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Abstract 

 In the last few years, intensive research within the field of advance control schemes for 

AC drives has been conducted worldwide. With the currently available control schemes, 

power electronic converters and signal processing the realization of motor drives featur-

ing excellent properties in a wide speed and torque range is possible. An operation of 

the motor drives without restrictions demand the measurement of the angular position 

of the shaft. As optical high resolution encoders are sensitive to environmental influ-

ences, like dust, vibration and temperature, they are prone to failure. They also demand 

additional cables and interfaces. Therefore, in the last decades a worldwide extensive 

research in industry and academia has led to several techniques pertaining the operation 

of a drive without the utilization of mechanical encoders. The so called ‘sensorless’ or 

"encoderless" control schemes have been enhanced in multiple research works to 

achieve a high dynamic performance for standard electrical AC- machines. 

The present work deals with the sensorless control of the asynchronous machines by 

using the so-called fundamental wave models of the machine. It is well-known that a 

sensorless control can be achieved with good performance that can be developed based 

on the terminal voltages and currents of the machine without any measurement of the 

rotor position. Unfortunately, this method fails at low stator frequencies, and therefore 

the sensorless operation is only possible at medium or high speed. In addition the model 

utilized for the control is not fed with the stator voltages since they are usually not meas-

ured. Moreover the terminal voltages are reconstructed out of their reference values 

which are calculated by the controller. For this reason the control task becomes more 

complex because the imperfections and nonlinearity of the inverter have to be consid-

ered. 

Power electronics inverters equipped with SiC switches for feeding the AC machines 

can be operated at higher switching frequencies, many research groups have been work-

ing with such system aiming better performance, a higher efficiency and some featuring 

sinusoidal output voltages. Nevertheless the objective of the current research is a differ-

ent one, namely to obtain smooth terminal voltages that can be easily measured in order 

to enhance the classical fundamental-wave, sensorless control schemes as well as of 

other methods like the natural field orientation (NFO) and the control with an model 

reference adaptive system (MRAS). 
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Zusammenfassung 

In den letzten Jahren ist weltweit eine intensive Forschung auf dem Gebiet der Steuerung 

und Regelung von Drehstrommaschinen erfolgt. Die bekannten Regelverfahren in Ver-

bindung mit  den verfügbaren leistungselektronischen Umrichtern  sowie mit Hilfe der 

sehr weit entwickelten, schnellen,  elektronischen Signalverarbeitung, ermöglichte die 

Realisierung von elektrischen Antrieben mit hervorragenden Eigenschaften in einem 

weiten Drehzahl- und Drehmomentbereich. Ein geregelter Betrieb der Asynchronma-

schine ohne Einschränkungen im Drehzahlstellbereich verlangt allerdings die Messung 

der Winkelposition des Rotors. Allerdings sind optische hochauflösende Encoder emp-

findlich gegen Umwelteinflüsse, wie Staub, Vibration und Temperatur, und reduzieren 

folglich die Systemzuverlässigkeit. Weiterhin erfordern sie zusätzliche Kabel und 

Schnittstellen. Daher hat man sich in den letzten Jahrzehnten, sowohl in der akademi-

schen Welt als auch in der Industrie, mit der Entwicklung von Regelverfahren befasst, 

die ohne die Verwendung von mechanischen Drehgebern (Encodern) funktionieren.  

Diese sogenannten "sensorlosen" oder "geberlosen" Regelungen wurden in vielen For-

schungsarbeiten intensiv untersucht und ständig verbessert, um eine hohe Dynamik mit 

Standard-Asynchronmotoren in einem weiten Drehzahlbereich zu erzielen. 

Es ist bekannt, dass eine Regelung der Asynchronmaschine mit alleiniger Verwendung 

der Klemmengrößen (Statorstrom und –spannung) ohne Messung der Rotorposition 

möglich ist. Leider versagen solche Methoden bei sehr kleinen Statorfrequenzen und 

finden deshalb nur bei höheren Drehgeschwindigkeiten Verwendung. Darüber hinaus, 

wird in solchen Verfahren die Messung der Klemmenspannungen vermieden und anstatt 

dessen die von der Regelung errechneten Sollgrößen verwendet. Die Realisierung wird 

deshalb komplexer, denn etwaige Nichtlinearitäten und Unzulänglichkeiten des Wech-

selrichters müssen im Modell berücksichtigt werden. 

Für die Speisung der Asynchronmaschine können auch mit SiC-Schaltern ausgestattete 

Wechselrichter verwendet und mit sehr hohen Schaltfrequenzen betrieben werden. In 

einigen Forschungsarbeiten wurden solche Systeme im Hinblick auf eine bessere Effi-

zienz und Dynamik sowie auf die Glättung der Klemmenspannung untersucht. Die Vor-

liegende Arbeit verfolgt allerdings ein anderes Ziel, nämlich die Messung der nahezu 

sinusförmigen Statorspannungen zur Verbesserung der bekannten sensorlosen Regel-

verfahren sowie die Untersuchung  der "Natürlichen Feldorientierten Regelung" und die 

Modell-Referenz-Regelung bei Speisung mit gemessenen Spannungen. 
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1 Introduction 

 

1.1 Motivation of the present work  

Commercially available wide bandgap (WBG) semiconductors may replace Silicon (Si) 

switches in many applications, as they can enhance the efficiency of power electronic 

devices by reducing the switching losses at a given switching frequency [1] . In order to 

improve the efficiency, size, cost, and control features, some of the power electronic 

SiC-devices are currently used in switched mode power supplies (SMPS) and can be 

evaluated for their utilization in motor drives. It is also reported that power electronics 

inverter equipped with WGB switches like SiC-Mosfets are used in systems for renew-

able energy generation (e.g.: solar panels and wind turbines) and achieve a higher effi-

ciency [2] and [3]. Therefore, WBG semiconductors can be considered as potentially 

beneficially to the development of more efficient inverters for renewable energy 

sources.  

The availability of Silicon Carbide (SiC)-switches gives the design of conventional in-

verters the ability to operate at higher switching frequencies: up to 100 kHz or even 

more. For the feeding of three-phase machines, these high switching frequencies are not 

necessary and therefore dispensable in common industrial drives. Nevertheless, the high 

switching frequency of the inverter may be an advantage if the output voltages are ap-

propriately filtered and become rather sinusoidal. In this way, some of the negative ef-

fects of the usually non-sinusoidal voltage may be attenuated while the performance of 

the sensorless control can become more efficient.  

In terms of control, one of the most widely used topologies for the control of the Induc-

tion Machine (IM) is the encoder-less Field Oriented Control (FOC). It has been shown 

that the elimination of the position or speed sensor in variable speed drives may decrease 

the sensor cost and hence increase the system’s reliability [4] and [5].  

In this work, it is shown that the SiC inverter with an output LC filter for feeding an 

induction machine can produce almost sinusoidal voltages on the terminals of the ma-

chine. The advantages of a three-phase, two-level voltage source inverter (VSI) 

equipped with silicon carbide-switches and an output filter are: minimizing the harmonic 

content of the machine voltages, reducing the stress on the winding of the machine and 

the produced noise and extending the range of operation of a sensor-less field oriented 
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control scheme. This work aims to the improvement in the quality of the voltages that 

will be exploited for the enhancement of the voltage model that is used for the estimation 

of the rotor flux space phasor in field orientated control schemes. 

1.2 State of the art 

. First the developments in the area of sensorless field oriented control of the induction 

machine by using fundamental wave models are described. In addition the state of 

knowledge in the areas of Natural Field Orientation (NFO), Model Reference Adaptive 

System (MRAS) and the wide bandgap (WBG) especially, Silicone Carbide (SiC) de-

vices that are used in the two-level voltage source inverter in the present work are also 

discussed. 

1.2.1 Sensorless control of the induction machine 

Since the 1970s, the vector control which is also named field oriented control (FOC), 

was comprehensively investigated [6] and [7]. It is reported that the indirect method of 

field orientation control was introduced by K. Hasse [8], while the direct method of field 

orientation was presented by F. Blaschke [9]. Explanations to vector control and field 

orientation of asynchronous motors are provided in the publications [10] and [11]. 

1.2.1.1  Fundamental wave models 

As optical high resolution encoders are sensitive to the influences of the environment 

like mechanical shock, dust and temperature, they are prone to failure. The optical en-

coders also demand additional cables and interfaces [12]. Thus, extensive research in 

the last decades has led to several techniques pertaining the operation of a drive without 

the utilization of mechanical encoders. The so called ‘speed-sensorless’ control schemes 

have been enhanced by different research groups in academia and industry to achieve a 

control with high dynamic and good performance for standard electrical machines [13] 

- [24]. A good description of the state of the art and the classification of different ap-

proaches can be found in [25]. 

The fundamental wave models are methods that use the classical dynamic equations of 

the AC machine that assume sinusoidal distribution of the magnetic flux density in the 

air gap and neglect the space harmonics and other secondary effects. These methods 
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may be employed in the development of control schemes for the corresponding ma-

chines in order to obtain the information of the speed or to estimate the rotor position. 

Hence additional test signals or special unbalanced characteristics of the motor are not 

required. The fundamental wave models are applied for a very wide range of machine 

types as they demand less implementation effort in comparison with those that apply 

test signals and are well applicable at higher speeds. Basically, a stable control of the 

machine at standstill, i.e. zero stator frequency, is not possible with these methods be-

cause if the induced voltage in the rotor is zero, than the system becomes unobservable 

[25]. On the other hand, because these methods are based on a model of the machine, 

they are often subjected to parameter variations in temperature-dependent quantities, 

such as resistances, which must be adapted during the operation to obtain a reliable es-

timation of the speed, or even subject to measurement errors in the current measurement. 

During the last five decades, the fundamental wave models were improved to provide 

better performance even at low speeds of operation. Thus, several important methods 

have been developed in order to obtain the angle of the rotor flux space phasor. By using 

the so-called ‘current model’, a simple approach is introduced where only the stator 

current and the rotor angular position are needed for the determination of the angular 

position of the rotor flux space phasor [26] - [28]. 

To avoid  using an angular sensor, a sensorless control scheme based on the voltage 

model of the induction machine could  be used [29] and [30]. The most substantial dis-

advantage of this approach is the presence of two open-loop integrators responsible for 

the calculation of the stator flux space phasor. To overcome this problem, many different 

models were modified such as [31] - [35]. 

Due to the nonlinearities of the inverters, the models used in the control schemes have 

to be corrected. Some additional drawbacks include measurement errors in the current 

measurement like offset or noise, as well as in the temperature change of the value for 

the stator resistance R1 [36], [13] and [4]. All these effects lead to an inaccurate estima-

tion of the stator flux, particularly at very low stator frequencies and unloaded machines 

[37], [38] and [39]. Therefore, various approaches pursue a way to modify the integra-

tion to an equivalent operation, which is less susceptible to these effects, such as a first-
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order delay or a band-pass [40] - [45]. Although this approximation is quite accurate for 

higher frequency values, it leads to a wrong output variable for the stator flux at a stator 

frequency below the cutoff frequency of the low pass filter (LPF) element. [46], [47] 

and [48]. The effective implementation of modified integration methods can be found 

in in [49], [50] and [4]. However determining the nonlinearities of the inverter, estimat-

ing the stator resistance, as well as correcting the offsets, add more complexity to the 

simple structure of the voltage model. 

1.2.1.2  Natural Field Orientation (NFO) 

The control method for the induction machine called "natural field orientation (NFO)" 

was presented in the literature in 1980 by Ranger Jönsson and patented as ‘‘Method and 

apparatus for controlling an AC motor’’ in 1994 [51] and [52]. The idea behind the NFO 

is that the stator flux space phasor is lagging 90° to the induced stator voltage space 

phasor. With the assumption that the magnitude of the stator flux is constant, the position 

of the stator and of the rotor flux space phasor can be calculated [1], [53] and [54]. 

A full dynamic model of the NFO structure was developed and presented in [55] and 

[56], showing the results of its linearized stability analysis. The NFO scheme also uses 

the stator voltages for the calculation of the induced voltages and thus for obtaining the 

rotor flux space phasor [57], [58] and [59]. The natural field orientation has some inter-

esting parameter robustness properties, thus, the investigation of the parameter error ef-

fects on the frame alignment accuracy of the NFO has been presented in [60] and [61]. 

An advanced system for dead time compensation in the pulse width modulation (PWM) 

circuit was proposed in the NFO control system to enhance the control scheme [62]. 

1.2.1.3  Model reference adaptive system 

Model Reference Adaptive System (MRAS) is an adaptive control technique, which 

modifies the parameters of a model until it delivers a satisfying fitting and a comparable 

output like a reference model. For the control of the induction machine, the MRAS can 

use the possibility of calculating the same state variables of the machine, such as the 

rotor flux space phasor from two independent sets of equations or machine models. The 

first model can be the voltage model (UM) or the natural field orientation (NFO) and it 
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does not include the mechanical angular velocity 𝜔௠௘௖௛. For the MRAS, the current 

model is the second one and contains the mechanical angular velocity 𝜔௠௘௖௛as variable. 

In the specific case of the sensorless determination of the rotor position, the voltage 

model or the NFO model is used as a reference model and the parameter of identified 

rotor angle identified , adapted until the current model is fitted and provides the same direc-

tion of the stator flux space phasor. At this point, the estimated angular velocity is as-

sumed to correspond to its real value and may be employed for the speed control. The 

basic structure of the adaptive methods with reference model and a speed estimator was 

shown previously in [63].  

There are various approaches in the literature concerning the MRAS control of the in-

duction machine; some of these take into account the extended functions. Thus, the de-

termination of the error between the state variables of both models can be realized in 

different manners: an implementation by using the rotor flux is reported in [21] and [64], 

while in [17] the stator current was used, however in [65] and [66] the stator machine 

voltages are used to determine the estimation error between the two models.  

In order to extend the possibility of using the encoder-less methods, the stable work at 

very low speeds is presented in [4] and [5], and an additional adaptation of the value of 

the stator or rotor resistance is used. 

A tracking allows a more accurate representation of the model, which permits more fa-

vorable estimation of the state variables. Additional corrections of the stator voltage 

calculation in the voltage model are reported in [67] and [68]. Examinations and results 

for adaptations of the MRAS structure with predictive control elements for speed esti-

mation or fuzzy logic systems can be found in [18] and [69]. 

1.2.2 Silicon Carbide (SiC) semiconductor devices 

Conventional Si-MOSFETs or Si-IGBTs are currently the most widely used semicon-

ductor switches in inverters. Si-MOSFET exhibits switching frequency from ten to hun-

dreds of kHz. However, conventional Si- MOSFETs have a disadvantage associated 

with the high "on" resistance, which rapidly increases with the rated blocking voltage. 
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The Si-MOSFETs featuring blocking voltage of 600V, 1200V are costly and have a 

limited availability. Currently, Silicon Carbide MOSFETs are available with blocking 

voltages of 1200V and on-resistance of 80 mΩ compared to on-resistance up to 1000 

mΩ of Si-MOSFETs. They are ideal for applications like voltage source inverter [70] 

and offer an interesting field of investigation. An overview of new advances in novel 

Silicon Carbide and Gallium Nitride GaN-based power devices can be found in [71]. 

