in the motor stator resistance during motor operation
[2, 6, 8, 14]. Consequently, in order to ensure that the estimation of stator resistance is
performed online, a simple fuzzy logic algorithm is employed in this chapter. The
following equation forms the error signals between the estimated stator currents and
the measured stator currents [14]:

z nð Þ ¼ îs nð Þ � is nð Þ
Δz nð Þ ¼ z nð Þ � z n� 1ð Þ

(
(11)

Figure 3.
Basic concept for motor resistance estimation.
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The variables in the equation are defined as follows:

is ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
isαð Þ2 þ isβ

� �2q

îs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
îsα
� �2 þ îsβ

� �2q

8><
>:

(12)

The stator resistance error is the fuzzy logic estimator’s output and is defined as
follows:

ΔRs nð Þ ¼ Rs nð Þ � Rs n� 1ð Þ (13)

1.Fuzzification: the estimator has two inputs: z(n), Δz(n), and for the fuzzified
output Rs(n). Five fuzzy language variables (NB, NS, ZO, PS, PB), define the
language variable of z(n), Δz(n), and ΔRs(n), as shown in Figure 4.

2. Interfacing: the static and dynamic behavior of the system to be regulated
determines which inference method should be used. Therefore, the Max-Min
fuzzy inference approach is used for the Rs variation due to its ease of
implementation.

3.Defuzzification: our selection is based on the balanced heights center of
attraction method, which is the most widely used defuzzification technique. Its
simplicity and low computational overhead make it our first pick.

4.2 Rotor resistance estimation

In this study, a simple and effective approach is presented for real-time rotor
resistance identification, where the objective is to reduce the cost of the algorithm
used without additional sensors or signals. The temperature coefficients of the metals
employed in the stator and rotor windings, respectively, at 20°C are λ1 and λ2. If the
rotor conductor or bars are composed of aluminum, then λ1 = 0.00429 and
λ2 = 0.00386. If both windings are constructed of copper, then λ1 = λ2 = 0.00386.
Thus, the rotor resistance value can be determined continuously to account for any
changes due to temperature as follows [6]:

R̂r ¼ Rr 1þ λ2
λ1

R̂s

Rs
� 1

 ! !
(14)

Figure 4.
The membership functions.
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5. Simulation results

Figure 5 displays the general schematic representation of the suggested sensorless
control for the investigated IM-OEW structure, which is based on the control-
observer theory discussed earlier.

5.1 Load torque change

In order to demonstrate the effectiveness and the correctness of proposed
sensorless control under load torque change, a MATLAB/Simulink simulation
model was developed to model the whole control system shown in Figure 5. The used
speed reference is shown in Figure 6(a) which is a step fixed at 120 rad/s and
following the application of a load torque at t = 2 s equal to 2 N.m Figure 6(b)
illustrates the measured and estimated speeds. It can be remarked that the estimated
value of motor speed quickly tracks the measured value of motor speed, where it can
be observed that the speed estimation error is around zero during steady state, as
shown in Figure 6(c). Hence the FOTSM observer given is effective. One can notice
that the motor torque follows the load torque very well as shown in Figure 6(d) with
small overshoots.

5.2 Motor parameter variations

In order to prove the robustness of the proposed control and estimation systems to
parameter variations, the studied IM-OEW topology is started with its nominal value
of stator resistance, after t = 2 s, stator resistance is changed to half its nominal value.
Similarly, the rotor resistance is set suddenly at 1.5 � Rsn at t = 2 s. In this sense, the
motor resistances used in the proposed controller design are 50% smaller than the
nominal values. It is maintained that the reference rotor-flux and speed are 1.2 Wb
and 10 rad/s, respectively.

Figure 7(b) shows the measured and estimated speeds, it can be seen that the good
ability to maintain the estimated speed close to the measured one during low-speed

Figure 5.
Block diagram of proposed sensorless control for the IM-OEW topology.
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operation. Furthermore, results indicate that due to the accurate motor speed estima-
tion, the IM-OEW drive does not lose stability during operation at low speeds. This
proves the robustness and effectiveness of the proposed control law under parameter
variations, which can change from the nominal ones according to motor temperature
and operating conditions. Figure 7(c) confirms that the fuzzy stator resistance
estimator is able to estimate the changes in stator resistance. Furthermore, the
rotor resistance Rr can be identified within a short interval, as shown in Figure 7
(d). The estimated speed is compared with the measured one as presented in
Figure 7(e). Clearly, the speed estimation error is found to be less than 0.014 rad/s
in the steady-state. Figure 7(f) shows the load torque and motor torque of the
studied IM-OEW topology. Figure 7(g) illustrates the reference and estimated rotor
flux. It can be observed that even if the motor resistance changes, the proposed
method still gives a good estimate of rotor flux. As can be seen in Figure 7(h), the
stator current falls from 1.2 amps to about 1.34 amps due to the changes in the rotor
and stator resistance.

