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Summary

Summary

The project aims to design a sensorless stator field-oriented control algorithm for high-speed
drives. However, due to the unavailability of such motors in the university laboratories, a
conventional motor with a rated frequency of 50 Hz is utilized. The project is structured into several

key subtasks.

The introductory chapter provides a comprehensive background, highlighting the advantages,
applications, and types of high-speed drives. It offers a comparative analysis of the two primary motor
types used in these applications. This chapter also reviews various control methods for high-speed
drives and addresses specific challenges and their solutions, thereby delineating the project's scope

and limitations.

Chapter two is dedicated to the mathematical modeling of the drive system. It begins with the
necessary assumptions and proceeds with a formal system description. The mathematical model is

constructed and validated using the basic V/f control approach.

The detailed design process starts with the fundamental principles of field-oriented control,
with a particular emphasis on stator field-oriented control. Subsequent sections delve into the design
of the control strategy, including the development of a sensorless control algorithm, flux observer,
and speed estimator. The proposed algorithm is rigorously tested and validated through simulation

results.

Overall, this project systematically addresses the development and validation of a sensorless
stator field-oriented control algorithm, providing significant insights into its application for high-

speed drives.

Keywords: Induction motor (IM), Stator Vector control, flux observe
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Chapter 1: Introduction

Introduction

The first chapter of the report provides the essential information required for subsequent
research and analysis. It begins with a brief overview of the advantages of high-speed drives and their
applications. As these drives predominantly use two types of motors, a proper comparison between
them is presented. Following this, a review of the methods used to control high-speed drives is
conducted. To fully leverage the benefits of high-speed drives, specific problems and challenges that
need to be addressed are discussed. This completes the presentation of high-speed systems.
Subsequently, the exact scope and limitations of the project are outlined. The chapter concludes with

the structure of the report.
1.1. High speed drives applications

Recently, high-frequency drives have garnered increased interest within the industry. This
interest is primarily driven by the numerous advantages these types of drives offer. Generally,
increased speed enhances efficiency, thereby improving the operation of various applications.
Additionally, the reduction in weight and size is achieved without compromising output power.
Lower mass results in lower rotor inertia, which contributes to better dynamic responses. These
benefits are evident in applications such as micro-turbine generators, centrifugal compressors,
pumps, gas turbine drives, and machine tool spindles [1]-[2], [3]. Furthermore, high-speed drives are
frequently used in applications involving PCB drilling machines [4] and in the wood industry [5]. Both

environments demand fast processing and improved product quality.

In the case of PCB drilling machines, there is a technological competition between laser drilling
and mechanical drilling. With the continuous increase in the speed of drillers, which are available in
the market with speeds ranging from 30,000 rpm to 200,000 rpm [4], and the reduction in drilling
diameters, it appears that mechanical solutions can achieve more accurate results. Successful tests

have been conducted at speeds up to 300,000 rpm [4].
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Woodworking machinery is another area where high-frequency drives are extensively used.
The primary reason for their usage is the lack of mechanical gear, which results in reduced
maintenance frequency, increased efficiency (due to fewer mechanical losses), and more flexible
operation. The ability to fit the output frequency of the inverter with the required speed of the chosen
tool is particularly advantageous. Moreover, during non-operational times, the machine can be
powered down, saving energy and reducing noise. If a specific tool is needed, it can be easily
accelerated to the required working speed. Two types of high-speed drives are commonly used: one

with a gearbox and the other utilizing frequency control.[6]

conventional

(high-speed) drive

Electrical Gerarbox 1:10
network

Electric

Motor

3000 tr/min 30000 tr/min
| High-speed |
electric motor drive
Frequency
Electrical converter
network —~_

Machine
Load

Electric
Motor

50 Hz 500 Hz

30000 tr/min

Figure 1. 1: Comparison between conventional high-speed drives, consisting of a gearbox, and one using inverter. [3]

1.1. Induction Motor vs PM Synchronous Motor

In high-speed drives, two primary types of motors are commonly employed: induction motors
(IM) and permanent magnet synchronous motors (PMSM). Each motor has its own advantages and
drawbacks, which need to be carefully considered. This comparison is based on the discussion

presented in [7].

From a thermal and mechanical perspective, induction motors are highly robust, ensuring
operation in high temperatures. This robustness is crucial at higher speeds, where temperature
increases due to factors such as eddy currents, which are speed-dependent. Conversely, PMSMs have
a limited temperature range due to the sensitivity of permanent magnet materials to heat, restricting

their high-speed capabilities.
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Electrically, PMSMs offer superior performance due to the presence of permanent magnet
materials mounted on the rotor. These motors provide a higher power factor and greater electrical
efficiency. This results in a high power per volume ratio. However, IMs exhibit relatively high rotor
losses due to circulating currents in the rotor bars. To mitigate higher harmonics in the air gap (which
cause additional losses) and to improve cooling, the air gap size in IMs is extended. This leads to large

resistive losses in the stator windings and a low power factor.

Itis also noteworthy that PMSMs delivering the same amount of power as their IM counterparts
are considerably smaller. Moreover, PMSMs do not have the mechanical issues associated with the

larger rotor sizes of IMs, making them robust and sturdy.

When comparing costs, constructing an induction machine is generally cheaper due to the lower
cost of materials. However, to achieve the same output power, an induction machine must be larger
than a PMSM, which increases the overall cost. In the case of PMSMs, the main cost driver is the
permanent magnet materials. Despite this, the final motor size is smaller, and the materials needed
are reduced. Additionally, PMSMs require smaller and cheaper frequency converters, enhancing their

cost-efficiency.