The Silicon Carbide SiC devices have efficient electrical properties that may replace Si 

switches in many applications [72] and [73]. The performance of the SiC MOSFET 

model based motor drive is compared with an equivalent silicon IGBT model drive in 

[70]. As reported in [3] by replacing the Si switches with SiC ones, the switching losses 

can be significantly reduced. The capability of SiC devices to work at extremely high 

ambient temperatures make them suitable for many automotive and  aerospace applica-

tions [74], nevertheless high-temperature consistent device packaging has needed to be 

suitable for such environments [75] and [76]. 

SiC-based power switches are also suitable for high voltage applications. SiC power 

switches in 1,2 kV modules are available [77] and are an appropriate alternative in this 

voltage range since they exhibit a low specific on-resistance and are able to operate at 

high switching frequencies and high ambient temperatures [73]. 

Inverters equipped with SiC switches can be operated at higher switching frequencies, 

therefore many research groups have been working with such system aiming better per-

formance, a higher efficiency but some others pursuing  sinusoidal output voltages [67] 

- [71]. 

Additional research in the field of inverter design deals with increasing the efficiency of 

three-phase inverter based on SiC switches by using the parallel connection of power 

modules with the resulting reduction of the on-state losses as presented in [78]. A SiC- 

inverter with a sinusoidal output filter is introduced with a compact Z-source converter 

in [79]. In order to verify a concept of the multi-pulse inverter at high switching fre-

quency and to achieve near sinusoidal output voltage the design of  a 10kVA inverter 

based on SiC power devices is discussed in [80]. In Photo-Voltaic (PV) inverters, the 
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initial capital cost can be reduced by using SiC technology [2], [3]. The effect of the 

inverter dead time is under investigation in many types of research, and decreasing the 

dead time was presented efficiently by using Silicon Carbide Bipolar Junction Transistor 

(SiC-BJT) in [81]. The demonstration of the suitability  of SiC devices in power gener-

ation units for a transportation vehicle, where a significant cost reduction in the thermal 

management system is achieved,  can be found  in [82], [83] and [84].

Summarizing, the reduction of the cost and size, and increasing the lifetime and the 

overall efficiency is the main goal of applying SiC devices. 

1.2.3 Topology of the inverter output filter 

The installation of small LC filters between a fast switching-type inverter and a three-

phase induction machine has some advantages. For example, it protects the motor wind-

ing insulation against dv/dt as well as voltage spikes and reduces other undesired effects 

[85]–[90]. 

1.3 Objectives of this work 

This work focuses on the design and implementation of a three-phase, two-level voltage 

source inverter that is equipped with (SiC)-switches and is complemented with an output 

filter featuring almost  sinusoidal output voltages and currents. The objective of this 

structure is twofold: first, the reduction of the stress on the winding of the machine and 

the produced noise, second to increase the range of operation of a sensorless field ori-

ented control scheme. The high switching frequency that can be achieved with the SiC-

switches allows the design of a rather small LC filter for the output of the inverter. With 

these values, not only the harmonic content of the currents but also the ripple of the 

output voltage could be significantly reduced resulting in a practically sinusoidal volt-

age. In this way, the measured voltages can be used instead of the reconstructed ones 

for the enhancement of the voltage model, as well as the natural field orientation and the 

performance of the control scheme.
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1.4 Outline of the chapters 

The arrangement of this thesis is as follows. 

Chapter 1 presents both the motivation for, and the objectives of, the work. In addition 

it describes the state of the art regarding the topics of this thesis. 

Chapter 2 presents the basic concepts that are used in this work. This chapter discusses 

the mathematical model of a squirrel cage induction machine (IM) that uses the machine 

equation in a complex form i.e. as space phasor equations. 

The basic description of the wo-level voltage source inverter, which is used to supply 

the squirrel cage induction machine, is also presented in this chapter. Some considera-

tion for the design of the inverter with the silicon carbide devices were included as well. 

Finally, the design and implementation of a small LC-filter to be connected between the 

fast switching-type inverter and the three-phase induction machine are considered. 

Chapter 3 covers the principle of field oriented control (FOC) theory for the induction 

machine (IM). In addition, this chapter also focuses on the sensorless control of the in-

duction machine and on the calculation of the rotor space phasor by two methods both 

based on the fundamental wave equations of the machine. The first approach employs 

the measured mechanical rotor position and the stator currents and is called the current 

model. The second one represents a simple approach without an additional speed sensor, 

thus the rotor flux phase phasor can be obtained by using the terminal stator voltages 

and currents. The voltage model of the induction machine is a convenient flux estimator 

model due to it is simplicity; hence the stator resistance is only the important parameter 

of this model.  

An enhancement of the voltage model is introduced that can be achieved if the model is 

fed with the measured terminal voltages instead of using the voltage reconstructed from 

the switching signals of the inverter. 

The principle of control by using a model reference adaptive system (MRAS) is also 

included in this chapter. Finally, the natural field orientation (NFO) is discussed as an 

efficient control technique for the induction machine. An enhancement of the natural 

field orientation (ENFO) can be achieved, when the measured terminal voltages are used 

instead of the calculated ones. 
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Chapter 4 shows the enhancement of the conventional control techniques by using the 

measured terminal voltages. The difference between the pulsating and sinusoidal volt-

ages is described and the practicability of measurements is described as well. It explains 

some of the drawbacks of the voltage model fed by reference values of the voltages 

(standard voltage model) and some methods for the elimination of errors and non-line-

arities. 

The measurement of the terminal voltages by using up-to-date electronics and only in 

the low voltage range is viewed as an unimplemented, but new, idea. 

Chapter 5 describes the structure of the experimental setup which was used for the 

validation of the theoretical considerations and presents and discusses the experimental 

results that were obtained in the numerous experiments. 

Chapter 6 discusses the conclusions of this work and the relevance of the obtained re-

sults as well. The proposal of the future project also indicated in this chapter.



 

2 Theoretical Concepts 

 

2.1 Modeling of the Induction Machine (IM) 

2.1.1 Mathematical model of the induction machine  

A useful study of an induction machine operation requires an active mathematical 

model. The mathematical representation of the three-phase induction machine should 

include the relationship between the electromagnetic torque and all the electrical and 

mechanical values of the machine. The modeling and analyzing of the induction ma-

chine as a dynamic system is the first step for its understanding and for the design of a 

control scheme. In order to model the induction machine, different methods are possible 

as already described in [40], [42]. 

The following assumption are adopted when the mathematical equations are written 

in order to simplify them [40], [43], [91]: 

 Stator and rotor windings are sinusoidally distributed in space and replaced by 

an equivalent concentrated winding. 

 The field distribution along the periphery of the air gap is sinusoidal.  

 A symmetrical design of the electrical machine. 

 The iron is not saturated. 

 The stator and the rotor surfaces are cylindrical. 

 The rotor bars are equally distributed along the surface of the squirrel rotor cage. 

 The rotor bars are insulated from the rotor core. 

 The air gap between the rotor and stator is symmetric. 

 Hysteresis, eddy currents, anisotropy effect, core loss and skin effect, all are not 

considered. 

 The resistance and inductance of the stator and rotor windings do not vary with 

the temperature. 

 The friction and windage losses are neglected and the mechanical couple is stiff. 

2.1.2 Machine equations in the complex form 

The mathematical model of the induction machine, which considers all the rotor 

loops of the rotor cage, is too complex, especially when it is used for the development 
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of a control scheme. Therefore, the model of the induction machine which is used in its 

control is based on the space phasor theory which will be described in the following [42] 

[92] [93]. 

2.1.2.1 The space phasor 

The space phasor theory was first presented in the fifties of the 20th century by the 

Károly Pál Kovács [94]. Given the utility of this theory, it has been developed by Jaro-

slav Stepina [95] and L. Serrano-Iribarnegaray [96]. This theory provides a very useful 

tool to deal with the three-phase system in general. Due to the usefulness of this theory 

in three-phase systems, it has been used in order to describe the dynamic behavior of the 

three-phase induction machine. The space phasor has the ability to deal with complex 

variables that summarize the instant values of three-phase quantities, therefore, it is not 

limited to the description of steady-state behavior, but it is valid for the transient states 

and non-sinusoidal analysis. 

 Under the assumption that there is no zero component in a three-phase system, i.e. 

the three instantaneous values  Ur t ,  Vr t  and  Wr t  of a three-phase quantity 𝑟 satisfy 

      0U V Wr t r t r t    (2.1) 

the quantity 𝑟 can be represented in a space phasor 𝑟ሺ𝑡ሻ defined by 

        22

3
ij

U V Wr t r t a r t a r t e        (2.2) 

where 

2 4
2 23 31 3 1 3

1; ;
2 2 2 2

j j
j a e j a e j

 

           (2.3) 

It is still necessary to define the angle 𝛾௜ , which is referred to an arbitrary reference axis, 

to complete the space phasor representation (2.2). For stator quantities, the angle 𝛾௜ ൌ

𝛾ଵ is the position of the axis of the stator winding phase U with respect to a given refer-

ence frame. Normally 𝛾ଵ ൌ 0 is chosen, and (2.2) can be rewritten as: 

        22

3 U V Wr t r t a r t a r t      (2.4) 
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The instantaneous value of the three phases can be obtained by making a projection 

of the space phasor on the corresponding axis  

     1 2Re ; Re ; ReU V Wr r r r a r r a       (2.5) 

In the three-dimension coordinate system U, V, W, the variable 𝑟 can be represented 

in the form of a three-element algebraic vector as follows 

   , ,
T

U V WUVW
r r r r  (2.6) 

Figure 2-1 shows the geometric construction of the space phasor of the stator current  

1i  for assumed values of 1Ur , 1Vr >0 and 1Wr <0. 

 

Figure 2-1 Geometric representation of the space phasor 1i  

 

For a modeling of the three-phase electrical system a 𝑈, 𝑉, 𝑊 frame of coordinates 

that considers each of the three-phases the 𝑈, the 𝑉 and the 𝑊 components as a separate 

entity. A simplification can be obtained by using a two-dimensional system of coordi-

nates as it results from the space phasor representation. 

By defining the angle 𝛾௜ ൌ 𝛾ଵ ൌ 0 in (2.2) the 𝛼, 𝛽 stationary coordinates referred 

to the stator is defined and it is possible to obtain the components of the space phasor 

along the real and imaginary axis as: 
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 22

3 U V Wr r a r a r r j r         , (2.7) 

with 

   22
Re Re

3

2 1 3 1 3
Re

3 2 2 2 2

U V W

U V W

U

r r r a r a r

r j r j r

r


       
 

                          



, (2.8) 

and 

   

 

22
Im Im

3

2 1 3 1 3
Im

3 2 2 2 2

1

3

U V W

U V W

V W

r r r a r a r

r j r j r

r r


       
 

                          

 

 (2.9) 

As example, for the current space phasor results: 

Ui i  , (2.10) 

and 

1
( )

3
V Wi i i     (2.11) 

     In this system, the instantaneous quantities in an equivalent two orthogonal phases 

can be represented as r  and r , that establishes the same resulting wave as the three-

phase quantities. 
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In a similar way, a second frame of coordinates can be defined by choosing the an-

gle 𝛾௜ as a time-varying angle 𝜑ሺ𝑡ሻ resulting into a two-dimensional 𝑑, 𝑞 -rotating ref-

erence frame. The 𝑑-axis of the rotating reference frame is shifted by 𝜑ሺ𝑡ሻ  from the 𝛼-

axis of the 𝛼, 𝛽 coordinate system as illustrated in Figure 2-2. The 𝑑, 𝑞 reference frame 

owns a crucial advantage over the U,V, W and the 𝛼, 𝛽-coordinate systems. If the rota-

tional velocity 𝜑ሶ ሺ𝑡ሻ is properly selected, i.e. 𝜑ሶ ሺ𝑡ሻ  ሶ  is identical to the angular velocity of 

the rotating field in the airgap, the space phasors are observed in steady state as a DC-

quantites in the 𝑑, 𝑞 reference frame. As a result, the space phasors can be conveniently 

manipulated within control schemes. In the 𝑑, 𝑞 coordinate system, the space phasor 

𝑟 can be written as: 

   ( ) Re ( ) Im ( ) ( ) ( )d qr t r t j r t r t j r t     (2.12) 

 

Figure 2-2 Transformation of a stator space phasor ( )r t   between the fixed α-β stationary 

reference frame and d-q rotating reference frame 

It is worth noting that the space phasor representation as aforementioned is valid 

for any electrical and magnetic quantities, for example, current 𝑖, voltage 𝑢, magnetic 

flux density 𝐵, flux linkage   , etc. 
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2.1.2.2 Coordinate transformations 

Section 2.3.1 illustrates that the quantity r(t) belonging to the space phasor 𝑟ሺ𝑡ሻ can  

be represented in one of the three coordinate systems: the U, V, W-, the 𝛼, 𝛽- and the 

𝑑, 𝑞- coordinate systems. 

According to (2.8) and (2.9), the transformation from the U, V, W- to the 𝛼, 𝛽- coor-

dinate system is as follows:  

1 0 0

3 3
0

3 3

U

V

W

r
r

r
r

r





  
                

 (2.13) 

And, the inverse transformation from the 𝛼, 𝛽 - to the 𝑈, 𝑉, 𝑊- coordinate systems is 

given by: 

1 0

1 3

2 2

1 3

2 2

U

V

W

r
r

r
r

r





 
 

   
                 

    

 (2.14) 

The transformations between the U,V,W and the 𝛼, 𝛽 coordinate systems and vice 

versa can be represented blocks depicted in Figure 2-3. 