Figure 6.
Simulation results of sensorless control based on FOTSM observer under load torque change.
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6. Conclusions

In this chapter, an improved full-order terminal sliding-mode observer was
presented for the sensorless FOC control of the IM-OEW topology. The purpose of the

Figure 7.
Simulation results of sensorless control based on FOTSM observer under IM-OEW parameter variations.
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proposed observer was to simultaneously estimate the motor speed, rotor flux and
stator currents as well as track the stator and rotor resistance variations in real-time.
The obtained simulation results demonstrate that the sensorless FOC method with the
developed resistance estimation approach offers excellent results in terms of resis-
tance variations and speed tracking with the lowest estimation error compared to the
previous works. Therefore, it can be ensured that the approach developed in this
chapter will be both feasible and beneficial in real-world engineering applications.
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Chapter 5

Predictive Control for Induction
Machines
Marco Rivera, Emrah Zerdali, Patrick Wheeler and
José Rodríguez

Abstract

In the last decades, the application of fast modern microcontrollers has
been continuously growing, allowing the development and implementation of
new and more intelligent control strategies as an alternative to conventional
techniques for electrical machines and power converters. Model predictive
control is one of these powerful and attractive alternatives that has received much
attention in recent years. The use of predictive control offers several interesting
advantages: it is an intuitive control approach, it does not need linear controllers
and modulators, and it is possible to easily include nonlinearities and restrictions
in the control law. It is expected that the advantages of predictive control will lead
to industrial applications very shortly. In this chapter, new advances and trends
in the application of model predictive control for induction machines will be
presented.

Keywords: direct model predictive control, induction machine, modulated model
predictive control, sensorless control, weighting factor elimination

1. Introduction

Model predictive control (MPC) uses the mathematical model of the system
to predict the future performance of the controlled variables in a finite time
horizon. This control strategy has the ability to optimize the control performance by
considering constraints, minimizing a cost function, and providing fast dynamic
responses. These characteristics made MPC particularly suitable for renewable energy
systems, power converters, and electrical drives such as induction machine drive
systems.

Recent advances and developments in MPC for induction machines include
enhanced predictive control schemes such as improved predictive torque and flux
control strategies for electric vehicles or industrial automation applications [1–3].
There are recent publications focused on the improvement of the MPC strategy by
implementing long-horizon prediction with the k-best-sphere decoding algorithm
(kSDA) to reduce the computational burden by transforming the optimization
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problem into an integer least-squares (ILSs) problem [4]. Recent works by Xu et al.
[5] and Aboelhassan et al. [6] have been presented to improve the performance of the
system by reducing high current harmonics reduce the ripple by including sensibility
to the magnetizing inductance parameter. In a study by Aboelhassan et al. [6], mod-
ulated model predictive control (M2PC) to improve the dynamic performance by
including discontinuous pulse with modulation (DPWM) for low-inductance electric
machines.

In order to improve the performance of the system, the prediction model, and the
dynamic response, Hamad et al. [7] have recently proposed a full-order sliding mode
control (FOSMC)-based finite set model predictive flux control (FS-MFPC). The MPC
technique has been improved by proposing several fault diagnosis and tolerant techniques
[8–11]. A recent idea has proposed a free-model predictive control and compensation
technique to eliminate the necessity of a mathematical model of the system for the
prediction model, making the strategy robust under parameter mismatches in the predic-
tion model [12, 13].

AI-based techniques, like artificial intelligence and machine learning, have been
integrated into MPC to predict disturbances and adjust control parameters dynami-
cally, enhancing the adaptability of the control strategy in variable conditions [14, 15].

In this chapter, a review of different predictive control techniques for induction
machines is presented, highlighting the control scheme as well as the performance in
both the dynamic and steady states.