Therefore, the overall cost of an effective drive system tends to be lower for synchronous

machines.

The advantages and disadvantages of both motor types are summarized in Table 1.1. Based on
the discussed aspects, it can be concluded that induction motors are capable of operating at higher
power in a larger speed range, while permanent magnet synchronous machines offer better efficiency
but are limited in speed. It is clear that PMSMs provide better solutions within a similar IM drive
range. However, due to the speed limitations of PMSMs, IMs are considered for broader applications.
For the scope of this project, the focus is placed on the induction motor.

INDUCTION MOTOR PM SYNCHRONOUS MOTOR
OPERATION IN HIGHER TEMPERATURE possible limited
MECHANICAL SIZE bigger smaller
POWER FACTOR lower bigger
EFFICIENCY lower bigger
MACHINE COST comparable
DRIVE COST higher lower

Table 1.1: Summarized comparison between Induction Motor and Permanent Magnet Synchronous Motor used in
high-speed applications.
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1.3 Control techniques

High-speed drives remain a largely unexplored field, with limited existing literature.
Consequently, references focusing on Permanent Magnet Synchronous Motors (PMSM) are also

included in the research.

The initial description highlights the benefits of high-speed drives, emphasizing the need for
stable and efficient control. Most proposed algorithms are based on vector control. Simple open-loop
scalar control was also tested with satisfactory results, achieving speeds up to 100,000 rpm [8]. This
indicates that V/f control is an appealing solution due to its simplicity and the absence of a mechanical
sensor for rotor position measurement. Despite this, it heavily relies on machine parameters, which
cannot be compensated for due to the lack of feedback signals. This results in a time-consuming

process for proper implementation and adjustment.

A control scheme gaining more interest in low and medium speed applications is Direct Torque
Control (DTC). DTC ensures instantaneous control of torque and flux. However, in high-speed cases,
realizing DTC becomes very challenging due to the need for a high sampling rate, which is difficult to

achieve at high velocities [2].

The drawbacks of scalar control and DTC extend the scope to Field Oriented Control (FOC). It
has been observed that FOC, particularly in high-speed applications, yields very good results. FOC can
be categorized into two groups: Rotor Field Oriented Control (RFOC) [1], [8], [2], [9], and Stator Field
Oriented Control (SFOC) [4],[10]

Due to PMSM's better performance, many authors have attempted to implement control on this
machine type. Bon-Ho Bae et al. [1] proposed the RFOC method to overcome challenges such as low
stator inductance and high DC-link voltage. Their tests compared vector control with scalar control,
showing better performance with RFOC. They suggested using a self-tuning flux observer to address
speed estimation and position issues and developed a robust speed estimator. Similar challenges,
including the back electromotive force (EMF) issue at low speeds, were addressed by Longya Xu and

Changjiang Wang [8]. Future research aims at achieving speeds of 100,000 rpm and higher.

Significant research by Ralph M. Kennel [4]. examined sensorless field-oriented control for

machines with speeds up to 300,000 rpm. In high-speed scenarios, mechanical movement of the rotor



Chapter 1: Introduction

for 1° can last 555 ns. To meet these demands, a microprocessor is necessary. SFOC was proposed

with hardware-based solutions, focusing on reaching velocities of 600,000 rpm.

Another approach to sensorless control was discussed by R. Bojoi et al. [10] , who focused on
low-cost applications with high torque abilities. Their work highlighted the need to decouple torque

and flux commands, avoiding feedback signals for i; current, thus simplifying the system

This analysis concludes that sensorless strategies should be further explored in algorithm
design. SFOC and RFOC must be compared to determine the best-fit option for each project [11]..
Further studies will begin with SFOC, assuming a linear relationship between control variables
(isd, isq) and the output value (torque). Simple rotor voltage equations are used to employ a current-
controlled PWM inverter, simplifying the process. The formula for calculating flux in rotor field

coordinates depends on machine parameters (R, 6Xj):

- Xr — i i
lpr = m I:f(us - RS . I,S)dt - O-Xsls:| (1.1)
where:
- @r is rotor flux (in vector representation),

-Ugand i, are stator voltage and current, respectively (in vector representation),

- R, is stator resistance,

- X5, X, X, are stator, rotor, and magnetizing reactances, respectively,

- 0 is the total leakage factor.
In the stator field-oriented control case, coupling between controlled variables and output must be
compensated. This complexity makes rotor voltage equation implementation with a current-
controlled inverter challenging. SFOC, however, provides an easier decoupling process and a simple
expression for stator flux, dependent only on R;:

Vs = [ (8 — R.i5)dt (1.2)

where,

Y. is astator flux (in vector representation).
Summarizing, the ease of working with voltage source converters (VSC) and a simple formula
for flux calculation are crucial in vector control, making SFOC the preferred method for further

analysis. Thus, sensorless field-oriented control is chosen for detailed study.
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1.4 Challenges and problems

Despite the advantages of high-speed drive applications, several challenges and issues need to be
addressed. As previously mentioned, one critical aspect is obtaining reliable position (or speed)
information. Commonly used mechanical sensors mounted on the shaft often prove unreliable. At
high rotational speeds, they fail to provide accurate measurements and sufficient resolution (e.g.,
angle information from Hall-effect sensors has a resolution of #30°) [1]. Additionally, installing and
maintaining these sensors is difficult, limiting mechanical design and causing aerodynamic issues [1].
An alternative solution is sensorless control, which overcomes these difficulties and significantly

reduces drive costs [8].