 

Figure 2-3 Blocks represnting the transformations between the 𝑈𝑉𝑊 and the 𝛼, 𝛽 coordinates 

and vice versa 

Regarding the transformation between the 𝛼, 𝛽 and the 𝑑, 𝑞 coordinate systems and 

vice versa, Figure 2-4 shows the blocks representing these transformations. 
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Figure 2-4 Blocks represnting the transformations between the 𝛼, 𝛽 and the 𝑑, 𝑞 coordinates 
and vice versa 

As depicted in Figure 2-2 𝑟ఈ ൅ 𝑗 ∙ 𝑟ఉ ൌ |𝑟| ∙ 𝑒௝ఌ௧ and 𝑟ௗ ൅ 𝑗 ∙ 𝑟௤ ൌ |𝑟| ∙ 𝑒௝ሺக୲ି஦ሻ. Con-

sequently, the transformation from the 𝛼, 𝛽 coordinate system to the 𝑑, 𝑞 reference frame 

is as follows: 

 
  
   

cos sin

cos sin sin cos

j
d q

d q

d q d q

r j r r j r e

r j r j

r r j r r


      

      

            

 (2.15) 

By decomposing in the real and the imaginary parts in (2.15) results: 

cos sin

sin cos
d

q

rr

rr




      
           

 (2.16) 

and for the inverse transformation (2.60) follows: 

cos sin

sin cos
d

q

r r

r r




     
           

 (2.17) 

2.1.3 Mathematical description of the induction machine in the complex form 

The voltage equations of the induction machine can be expressed by using the space 

phasors theory. The complex equations that describe the dynamic behavior of the induc-

tion machine in a general frame of the coordinate is given by [27]: 

1 11 1 1 1
u R i j         (2.18) 

' '' '
2 22 2 2 2

u R i j          (2.19) 

For squirrel-cage rotor type, the voltage in the rotor becomes: 

'' '
22 2 2 2

0 R i j          (2.20) 

The flux space phasors of the rotor and stator can be written as:  



2.1 Modeling of the Induction Machine (IM) 
 

 

17

' '
1 2 1 21 1 1 1 1 1( )h h hL i L i L L i L i           (2.21) 

' '' ' '
2 1 2 12 2 1 1 2 1( )h h hL i L i L L i L i           (2.22) 

where 1hL  is the mutual inductance and the total inductances of the stator and rotor are 

given as: 

1 1 1hL L L    (2.23) 

' '
2 1 2hL L L    (2.24) 

The leakage inductances of the rotor and the stator are 1L   and 2'L  respectively. In 

addition, the leakage coefficients are defined: 

Where: 

2
1

'
1 2 1 2

1
1 1

(1 ) (1 )
hL

L L
    

     
, 

'
1 2

1 2
1 1h h

L L

L L
                     (2.25) 

The spaces phasors of the currents can be calculated from the flux space phasors by 

using Eq. no. (2.25) and it follows: 

11 2

' '
11 22

1 11

1 1. h

i

Li

       
                

        
           

 (2.26) 

In order to complete the description of the system, the mechanical equation is necessary: 
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where the internal torque iM  can be expressed as: 
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This set of complex differential equations describe the dynamic behavior of the induc-

tion machine for arbitrary voltages and load torque. Before they can be utilized, the 
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general reference axis depicted in Figure 2-4 has to be defined in order to get the proper 

relationships among the angles that are used in the equations above: 

2 1     (2.29) 

As stated above, in case of a stator fixed system of coordinates the angle γ1 is zero 

and the equations are accordingly modified. The stator coordinates are important as they 

describe the currents and voltages as they are measured; however a disadvantage of this 

frame of coordinates is that in a machine fed by AC voltages (which is the normal case) 

all quantities are in steady state also AC variables. For the purpose of control a frame of 

coordinates, in which the variables are DC quantities is preferred and will be presented 

in the following. 

 

Figure 2-5 Reference angle description

 



2.2 Inverters 
 

 

19

2.2 Inverters 

2.2.1 Voltage Source Inverter (VSI) 

 

Figure 2-6 Three-phase voltage source inverter (VSI) connected to AC-motor 

Figure 2-6 illustrates the typical structure of a three-phase AC variable speed drive 

system with a voltage source inverter (VSI). The VSI consists of three half bridges of 

power semiconductors, which are denoted by 𝑆௎ା |𝑆௎ି, 𝑆௏ା |𝑆௏ି, 𝑆ௐା |𝑆ௐି correspond-

ing to phase 𝑈, 𝑉 and 𝑊, respectively. The switches have antiparallel free-wheeling 

power diodes with the notation 𝐷௎ା |𝐷௎ି, 𝐷௏ା |𝐷௏ି, 𝐷ௐା |𝐷ௐି. The VSI is fed by a 

voltage source with the DC-link voltage 𝑈ௗ௖. The VSI can convert the DC-link voltage 

into three-phase AC voltages by controlling the states of the power switches. The 

switching state of each phase is defined as [97]: 

(-), in the case of the phase winding is connected to the negative potential, or 

(+), in the case of the phase winding is connected to the positive potential of the DC-

link voltage

     By combining the possible switching states of each phase, eight voltage space phas-

ors 𝑢଴, 𝑢ଵ, 𝑢ଶ, 𝑢ଷ, 𝑢ସ, 𝑢ହ, 𝑢଺, 𝑢଻ can be obtained. The space phasor 𝑢଴, where all the out-

puts are connected to the negative potential, and 𝑢଻,where all the outputs are connected 

to the positive potential, are called zero voltage space phasors, because their amplitudes 
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are zeroed. The six remaining voltage space phasors divide the space into six equal sec-

tors 𝑆ଵ ⋯ 𝑆଺ as shown in Figure 2-7. 

 

Figure 2-7 Standard voltage space phasors 𝑢଴ ⋯ 𝑢଻  provided by a two-level voltage source 

inverter (VSI) 

2.2.2 Pulse Width Modulation (PWM) 

In motor dives fed by voltage source inverters usually the Pulse Width Modulation 

(PWM) is used in the control electronics to calculate the switching instants of the power 

semiconductor switches. One very common method of modulation is the so-called space 

phasor or vector modulation, which is well described in the standard literature e.g. [63] 

and [104]. The technique of the space phasor modulation was used for the calculation 

of the switching signals of the inverter in the experimental set-up. 

2.3 Silicon Carbide semiconductors 

2.3.1 Special features of silicon carbide switches 

Silicon Carbide switches have four main advantages: 

 Higher Thermal Conductivity: SiC presents a higher thermal conductivity up to 

3 times in contrast with silicon. Thus, the heat produced by the losses are con-

ducted through the semiconductor in a better way and the temperature drop in the 

semiconductor material is reduced. 
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 Higher Operating temperature: SiC has a high melting temperature as well. 

Therefore, devices with such technology operate perfectly on a temperature that 

reaches 400°C, unlike the standard silicon that maximally runs on a temperature 

that extends to 150°C only. 

 Higher Current Density: SiC exhibits a current density that exceeds the silicon 

current density level 2 to 3 times. 

 Faster Switching Frequency: SiC technique exhibits a faster switching frequency, 

and thus, a small dead time rises. However, this feature has been taken as a dis-

advantage since it affects the quality of the current. 

Regarding the switching frequency, the Silicon Carbide switches are able to be operated 

at higher switching frequencies up to 100 kHz or more. Based on these superior proper-

ties, high-speed switching operation can be achieved in the switches structures that place 

priority on operating speed. The reverse recovery current of the Silicon Carbide 

Schottky diode remains constant, with almost no matter how much the temperature in-

creases, this minimizes the reverse recovery charge and contributes to the reduction of 

switching losses. While in the silicon diode, the reverse recovery current increases with 

temperature, this will lead to increase the switching losses [98]. 

A dramatical reduction of power losses appears in inverters when using silicon carbide 

switches, comparing with that one using Si switches [99] in Figure 2-8 which is clearly 

shows that the reduction of the power losses reaches up to 73% [99]. 

 

Figure 2-8 Loss comparison of SCH2080KE SiC-MOSFET+ Schottky Barrier Diode (SBD) 
and Si-IGBT 
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2.3.2 Silicon carbide MOSFET based inverter 

Conventional Si-MOSFET or IGBTS are currently the most widely used semiconductor 

switches in inverters. Si-MOSFET exhibit switching frequency in tens and hundreds of 

kHz are easy to apply, e.g. in low voltage, computer type power supplies, which run in 

the kHz of switching frequency range. On the other hand, conventional Si- MOSFET 

have the disadvantage of on-resistance, which increases rapidly with the rated blocking 

voltage. The Si-MOSFET featuring blocking voltage of 600V, 1200V, or even more, 

have been costly and are available only in limited amounts [70]. Presently Silicon Car-

bide MOSFETs are available with blocking voltages equal to 1200V, (and on-resistance 

equal to 80 mohm) which is ideal for applications like voltage source inverters [70]. 

The Silicon Carbide MOSFET module which has been selected in this work a 

CCS020M12CM2 SiC MOSFET Six-Pack (three-phase) Module 1,2kV/20A of CREE 

due to their suitability in dealing with the design characteristics required and specified 

for this object, Figure 2-9. 

 

Figure 2-9 CCS020M12CM2 SiC MOSFET Cree module 

2.3.3 Dead-time effect 

Conventional inverters equipped with silicon power switches demand a long dead time 

that reaches up to 3 µs in order to avoid a short through the legs of the inverter. Due to 

this delay the output voltage is distorted. If this effect is not compensated for in the 

model, the reference signals for the voltage cannot be used for feeding a model. Con-

versely, the dead time in case of the  SiC MOSFET inverter can be reduced down to 250 

ns or even less.  
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The high switching frequency of the inverter can be advantageous if the output voltages 

are appropriately filtered and become rather sinusoidal. These switched output voltages 

of the inverter can be converted into almost sinusoidal waves by passing through a small 

LC filter inserted between the SiC-inverter and the three-phase load. 

In this way, some negative effects of the non-sinusoidal voltage can be attenuated but in 

addition to that, it is expected that the performance of a sensorless control that uses the 

measured voltage instead the calculated one can also become better. 

2.3.4 Considerations for the design of an inverter with SiC modules 

For minimizing the parasitic effects in SiC MOSFET inverters, some consideration have 

to be taken into account; among others the design of the layout of the printed circuit 

board (PCB) has to be carefully examined.  

A suitable layout of the printed circuit board contributes essentially to decreasing the 

parasitic inductance and guarantees transient voltage the maximum rated blocking volt-

age of the semiconductor switches [100]. In this work, following manufacturer’s recom-

mendations, a multilayer printed circuit board, designed with four layers was used; the 

top layer is connected to the negative pole of the DC link, while the middle two layers 

are connected to the middle point of the capacitor bank and the whole bottom layer to 

the positive pole of the DC Link. The main objective of this structure is to minimize the 

parasitic inductance. To mitigate this effect, the magnetic field canceling technique is 

used, as illustrated in Figure 2-10 [101]. This structure makes the track of the current 

loops short by making the entire pins of the two series capacitors connected to the middle 

layers, and the outer two pins of the series capacitors are connected to the + DC LINK 

layer and – DC LINK layer. The current track loop is illustrated with the dashed black 

line [101]. 
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Figure 2-10 Schematic of the magnetic field cancelation 

In addition to that, connections from each pair of the capacitors is suggested in [101]. In 

this manner, as shown in Figure 2-11 and Figure 2-12, the current in the path through 

the parallel capacitor arrays is flowing in inverse directions in order to reduce or cancel 

the field. The current paths through each series connected couples of capacitors are 

illustrated by black arrows. 
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Figure 2-11 Magnetic field cancelation applied to the parallel rows of capacitors. –DC 

Link Layer 

 
Figure 2-12 Magnetic field cancelation applied to the parallel rows of capacitors. +DC 

Link Layer 
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2.4 Design of the inverter output filter 

The installation of a small LC filter to be connected between the fast switching-type 

inverter and the three-phase induction machine, has several advantages [97]. It protects 

the motor winding insulation against dv/dt and voltage spikes and reduces: 

 the additional magnetic losses and eddy current losses in the motor, 

 the motor heating, 

 the motor bearing currents caused by circulating currents, 

 the acoustic noise of the motor and  

 the electromagnetic emissions of the motor cables 

and delivers a filtered almost sinusoidal voltage that can be easily measured and 

used for the control of a drive. 

In the present work, an LC-filter with the topology depicted in Figure 2-13 was 

designed. 

 

Figure 2-13 Filter topology 

The circuit in Figure 2-14 and Figure 2-15 is obtained in the case of using active voltage 

vector. For example, in the case of (+--), the positive pole of the voltage of the DC link 

is connected to output phase U , and the negative pole is connected to both output of the 

other phases V , W . For the high switching frequency, the reactance of the total leakage 

inductance of the motor, which referred to the stator side, is much larger than the reac-

tance of capacitors, so it can be neglected. 
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Figure 2-14 The equivalent circuit of the 

inverter connected with the sinusoidal filter 

 

 

Figure 2-15 Compressed the equivalent cir-

cuit of the inverter connected with the 

sinusoidal filter 

The values of inductance and capacitance in the equivalent circuit are 3L௙/2  and 

2C୤/3, respectively. At high switching frequency ሺfwsሻ up to (50 kHz), the reactance of 

inductance components L௙ is much larger than reactance of the capacitors C𝑓. Thus the 

inductor that determines the ripple and it is possible to have [97] [100]: 
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The value of the capacitor C௙ results from the resonant frequency of the system: 
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The smaller current ripple on the inverter output, as well as on the filter input, can be 

achieved by using a large value of inductance L௙ that increases the cost, weight and 

volume. On the other hand, the larger current ripple may cause higher losses in the filter 

due to the loss generated in the iron core. Figure 2-16 shows the relationship between 

L௙ and ∆I, where L௙ in mH
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Figure 2-16 Required inductance value in relation to current ripple on the inverter output 

2.5 Summary of the chapter 

This chapter contains the basic concepts that are used in this work. First, the well-known 

mathematical model of a squirrel cage induction machine that uses complex space 

phasor equations is presented. As a second topic, the basic topology of the conventional 

two-level voltage source inverter with its basic description is briefly explained.  

In addition the benefits of silicon carbide semiconductor switches are discussed as they 

are an important element of this work. A section is dedicated to design considerations 

for the inverter layout and for the small LC filter that is connected between the fast 

switching-type inverter and the three-phase induction machine (IM). 
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3 Control of the Induction Machine 

 

3.1 Introduction 

Induction machines are highly reliable, low cost and often the first choice in industrial 

equipment and in general automation, yet its control is not straightforward and complex 

in the implementation. In the last decades a lot of effort was dedicated to the develop-

ment of suitable control schemes with and without mechanical encoder for the measure-

ment of the shaft position [102] [103] and [104]. 

Figure 3-1 shows the control methods for the induction machines, which are mostly 

accepted and widely used. These control methods can be generally classified into two 

classes, the scalar control that is widespread, and the space phasor control, both of them 

will be explained in the next sections [105] [28] [106].  

 

Figure 3-1 Simple classification of the induction machine control theories 
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The scalar control is a very simple method and, as it is name suggests, it deals with 

scalar quantities namely the magnitude of the controlled variables. Scalar control is eas-

ily implemented and therefore very popular because it is inherently sensorless i.e. they 

can be realized without any sensor for the shaft position. Such schemes offer an accepta-

ble steady state behavior, however they provide an unsatisfactory performance during 

the transient state especially at low operation speeds. In many applications, a behavior 

similar to the operation on the grid, and with constant maximum torque, regardless of 

the stator frequency is desired. This can be obtained if the air gap flux is kept more or 

less constant; this condition becomes true so long as the ratio between the stator voltage 

and stator frequency remains fixed. Scalar control schemes can be enhanced through 

modifications: the feedback of the measured variables, or introducing external current 

controllers. Yet the transient performance is not appropriate for applications that de-

mand a good control of the torque in the full velocity range. 

The second category of control schemes comprises the methods that apply a vectorial 

approach, and lead to an excellent dynamic behavior of the drive in high performance 

applications. A fast torque response, an excellent transient behavior, and a suitable 

steady state, are characteristic of this type of control. As is well-known in the control of 

DC machines, the field current and the corresponding main flux, as well as the armature 

current and thus the torque, are both separately controlled and orthogonal variables. 

Hence, at least theoretically, they do not influence each other. The same objective is 

targeted for the AC machines; therefore, an independent control of the magnetization 

and torque of the machine has to be achieved. Results presented in this work were ob-

tained with field oriented control, and thus other methods will not be discussed. . 