2. Induction machine model fed by a voltage source inverter

This section introduces the mathematical model of an induction machine fed by a
two-level voltage source inverter (VSI). For this purpose, the mathematical model of
an induction machine is first presented, followed by the VSI model.

2.1 Induction machine model

An induction machine can be mathematically represented by a model based on the
following general form:

_xt ¼ f xt,utð Þ þwt

zt ¼ h xtð Þ þ vt
(1)

f is the nonlinear transition matrix function, h is the measurement matrix func-
tion, xt is the state vector, ut is the control input vector, wt and vt are the system and
measurement noises, respectively.

When this model is defined in the stator stationary reference αβð Þ frame, the
vectors are as follows:

xt ¼ isα isβ ωm ψ rα ψ rβ
� �T,

ut ¼ vsα vsβ½ �T, h xtð Þ ¼ isα isβ ωm½ �T,
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and

f xt,utð Þ ¼

� 1
Tσ

isα þ kr
TrLσ

ψ rα þ
kr
Lσ

ωrψ rβ þ
1
Lσ

vsα

� 1
Tσ

isβ þ kr
LσTr

ψ rβ �
kr
Lσ

ωrψ rα þ
1
Lσ

vsβ

3
2
kr

pp
Jt

ψ rαisβ � ψ rβisα
� �� Bt

Jt
ωm � 1

Jt
τl

Lm

Tr
isα � 1

Tr
ψ rα � ωrψ rβ

Lm

Tr
isβ � 1

Tr
ψ rβ þ ωrψ rα

2
6666666666666664

3
7777777777777775

,

vsα and vsβ are the stator voltages, isα and isβ are the stator currents, ψ rα and ψ rβ are
the rotor fluxes, ωm and ωr ð¼ ppωmÞ are the mechanical and electrical angular rotor
speeds, respectively. τl is the load torque, Tr ¼ Lr=Rrð Þ is the rotor time constant,
Tσ ¼ Lσ=Rσð Þ is the transient time constant of the stator, and kr ¼ Lm=Lrð Þ is the rotor
coupling factor. Rσ ¼ Rs þ k2rRr

� �
is the equivalent resistance referred to the stator

side, Lσ ¼ Ls � krLmð Þ is the leakage inductance, Rs and Rr are the stator and rotor
resistances, respectively. Lm,Ls, and Lr are the mutual, stator, and rotor inductances,
respectively, pp is the pole-pairs, Jt and Bt are the total inertia and viscous friction of
both load and motor, respectively.

Since the above model is used for estimations and predictions, it needs to be
discretized. For this purpose, the Euler approximation given below is utilized in this
chapter as indicated here:

_xt≈
xkþ1 � xk

T
(2)

where T is the sampling time. Eventually, the resulting discrete model is as
follows:

xkþ1 ¼ xk þ T � f xt,utð Þ (3)

2.2 VSI model

A two-level VSI, as depicted in Figure 1a, can be used to supply the machine. With
this topology, seven distinct voltage vectors can be produced, as illustrated in
Figure 1b, with a total of eight possible switching combinations. Among these vectors,
v0 and v7 are passive vectors, while the others are active vectors. The inverter output
voltage, vs, can be determined using the switching combination Sx ∈ Sa, Sb, Scf g and
the dc-link voltage Vdc as follows:

vs ¼ 2
3
Vdc Sa þ aSb þ a2Sc
� �

(4)

where a denotes the phase shift of 120 electrical degrees.
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3. Classic MPC schemes

Various finite control set MPC (FCS-MPC) schemes have been proposed to over-
come the disadvantages of previous MPC schemes. It is known that model predictive
current control (MPCC) and model predictive torque control (MPTC) are among the
earliest schemes used in the control of power converters and electric drives. Model
predictive direct speed control (MPDSC) advances these schemes by eliminating the
cascaded control structure and enhancing the disturbance rejection capability of the
electric drive system. Therefore, this section introduces these three MPC schemes as
classic MPC approaches.

3.1 MPCC scheme

The MPCC scheme is undoubtedly the most common FCS-MPC scheme suitable
for power converters and electrical drives. A representation of the MPCC scheme for
the 2L-VSI feeding an induction machine is presented in Figure 2. The MPCC is
simple and requires lower computational complexity in comparison to other MPC
schemes for electrical drives.