A crucial issue is the need for fast computation control strategies to achieve real-time control [8].
This necessitates the use of high-speed digital signal processors. Sometimes, employing any kind of
DSP is impossible because they may not be fast enough for the required calculations. In ultra-high-

speed scenarios, control algorithms are executed by hardware [4].

Choosing the proper power converter is essential. It must operate with a high switching

frequency, adhering to the relationship [8]:

Jowm > 10 (1.3)
fund

where:
frwm is the switching frequency,
ffuna is the fundamental frequency.
The converter must also resist high switching frequency losses during operation at high

frequencies.

Analyzing existing problems necessitates considering non-linear effects like dead-time or zero-
current slumping effects [1]. These can degrade the current wave, causing additional system losses.
High-speed drives introduce extra heat sources compared to conventional drives operating at 50Hz.
As rotational speed increases, so do eddy current losses and friction losses (dependent on the square

and cubic of speed, respectively) [3]. Proper compensation for these effects is crucial to reduce losses.

Another speed-related challenge is back electromotive force (EMF). Its increase causes a

reduction in supply voltage. The maximum produced electromagnetic torque is proportional to the
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square of that voltage. Consequently, torque reduces rapidly with decreasing voltage. Thus, to achieve
maximum torque at high speeds, field-weakening algorithms are necessary [8], [10].

Similar to normal drives (supplied at 50Hz), high-speed drives face variations in parameters
due to phenomena like temperature rise, skin effect, or saturation. In high-speed applications, this
variability is amplified. This requires careful consideration in the design of regulators to ensure
proper control.

Additional issues include significant stress on the stator winding insulation or bearing currents.
To mitigate these, using current source inverters (CSI) instead of traditional voltage source inverters

(VSI) is recommended [11].

To summarize, high-frequency drives, despite their advantages, present several problems and
challenges that must be addressed to ensure reliable operation. The following sections will outline

the project's objectives and review solutions to maintain system functionality.

1.5 Objectives and limitations

In the previous sections, the chosen topic has been introduced, and key challenges have been

identified. The main objectives of the project are formulated as follows:

Design a vector control algorithm for an induction machine drive, oriented in a stator field

coordinate system, with no velocity sensors and the ability to run at higher frequencies.

To achieve this objective, the entire process is divided into several subparts:
e System Representation: The entire system will be represented by mathematical formulas,
establishing a foundation for further analysis and algorithm design.
Regulator Parameter Identification: An approach is devised to obtain the proper parameters for
the regulators used in the SFOC strategy. In real-life drive systems, controllers need retuning due to
machine parameter variations (in the design process, constant parameters are used). However, the

baseline values are determined.

e Accurate Flux Estimation: Emphasis is placed on correct flux estimations, crucial for field-
oriented control. Open-loop integration in the observer can lead to inaccurate magnitude and
angle values, degrading overall control.

e Speed Estimation: Proper speed estimation is vital for sensorless control. This is also linked to

the accuracy of the flux model, which can be evaluated alongside velocity estimation.
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e System Integration and Testing: All components will be integrated and tested experimentally
to ensure the proposed solution meets the main objective. Initially, this involves running the
induction machine at grid frequency. Subsequently, high-speed cases are emulated to verify
the theoretical model.

However, the scope of work must be limited due to the broad range of depicted challenges:

e Motor Parameter Variations: Variations in motor parameters are not included in the analysis.

e Low-Speed Case: The low-speed case is not considered in evaluating the derived algorithm. The
obtained results are solely for comparison purposes.

e Field Weakening Mode: Field weakening mode is not considered; the reference stator flux

remains constant throughout the entire speed range.

1.6 Report structure

This section provides an outline of the report. Each chapter is briefly introduced.

1. Introduction: The opening section of the report.

2. System Modelling: This chapter represents the drive system using mathematical formulas.
The model's correctness is validated using simple scalar control in a MATLAB/Simulink
environment. The validated system is then used to test the control algorithm.

3. Control Algorithm Design: This chapter details the entire procedure for deriving the control
strategy using the MATLAB/SISO Tool package. Proposed estimators are included. The system
is tested in simulation with field-oriented control, with simulations conducted in
MATLAB/Simulink. The results are discussed and concluded.

4. Conclusions and Future Work: This chapter summarizes the results from the entire report
and compares them with the objectives outlined in section 1.5. Final conclusions are drawn,
and suggestions for future work are presented.

Appendices:
A. Init Data: Simulink block diagram in MATLAB for modeling an induction motor
B. Simulation Models: Description of the Simulink Block Diagram for Sensorless Control of an

Induction Motor Using the Accurate Adaptive Integration Algorithm
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System Modelling

To create the desired algorithm, it is essential to mathematically represent the system to be
controlled. Thus, the following chapter presents the mathematical model of the drive. Initially,
necessary assumptions are stated, followed by the formulas describing the system. Finally, it is

constructed and validated using simple VV/f control to verify its accuracy.

2.1 Induction motor model

For this project, we employ a simplified and idealized model of the squirrel cage induction

motor. Hence, we need to outline several assumptions, as specified in [12]:

= The machine is considered a three-phase symmetrical motor.

= Only the fundamental frequency is considered, ignoring higher harmonics.

= Effects such as saturation, iron losses, eddy currents, and temperature dependence are
disregarded.

= Resistances and reactances are assumed constant (as concluded from the previous point).

= The three-phase windings (or bars in the rotor cage) are modeled as coils placed in axes shifted
by 120°, as depicted in Fig. 2.1.

= Due to simpler formulas, the stationary reference frame is used to model the motor, while the
desired control algorithm developed in Chapter 3 is conducted in the rotating reference frame
(field-oriented control principle).