Blaschke [9] and Hasse [8] were pioneers in the 70’s in this regard, and proposed inde-

pendently of each other a vectorial control scheme that fulfills these requirements; a 

deeper review of the field oriented control can be found in the next subchapter. 

3.1.1 Principle of the Field Oriented Control  

Analogous to the control of a separately excited DC machine, the reference frame 

is aligned to one of the rotating flux space phasors. This becomes particularly advanta-

geous because firstly, all variables become DC-quantities in steady state and secondly, 

the equations are greatly simplified. The alignment with the rotor flux space phasor, 

rather than with the space phasor of the stator flux or of the air-gap flux, brings the 

simplest expression for the torque. Figure 3-2 depicts the orientation of the reference 
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frames, defining the angle φ2 between the fixed stator real axis and the rotor flux space 

phasor, which in turn, is aligned with the real axis of the field coordinate system. 

A magnetizing current space phasor that is proportional to the stator flux phasor 

is defined as: 

2 1

''
2' 2

2
1 1

j j

h h

i e e
L L

 



      (3.1) 

and after the bringing together the reference axis with the rotor flux space phasor, the fol-

lowing relations are valid: 

2 1 2 1 2 1 2 2 1 2, , ,                (3.2) 

 

Figure 3-2 Definition of the reference angles 

Then the voltage equation of the squirrel-cage rotor becomes: 
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follows from (3.5) 
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introducing the rotor time constant: 
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and separating into its real and imaginary parts 1 1 1d qi i j i    : 
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and 
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 (3.14) 

From Equation (3.12) it is easy to observe a first order delay relation between the 

magnetizing current and the real component of the stator current space phasor. By mod-

ifying i1d, it is possible to affect the magnitude of the rotor flux and, in turn, the magnet-

izing state of the machine; that is why i1d is often called the flux producing component 

of the current space phasor. Concerning the imaginary part of the rotor voltage equation 

(3.13), it is possible to deduce that by a constant flux, the q-component of the current is 

proportional to the angular frequency  2   , which describes the rotation of the rotor 

flux space phasor relative to the rotor and corresponds in steady state to the rotor fre-

quency 2 1   . As the q-component of the stator current (by constant flux) is pro-

portional to the developed torque, i1q is often called the torque producing component. 

 

Figure 3-3 Block diagram showing of the induction machine in d,q-coordinates 

As mentioned before, this control technique employs a rotating reference frame linked 

to the rotor flux space phasor; therefore it is mandatory to know its orientation, here 

represented as 2 , with respect to the real axis of the alpha-beta reference frame. In the 

next section, some mathematical solutions to obtain this angle will be explained, as well 

as their advantages and limitation
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3.2 Sensorless speed control of an induction machine 

As already mentioned, appropriate control properties may be achieved when a field ori-

entation control scheme is used in induction machine drives. Therefore, the field ori-

ented control (FOC) is currently considered an industry standard. In the case of the in-

duction machine, for the implementation of the FOC all the machine state variables have 

to be transformed into a coordinate system, which rotates synchronously with the rotor 

flux phase phasor [107]. For this purpose, the information of the rotor position has to be 

instantaneously available for the control. Position sensors, like incremental encoders and 

resolvers, are commonly used for determining the rotor position and are widely used in 

drive technology. However, they require an additional cabling between the motor and 

the control unit (as the well as corresponding hardware costs) which has to ensure reli-

able transmission and evaluation of the encoder signals.  

In many applications however, the waiver of the position encoder is required due to 

several aspects of operation: 

 For industrial applications with low demands on the dynamics or the positioning 

accuracy, low cost systems are preferred and the cost of the encoder can be a 

determining factor. 

 In applications that cover a high-speed range, the encoder can also become too 

expensive. 

 In direct drives, where the motor without a gearbox is directly coupled to the 

driven machine, a special encoder is required and a sensorless control can be 

advantageous. 

 The integration of an encoder into a motor requires leads to a larger overall 

length. Thus a motor without an encoder results in a compact drive system with 

lower volume and overall length. 

 Environmental conditions ( shock, vibration or aggressive atmosphere) can re-

quire a system without a mechanical position encoder [108]. 

Regarding the advantages that result from a control scheme without an encoder, in the 

last decades a lot of effort in different research groups was dedicated to the development 

of methods that allow the identification of the rotor position and the speed based on the 

measurement of the terminal voltage and current. These procedures are known in the 

pertinent literature as "Sensorless Control ", but the sensors for current detection and 

voltage measurement still exist. Despite the volume of relevant research, there was no 
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standard solution for sensorless control of induction machines in a wide speed range, 

including zero speed, until now. The reason for this lack of a general solution is the fact 

that the evaluation of the physical effects of the rotor angle determination is dependent 

on the respective operating state of the machine. Above all, the rotor angle determination 

at low speed or at a standstill is problematic, since the reaction of the rotor position to 

the measured stator magnitudes is small or zero because the voltage is induced propor-

tionally to the rotational speed. 

Under these circumstances, other methods are needed by which the rotor position can 

be determined from the evaluation of speed-independent effects of the machine. 

As illustrated in last section, the stator flux space phasor 1  of the machine can be cal-

culated by using the voltage model without an encoder, so long as the machine's rota-

tional speed is above a minimum value (3% of rated speed), or only rotates for a short 

time in the low rotational speed range. On the other hand, with the use of the voltage 

model, long-time rotation at low rotational speed is not possible. Thus, some of the con-

trol methods, which are called fundamental wave models, are described, specifically 

those that require the information of the stator flux space phasor, to operate at least at 

higher rotational speed without an encoder [25]. 

3.2.1 Classification of sensorless control 

An accepted classification of the known methods of sensorless control, is well presented 

in [25], [109] and [110] as shown in Figure 3-4. 

The fundamental wave models use the classical dynamic models of the induction ma-

chine, which assumes that a sinusoidal flux density is distributed in the air gap. The 

fundamental wave models are only valid at high stator frequency because the system 

becomes unobservable at zero stator frequency and the induced stator voltages become 

almost zero [25], [108]. 
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Figure 3-4 Classification of the sensorless methods 

The fundamental field wave model sensorless control method uses either a voltage 

model [111] [112], state observers [113] [114] or Kalman filters [115] [116] for the 

estimation of the field angle. 

As stated in [108], a minimum stator frequency range of a stable operation is between  

0.25 – 1.05 % of the nominal speed. However, in experimental applications, these mod-

els fail at higher levels; between 3 – 5 % of the nominal speed of the stator frequency 

[117] [118]. Therefore, usually at the low-speed range, other methods have to be used 

for the precise operation of the drive. 

Figure 3-4 also describes the second group of sensorless methods, which exploits aniso-

tropies of the machine for the identification of the desired angular position. In all types 

of electrical machines there are always parasitic secondary effects, which are not con-

sidered in their fundamental model. These include saturation effects, stator slotting ef-

fects or rotor eccentricity. These effects give rise to local anisotropic magnetic machine 

properties which can be used to excite rotor position by excitation with a suitable test 

signal. A general structure for all sensorless methods in both fundamental wave models 

and exploited anisotropies category are depicted in Figure 3-5 [25]. 
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Figure 3-5 Main configurations of a sensorless control 

3.2.2 Principal fundamental wave models 

As already stated, the FOC of the induction machine requires the knowledge of the an-

gular position of the rotor flux space phasor that can be obtained from a model of the 

machine to be integrated in the control scheme. In encoder-less operation, the models 

may only depend on the electrical measurable terminal currents and voltages to calculate 

the magnetic flux space phasor. In an operation with encoder, the mechanical speed can 

be included in the calculation as well. Two possible models for calculating the position 

of the rotor flux space phasor are widespread and well-known; the voltage and the cur-

rent model that are explained in the following. 

3.2.2.1 Current model 

A current model is a simple approach that is widely used for obtaining the angle of the 

rotor flux space phasor. By employing the rotor angular position in addition to the meas-

ured stator currents, the rotor flux space phasor angle can be obtained. The rotor angular 

position can be measured by using an encoder attached to the rotor shaft of the induction 

machine, and for the stator currents; two phases at least must be measured [5]  

The model relies on the rotor voltage equation in field oriented coordinates (3.4): 
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 
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From (3.13) follows for the rotor flux space phase angle: 
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q q qi i i
dt dt dt dt

i i i  

     
                          

      (3.15) 

By using 1di  and the rotor time constant 2 , the magnetizing current '
2i   could be cal-

culated as: 

2
2 2 1d

di
i i

dt


      (3.16) 

The current model delivers implicit equations for the angle φ2 and the magnetizing cur-

rent iμ2, which are depicted in Figure 3-6 starting with the three to two phase transfor-

mation, iα and iβ are obtained. Afterwards a second transformation is accomplished with 

the help of the angle φ2 that is supposed to be known: 

1 1 2 1 2cos( ) sin( )di i i         (3.17) 

1 1 2 1 2cos( ) sin( )qi i i        (3.18) 

The currents id and iq obtained in this way are processed and deliver the magnitude and 

angle of the rotor flux space phasor. To complete the model, the stator flux space phasor 

can be expressed in its complex form as: 

2
'1 1

11 1 2' '
2 2

h hL L
i L

L L

   
        

   
 (3.19) 
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Figure 3-6 Block diagram of the current model 

The main advantage of the current model is that it can be operated in the whole velocity 

range. In addition, in this model there are no open integrators and the first order delay 

relation between the input 1di and output 2i  variables is very easy to be realized and does 

not yield any numerical problems. 

However, two main disadvantages accompany the current model, the first one denoted 

by the sensitivity of the current model due to the parameters of the machine, where the 

temperature changes of the rotor significantly modify the value of the rotor time constant 

2'  and that an additional sensor is needed for the measurement of the mechanical angle 

γ. Nevertheless, changes of the mutual inductance 1hL  due to the saturation of the main 

path can be compensated taking into account the magnetizing curve of the machine, yet 

the changes in rotor resistance '
2R are not easy to be considered. The second big draw-

back is represented by the additional speed sensor for obtaining the position that is re-

ducing the reliability of the system and increasing the cost. 

3.2.2.2 Voltage model 

The so called voltage model is a simple approach for the calculation of the stator and of 

the rotor flux space phasor without any additional speed sensor based only on the meas-

urement of the terminal stator voltages and currents. Due to it is simplicity and to the 

fact that only the stator resistance is the important parameter of this model, and the sat-

uration of the main path affects it is performance, it is widespread in industrial applica-

tions. The operation of this model can be explained by using the stator voltage equation: 

1 11 1 1 1u R i j         (3.20) 
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In a α and β coordinate system fixed to the stator 1 0   the complex equation can be 

expressed in it is real and imaginary parts: 

1
1 1 1

d
u R i

dt


 


     (3.21) 

1
1 1 1

d
u R i

dt


 


     (3.22) 

The stator flux space phasor can be written as: 

1 11 1( )u R i dt     (3.23)  

The components of the stator flux space phasor in ,  -coordinates can be expressed as: 

1 11 1( )u R i dt     (3.24) 

1 11 1( )u R i dt     (3.25) 

Herein 1 1 1 1 1 1, , , , ,u u i i        are the ,  -components of the stator voltage, stator cur-

rent, and stator flux space phasors respectively, 1R  is the resistance of the stator winding.  

As it will be explained in a later section, the integrators in (3.24) and (3.25) are imple-

mented as first order lag or as band-pass in order to avoid a drift at low frequencies of 

operation. 

The rotor flux space phasor can be calculated from the stator flux space phasor by using 

the machine equations as follows: 

'
11 22 1

(1 )
1 hL i


      


  (3.26) 

and if it is decomposed into it is α- and β- components: 

'
2 1 1 2 1(1 )

1 hL i  
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  (3.27) 
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 (3.28) 

and for the angular position of the rotor flux space phasor: 

'
2

2 '
2

arctan( )




 


 (3.29) 

The main advantages of the voltage model is that 2  the angular position of the rotor 

flux space phasor can be determined by only using the stator voltages and currents of 

the machine. Although the 1R  changes with the temperature, it is variation can be easily 

compensated. 

In the conventional voltage source inverters (VSI), the output voltages are pulsating and 

not sinusoidal functions, therefore instead of the measured voltages the synthetic func-

tions calculated by the PWM are assumed to be the stator voltages and then fed to the 

integrators in the model. In addition, two phase currents are measured and sampled to 

complete the input variables. As explained above the stator resistance has an influence 

on the overall performance of the model; temperature variations modify the value of 1R

but they can be compensated, the saturation has only a minor impact on the model as it 

appears multiplied with the leakage coefficient. If necessary, the saturation of the main 

air gap inductance can be corrected by using the measured magnetization characteristic. 

Figure 3-7 shows the block diagram of the standard voltage model (SUM). 

3.2.2.3  Enhanced voltage model (EUM) 

It is well known that the standard voltage model presented in the last section works only 

until a minimum stator frequency. An enhancement of the voltage model is depicted in 

Figure 3-7. This model is used for the identification of the rotor flux space phasor. One 

of the objectives of the present work is to examine the possible enhancement of the 

voltage model if the measured voltages are used instead of the reconstructed ones. In 

Figure 3-7, the voltage model fed with the reference values of the voltages (with an 

asterisk) is called the standard (SUM), whereas the enhanced one that fed with the meas-

ured terminal voltages of the machine (without an asterisk) is called the enhanced volt-

age model (EUM). The enhanced voltage model is the model that is fed by the measured 

voltages is applied to the machine after the LC filter. It is expected that due to the smooth 
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waveform of the measured sinusoidal voltage, the sensorless control can be operated in 

an extended range of speed. 

 

Figure 3-7 Block diagram of the standard and the enhanced voltage model 

Because the measurement of the rotor position with the help of an encoder is not 

required, the voltage model is very suitable estimator for the position of the rotor flux 

space phasor in the induction machine drives. The stator flux space phasor is estimated 

by integrating the back electromagnetic force (back EMF), i.e. the integration of the 

value that obtained after the subtraction of the voltage drop through the stator resistance 

from the stator voltages. Later on, two open-loop integrators are used for the calculation 

of the rotor flux space phasor as depicted in Figure 3-7. The main problem in the voltage 

model is the existence of these two integrators. Due to this, a small DC offset in meas-

ured currents and voltages causes drift problem, which must be taken into account. This 

was the first well-known problem, while the second one is that at zero stator frequency; 

an ohmic character appears on the machine because of the inductance characteristics are 

zero. In order to overcome the first obstacle, there are some enhanced voltage models 

that are presented [47], [48], [119], these models are as an attenuation method, were 

enhanced methods could be used instead of using a pure integrator in some different 

form, such as: 

 Low gain feedback 

 PI element feedback 
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It should be noticed that the angle error caused by the attenuation can be corrected within 

certain limits by suitable methods [120] 

3.2.2.4  Natural Field Orientation 

In addition to the benefits of measuring the stator voltages and using them for the com-

putation of the position of the rotor flux space phasor, this work examines the so-called 

Natural Field Orientation (NFO) under the same assumptions. The NFO control scheme 

was introduced in 1980 by Ranger Jönsson and patented as ‘‘Method and apparatus for 

controlling an AC motor’’ in 1994 [51] [52]. 