This control strategy uses the stator current predictions to evaluate the possible
VVs. For this purpose, the stator current vector is predicted as follows:

Figure 2.
Block diagram of the MPCC scheme.

Figure 1.
Two-level voltage source inverter: (a) circuit topology, (b) possible VVs.
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ips,kþ1 ¼ 1þ T
Tσ

� �
is,k þ T

Tσ

1
Rσ

kr
Tr

� jkrωr

� �
ψe

r,k þ vs,k

� �� �
(5)

It is clear that rotor flux ψr is needed to predict stator current ips . For this purpose,
using the following current model of induction machine is a well-accepted way to
estimate the rotor flux.

ψe
r,kþ1 ¼ ψe

r,k þ T
Lm

Tr
is,k � 1

Tr
� jωr,k

� �
ψe

r,k

� �
(6)

The following cost function consisting of only stator current errors is used to
evaluate the performance of each VV.

g ¼ i ∗sα � ipsα
� �2 þ i ∗sβ � ipsβ

� �2
þ ioc,kþ1 (7)

i ∗sα and i ∗sβ represent the reference trajectories of the stator currents, which are
obtained by applying the inverse Park transformation to the outputs of the speed and
flux controllers. The basic cost function only includes current error terms and does not
require any weighting factors (WFs) since both terms are of the same unit.

However, the flexible structure characteristic of MPC can be expanded by addi-
tional control objectives (ACOs) in different units, such as overcurrent protection
term, switching frequency regulation term, input voltage balancing term, and so on.
In this case, a control objective ioc, defined mathematically in Eq. (8), is included in
Eq. (7) to prevent excessive currents in the induction machine.

ioc,kþ1 ¼
0, if ∣ips,kþ1∣ ≤ is,max

∞, if ∣ips,kþ1∣> is,max

(
(8)

where is,max represents the maximum permissible current limit.
The system requires an outer controller to generate the current references as

depicted in Figure 2. A linear proportional-integral (PI) controller is used for the
control of the mechanical speed and another for the control of the rotor flux.

The control performance of the MPCC scheme is presented in Figure 3 with a
sampling time of T ¼ 25 μs: The test considers the magnetization of the machine, an
initial speed step to wm ¼ 100rad=s at t ¼ 0:05s followed by a speed reversal at
t ¼ 0:6s. A load torque is applied at t ¼ 0:2s and another at t ¼ 0:4s. Here is observed a
very good performance of the currents to their respective references with sinusoidal
waveforms almost all the time and fast dynamic response. A good tracking of the
speed and stator flux to their respective references is also observed.

3.2 MPTC scheme

The MPTC scheme is another popular FCS-MPC strategy with high dynamic
response and low torque ripple for the control of electrical drives. A representation of
the MPTC for the 2L-VSI feeding an induction machine is presented in Figure 4. This
control strategy uses the same steps used in predicting the stator current in the MPCC
scheme. But, unlike MPCC, which controls the current in the internal control loop,
MPTC directly controls electromagnetic torque and flux.
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The stator flux ψ s must be predicted to perform flux control. This is carried out as
follows:

ψp
s,kþ1 ¼ ψe

s,k þ Tvs,k � TRsis,k (9)

where

ψe
s,k ¼ krψe

r,k þ Lσis,k (10)

The electromagnetic torque τe can now be calculated using ips,kþ1 and ψp
s,kþ1 as

follows:

Figure 3.
Control performance of the MPCC scheme T ¼ 25 μsð Þ.

Figure 4.
Block diagram of the MPTC scheme.
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τ
p
e,kþ1 ¼

3
2
ppℑm ips,kþ1

� �
conj ψp

s,kþ1

� �n o
(11)

Finally, the following cost function is used to evaluate the performance of each VV.

g ¼ τ ∗e � τ
p
e,kþ1

���
���þ λψ ψ ∗

s j � jψp
s,kþ1j

���
���þ ioc,kþ1 (12)

τ ∗e and ψ ∗
s are the reference trajectories for electromagnetic torque and stator flux,

respectively. λψ is the weighting factor associated with the stator flux error.
The control performance of the MPTC scheme is presented in Figure 5 by consider-

ing the same operational conditions as the previous case. A good tracking of both the
stator flux and electrical torque to their respective references is observed all the time
with a very fast dynamic response under step changes, which can be explained because
the predictive controller does not require any modulator. The speed is handled by using
an external linear PI controller, observing also good performance in the four quadrants.