To simplify the notation, the three-phase scheme is substituted with the space vector (comprising

voltage, current, and flux linkage). The space vector can be defined as follows [12]:

_ et 2
g o 3 [Wka(®) + akp (6) + @k (1)) 2.1)

where,

azej2”/3=——+j— . azzej4’n/3=———j7 (22)
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Sb Moving part: Rotor

Fixed part: Stator

Sc

Re

Figure 2. 1: Schematic representation of the three-phase induction motor, illustrating single coils positioned on axes
shifted by 120°. The coils represent the stator windings (denoted by uppercase letters - A, B, C) and the rotor bars (denoted
by lowercase letters - a, b, c). Additionally, the displacement of the rotor position is indicated by y,, [12].

and,
The arbitrary phase quantities in the natural coordinates (A, B, C) are denoted as

ka(0), kp(t), ke (D).

However, this representation has a significant drawback: the magnetizing inductance
(reactance) depends on the angle y,,, [12], as depicted in Fig. 2.1. This dependency indicates variations
with the actual rotor position. To mitigate this issue, it is advisable to transform the vector equations
to the common rotating reference frame. For this purpose, the Clarke transformation is employed,

which describes the system in the stationary reference frame. The concept is illustrated in Fig. 2.2.

The expression for the Clarke transformation can be formulated as follows [12]:

1 ! ! k
k;fl] 2 ) kA
k173 V3 V3|2 (24)
0 7 _— kC
where K;°K,,® are the real and imaginary components of an arbitrarily chosen quantity, as previously
represented.
where,

10
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deKanre real and imaginary components of arbitrary chosen quantity, represented previously

Figure 2. 2: Graphical explanation of the Clarke transformation, transforming values from three phase natural
coordinate system to two-axes stationary reference frame. system to two-axes stationary reference frame

in the natural coordinate system, given in the stationary reference frame (denoted by the

superscript ‘s’).

Now, it is possible to determine the voltage and flux equations in the new stationary system:

d S
uj = RIS + ;ﬁd
d N
us = RIS + :l';q
d N
v;=o=R5i3+%+wr¢g
dys

vi=0=Rij+—2L—
q rq dt

Vg = Lsig + Lmizq
WS = Lgi§ + Linidy

Vg = Lyl + Liniy

(2.5)

(2.6)
(2.7)

(2.8)

(2.9)
(2.10)

(2.11)

11
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WSy = Lyily + L3 (2.12)

where,

Usq®, Ugqg® are the real and imaginary stator voltage components, respectively, in stationary

reference frame,

Urq°, Urg° are the real and imaginary rotor voltage components, respectively, in stationary

reference frame,

isa®, isq" are the real and imaginary stator current components, respectively, in stationary

reference frame,

ira®, irg°are the real and imaginary rotor current components, respectively, in stationary

reference frame,

Yea®, 1/)sqs are the real and imaginary stator flux components, respectively, in stationary

reference frame,

Yra®, qus are the real and imaginary rotor flux components, respectively, in stationary

reference frame,

Rs, Rr are the stator and rotor resistances, respectively,

L, L., L,are the stator, rotor and magnetizing inductances, respectively,

w,is the rotor angular speed (in electrical radians).

In order to complete the model of the motor, expression for the mechanical motion is used:

dw 2.13
Te=Tl+]d—tr+Bu)r (2.13)

where,

T, is the electromagnetic torque,
T, is the load torque,
] is the inertia,

B is the friction constant.

12
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To connect the input electrical power (defined by the electrical quantities) with the mechanical

power, the electromagnetic torque can be expressed as:
3 s o5 s s
T, = Epme(lsq Lra — lsa qu) (2_14)
where
Pp is the number of pole pairs.

Having established all the necessary formulas for the mathematical representation of the motor,
the model is constructed in a MATLAB/Simulink environment. The block diagram illustrating the

model is presented in Fig. 2.3.

S
uA UdS - Isdq NG .
7 UG | currents S » electromagnetic » mechanical
B | abc > . Irdq torque motion
_’u o da® w; | calculation > lculati .
q > { calculation equation

Figure 2. 3: Block diagram presenting complete squirrel cage induction motor model, defined in stationary reference
frame.

2.2 Inverter model
To supply the motor, an inverter is utilized. For the sake of the modeling process, its idealized
model is employed, defined by the sequence of switching states. The topology of the typical three-

phase inverter is shown in Fig. 2.4.

13
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Voltage Source Inverter Three-phase motor

o e = TN )
|
|
|
|

Figure 2. 4: Typical topology of the three-phase inverter.

The load is supplied with line-to-line voltages produced by the converter. It yields:

Load is supplied with line-to-line voltages, produced by the converter. It yields:

Uyp = Uy — Up (2.15)
Ugc = Ug — U¢ (2.16)
Ucg = Uc — Uy (2.17)
where, Uy, Ug, U, are phase voltages.
ust+ug+uc=0 (2.18)

Combining equations (2.15)-(2.17) and (2.18), the proper phase voltages can be formulated as

Uy 1 1 0 —11[uaB
Up| = 3 -1 1 0 ||Usc (2.19)
Uc 0 -1 1 1lUca

Switching states, mentioned at the beginning of this chapter, are represented by three variables:

follows:

DA, DB, DC Each of them defines the state of one leg of the inverter and can take values '0' or '1' ("0’
means the switch is turned off, while '1' indicates it is conducting). Thus, line-to-line voltages can be

linked with the DC voltage supplying the converter:

Uap 1 —1 0171[Da
Upc| =Usge| 0 1 —1{(Ds (2.20)
Uca -1 0 1 11D,

The minus sign in (2.20) determines the direction of the current flow (turning on the lower or
upper switch, in other words). Inserting equation (2.20) into equation (2.19), the relationship

between switching states and phase voltages feeding the motor is obtained:

14
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Wl py..[2 -1 —1][Da

__Ydc
up|=—=|-1 2 —1||Ds (2.21)
Uc -1 -1 21D

The modeled electrical drive is controlled with a space vector modulation (SVM) strategy [13].