For the standard NFO, the reference values of the stator voltages can be used to calculate 

the angular velocity of the stator flux space phasor, and the integration of the angular 

velocity delivers the position of the stator flux space phasor. 

The NFO can be described by using the complex voltage equations of the induction 

machine in d,q-coordinates. 

 

Figure 3-8 Block diagram of the NFO-sensorless control scheme 

The NFO basically is based on the idea that the stator flux space phasor is lagging by 

90° to the induced stator voltage space phasor as illustrated in Figure 3-9 and supposes 

that it is magnitude is a constant value. From these assumptions, the position of the stator 

flux space phasor can be computed [58] [59]. 
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Figure 3-9 Phasor diagram for NFO explanation 

In principle, NFO will be explained in stator flux oriented frame because it is easier to 

understand. In Figure 3-9, the reference frame is aligned to the stator flux space phasor, 

the corresponding components of the induced voltages are called 1'i du  and 1'i qu  Figure 

3-10. Assuming that the magnitude of the stator flux space phasor 1  is constant and 

known, it is angle can be defined by using the indentified induced voltage iu  according 

to the Figure 3-10. 

 

Figure 3-10 NFO scheme in the stator flux reference frame 

However, in the stator flux reference frame, the current component i1q is not proportional 

to the torque, therefore it is obvious that it is important to work in the rotor flux fixed 

reference frame. 
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For NFO calculation in the rotor flux reference frame, the following equations can be 

applied 

 
'

'1 2
1 1 11 1 2 1 2 2

2 2

1 1
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d i d
u R i L j L i j

dt dt


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   
   (3.30) 

Herein is 2' , the magnitude of the rotor flux space phasor, 1L  the stator inductance, 

2 and   the rotor leakage coefficient respectively the total leakage and 2  the angular 

position of the rotor flux space phasor related to the α-axis. 

2' , the magnitude of the rotor flux can be obtained by using the equation: 

2
2 2 1

' 1
( ' ' ) d

h

d
i

dt L


       (3.31) 

With  hL  the main inductance of the machine and  2 2 2' /L R   the rotor time constant. 

If the terms in (3.30) containing 2'  are considered to correspond to the induced iu

voltage, it can be written: 

1
1 1 11 1 2 1i

di
u u R i L j L i

dt
         (3.32) 

The rotor voltage equation in d, q-coordinates can be written as: 
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   (3.33) 

it contains the mechanical angular velocity   and can be used for completing the NFO 

scheme. 

By combining (3.32) with (3.33) and splitting in real and imaginary part follows: 

'
2 2

2

1

1iqu    
 

  (3.34) 

Hence the position of the rotor flux space phasor can be computed as: 
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and the mechanical angular velocity results to be: 
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The NFO scheme also uses the stator voltages for the calculation of the induced voltages 

and thus for obtaining the rotor flux space phasor. Again this work examines the possible 

enhancement of the scheme if the measured terminal voltages are used instead of the 

reconstructed ones 

 

Figure 3-11 NFO scheme by assuming that   and 2  can be neglected 

3.2.2.4.1 Advantages of the natural field orientation control method 

By using the encoder-less natural field orientation theory, some advantages may be ob-

tained: 

 Natural field orientation is an alternative efficient control technique for the in-

duction machine with the simplicity of implementation and control, even in an 

aggressive environment.  
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 Only one parameter of the motor needs to be known which the stator resistance 

is. 

 Stable performance in the experimental results; which represents in both motor-

ing and generating, as well as at zero frequency [55]. 

 The omission of the flux integrator, i.e. elimination of the two open-loop integra-

tors, which causes the drift problem [121]. 

3.3 Model Reference Adaptive System (MRAS)  

3.3.1 Adaptive Method (AM) 

Adaptive methods are based on the error comparison between data obtained by means 

of measurements in the considered system and the model data. This error is used for the 

correction of the model i.e. the model is adapted to the real system, it is adaptive. In 

another words, the procedure contains a comparison between the reference model and 

the adaptive model and this technique is called model reference adaptive system (MRAS 

approach) and its principal structure is depicted in Figure 3-12. [11] [122] [123]. 

 

Figure 3-12 Basic structure of an adaptive control 

3.3.2 Model reference adaptive system method 

Model reference adaptive system method uses actually two models. The first one is the 

reference model, which is derived from equations that do not contain the variable that 

has to be estimated value that looking for. In the present case the angular position of the 

rotor flux space phasor or the corresponding time derivative. The second model is the 

adaptive one, which follows the reference model and it does contains the variable to be 

identified. As shown in Figure 3-12 error between the output of the reference model and 

the output of the adaptive model is used as input to the adaptation algorithm that per-

forms the speed estimation [11]. 
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With the reference model is fed with [ ]Ru  and it is output is described by a vector

[ ] [ ]T
Ry y y  , conversely the adaptive model is fed by[ ]Au and the output is 

[ ] [ ]T
Ay y y    . The error can be calculated as: 

y y y y          (3.37) 

where: 

y and y  are the outputs of the reference model; 

y  and y  are the outputs of the adaptive model. 

 can be considered to be proportional to  the angular deviation between [ ]Ay  and [ ]Ry

thus, it can therefore be used for the adaption of the model. In the present case for the 

adaptation law, a linear PI controller is used to correct the error between the reference 

model and the adaptive model to zero. If, for instance, the speed is the variable to be 

compensated in the adaptive model, the following equation can be used [63]: 

i
p

K
K

s
     
 

  (3.38) 

where:  is the estimated speed, p iK and K  are the proportional and integral parame-

ters of the PI controller and s is the Laplace variable. 

By substituting (3.38) in (3.37), the speed estimation is 

     
0

t

P it K y y y y K y y y y d                      (3.39) 

The estimated speed is changed until the error between the reference and the adaptive 

models becomes zero, or . .y y y y      and thus the estimated speed is the actual speed 

of the rotor. The speed determination and the stability of the system, which the algorithm 

of the adaptation determines, depending on the choice of the PI controller parameters 

that are used in the adaptation algorithm. 
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3.3.2.1 MRAS when using voltage and current model 

The principle of MRAS can be applied to the induction machine with the voltage model 

as reference and the current model as adaptive system. Such a structure is shown in 

Figure 3-13. 

 

Figure 3-13 Block diagram of the MRAS when using voltage model 

In this MRAS the output of the voltage model is 2 , 2 ,[ ] [ ' ' ]T
R U Uy      being 

2 , 2 ,[ ] [ ' ' ]T
A I Iy      the output of the adaptive model. In the same manner an error 

         proportional to the angular displacement between the flux space 

phasors of each model. As is clearly shown in Figure 3-13 the voltage model as it was 

described in the previous section is fed with the actual or the calculated values of the 

stator voltages and with the values of the measured currents and delivers the rotor flux 

space phasor. The current model, as also described in previous sections, is adaptive, is 

fed with the measured currents and its equations contain the speed  as state variable. 

Therefore, the speed  can be used for the adaption. It also delivers the rotor flux 

space phasor. 

As depicted in the in Figure 3-13, a PLL is used in order to change the value of   in 

the adaptive current control until the error  is minimized.
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Figure 3-14 Model reference adaptive system with correction of the voltage model 
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3.3.2.2 MRAS with the NFO model as reference 

Instead of the standard or enhanced voltage model, the model of the natural field orien-

tation (NFO) can also be used in MRAS. Figure 3-15 shows the block diagram for the 

MRAS when using the natural field orientation model as a reference model. 

 

Figure 3-15 Block diagram of the MRAS when using NFO model 

 

3.4  Summary of the chapter 

This chapter presents a principle of the control of the induction machine. The sensorless 

control of the induction machine is also discussed and some control methods based on 

the fundamental wave models are presented. Thus, three different approaches for the 

calculation of the magnitude and the position of the rotor space phasor are introduced. 

A widely used, simple approach, which employs the rotor position in addition to the 

measured stator currents is the first model, which is called current model. In a second 

model represented by a simple approach without an additional speed sensor, the rotor 

flux and position can be calculated by using the terminal stator voltages and currents. 

The voltage model of the induction machine is an appropriate flux estimator model, due 

to it is simplicity; here the stator resistance is only the important parameter of this model 

that has to be corrected. As also explained in this chapter an enhancement of the voltage 

can be achieved when it is fed by the voltage applied to the machine measured after the 

LC filter instead of the voltage reconstructed from the switching signals of the inverter.  
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The third model presented is the natural field orientation that is discussed as an efficient 

control technique for the induction machine. An enhanced natural field orientation that 

is fed with the measured terminal voltages of the machine is introduced as well. 

The last section of the chapter deals with the principle of a model reference adaptive 

system together with the correction of the voltage model that is used in this work. Fi-

nally, the combination of the enhanced and the standard NFO is also presented in this 

chapter. 

 



 

4 Enhancement of the Conventional Control Techniques 

 4.1 Sinusoidal voltages and practicability of the measurement 

As explained in previous sections, the voltage source inverter produces a switched volt-

age that consist of a sequence of rectangular pulses that differ in the width (pulse width 

modulation). The output voltage exhibits a spectral composition that contains the fun-

damental sinusoidal wave with the desired amplitude, frequency and phase as well ad-

ditional harmonics with frequencies and amplitudes that depend on the utilized modula-

tion scheme, on the switching frequency and on the operation point of the inverter. In 

case of a sine-triangle or a space phasor modulation, the dominant harmonics are in the 

range of the switching frequency and it is multiple. 

The shape of the pulses of the motor terminal voltage is not really rectangular but dis-

torted. Its amplitude can be increased due to an effect caused by the high du/dt ratio 

when a transistor is turned on in the inverter. The physical explanation for the voltage 

increase is a wave reflection caused by the mismatching that appears between the im-

pedance of the cable characteristic and the motor, which leads to a ringing voltage over-

shoot at the motor terminals. This increase of the voltage is dependent upon the du/dt at 

the inverter output, on the motor cable type, cross-section, length, shielded or un-

shielded, inductance and capacitance, and depends on the high frequency surge imped-

ance of the motor as well.  



4 Enhancement of the Conventional Control Techniques  
 

 

54

 

Figure 4-1 Sketch of the principal traces of the ideal (dotted line) and the real voltage (contin-
uous line) on the terminals of the machine 

In Figure 4-1 the voltage on the terminals of the machine is sketched together with its 

ideal wave form. As explained above, the overshoot depends on many parameters of the 

installation and on the wave impedance of the motor, but also on the steepness of the 

inverter voltage and in case of a full reflection leads to a voltage on the machine termi-

nals with the double height of the inverter output. 

A sine-wave filter can be used in order to reduce the harmonics contained in the inverter 

voltage applied to the machine that are produced by the pulse width modulation (PWM). 

As stated above, the harmonics in the inverter voltage are in the range of the switching 

frequency and its multiples. By adding a sine-wave filter between the inverter and the 

machine, the harmonics of the pulse shaped voltage of the inverter and the overshoot 

due to the wave reflection are reduced and the line-to-line voltage at the terminal of the 

machine becomes almost sinusoidal [97]. 

The effect of the filter can be seen in Fehler! Verweisquelle konnte nicht gefunden 

werden. and Fehler! Verweisquelle konnte nicht gefunden werden. that shows the 
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filter inductor voltage and the terminal stator voltage respectively. Regarding the influ-

ence of the inverter, the same behavior can be seen in the common mode voltage. 

The sine-wave filter is designed to allow the low frequencies to pass, while the ampli-

tude of the high frequency harmonics are reduced. As a result, not only the ripple of the 

voltage but also the ripple of the currents in the machine is significantly lower than in 

operation without filter. 

Additional benefits of the filter are the damping of the acoustic noise, the reduction of 

the insulation stress and bearing currents in the machine leading to a prolonged machine 

lifetime. 

Regarding the increase of voltage due to the reflections on the terminals of the machine, 

the length of the cable between machine and inverter plays an important role because it 

determines the wave impedance. Thus, the voltage peaks become higher if the machine 

is installed far from the drive and connected with long cables, in such cases, the sine-

wave filters open up the possibility of using a long machine cable. 

One of the objectives of the present work is the design and implementation of a three-

phase, two-level voltage source inverter (VSI) equipped with silicon carbide (SiC)-

switches and an output filter featuring sinusoidal output voltages and currents. The avail-

ability of SiC-switches in different ratings of voltage and current allows the realization 

of conventional inverters to be able to operate at higher switching frequencies up to 100 

kHz or more. For the feeding of three-phase machines, these high switching frequencies 

are not really necessary in usual industrial applications. Nevertheless, the high switching 

frequency of the inverter can prove advantageous if the output voltages are appropriately 

filtered and become rather sinusoidal. In this way, some negative effects of the non-

sinusoidal voltage can be attenuated, but it is expected that the performance of the sen-

sorless control can also become better [1]. 

The high switching frequency that can be achieved with the SiC-switches gives the op-

portunity to design a small, low-cost LC filter for the output of the inverter. In this way, 

the harmonic content of the machine voltages is minimized and the measuring of the 

inverter output voltage becomes feasible, and in addition the measured voltages can be 

used instead of the reconstructed ones for the enhancement and a better performance of 

the voltage model as well of the natural field orientation as well as of the control scheme 

[1]. 
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4.2 Enhancement of the standard voltage model 

As illustrated in previous sections, the voltage model is a simple approach that can be 

used to calculate the rotor flux space phasor and it is angular position without the need 

of an additional mechanical encoder since this model may only use the electrical meas-

urable quantities i.e. the stator currents and terminal voltages of the machine. 

In the case of the standard voltage model, it is assumed that the voltage set-points du  

and qu respectively uand u  (i.e. the outputs of the current controller) correspond to the 

actual voltages on the machine terminals. This is a very common approach that is im-

plemented in many commercially available inverters. Since there are discrepancies be-

tween the calculated signals and the actual voltages due to non-linearities of the inverter, 

the model has some drawbacks that can be, at least partially, compensated for: like dead 

time effect and drain source voltage DSu  drop. In the following some of these effects 

and non-lineatities are discussed. 

4.2.1 Dead time 

One of the drawbacks that are accompanied when using the standard voltage model is 

the delay caused by the dead time. As it is well known, the stator voltages are not meas-

ured directly, but it is determined from the measured intermediate circuit voltage and 

the current switching state of the inverter. In particular, the inverter dead time must be 

taken into account, i.e. the transitional period from one switching state of one phase to 

the next. Figure 4-2 shows the gate signal in a case that does not include dead time and 

in a case of including dead time  
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Figure 4-2 Gate signals with and without dead time 
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4.2.2 Transistor nonlinearity 

 

Figure 4-3 Output line to line voltage in conventional two-level inverter 

The second common source for a discrepancy between the actual voltages and the cal-

culated ones is the voltage drop drain-source DSu . For any inverter and depending on 

the current; different values of DSu  may be calculated in order to compensate for current 

and temperature. The output line to line voltage in Figure 4-3 can be calculated accord-

ing to: 

UV dc DSU DSVu u u u     (4.1) 

where DSu  is a function of drain current ( Di ) and of the junction temperature ( jT ). 