3.3 MPDSC scheme

The MPDSC scheme needs load torque information to predict mechanical speed.
Like previous classic MPC schemes, it also requires rotor flux information. To address
this, an extended Kalman filter (EKF) observer is designed to estimate both rotor flux
and load torque and is integrated into the MPDSC scheme. In the following sections,
first the MPDSC scheme is presented, followed by the EKF observer.

3.3.1 MPDSC scheme

A representation of the model predictive direct speed control scheme (MPDSC) for
the 2L-VSI feeding an induction machine is presented in Figure 6. This control strategy
follows similar steps to the MPTC scheme for predicting stator current, stator flux, and

Figure 5.
Control performance of MPTC scheme T ¼ 25 μsð Þ.
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electromagnetic torque. However, unlike the MPTC scheme, MPDSC eliminates the
outer control loop and provides a non-cascade form, providing better dynamic perfor-
mance and the ability to reject disturbances [16]. The MPDSC scheme utilizes the rotor
flux estimated by an EKF observer, which is introduced in the subsequent section. For
direct speed control, speed prediction is also necessary in the MPDSC scheme. To
achieve this, the equation of motion defined in the discrete form below, can be used.

ω
p
m,kþ1 ¼ ωe

m,k þ
T
Jt

τpe,kþ1 � τel,kþ1

� �
(13)

The prediction models in the MPDSC scheme utilize filtered stator current ies
� �

and
mechanical speed ωe

m

� �
instead of the measured values. This approach aims to sup-

press noise in the predictions, leading to more accurate control.
Finally, ωp

m,kþ1,ψ
p
s,kþ1 and τ

p
e,kþ1 are substituted into the following cost function to

determine the optimal switching combination for the next sampling interval. The
objective is to minimize errors in speed, flux, and torque simultaneously.

g ¼ λω ω ∗
m � ω

p
m,kþ1

� �2
þ λψ jψ ∗

s j � jψp
s,kþ1j

� �2
þ λτ τ

p
e,kþ1 � τel,kþ1

� �2
þ ioc,kþ1 (14)

where ω ∗
m is the reference speed trajectory, and λω, λψ , and λτ denote the weighting

factors associated with speed, flux, and torque, respectively. Similarly to the previous
examples, a control objective ioc, defined mathematically in Eq. (8), is included in
Eq. (14) to prevent excessive currents in the induction machine.

3.3.2 Rotor flux and load torque estimation

To implement the MPDSC scheme of an induction machine, flux and load torque
information is needed, and these variables are estimated here through an EKF
observer using the measured speeds, voltages, and currents. To this end, the induction
machine model in Eq. (1) is extended to include load torque τl, considering the viscous
friction term Btωm as a part of the τl. The new state vector xt and nonlinear system
model f xt,utð Þ are as follows:

Figure 6.
Block diagram of the MPDSC scheme.
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xt ¼ isα isβ ωm ψ rα ψ rβ τl
� �T

and

f xt,utð Þ ¼

� 1
Tσ

isα þ kr
TrLσ

ψ rα þ
kr
Lσ

ωrψ rβ þ
1
Lσ

usα

� 1
Tσ

isβ þ kr
LσTr

ψ rβ �
kr
Lσ

ωrψ rα þ
1
Lσ

usβ

3
2
kr

pp
Jt

ψ rαisβ � ψ rβisα
� �� 1

Jt
τl

Lm

Tr
isα � 1

Tr
ψ rα � ωrψ rβ

Lm

Tr
isβ � 1

Tr
ψ rβ þ ωrψ rα

0

2
6666666666666666664

3
7777777777777777775

The extended continuous-time model given above should be represented in dis-
crete form. To achieve this, the first-order Euler approximation in Eq. (2) is utilized
here. With the above discrete model and the recursions outlined in Table 1, an EKF
can now be constructed and integrated into the classic MPC schemes.

This obviously means that MPDSC has higher computational complexity than
MPCC and MPTC. However, it can be ignored in applications where higher control
performance is required.

The resulting control performance is shown in Figure 7 for a sampling time of T ¼
25 μs: It is observed a good performance of the observer because it can accurately
estimate the real states and maintain the induction machine states on the reference
trajectories with a good performance of the currents, the flux, the torque and the
speed to their respective references with a fast dynamic response.