The results of simulations are shown in the following section.

2.3 Drive model validation
To verify the correctness of the modeled system, it is decided to run it using a simple V/f
algorithm. For simplicity, carrier-based modulation is omitted, and generated duty cycles are directly

supplied to the converter. Tests are conducted for f7,,q = 50Hz (the nominal frequency of the motor

under examination). Necessary parameters for running the simulation are listed in Appendix A.

In the following graphs, the results from the tests are shown. First, the velocity response is
presented (Fig. 2.5). It can be observed that initially, the machine rotates at synchronous speed,
indicating no-load conditions. Immediately after the load torque is applied to the shaft, the actual

rotor velocity is reduced to n,, = 1431rpm.

In the next graph, the phase voltages fed to the motor are depicted (Fig. 2.6). The magnitude of
the signals is observed: #i = 311.1V. This information allows comparison with the rated voltage given
by the manufacturer (uy = 220V). Below, the RMS value is calculated (that expression for RMS

computation is valid, as it is assumed, that motor is supplied with ideal, sinusoidal voltage):

15
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Stator Current
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Figure 2. 5: Induction Motor Modeling Results - Stator Current, Rotor Speed, Electromagnetic Torque, and Load
Torque

The Figure 2.5 presents the results of the induction motor modeling, showcasing key performance
indicators over a simulation period of 3 seconds. The results are illustrated through four main plots: Stator

Current, Rotor Speed, Electromagnetic Torque, and Load Torque.
e Stator Current:

The plot shows the stator currents for phases A, B, and C. Initially, the currents exhibit high oscillations which
gradually stabilize as the motor reaches steady-state operation. This indicates the initial inrush current
followed by stable sinusoidal waveforms, demonstrating the motor's ability to handle transient conditions and

maintain steady operation.
e Rotor Speed:

The rotor speed plot illustrates the motor's speed response. The motor accelerates rapidly to approximately
1500 rpm and then stabilizes, maintaining this speed throughout the simulation period. This confirms the

effectiveness of the control algorithm in achieving and maintaining the desired speed.
e FElectromagnetic Torque:

16



Chapter 2: System Modelling

The electromagnetic torque plot shows the torque response of the motor. Initially, the torque experiences high
oscillations, which dampen over time, leading to a steady-state value. This behavior is typical during the motor

start-up phase, where the torque stabilizes as the motor reaches its operating speed.

e Load Torque:

The load torque plot indicates a step change in load torque, increasing from 0 Nm to 10 Nm at 1.5 second and
remaining constant thereafter. This step change is used to test the motor's response to load variations. The

motor successfully responds to this change, as reflected in the other plots.

2.4 Summary

In this chapter, two main components of the application (the motor and the inverter) are
analyzed and represented by mathematical formulas. These components will be utilized later in
testing the exact algorithm. Therefore, it is first necessary to validate if the system is defined correctly.
This is accomplished by running the drive with simple scalar control. The inverter is then run with
space vector modulation. The results obtained from the tests confirm the sufficient accuracy of the

modeled components. Hence, the desired control strategy can be examined.

17
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Control Algorithm Design

In the following chapter design process of the chosen strategy is described. It starts from short
presentation of principles of field-oriented control. Later on focus is made on deeper analysis of direct
stator field oriented control. Afterwards, exact design procedure begins. Additionally, to fulfil the
sensorless demand concluded in Chapter 1, flux observer and speed estimator are introduced.

Chapter ends with simulation results, verified using the developed system presented in Chapter 2.

3.1 Field oriented control principles

The concept behind using field-oriented control is to achieve ease of machine control, similar to
that of DC motors. The torque produced by a DC motor is regulated by varying the armature current,
while the excitation current remains constant, maintaining a constant flux. To emulate this behavior
in an AC machine, it is necessary to employ a mathematical representation of the motor. Similar to
the model presented in Chapter 2, instead of using a stationary reference frame, a rotating coordinate

system is utilized.

Obviously, this rotating reference frame can rotate at any speed, but for field-oriented control
(FOC), the synchronous speed is chosen. However, it must also be aligned with one of the spinning
flux space vectors. Since the flux space vector rotates at synchronous speed, the reference frame
speed is selected to be synchronous as well. Hence, there are three types of FOCs: Stator Field
Oriented Control (SFOC), Rotor Field Oriented Control (RFOC), and Magnetizing Field Oriented

Control (MFOC). The names of these strategies indicate which space vector is chosen for orientation.

Orientation enables the decoupling of currents into two components: the flux component
(aligned with the d-axis, the same as the reference space vector) and the torque component (aligned
with the g-axis). These components are commanded by reference torque and flux, respectively.
Reference torque can be determined by feedback of the actual rotational speed of the motor through

a PI regulator. By maintaining the reference flux at a nominal value, the formula for the produced
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torque (to be presented in the subsequent section) results in a proportional relationship to the

reference g-axis current. This clearly shows the similarity to controlling a DC motor.