4.2.3 Delay in the signal processing 

In all electronic circuits, there is a delay between the transmission and reception of an-

alogue or digital signals caused by the non-ideal behavior of the electronic components. 

In a power electronic inverter, there is a delay between the calculated switching com-

mands in the control and the real firing pulses in the gates of the switches. In the case of 

using fiber optic cables to send the gate signals, there is a delay in the optical cable and 

the optical receiver, besides a difference in the delay of the cables and the receiver in 

the different phases is also noticed. As each path has a different delay, the resulting 

firing signals can have a pattern as sketched in Figure 4-4. 
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Figure 4-4 Delay of signal processing 

Figure 4-5 shows the ideal output voltage idealu , and the associated switching signals of 

the upper and lower MOSFETs as well as the resulting real voltage 0Uu . Figure 4-5 

shows the most common delays in the inverter which are the drawbacks that are accom-

panied when using the standard voltage model that is fed by reference values of the 

voltages and has to be compensated in the voltage model. 
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Figure 4-5 Distortion of the output voltage due to dead time, signal processing and switching 
delays, depending on the current direction
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Where: 

u0,ideal is the ideal output voltage 

TD is the dead time. 

Ton,S1 is the Switch-on delay of the upper MOSFET 

Toff,S1 is the Switch-off delay of the upper MOSFET 

Ton,S2 is the Switch-on delay of the lower MOSFET 

Toff,S2 is the Switch-off delay of the lower MOSFET 

Tr1 is the delay of the upper signal processing (optical receiver of the upper gate) 

Tr2 is the delay of the lower signal processing (optical receiver of the lower gate) 

In Figure 4-5, it is clearly shown that the output voltage is lower than the ideal voltage 

for iu>0, which is represented in blue, while the red shows that the output voltage is 

larger than the ideal voltage for iu<0. On the basis of the dead time, the switching delay 

time and the signal processing delay time is presented, however there is another effective 

turn-on and turn-off times for the three half-bridges. 

Some of these effects can be compensated for, either by characterizing the inverter or 

by modelling the delays within the control. For instance, if the dead time of the inverter 

is known, the non-linear effect could be compensated for depending on the current di-

rection. There are many proposals in the literature for alleviating this problem, some 

with satisfactory results and all with different efforts of implementation. Despite all of 

the sophisticated compensation techniques, it is evident that all these effects do not ap-

pear when the voltages are measured directly on the terminals of the machine and, there-

fore this is the approach chosen in this work. 

4.3 Practical realization of the integrator 

A core component in the implementation is the integrator, which is used for the calcu-

lation of the stator flux space phasor out of the stator voltages and currents. It is well 

known that the realization of this integration with electronic means (analogue or digital) 
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is difficult especially in the range of low frequencies. Independently of the use of meas-

ured voltages or of reconstructed ones, in the modelling of the voltage equation of the 

stator the integrator presents a drift that prevents the proper operation of the model; 

correspondingly some technics have been developed that limit or eliminate the drift of 

the integrator are further discussed in the following. 

4.3.1 Low gain feedback 

In the practical implementation, the easiest way to prevent the drift caused by the inte-

grator is to add a negative feedback. In this way the behavior of the open integration at 

low frequencies is acceptable. The resulting structure, which includes the integrator and 

the negative feedback element, behaves like a low-pass-filter (LPF) with a cut off fre-

quency that determined by negative feedback element (k). The new structure can be seen 

in Figure 4-6: 

 

Figure 4-6 Equivalent block diagram with a LPF attenuation 

As depicted in the same figure, the integrator in the left side can be approximated by a 

low-pass-filter with a transfer function 𝐺ሺ𝑠ሻ ൌ 𝜏/ሺ1 ൅ 𝜏𝑠ሻ as depicted  in the right hand 

side [124]. Experiments have shown that 𝜔௖ ൌ 1/𝜏; the corner frequency of the low-

pass-filter can be set to a lower value by using the enhanced voltage model. In this way 

the integration yields better results and stabilize the operation in the low frequency 

range. 
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Figure 4-7 Bode diagram comparison between the pure integrator and the low-pass-filter with 
a cut-off frequency of 1 rad/s 

The behavior of the approximated integration can be examined by using the Bode dia-

gram presented in Figure 4-7 and compare the low pass filter (enhanced integrator in 

red) with a pure integrator (in blue). It can be seen that both have identical behavior at 

high frequencies. However, at low frequencies, i.e. below the cut-off frequency of the 

low pass, the gain of the modified integrator remains contrary to the pure integration. 

As a result, there is no drift. It can also be observed that above a certain frequency both 

have the same behavior. 

4.3.2 Feedback with a PI element 

An alternative way of damping can be achieved if a feedback with the proportional-

integral element (PI) is used.  

The influence of the DC offset is eliminated completely. The resulting Bode diagram is 

depicted in Figure 4-8 [67] [68]. In comparison to low gain feedback, the corner fre-

quency may be reduced. 

The green curve belongs to the modified integrator with values (TN=0.1, KV=0.1), while 

the red one corresponds to (TN=1, KV=1). For the sake of comparison, the blue line 

represents the pure integration. The determination of the parameters NT  and Vk  has to 

be carried out wisely and must take the time constant of the system into account [124]. 
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Figure 4-8 Block diagram of the integrator with a PI feedback 

 

 

Figure 4-9 Bode diagram comparison between the pure integrator and PI feedback
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4.4 Measurement of the terminal voltages in the low speed range 

In general, the stator voltage can be expressed as 1
11 1

d
u R i

dt


   . At high speed is 

1
11

d
R i

dt


   and therefore 1

1

d
u

dt


 . Thus in the high speed range, the induced volt-

age in the induction machine is high enough and the voltage model has no problem with 

the all the effects of non linearities, offset, or drift, as well as parameter uncertainties. 

In this range, the error produced by the non-ideal behavior of the inverter is small if 

compared with the value of the induced voltage; therefore the reconstruction of the volt-

age based on the reference values of the voltage is very good as can be seen in Figure 

4-10. 

 

 

Figure 4-10 Comparison between measured and reconstructed voltages at high speed 
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Figure 4-11 Comparison between measured and reconstructed voltages at low speed 

On the other hand, if the model is working in the low speed range the reconstruction of 

the voltage is more critical, and not as precise, because the error, due to all the before 

mentioned physical effects, is in the same order of magnitude of the induced voltage and 

the task of reconstruction and compensation for the non-ideal behavior of the inverter 

based on the calculated voltages becomes very challenging. Figure 4-11 shows how the 

non-linearites affect the reconstructed voltages if the compensation does not work 

properly. 

A SiC inverter with an output sinusoidal filter for feeding an induction machine pro-

duces almost sinusoidal voltages on the terminals of the machine. Thus, the voltage on 

the terminals of the machine can be measured with a galvanic separation and the meas-

ured values can be used in the voltage model that is here called the "enhanced" model. 

In this way a significant improvement in the estimation of the rotor flux space phasor 

can be expected, which will be confirmed by experiments as articulated in the next chap-

ter.

One further approach that unfortunately could not be realized in the frame of this work, 

but that can improve the overall behavior of the whole scheme, is to use the recon-

structed voltages in the high speed range and to design a special measurement electronic 

board to be activated in the low speed range. Today, precision isolation amplifiers are 

available which can ease this task and fulfil the demands of the mandatory galvanic 
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separation. Since the voltage measurement is only necessary in the low speed-low volt-

age range, the amplifier can be disconnected outside of the interesting range, offering in 

this way an optimum resolution and quality of the measurement.  

4.5 Mandatory experimental validation 

It is worth it to mention that the research topics addressed in this work deal with the 

practical problems related to suitability of models used in the sensorless control of the 

induction machine. A theoretical analysis of the phenomena and a standard simulation 

are not sufficient and therefore it is necessary to validate all theoretical considerations 

by means of experimentation. Thus, in the frame of this work, the digital simulation was 

used only for the design of the sinusoidal filter and for the general considerations, but 

not for the assessment of the different proposals. 

4.6 Summary of the chapter 

This chapter aims to describe the enhancement of the conventional control techniques. 

The advantages of adding a sine-wave filter connected between inverter and machine in 

order to reduce the harmonics in the output voltage and for obtaining an almost sinusoi-

dal line-to-line voltage at the terminal of the machine is presented. In addition to the 

benefits of using a sine-wave filter, some other methods for the consideration and partial 

compensation of non-linearities and imperfections of the inverter in the control models 

are discussed. Some technics that have been developed in order to limit or eliminate the 

drift of the integrator are also briefly explained. A section is dedicated to explain the 

measurement of the terminal voltages in the low speed range and offers a proposal for 

the increase of the resolution and quality of the measurement.

 



 

5 Experimental Validation 

In the following, the experimental results of the research work are discussed based on 

previously discussed theoretical concepts. 

This chapter is divided into three sections: the first section is dedicated to a detailed 

description of the laboratory setup that consisted of a three-phase, two-level conven-

tional voltage source inverter (VSI), equipped with silicon carbide (SiC)-switches and 

an output LC filter featuring sinusoidal output voltages. The second section shows the 

experimental results of the control schemes proposed in this work: the enhanced field 

oriented and sensorless control scheme using both voltage model and natural field ori-

entation (NFO) schemes and the voltages measured on the terminals of the machine. 

Finally, the third section deals with the experimental results of the model reference adap-

tive system (MRAS) also proposed in this work and that used the enhanced voltage 

model (EUM), the natural field orientation (NFO) and enhanced natural field orientation 

(ENFO). 

5.1 Experimental setup 

 

Figure 5-1 shows an overview of the whole system, which consists of the control and 

power electronic parts, the mechanical structure with the examined induction machine, 

with a braking machine as a load and the different control al measurement interfaces.  
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Figure 5-1 Block diagram of the experimental setup 
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5.1.1 Implementation of the controller and sensors  

The induction machine is controlled by using a stand-alone single digital signal proces-

sor (DSP) controller board (TMS320F28335 eZdsp) which is particularly suitable for 

control tasks and exhibits the following main features: 

 Processor capability of 32-bit floating-point microcontroller 

 Operating speed of 150 MHz  

 68 K bytes RAM 

 A flash memory of 512 K bytes  

 SRAM memory with  256 K bytes  

 Sixteen channels of 12-bit A/D converters with an input range from 0 to 3 volts. 

 18 PWM channels 

 Analog, I/O, multiple connectors  

 Operation with 5-volt  

 Interrupt controller 

 D/A converter (8 channels with 12 bits in addition to 4 PWM D / A channels) 

The digital signal processor (DSP) was programmed using C-language and compiled to 

machine language by using the software of “code composer studio v3.3”. 

The dedicated electronic signal conditioning circuits, (for example: A/D and D/A con-

verter buffer circuits, encoder interface, optical transmitter circuit, protection circuits, 

etc.) were designed, realized and interfaced to the digital signal processor (DSP). 

The stator currents of the induction machine were measured by using a LAH 50-P Hall-

effect current transducer to provide a galvanic isolation of the detected current signals 

between the primary and the secondary circuits that is adjusted via a small board for 

signal conditioning including a protection circuit and A/D converters interface. 

The inverter output currents (at the inductor of the LC filter) were measured by using 

the hall-effect, 120 KHz bandwidth current transformer probe which allows to measure 

AC and DC currents up to 150A. 

The stator line to line voltages of the machine and the DC link voltage were measured 

by using 25 MHz active differential probes in order to get a higher resolution and a lower 

noise ratio.  The probe allows measuring AC and DC voltages up to 1000 V. The con-
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nection between the measured voltage signals above and the A/D buffer circuit was car-

ried out with the use of a shielded cable in order to reduce the effect of noise on the 

performance of the system. 

An incremental encoder with 2048 pulse/revolution was used especially for the purpose 

of comparison between control schemes with and without the encoder.  

The gate drive signals were calculated by the digital signal processor (DSP) by applying 

a pulse width modulation scheme with a modulation frequency of 50 kHz. They were 

converted to switching pulses and transmitted to the power part via fiber optic commu-

nication interface in order to avoid the influence of EMI. 

The communication between the digital signal processor unit and the computer is passed 

through a built-in standard USB interface. 

 

Figure 5-2 View of the inverter and control part of the laboratory set-up 

5.1.2 SiC two-level inverter 

A conventional two-level voltage source inverter equipped with SiC-MOSFETS was 

especially designed for the experimental laboratory set-up and is shown in Figure 5-3. 
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Figure 5-3 Three-phase silicon carbide (SiC) Inverter 

One of the important issues to be considered in the design of the inverter is the selection 

of the power semiconductor switches. After some experiments with silicon carbide 

JFETS, they were discarded because of some technical limitations, in addition to the 

fact that the series of switches was discontinued by the manufacturer and there were no 

spares. Eventually, the CCS020M12CM2 SiC MOSFET 1,2kV/20A module from 

CREE was selected due to its suitability in dealing with the required design characteris-

tics that are specified in Table 5-1. 

Table 5-1 Inverter specifications 

DC link voltage, 𝑈ௗ௖ 560𝑉 

Output power 7.5𝑘𝑊 

Switching frequency 𝑓ௌௐ 50𝑘𝐻𝑧 

The SiC inverter was constructed by using one of Six-pack model, and by observing all 

the manufacturer’s recommendations regarding a proper assembly as mentioned in sec-

tion (2.4.4). The DC link capacitor bank of the inverter consists of a combination of the 

series and parallel connected capacitors. Two groups of capacitors were used in the DC 

link: The first group contains polypropylene film capacitors, which have low loss char-

acteristics at high switching frequencies with the lowest values of the equivalent induct-

ance and each capacitor has a rating of 16 μF. The second group is an arrangement of 



5.1 Experimental setup 
 

 

73

electrolytic capacitors and the ratings of each capacitor is 300 µF. The total capacitance 

is 3.636 mF. Figure 5-4 shows the scheme of the capacitor bank. 

 

Figure 5-4 Schematic of the printed circuit board (PCB) of the DC-link capacitor bank 

In order to avoid a shoot-through in the legs of the SiC-MOSFET-inverter, a dead-time 

is mandatory in which both the upper and lower switches in a phase-leg are off. The 

dead time was generated in the hardware and set to 250 nanoseconds. The gate driver 

circuit, dead time generator, and the DC link capacitor bank can be clearly seen in Figure 

5-5. 

 

Figure 5-5 Main parts of the driver circuit 
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The dc-link of the inverter can be fed two different ways: either by a standard three 

phase rectifier bridge which only permits motor operation, or by a dc source which al-

lows both motor and generator operation. The load machine inverter allows motor or 

generator operation as well. 

5.1.3 Induction machine and load 

In order to examine the behavior of the enhancement of the sensorless, field oriented 

control scheme, an induction machine with the data as given in Table 7-1in the appendix 

with a built-in encoder was used. The encoder allows an easy commissioning and startup 

of the induction machine but it is not used once the sensorless control scheme is in op-

eration. Moreover, the encoder provides a reference measurement for the sake of com-

parison between identification of the speed and encoder operation. 