Definitions:
Fkþ1∣k ¼ ∂f x,ukð Þ

∂x

����
x¼xk

Hk ¼ ∂h xð Þ
∂x

����
x¼x�k

Initialization: For k ¼ 0, set x̂0 ¼ E x0½ �
P0 ¼ E x0 � E x0½ �ð Þ x0 � E x0½ �ð ÞT

h i

For k ¼ 1, 2, … , compute: Time update: x̂�k ¼ f x̂k�1,ukð Þ
P�
k ¼ Fk∣k�1Pk�1FT

k∣k�1 þQ k�1

Measurement update: Kk ¼ P�
k H

T HP�
k H

T þ Rk
� ��1

x̂k ¼ x̂�k þ Kk zk �Hx̂�k
� �

Pk ¼ I � KkHð ÞP�
k

Fkþ1∣k is the transition matrix, H is the measurement matrix, Q k is the system noise covariance matrix, Kk is the Kalman
gain, Rk is the measurement noise covariance matrix, P�

k and Pk are the priori and posteriori covariance matrices,
respectively.

Table 1.
Extended Kalman Filter (EKF).

85

Predictive Control for Induction Machines
DOI: http://dx.doi.org/10.5772/intechopen.1008173



4. Modulated FS-MPC

Various modulated MPC schemes have been proposed to reduce current harmonics
and torque ripples. This section introduces the application of two modulated MPC
schemes through the MPTC scheme and compares them with the conventional MPTC
scheme with a sampling time of 100 μs. Modulated MPC schemes, depicted in
Figure 8, have steps similar to conventional MPC schemes, that is, prediction and cost
function optimization phases, apart from the modulation phase. They use two active
VVs and one zero VV at each sampling interval, unlike conventional MPC schemes
that use only a single VV. Different approaches are used for selecting these two active
VVs: one is based on using adjacent VVs and the other is based on the use of VVs with
minimum cost values.

Figure 7.
Control performance of the MPDSC scheme T ¼ 25 μsð Þ.

Figure 8.
Block diagram of the modulated MPTC scheme.
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4.1 Modulated MPTC based on adjacent VVs

When two adjacent active VVs (v1 and v2) and one zero VV v0ð Þ are used, the duty
cycle of each vector is calculated based on their corresponding cost values as follows:

di ¼ K=gi (15)

X2
i¼0

dið Þ ¼ 1 (16)

where di and gi are the corresponding duty cycle and cost value of vi, i∈ 0,1,2f g,
respectively. v1, v2f g∈ 1, 2f g, 2, 3f g, 3, 4f g, 4, 5f g, 5, 6f g, 6, 1f gf g.

Based on these expressions, the parameter K and duty cycles for each VV are
calculated as follows:

K ¼ g0g1g2
g0g1 þ g1g2 þ g0g2

(17)

d0 ¼ Tsg1g2
g0g1 þ g1g2 þ g0g2

(18)

d1 ¼ Tsg0g2
g0g1 þ g1g2 þ g0g2

(19)

d2 ¼ Tsg0g1
g0g1 þ g1g2 þ g0g2

(20)

The final cost function can be defined as follows, based on the cost values and duty
cycles of the corresponding VVs:

g ¼ d1g1 þ d2g2 (21)

To apply the optimal voltage vectors and the zero vector, the time periods T0,T1,
and T2 are calculated using the duty cycles d0, d1, and d2 as follows:

Ti ¼ Tsdi
tm

, (22)

Ts ¼
X2
i¼0

Tið Þ (23)

where tm corresponds to the division of the sampling time Ts into small equal parts
where the optimal vectors will be applied. Once the optimal vectors v1 and v2 and the
times at which they will be applied (T0,T1, and T2) have been obtained, a commuta-
tion strategy consisting of seven steps is established, as shown in Figure 9.

4.2 Modulated MPTC based on the VVs with minimum cost values

As an alternative to adjacent active VVs, active VVs with minimum cost values can
be used. For this purpose, the cost value of each VV is first calculated using prediction
models and the cost function. These values are then sorted, and the VVs with the
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lowest cost values are selected. Finally, the duties and time periods are calculated
based on Eqs. (18)–(20), (22) and (23), respectively.