3.2 Principle of stator field-oriented control

As previously mentioned, to gain the advantages of any field-oriented control, it is necessary to
decouple the stator currents (represented by the space vector, rotating in the complex plane) into
flux and torque components. In the case of stator field-oriented control, this is done in a
synchronously rotating reference frame, aligned with the space vector of the stator flux. Therefore,
precise knowledge of its actual position and magnitude becomes crucial. Since the stator flux cannot

be directly measured, it must be estimated based on mathematical formulas describing the machine.

However, the very simple expression presented in section 1.3-1.2 suffers from DC offset and
drift, causing difficulties in practical implementation. Thus, it is necessary to employ an observer to
overcome these drawbacks and obtain reliable information about the flux. A deeper analysis of the

problems and proposed solutions is described further in the chapter (section 3.4).

For now, it is assumed that the position and magnitude are perfectly known, allowing the
implementation of Stator Field Oriented Control (SFOC). The representation of the discussed current

space vector in the chosen reference frame is shown in Fig. 3.1.

N

q

Figure 3. 1: Representation of current space vector in synchronously rotating reference frame, with d-axis alignment
with stator flux space vector. Stator flux space vector contains only real component.

The formulas used to build the induction motor model, represented in complex form, are as

follows:
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Ay, (3.
ug = Rgig + ar + jwe
g, _ (3:2)
0=R,i, + dt +j(we — wr)wr
V. =Lyl + Ly Iy (3.3)
Y, = Lpiy + Ly, (3.4)

Besides the ability to utilize field-oriented control, orienting the rotating reference frame with
the chosen flux space vector significantly reduces the complexity of the expressions. This

simplification is due to the elimination of the imaginary component of the flux 1§, = 0,consequently

Ys =g + jip; = Yiq(as observed in Fig. 3.1). Hence, the motor equations given in the stator flux

synchronous frame are:

dpsq

ugq = Rsiseq + WPy (3.6)
de
Uiq =0 =Ryijq+ lclijrd — (we — wr)lpﬁq (3.7)
ug —0—Ri9+d¢re"+(w — W )PE (3.8)
rq — — Mrirq dt e r rd '

VYsa = Lsigg + Limizg (3.9)

l/)seq =0= Lsiseq + Lmifq (3.10)

Vra = Lrifg + Linigy (3.11)

l,l)f:’q = Lrifq + Lmigq (3.12)

where,

w, represents the angular synchronous speed. The superscript 'e' denotes a synchronously

rotating reference frame.
The calculation of the produced torque is simplified as shown below:

. 3.13
T, = E Pp qul/)gd ( )

The characteristics of the drive being discussed necessitate the consideration of sensorless

motor operation. The rationale behind this is detailed in Section 1.4. Consequently, the algorithm's

20



Chapter 3: Control Algorithm Design

structure is augmented with the estimation of rotational speed, as discussed in Section 3.5. Ultimately,

the algorithm can be developed. Its comprehensive structure is illustrated in Figure 3.2.

Voltage
Decoupling
Sy Uac
Speed (s we!
Controller | T T
Isq(ren : : Usq(ref) y
nref—’@—' PI @“’ PI I dA
[ Flux ‘ === =2 Usd(red)l pyyy gg’ VSI
Controller \ )
( ) isq ) T
Wrer—i) pr ) PI el
Y — S
d @ A AN 4 i A 4 A 4 l
2 q° Udc fabc 1 [abec
q q

R

Us is
2l Flux & speed Vi . .
* 77 IM
WYs| Observer AL

Figure 3. 2: Block diagram presenting stator field-oriented control, run sensorless. The only measurements are phase
currents. Voltages required for flux and speed estimations, are calculated with Udc and duty cycles feedbacks. Feedback of
the stator flux and rotational speed is obtained with respective estimators - placed together in one block 'Flux & Speed
Observer’. [14]

The system depicted in Fig. 3.2 consists of four PI controllers: two for speed and flux regulation,
and two for (dq®) currents regulation. Feedback signals for speed and flux regulators are derived
from their respective estimators, which are combined into a single block referred to as the 'Flux &
Speed Observer'. Inputs to these observers are voltages and currents represented in the stationary
reference frame. Current signals originate from sensors mounted on the wires supplying the machine.
Voltage signals are estimated using the DC-link voltage and duty cycles fed to the converter.
Additionally, the flux observer provides information about the actual position of the stator flux, which
is used to transform the currents from the stationary to the rotating reference frame. These
transformed signals are then used as feedback for the current regulators. The current controllers
generate reference voltages, and together with the stator flux angle estimation, they are used for
space vector modulation techniques. Furthermore, the coupling component existing in the q-axis

voltage (3.6) is integrated into the control structure.

The principle in implementing field-oriented control involves representing the stator current

space vector in a rotating reference frame. This is achieved with stator flux position information,

21



Chapter 3: Control Algorithm Design

provided by the flux observer (Fig. 3.2). The transformation is carried out using the Park

transformation [12]:

[i_fd] _ [ cos@, sinHe] [iﬁd] (3.14)
isg]  |—sinb, cos6,] i3,

icq,lsq Tepresent the real and imaginary components of the stator current space vector,

where,

respectively, expressed in a synchronously rotating reference frame,
6. denotes the stator flux angle, which determines its actual position in the plane.

The concept of the Park transformation is illustrated in Fig. 3.3.

Figure 3. 3: Graphical realization of the Park transformation. k denotes arbitrary chosen space
vector. dq° and dq®are stationary and rotating reference frames, respectively. 6, determines actual
placement of dq°.