As a load a 21kW commercial servo drive was chosen, the experimental drive used for 

the investigation of the proposed control schemes was mechanically coupled to the com-

mercial one as shown in Figure 5-6. The data of the induction machine, load machine, 

and the mechanical coupling are summarized in Table 7-1 in the appendix. 

 

Figure 5-6 Mechanical setups, two induction machines (IMs) mechanically coupled 
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5.1.4 Filter design 

One of the main objectives of this work is to obtain sinusoidal voltage by using a LC 

filter connected at the output of the inverter. As mentioned in sections 1.1, the high 

switching frequency of the inverter can be advantageous if the output voltages are ap-

propriately filtered and become rather sinusoidal at the terminals of the induction ma-

chine. 

Due to the high switching frequency inverter, the values of inductance and capacitance 

of the LC become smaller for the same ripple. In addition the losses are lower since the 

number of turns decreases. 

In the present case for the filter used in the experimental set-up work, the inductors of 

the filter were constructed by using a standard copper Litz-wire, and the utilized capac-

itors are polypropylene ones for pulse applications with a rating of 0.22 each one. 

The switching frequency of the inverter is 𝑓௦ ൌ 50𝑘𝐻𝑧 and according to the equations 

(2.76) and (2.78), the inductor and the capacitor values were set to 𝐿 ൌ 0.1 𝑚𝐻 and 𝐶 ൌ

1.32 µ𝐹 respectively. The cut-off frequency was set to14𝑘𝐻𝑧. The filter was designed 

to handle a rated current of 15 𝐴, and a saturation current of 35 𝐴. 

 

Figure 5-7 Three-phase LC power filter
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5.2 Experimental results 

5.2.1 General open loop behavior of voltage model 

The experimental results are presented in this section to validate the proposed encoder-

less control techniques. First, the results of voltage and current measurement at the out-

put of the inverter and on the terminal of the machines are shown. Further measurements 

show the difference between the measured and the reconstructed voltage as well as the 

identification of the flux space phasor with and without voltage measurement.  

First the SiC inverter was operated with a linear Volts/ Hz open loop control. For prac-

tical reasons the DC-link voltage was limited to 300V. The speed was set to 
1500 minn   , the switching frequency of the inverter to 50kHz and the sampling time 

was 60 µs. 

Usually, the output voltage of the conventional two-level inverter is a pulsating one. In 

the case of an inverter with high switching frequency with a LC filter at the output, an 

almost sinusoidal voltage can be obtained as shown in Figure 5-8 and Figure 5-9. 

 

Figure 5-8 Inverter Line-Line voltage before and after the filter 
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Figure 5-9 Stator voltages 

Figure 5-10 depicts the inverter current before the filter, while Figure 5-11 shows the 

stator current flowing into the induction machine. The quality of the output voltage of 

the inverter is significantly dependent on the switching frequency. By increasing the 

switching frequency, the total harmonic distortion would definitely be reduced. 

 

Figure 5-10 Inductor filter currents 

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
-400

-300

-200

-100

0

100

200

300

400

Time (s)

V
o

lta
g

e
 (

V
)

 

 

Phase U
Phase V
Phase W

0 0.05 0.1 0.15

-20

-10

0

10

20

Time(s)

i (
A

)

 

 

Phase U
Phase V
Phase W



5 Experimental Validation 
 

 

78

 

Figure 5-11 Stator currents 

As already explained, in the standard voltage model used for the identification of the 

flux space phasor, the stator voltages are not measured directly, but they are determined 

from the measured intermediate circuit voltage and from the calculated  switching states 

of the inverter. In particular, the inverter dead time in the legs of the inverter must be 

taken into account, i.e. the transitional period from one switching state of one phase to 

the next. Due to this non ideal behavior of the inverter there is an error in the output 

voltage that can be seen in Figure 5-12 that shows an especial measurement that illus-

trates the impact of the dead time. For the measurement, the inverter voltage is produced 

by using a sinus triangle PWM. The reference value of the voltage is sinusoidal and 

corresponds to the blue curve, yet the mean value of the output voltage is depicted in 

the red curve. It can be seen that the average voltage around zero exhibits an error caused 

by the dead time that must be compensated for, otherwise the voltage model is fed with 

inaccurate input signals. This measurement was carried out on an inverter with Si-IG-

BTs, the fundamental frequency was 1 0.05f Hz  the dead time was 3µs and the switch-

ing frequency swf  is 5000 kHz. Due to the very low output frequency, the character of 

the load is mainly resistive and the measured current can be considered to be an excellent 

approximation of the average value of the voltage. 
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Figure 5-12 Mean value of the output voltage and its reference value in an inverter with stand-
ard Si- IGBTs 

For the sake of comparison the same measurement was repeated on an inverter with SiC-

MOSFET-switches, the dead time was set to 250 nanoseconds and the switching fre-

quency swf  is 50 kHz. The UDC was in both cases 100 V. Figure 5-13 shows the average 

output voltage for one period. It is important to notice that there is almost no effect of 

the dead time in this kind of inverters. 

  

Figure 5-13 The output voltage of the SiC- switches inverter 
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As illustrated in section (4.3), the structure of an integrator with proportional feedback 

corresponds to a first-order low-pass filter. Its transfer function is ( ) / (1 )G s s     and 
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frequency c  and  the higher the gain  ; i.e. the transfer function has a lower damping 

and if there is an eccentricity in ,   -fluxes, the eccentricity is not damped well. On the 

other hand, the low-pass filter behaves like the integrator for lower frequency. Figure 

5-14 shows the frequency response of two integrators with the time constant 𝜏 ൌ 0.1𝑠 

and 𝜏 ൌ 1𝑠  that are used in the standard voltage model and in the enhanced voltage 

model respectivily. So that 𝜏 was sellected as great as possible, but so small as necessary 

because of the necessary damping. 

 

Figure 5-14 Frequency response of two different integrators with p-feedback 

The experiments have shown that c , the corner frequency of the LPF can be set to a 

lower value by using the enhanced voltage model (EUM). In this way, the integration 

yields better results and a more stable operation in the low frequency range. In the cur-

rent experimental setup, the time constant 𝜏 of the standard model (UM) is set to 0.1 s 

while it is set to 1 s in the case of enhanced voltage model (EUM). The rotor flux in ,   

-coordinates is shown in Figure 5-15 and Figure 5-16, both at no load and 15 Nm load 

respectively. The results were collected at a speed equal to 300 min-1. 
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Figure 5-15 Rotor flux space phasor in ,  -

coordinates obtained with the SUM, at no 
load, n=300min-1 

 

Figure 5-16 Rotor flux space phasor in ,  -

coordinates obtained with the SUM, at15Nm 
load, n=300min-1 

For the enhanced UM, the time constant 𝜏 is set to 1 s, the rotor fluxes in  coordinate 

system at no load and at 15 Nm load are depicted in Figure 5-17 and Figure 5-18. 

 

Figure 5-17 Rotor flux space phasor in ,   

-coordinates obtained with the EUM, no 
load, n=300min-1 

 

Figure 5-18 Rotor flux space phasor in ,   

-coordinates obtained with the EUM, 15 Nm 
load, n=300min-1 

The rotor flux space phasor in ,  -coordinates is obtained by using the SUM and the 

EUM are presented in Figure 5-19 and Figure 5-20. The measurements are carried out 

at a speed of 15 min-1 and confirm that the presented method in this experiment can 
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work down to lower frequencies, and that the traces of the flux are kept centered and 

closer to the circular shape with the EUM, while they take a hexagonal shape in case of 

the SUM. 

 

Figure 5-19 Rotor flux space phasor in  

,  -coordinates obtained with the SUM at 

15 min-1 and load=5 Nm 

 

 Figure 5-20 Rotor flux space phasor in , 

polar coordinates by using the EUM at 15 
min-1, load=5 Nm 

5.2.3 Field oriented control schemes 

The following experimental results were obtained in a closed loop field oriented control 

scheme implemented according to the classical model as discussed in (3.2.2). The ex-

periments were carried out within the parameters and settings as presented in the appen-

dix.  

5.2.3.1  Identification of the rotor flux space phasor 

The next series of experiments is related to the identification of the rotor flux space 

phasor. As already explained in previous sections, in field oriented control techniques 

the voltage model can be used almost without restrictions in the high-speed range. For 

the following measurements the drive was operated by using the current model with an 

encoder as basis of comparison. The induction machine was operated with a field ori-

ented control under no load conditions and the orientation angle obtained with a con-

ventional current model. Figure 5-21 to Figure 5-28 show the rotor flux space phasor of 

the induction machine in ,  -coordinates, calculated by means of the voltage model, at 
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constant speed of n*= 500 min-1 as well as for the case of low speed of n*= 10 min-1. For 

the sake of a qualitative comparison the flux space phasor was calculated based on the 

current model as well and depicted in the same figure. 

At high speed, n*= 500 min-1, the voltage model behaves like a current model, i.e. the 

similarity in the behavior becomes clear from the experimental results illustrated in Fig-

ure 5-21.  

 

Figure 5-21 Rotor flux space phasor in ,  -coordinates obtained with the SUM and 

with the current model at n=500 min-1 

As expected at a low speed, n= 10 min-1, the SUM shows a very weak behavior as it can 

be seen in Figure 5-22. The physical explanation for that is that the induced voltage at 

low speed is very low and in the order of magnitude of the errors caused by the imper-

fections of the inverter. For the measurements of the stator voltages fed to the voltage 

model were reconstructed by using the output of the current controller. 
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Figure 5-22 Rotor flux space phasor in ,  -coordinates obtained with the SUM and 

with the current model at n=10 min-1 

As already mentioned a number of times, the main objective of this work is the investi-

gation of a possible enhancement of the voltage model by using the voltages measured 

at the terminals of the induction machine. For the following series of experiments an 

almost sinusoidal voltage was obtained by adding a LC filter at the output of the inverter, 

which was used instead of the reconstructed in order to enhance the voltage model. Fig-

ure 5-23, shows the rotor flux space phasor in ,  -coordinates obtained with the EUM 

and with the current model at n=500 min-1. The EUM shows very good results which 

look like those of the current model; i.e. the experimental results in Figure 5-23 confirm 

the good performance of the enhanced voltage model at higher speed. 
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Figure 5-23 Rotor flux space phasor in ,  -coordinates obtained with the EUM and 

with the current model at n=500 min-1 

Unlike the results, which are obtained from the classical voltage model that is presented 

in Figure 5-22, the enhanced voltage model shows better behavior at low speed, n= 10 

min-1. Rotor flux space phasor in ,  -coordinates obtained with the EUM and with the 

current model at n=10 min-1 is presented in Figure 5-24. 

 

Figure 5-24 Rotor flux space phasor in ,  -coordinates obtained with the EUM and 

with the current model at n=10 min-1 
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A further topic examined in this work is the behavior of the sensorless natural field 

orientation (NFO) control scheme for the induction machine. This technique allows the 

machine to work until a minimum stator frequency. This model was presented in section 

3.2.2) and was promoted in the literature as suitable control scheme for the induction 

machine. 

The rotor flux space phasor in ,  -coordinates obtained with the NFO and with the cur-

rent model at n=500 min-1 can be seen in Figure 5-25. The measurement show no notable 

difference between NFO and the above shown measurements. 

 

Figure 5-25 Rotor flux space phasor in ,  -coordinates obtained with the NFO and with 

the current model at n=500 min-1 

The efficient NFO control technique for the induction machine can also be used in the 

lower frequency range. Thus, the speed was set to n= 10 min-1, and the rotor flux space 

phasor was calculated by the NFO model and is presented in Figure 5-26. This model 

produces very good results as compared with the classical voltage model, as demon-

strated in before mentioned figure. 
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Figure 5-26 Rotor flux space phasor in ,  -coordinates obtained with the NFO and with 

the current model at n=10 min-1 

Again the benefits of obtaining almost sinusoidal currents and voltages from an inverter 

equipped with silicon carbide (SiC)-switches and an output filter were examined for the 

case of the NFO. The almost sinusoidal output voltages can be used to calculate the 

induced voltages of the induction machine in the NFO model instead of using the recon-

structed ones. Figure 5-27 exhibits the rotor flux that obtained from both the current 

model and from the enhanced NFO (ENFO). In this case, the speed was n= 500 min-1, 

which is the higher-speed case. 
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Figure 5-27 Rotor flux space phasor in ,  -coordinates obtained with the ENFO and 

with the current model at n=500 min-1 

For the assessment of the lower speed range, the reference speed was reduced to n= 10 

min-1, and the system was tested under the same conditions; the enhanced NFO (ENFO) 

model gives some improvement in extending the range of operation of a sensorless field 

oriented control scheme. Figure 5-28 displays the rotor flux space phasor in ,   -coor-

dinates obtained with the ENFO and with the current model at n=10 min-1. 
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Figure 5-28 Rotor flux space phasor in ,  -coordinates obtained with the ENFO and with the 

current model at n=10 min-1 

5.2.3.2 Field oriented torque control with different voltage models 

This section focus on the experimental analysis of the encoder-less field oriented control 

by using different models for the identification of the rotor flux space phasor considered 

above. 

First, a classical field oriented control scheme according to 3.1.1 that utilizes different 

voltage models for the calculation of the stator and the rotor flux space phasor was im-

plemented. The drive could be actively loaded by a servo 7.5 kW dynamometer with 

high dynamics that is rigidly coupled to the unit under test. The current model with 

measured mechanical rotor position was used in most of the measurements only for the 

sake of comparison. The control loop was closed by using the methods considered in 

the previous sections. 

In the following experiments, the drive used as a load is operated in speed control mode 

while the induction machine under test is operated in torque control mode with a con-
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zero and the torque of the induction machine under test was measured. The experiments 
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parison), standard voltage model, enhanced voltage model, standard natural field orien-

tation (NFO Model) which uses the reconstructed terminal voltages and enhanced natu-

ral field orientation (ENFO Model) that uses the voltages measured on the terminals of 

the induction machine. In all cases, as it can be observed in Figure 5-29, the same stator 

current was applied but different torque values result due to the imprecise models. The 

higher the torque the better the model. Figure 5-29 show the results of these experiments. 

 

Figure 5-29 Relationship between the maximum achievable value of the produced 

torque at constant current i1q and the speed for different models 

It can be clearly seen that the enhanced natural field orientation (ENFO Model) shows 

a similar behavior to the current model and can better handle higher torque values espe-

cially at lower operating speeds. 

In an additional experiment the case of a speed reversal of the load machine, while the 

induction machine is operated in torque control mode (same operation mode as in the 

previous case) by using ENFO, was examined. Figure 5-30 to Figure 5-34 show the 

results of the mechanical speed, the mechanical angle of the rotor shaft, the identified 

angular position of the rotor flux space phasor, the phase currents of the machine and 

the torque producing component i1q of the stator current space phasor that is kept at it is 

maximum value.  
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The measurements of the steady state and the dynamic performance of the encoder-less 

enhanced natural field orientated control scheme (ENFO) in torque operation mode is 

better than all the other examined schemes under the same test conditions. 