The comparative results between conventional and modulated MPC schemes are
presented in Figure 10. The results indicate that modulated MPCs significantly reduce
the current harmonics and torque ripples.

5. MPC schemes without weighting factors

Some conventional MPC schemes, particularly MPTC and MPDSC, require the use
of weighting factors in their cost functions due to the various error terms with
different units. In this way, the effect of each term on the selection of optimal VV can
be balanced. However, the challenge of determining optimal weighting factors, com-
bined with changes in operating conditions, complicates the design of MPC schemes,
and improper selection of these factors can directly impact their control performance.
To address this issue, various MPC schemes without weighting factors have been
proposed by Zerdali et al. [17].

This section introduces two weighting factor-free MPC schemes: the sequential
MPTC scheme and the decision-making-based MPTC scheme. Since these techniques
evaluate each term in the cost function separately, the first step is to define each term
as a separate cost function, as follows:

gτ ¼ τ ∗e � τ
p
e,kþ1

���
��� (24)

gψ ¼ ψ ∗
s j � jψp

s,kþ1j
���

��� (25)

5.1 Sequential MPTC scheme

Sequential MPC is one of the most popular MPC schemes that eliminates weighting
factors. This section introduces this technique through the MPTC scheme, as illus-
trated in Figure 11. The resulting control performance is presented in Figure 12.

This technique evaluates the above cost functions sequentially. In the first stage, all
possible VVs are considered for the first cost function, and a few VVs with the lowest
torque errors are selected for the next stage. In the second stage, the selected VVs that
minimize the first cost function are then evaluated against the second cost function.

Figure 9.
Application of VVs for single sampling intervals in modulated MPC schemes.
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Figure 10.
Comparison of conventional and modulated MPTC schemes: (a) conventional MPTC scheme and modulated
MPTC schemes with (b) a zero VV and two adjacent active VVs and (c) a zero VV and two active VVs having the
lowest cost values (T ¼ 100 μs for all).
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As a result, a single VV is determined at the end of the optimization phase
(Figure 12).

5.2 Decision-making-based MPTC scheme

Various decision-making-based MPC schemes have been proposed to eliminate the
weighting factors. However, decision-making based on the Euclidean norm offers
lower design and computational complexity, as it does not require a sorting algorithm
[18]. This section presents this technique within the MPTC scheme, as illustrated in
Figure 13. It follows a prediction phase similar to that of the conventional MPTC but
differs in cost function optimization.

The following steps illustrate the details of this technique in turn:
First step: Generating the data set by evaluating each VV for each cost function.

Figure 11.
Block diagram of sequential MPTC scheme.

Figure 12.
Control performance of sequential MPTC scheme T ¼ 25 μsð Þ.
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Xij ¼

gτ v0ð Þ gψ v0ð Þ
gτ v1ð Þ gψ v1ð Þ
⋮ ⋮

gτ v7ð Þ gψ v7ð Þ

0
BBB@

1
CCCA (26)

where i and j denote the voltage vector and cost function, respectively.
Second step: Normalization of the dataset.

Yij ¼
min xj

� �� xij
min xj

� �� max xj
� � (27)

where xj indicates the column vectors in the dataset.
Third step: Computing the Euclidean norm over the normalized dataset Yij.

di ¼ ∥yi∥2 (28)

yi denotes the row vectors in the normalized dataset.
Fourth step: The selection of VV that minimizes the Euclidean norm.

vopt ¼ argmin
i

di (29)

It is clear that by completing the above steps, the optimum VV is determined
without the need for weighting factors. The corresponding control performance is
presented in Figure 14.

6. Sensorless control

Sensorless control enhances reliability against sensor failures and increases robust-
ness to noise, while also reducing cost, complexity, and size of electric drives by
eliminating the need for extra cabling and hardware. In certain applications, it may
not even be possible to install a sensor for measurements, necessitating the use of

Figure 13.
Block diagram of decision-making-based MPTC scheme.
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sensorless control. Various methods have been proposed to leverage both FCS-MPC
and sensorless control. To illustrate some applications of sensorless MPC schemes, this
section applies sensorless control to the classic MPC schemes discussed earlier. An
EKF observer is first introduced to estimate flux, mechanical speed, and load torque
and is then integrated with the MPC schemes.