3.3 PI controllers

The control diagram illustrated in Fig. 3.2 incorporates four PI controllers: two for speed and
flux regulation, and two for dq® currents regulation. Their primary objective is to ensure proper and
stable operation of the drive. To achieve this, their parameters must be appropriately selected for the

controlled drive system. Additionally, they must meet specific requirements:

* Inner (current) regulators: The overshoot should not exceed 4% (Mp < 4%).
* Quter regulators: These should operate more slowly than the current controllers to maintain

system stability.
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The transformation to synchronous orientation ensures that the converted currents become
direct current (DC) components in steady state. This leads to achieving zero error of the fundamental

component [15],[16]. Therefore, current regulators are defined in the synchronous reference frame.
The ordinary PI regulator is represented by the following formula:

K; 1+7p (3.15)
PIp) =K, +—=K
(p) = K, > =

where,
K, and K; are the proportional and integral gains, respectively,
7 is the integral time constant,
p is the Laplace operator.

The entire tuning process is divided into four parts:

e d-axis current loop
e d-axis flux loop
e q-axis current loop

e (-axis speed loop

Regulators are adjusted using the MATLAB/SISO tool package. After the tuning process, an anti-
windup solution is presented to overcome nonlinearity effects in the control system. The reason for

their presence is also explained.

3.3.1 d-axis current loop
Before initiating the exact tuning procedure, it is essential to identify the object to be controlled
by the regulator (referred to as the 'plant). In the case of controlling i¢;, equation (3.5) is selected,
along with (3.9):
Ea = Reify + o (L% + L)
dt (3.16)

From (3.11), it can be derived that:

e _ Wra = Lmisq (3.17)
e =T
.

Substituting this into (3.16) and applying some mathematical manipulation, the result is:
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. L
usg = i5a(Rs + pLy) +p 7= ia (3.18)
s
where,

2

Ls=1Ls— (LL—m) is the transient inductance,
T

p is the Laplace operator, replacing d /dt.

The component p LL—m Y7, in (3.18) is regarded as a disturbance and is omitted in further analysis

Nevertheless, its presence in the real system is unavoidable unless compensated for. Therefore, the
behavior of the regulator, defined based on the simplified transfer function, is validated through tests
of the entire control algorithm. Eventually, the transfer function of the plant can be formulated as:

sy 1 1

G: = = =
saiand)(P) = e = g I S R G T D)

(3.19)

To better represent the real system, certain delays are introduced [17] [18], with respective

times:

* Control algorithm: Delay corresponding to the time needed for necessary calculations (time
constant: Ty);

= Zero-order-hold (ZOH): Delay given by the holding element, maintaining the same value
during the sample period (time constant: 0.5 Ty);

» Inverter: Delay emulating the presence of the inverter driven by pulse-width modulation
(time constant: 0.5Tpy u);

= Sensor: Delay introduced by the current sensor, which samples and holds the read value

(time constant: 0.5 Ty).

where,
T, = %, Towm = f; and f, fpwu are the sampling and switching frequencies, respectively (typically
N PWM

chosen to be equal to 5kHz).
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The component pi—mljﬁd in (3.18) is considered a disturbance and is neglected in further

analysis. However, its presence in the real system is unavoidable unless it is compensated. Therefore,

the regulator's behavior is defined based on the simplified transfer function.

1 1

G; (p) = = = 3.19

sawand (P = S Rl RGpTy + 1) (5:19)
where,
L
T! = 2%
S RS

In order to represent better the real system, certain delays are introduced, [17], with

respective times:

e control algorithm - delay corresponding to time needed for necessary calculations
(time constant: Ts);

e zero-order-hold (ZOH) - delay given by holding element keeping the same value
during sample period (time constant: 0.57Ts);

e inverter - delay emulating presence of the inverter driven by pulse-width modulation(time
constant: 0.5Tpwm);

e sensor - delay introduced by the current sensor, which samples and holds read value(time

constant: 0.5Ts).

where,

1 1
T, = = ,and fs, fpywm are sampling and switching frequencies, respectively (they are
fsTpwm  frwm

chosen to be equal to 5kHz.).

Existing delays, also known as 'transportation lags,’ cause no change to occur in the plant until

the corresponding time delays elapse. In the time domain, an arbitrary delay can be defined as [19]:
y(@) = x(t —Ty) (3.20)
where,
x(t) is the input of the transportation lag,

y(t) is the output of the transportation lag,
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T, is the time delay of the transportation lag.

[ts transfer function is then:

Y(p) X(ple TeP o-Tap
Xp) X (3.21)

Glag (p) =

To include the transportation lag in the analysis, it is preferable to express it as a rational
function instead of an exponential form. This can be achieved by using the (o1, qpo;) Padé
approximant [17], where (ppol, onz) are the degrees of the numerator and denominator polynomials,
respectively. The approach is to define the exponential and rational functions through the McLaurin
series, and then find the coefficients of the numerator and denominator of the rational function. The
higher the order of the polynomials of the rational function, the better the precision of the
approximant. However, for small delays as previously introduced, it is acceptable to use the (0,1) Padé
approximant, which yields [17]:

1
1+po

e_po ~

(3.22)

The block diagram of the current closed-loop system, with the regulator, presented delays, and

the plant to be controlled, is shown in Fig. 3.4..