 

Figure 5-30 Speed for a speed reversal between -500 min-1 and 500 min-1 

 

Figure 5-31 Mechanical angle  of the rotor shaft between -500 min-1 and 500 min-1 
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Figure 5-32 Orientation angle 2  for a speed reversal between -500 min-1 and 500 min-1 

 

Figure 5-33 Stator currents for a speed reversal between -500 min-1 and 500 min-1 
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Figure 5-34 i1q for a speed reversal between -500 min-1 and 500 min-1 

5.2.4 Model reference adaptive system  

Although the mechanical speed of the drive can be obtained by using (3.36), the sensor-

less control of the speed under the NFO scheme was very sensitive to parameter varia-
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livers better results. 
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model reference adaptive system. The following experimental results show the behavior 
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the measured rotor position was used as a base model for the sake of comparison in most 

measurements.  

The first series of experiments were dedicated to the comparison among the standard 

voltage model (SUM), enhanced voltage model (EUM), natural field orientation and 

enhanced natural field orientation in steady state and in dynamic behavior. 

5.2.4.1  Steady state behavior of the MRAS with different reference model  

In the following experimental results, the induction machine under examination was in 

speed control mode while the load machine was set to torque control mode. The speed 

of the machine was progressively reduced from 500 min-1 down to zero and the load 

torque was adjusted to its desired value. Two different cases of load were examined, a 

low load at iq = 2 A ( 15%L NM M  and high load at iq = 12 ( 90%L NM M ). The av-

erage error (Δn) between the measured speed and the identified speed was calculated 

during the experiments. 

The measurements were repeated for the four different models as reference models. Fig-

ure 5-35 shows the results of the speed control mode at low load of iq = 2 A (

15%L NM M ). It can be clearly seen that the enhanced natural field orientation (ENFO 

Model) shows the best behavior in the test when it is used as a reference model espe-

cially in the low speed range. 
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Figure 5-35 Relationship of the average error (Δn) between the measured and the identified 

speed and for different speeds and models at iq=2A ( 15%L NM M ) 

Further tests were carried out for a higher load of iq = 12 A ( 90%L NM M ). When 

using the standard natural field orientation (NFO Model), fed by the reconstructed ter-

minal voltages as a reference model, the average speed error (Δn) between the measured 

speed and the identified speed shows the worst results, whereas MRAS shows the min-

imum average speed error (Δn) when using the enhanced natural field orientation model 

(ENFO). 

Figure 5-36 show the relationship between average error (Δn) between the measured 

and the identified speed and for different speeds and models at iq=12A ( 90%L NM M  

). 
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Figure 5-36 Relationship between average error (Δn) between the measured and the identified 

speed and for different speeds and models at iq=12A ( 90%L NM M ) 

These experimental results carried out on the laboratory setup confirm that a significant 

enhancement of the steady behavior of the MRAS control scheme can be achieved if the 

voltages measured on the terminals of the machine are fed to the different models instead 

of the calculated ones. The best results in this series of experiments were obtained with 

the natural field orientation model fed with the measured stator voltages. 

 

5.2.4.2 Dynamic behavior 

5.2.4.2.1 Speed Reversal 
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encoder by using the enhanced natural field orientation in an MRAS and a field oriented 
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actual speed value for the speed control. The results are illustrated in Figure 5-37  to 

Figure 5-40, which  show the reference and the actual speed, the stator current compo-

nent i1q that is responsible to produce torque and is kept at its maximum value, the iden-

tified angular position of the rotor flux space phasor and the phase currents of the ma-

chine. The measurements have shown that the steady state and the dynamic performance 

of the encoder-less enhanced natural field orientated control scheme (ENFO) in speed 
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control mode is better than all the other examined schemes under the same test condi-

tions.  

 

Figure 5-37 Reference and estimated speed during speed reversal at 300 min-1 

 

Figure 5-38 Torque producing compomente of the stator space phasor during speed 

reversal at 300 min-1 
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Figure 5-39 electrical anngle during speed reversal at 300 min-1 

 

Figure 5-40 Phase currents during speed reversal at 300 min-1 

5.2.4.2.2 Current control 

The behavior of the current control in sensorless operation was examined as well. Figure 

5-41 shows the step response of the qi -controller. As can be seen, the behavior is satis-

factory although slower than that in operation with an encoder. The measurement was 
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carried out for a small step of 50 min-1 in the reference speed with the drive rotating at 

250 min-1. 

Figure 5-41 Step response of the qi  controller for a step on the speed reference from 

n*= 250 min-1 to n*= 300 min-1 

5.2.4.2.3 Disturbance rejection 

Further measurements are related to the disturbance rejection under MRAS sensorless 

control and by applying different models for the estimation of the orientation angle. 

Figure 5-42 shows the response to a step load when the induction machine is speed 

controlled. It shows the dynamic behavior of the measured speed and of the identified 

speed of the MRAS when the standard voltage model is used as a reference. At the 

instant of switching the load level from zero to 19 Nm = 90 % MN, there is a drop in the 

speed and after the settling time it reaches the initial value. As it can be clearly seen, the 

red curve of the identified is a good estimate of the measured (the black curve) during 

the transient. 
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Figure 5-42 Disturbance rejection of a step on the load at n*=500 min-1 for the case of MRAS 
when using the standard voltage model: Reference (blue), actual speed (black) and estimated 

speed in red 

 

Figure 5-43 Disturbance rejection of a step on the load at n*=500 min-1 for the case of MRAS 
when using the enhanced voltage model: Reference (blue), actual speed (black) and estimated 

speed in red 

As in the other measurements, an enhanced model was also used in which the sinusoidal 

voltages obtained after the LP filter were used in the voltage model. This enhanced 

model was used as a reference model for the speed estimation in the MRAS. Figure 5-43 

shows the response of the measured speed and identified speed of the MRAS in addition 



5.2 Experimental results 
 

 

101

to the reference speed for the case of a step load. Also here the behavior is acceptable 

although the estimated speed contains an undesired oscillation. 

The behavior of the MRAS was also examined for the case that the NFO (Natural Field 

Orientation model) is used as reference. Firstly, the standard natural filed orientation 

model that uses the reconstructed terminal voltages was used as a reference model. Fig-

ure 5-44 show the reference speed, the estimated speed and the measured speed for the 

case of a step from zero to 19 Nm = 90 % MN, on the load. 

 

Figure 5-44 Disturbance rejection of a step on the load at n*=500 min-1 for the case of MRAS 
when using the NFO as a reference model: Reference (blue), actual speed (black) and esti-

mated speed in red  

Secondly, to enhance the encoder-less operation, the measured stator voltages of the 

machine (after the LP filter) were used in order to improve the NFO. The dynamic per-

formance for a disturbance rejection in speed control mode is presented in Figure 5-45, 

it shows the reference speed, the estimated speed and the measured speed for the case 

of a step from zero to 19 Nm = 90 % MN on the load. 
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Figure 5-45 Disturbance rejection of a step on the load at n*=500 min-1 for the case of MRAS 
when using the NFO as a reference model: Reference (blue), actual speed (black) and esti-

mated speed in red  

 

5.2.4.2.4 Elevator profile 

After testing the steady state and the dynamic performance of the model reference adap-

tive system while using different models for a further series of experiments, a speed 

profile was defined as depicted in Figure 5-46. It consists of two ramps for acceleration 

up to 300 min-1 and down to zero. The profile exhibits two periods of constant velocity: 

zero and 300 min-1. This kind of speed profile represents the operation of a lift. Espe-

cially important is the zero velocity period, which is the most demanding in sensorless 

control. 
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Figure 5-46 Reference speed profile for testing the encoder-less MRAS scheme in the differ-
ent variants  

Again the experiments were carried out by using the different reference models like in 

the former case and also by implementing reference models with and without measure-

ment of the terminal voltages. In all figures the reference speed corresponds to the blue 

trace, while the red and the black traces correspond to the estimated and to the actual 

speed (measured with the encoder) respectively. 

In all experimental tests, the same operation conditions were applied besides the profile 

was repeated 20 times to make sure that the MRAS is stable and working well, while 

the maximum speed is 300 min-1, and 90%L NM M the maximum load was applied, 

i.e. iq = 12A. 

In Figure 5-47 the response to the lift profile with the standard voltage model, i.e. with 

reconstruction of the terminal voltages, is shown. It can be seen that the acceleration 

after the operation at zero speed is not satisfactory even if a rather small time of Δt = 

500 ms is set in the speed profile. If the time is further increased, the control becomes 

instable. The same measurement, but using the EUM and illustrated in Figure 5-48, 

shows that period of zero speed can be increased up to Δt = 1.2 s. Thus, the system is 

enhanced. 
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Figure 5-47 Encoder-less MRAS speed response when using the SU-Model as a reference and 

when applying a 90%L NM M , (Δt = 0.5 s) 

 

Figure 5-48 Encoder-less MRAS speed response when using the EU-Model as a reference and 

when applying a 90%L NM M , (Δt = 0.5 s)  
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Similar experiments were performed by using the NFO as reference model. As shown 

in Figure 5-49, the behavior is also not satisfactory and only a maximum Δt = 50 ms 

could be achieved. If the Δt is increased, the drives cannot follow the reference anymore 

as shown in Figure 5-50. 

 

Figure 5-49 Encoder-less MRAS speed response when using the NFO-Model as a reference 

and when applying a 90%L NM M , (Δt = 50 ms) 

 

Figure 5-50 Encoder-less MRAS speed response when using the NFO-Model as a reference 

and when applying a 90%L NM M , (Δt >50ms) 
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Contrary to the depiction in Figure 5-51, by using the MRAS with NFO as a reference 

model, and by enhancing it with the measurement of the terminal voltages to an ENFO 

which delivers a satisfactory behavior, the drive will follow the reference value of the 

speed even in the long zero periods for more than 10 s. As shown in Figure 5-52, in the 

zero phase of the speed profile the machine rotates with a very low speed correspond-

ing to the slip that is necessary to produce the desired toque and the space phasor of 

the stator currents is at a standstill like in the case of a dc-brake, as depicted in Figure 

5-53. It is remarkable that the drive can be operated without any problem or any loss 

of stability for long phases Δt of zero reference speed. The drive can be braked to the 

lowest speed and accelerated according to the profile without any kind of limitation. 

 

Figure 5-51 Encoder-less MRAS speed response when using the NFO-Model as a reference 

and when applying a 90%L NM M , (Δt = 10 s) 
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Figure 5-52 Mechanical angle for the encoder-less MRAS operation when using the ENFO-

Model as a reference and when applying a 90%L NM M , (Δt = 10 s) 

 

Figure 5-53 Stator currents in case of the encoder-less MRAS operation when using the 

ENFO-Model as a reference and when applying a 90%L NM M , (Δt = 10 s) 

The same experiment can be carried out by using the MRAS with ENFO as reference 

model and no load i.e. 0LM  . In that case when the reference speed is zero, the ma-

chine is at a standstill and the shaft does not rotate anymore. Figure 5-54 and Figure 
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5-55 illustrate this behavior. Further measurements with larger periods Δt up into the 

range of minutes deliver similar results as depicted in Figure 5-56 and Figure 5-57. 

 

Figure 5-54 Encoder-less MRAS speed response when using the NFO-Model as a reference 

and when applying a 0LM  , (Δt = 10 s) 

 

Figure 5-55 Mechanical angle for the encoder-less MRAS operation when using the ENFO-

Model as a reference and when applying a 0LM  , (Δt = 10 s) 
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Figure 5-56 Encoder-less MRAS speed response when using the NFO-Model as a reference 

and when applying a 0LM  , (Δt = 3 min) 

 

Figure 5-57 Mechanical angle for the encoder-less MRAS operation when using the ENFO-

Model as a reference and when applying a 0LM  , (Δt = 3 min) 

Based on these measurements it can be concluded that the model reference adaptive 

control with the enhanced natural field orientation scheme as reference model exhibits 

a very good behavior down to very low speed.
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5.3 Summary of the chapter 

This chapter presents the experimental results for the sensorless control tech-

niques of the induction machine discussed in the previous chapters. It is divided 

into three sections: the first section is dedicated to the detailed description of the 

laboratory setup that consist of a three-phase, two-level conventional voltage 

source inverter (VSI), equipped with silicon carbide (SiC)-switches and an output 

LC filter featuring almost sinusoidal output voltages. The experimental results of 

the control schemes proposed in this work: the enhanced field oriented and sen-

sorless control scheme using both voltage model and natural field orientation 

(NFO) schemes and the voltages measured on the terminals of the machine are 

presented in the second section of this chapter. Finally, the experimental results 

of the model reference adaptive system (MRAS) also proposed in this work and 

that  uses the standard voltage model (SUM), the enhanced voltage model 

(EUM), the natural field orientation (NFO) and the enhanced natural field orien-

tation (ENFO) as a reference model were included in the third section. 

In a further step, this chapter documents a speed profile that consists of two 

ramps for acceleration up to 300 min-1 and down to zero. The profile exhibits two 

periods of constant velocity: zero and 300 min-1. This kind of speed profile rep-

resents the operation of a lift. Especially important is the zero velocity period, 

which is the most demanding in sensorless control.

 



 

 

6 Conclusions  

This work examines a SiC inverter with an output filter for feeding an induction ma-

chine. The aim of the work is to obtain almost sinusoidal voltages on the terminals of 

the machine with the purpose of the enhancement of the voltage model that is used for 

the estimation of the rotor flux space phasor in field oriented control schemes. In this 

way the measured terminal voltages can be used instead of the reconstructed ones as is 

common in industrial implementations. In addition the proposal presented in the litera-

ture many years ago, the so-called "natural field orientation" NFO, is combined with a 

model reference adaptive system (MRAS) control scheme and implemented by using 

the measured terminal voltages.  

The numerous experimental results of measurements carried out on a laboratory setup, 

comparing the different control schemes for the case of an implementation with recon-

structed and with measured stator voltages, show that the utilization of the measured 

voltages lead to a significant enhancement of the steady state and dynamic performance 

of the induction machine drive, especially in the very low speed range. 

In addition, based on the comparative measurements it can be concluded that a MRAS 

together with the NFO (and with the utilization of the measured voltages instead of the 

reconstructed ones) exhibits very good behavior in the lowest speed range and  contrib-

utes in this way to the enhancement of sensorless control schemes for the asynchronous 

machine.  



 

7 Appendix 

Parameters of the laboratory drive system 

Table 7-1 Parameters of the laboratory drive system 

 Driven Induction machine (IM) parameters 

Manufacturer ABB 

Nominal Power 7.5 KW 

Nominal Voltage 400 V 

Nominal Current 17 A 

Nominal Speed 1800-9000 min-1 

Nominal Frequency 60 Hz 

Pole pairs 2 

Winding resistance 1R   3.004 Ω 

Winding resistance  1.566 Ω 

Winding inductance  1L    4.438 mH 

Winding inductance '
2L   4.598 mH 

Mutual inductance  1hL  146.4 mH 

cos( )  0.82 

Moment of inertia 0.0195 kgm2 

Mechanical coupling parameters 

Moment of inertia 0.0064 kgm2 

Load Induction machine (IM) parameters 

Manufacturer Siemens 

Nominal Power 21 kW 

Moment of inertia 0.109 kgm2 
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