6.1 Flux, speed, and load torque estimation

To estimate rotor flux, mechanical speed, and load torque, the function f xt,utð Þ in
Eq. (1) is extended by load torque in addition to an update in the function h xtð Þ: In
this case, the corresponding vectors are as follows:

xt ¼ isα isβ ψ rα ψ rβ ωm τl
� �T

ut ¼ usα usβ½ �T
h xtð Þ ¼ isα isβ½ �T

and

f xt,utð Þ ¼

� 1
Tσ

isα þ kr
TrLσ

ψ rα þ
kr
Lσ

ωrψ rβ þ
1
Lσ

usα

� 1
Tσ

isβ þ kr
LσTr

ψ rβ �
kr
Lσ

ωrψ rα þ
1
Lσ

usβ

Lm

Tr
isα � 1

Tr
ψ rα � ωrψ rβ

Lm

Tr
isβ � 1

Tr
ψ rβ þ ωrψ rα

3
2
kr

pp
Jt

ψ rαisβ � ψ rβisα
� �� 1

Jt
τl

0

2
6666666666666666664

3
7777777777777777775

Figure 14.
Control performance of decision-making-based MPTC scheme T ¼ 25 μsð Þ:
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Applying the first-order Euler approximation in Eq. (2) to the above model and
using the discrete model in the recursions of the EKF observer as outlined in Table 1,
an EKF observer is obtained for estimating rotor flux, rotor mechanical speed, and
load torque [19].

6.2 Sensorless MPCC scheme

A sensorless MPCC scheme, presented in Figure 15, is obtained by integrating the
EKF observer designed in Section 6.1 into the classic MPCC scheme in Section 3.1. It is
worth noting that load torque estimation is not necessary for the sensorless MPCC
scheme; it is only used to improve the low-speed estimation performance of the EKF
observer [20].

As shown in Figure 15, the variables filtered by the EKF are used in the prediction
model instead of the measured ones. This approach helps reduce noise in the pre-
dictions and improves control performance.

The resulting control performance is shown in Figure 16 for a sampling time of
T ¼ 25 μs.

Figure 15.
Block diagram of the sensorless MPCC scheme.

Figure 16.
Control performance of sensorless MPCC scheme T ¼ 25 μsð Þ.
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6.3 Sensorless MPTC scheme

A sensorless MPTC scheme, illustrated in Figure 17, is designed by combining the
MPTC scheme in Section 3.2 and the EKF observer in Section 6.1. Similar to the
sensorless MPCC scheme, the filtered states from the EKF observer are used in the
prediction models rather than the measured ones. This approach helps to mitigate the
adverse effects of noisy measurements. The resulting control performance is shown in
Figure 18 for a sampling time of T ¼ 25 μs.

6.4 Sensorless MPDSC scheme

A sensorless MPDSC scheme, shown in Figure 19, is designed by combining the
MPDSC scheme in Section 3.3 and the EKF observer in Section 6.1. Unlike the con-
ventional MPDSC scheme, the mechanical speed and load torque, which are essential
for prediction models and cost function optimization, are estimated by the EKF

Figure 17.
Block diagram of the sensorless MPTC scheme.

Figure 18.
Control performance of sensorless MPTC scheme T ¼ 25 μsð Þ.
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observer, as shown in Figure 19. Similar to previous sensorless direct MPC schemes,
the filtered states from the EKF observer are utilized in the prediction models to
suppress the adverse effects of noise on the predictions. The resulting control perfor-
mance is presented in Figure 20.

7. Summary

This chapter first introduced conventional FCS-MPC schemes for controlling an
induction motor fed by a two-level VSI. Then, two modulated schemes were applied
to conventional MPCs to reduce current harmonics and torque ripples. To address the
issue of weighting factor design in the FCS-MPC technique, two weighting factor
elimination methods were introduced using the conventional MPTC scheme. Lastly, a

Figure 19.
Block diagram of the sensorless MPDSC scheme.

Figure 20.
Control performance of sensorless MPDSC scheme T ¼ 25 μsð Þ.
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sensorless control technique was integrated with conventional FCS-MPC schemes to
reduce cost and drive size while enhancing reliability and robustness.

All these applications demonstrate that MPC is an effective method for controlling
power converters and electric drives. Its flexibility allows it to address challenges with
minimal effort. However, it is clear that further research is still needed to resolve
issues with even less effort.
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