( l wisd
Tp+1 05?p+1 0.5 mp+1 'LRS(pT;H)J ]

Control Algorithm Inverter Plant
SR

1
0.5T. p+1

-
Sensor

Figure 3. 4: Block diagram of the igq current close-loop with regulator to be tuned.
As the sensed current signal is sampled, it is necessary to prevent possible aliasing. Typically,
this is achieved with an analog anti-aliasing prefilter placed between the sensor and the A/D
converter [17]. However, since the current algorithm is designed for a conventional motor (with a
nominal stator frequency fstN = 50Hz) and the sampling frequency is chosen to be fs = 5kHz, the

sampling theorem of Nyquist and Shannon is satisfied. The theorem states that a sampled signal is
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appropriately reconstructed if it does not contain frequency components higher than half the sample

rate. Therefore, the aforementioned prefilter might be unnecessary.

To simplify further analysis, it is desirable to have unity feedback. Thus, the diagram in Fig. 3.4

can be reformulated, as depicted in Fig. 3.5.

isd(re/)
0.5Tsp + 1
_ 05Tp+l Tp+l 05Tp+l OST p+l| R (pT+1)|

Sensor Sensor Control Algorithm Inverter Plant

sd

Figure 3. 5 Block diagram of the (igq) current closed-loop with the regulator to be tuned. Unity feedback is achieved.

Based on Fig. 3.5, the open-loop transfer function of the system can be expressed as:

l1+pt, 1 1 1 1 1 (3.23)
pti,, O0.5Tsp+ 1Tp+10.5Tsp + 10.5Tymp + 1Rs(pT + 1)

GOV (p) = Ky,

Now, the coefficients of the PI regulator can be determined. The first zero of the controllers is
chosen to neutralize the effect of the smallest pole, thereby improving the dynamics of the controlled

system. The smallest pole is related to the plant, so:
Tigq = Ts (3.24)

Subsequently, the proportional gain is determined based on the magnitude optimum criterion,

where the damping ratio is setto { = \/—— 0.707 [20]. Finally, the parameters are tuned to the following

values:

K

visa = 20.1264, Kijgq= 1720.2, T;54= 0.0117 (3.25)

The response of the d-current control system (considered with the designed controller) to the
step command is analyzed. The result is shown in Fig. 3.6.
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Figure 3. 6: Step response of the system with designed P lisd controller. Typical characteristics are marked: rising
time (tr(10%-90%)) = 0.082168 ms, settling time (ts(2%)) = 0.169565 ms and the maximum overshoot (Mp) = 3.648%.
Value '1’ on the 'Amplitude’ axis denotes arbitrary chosen d-current reference, applied to the control system.

Obtained controller leads to the following properties of the system.
tr(10%-90%) = 0.082168 ms, ts(2%) = 0.169565 ms, Mp = 3.648% (3.26)
where,
t,-(10%-90%) is a rising time,
ts(2%) is a settling time,
M, is a maximum overshoot.

The step response of the system (Fig. 3.6) demonstrates that the regulator operates stably.
Additionally, the zero-pole map of the closed-loop system, with the added regulator, is depicted in
Fig. 3.7. This also confirms stability, as all poles and zeros are positioned on the left half of the complex

plane.
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Figure 3. 7: Pole-zero map of the d-current close-loop, including designed regulator. Result indicates stability of the
system - all zeros and poles are placed on the left half of the complex plain. Zeros are determined by circles, while poles by
crosses

The condition for current controllers, stated in the beginning of the section, is fulfilled.

3.3.2 d-axis flux loop

Regulator used to keep the stator flux at the desired level is tuned by following the similar
procedure utilized previously. Therefore, first it is necessary to evaluate transfer function of
the plant to be controlled. The evaluation starts from placing (3.11) and (3.12) into (3.7),
which yields:

0=Ryira” + PLrira® + Linisa®) = (We — @) Lyirg® + Linisg® (3.27)

Rotor current components, can be obtained with utilization of (3.9) and (3.10). It results in:

¢, — Lgi ¢, — Lgi L,.L 3.28

0= Rr lpsd stsd + (Lr l/Jsd stsd + Lmi§d> _ (we _ wr) (_ rs + Lm) iEq ( )
After computation process, (3.28) can be reduced:

iSd(pLa + RrLs) = lpsd(Rr + er) + Lasweiseq (3.29)

where,
Ly =L,Ls — L?n

(RrLs + chr)igq

e e
er)sd - Ldlsd

SWe = (“)e - wr) =

29



Chapter 3: Control Algorithm Design

Component: Lasweifq in (3.29) is considered as a disturbance, and is ignored in the

design process. Similarly, to coupling component in the plant of d-currentloop control, given in (3.18),
its presence in the real system is not avoidable, unless it is compensated. Thus, the behaviour of the
regulator defined on the basis of the simplified transfer function, is verified during tests of entire

control algorithm.

After utilization of some mathematical manipulation, transfer function of the plant is

formulated:
Ly
Pi (RrLSp + 1) Rels  (T,p+1) (3.30)
Gl,b(plant) (P) e T L, s (T, p+ 1)
st (Fp+1)R, T
where,

Ty = (La/RrLS)

Ly . .
T, = R—r is a rotor time constant.

r

Once, the transfer function of the plant is known, it is necessary to determine the transfer
function of the inner loop. Referring to Fig. 3.5, equivalent time constant of the open-loop

system can be formulated, as the sum of every small time constants [12]:

Tii:(ol) = 0.5T; + T; + 0.5T5 + Tywm = 0.02ms (3.31)
According to used criterion to design the current loop, its close-loop transfer function can be

expressed [20]:
1 (3.32)

2
eq eq

2 (Ti5opp) + 2T 0P +1

And the transfer function of entire i;4 current control loop, is given:

Gi () =

1 (3.33)

2
eq eq
2 (Tisd(oz)p) + 2T, P t1

Giy(p) = (0.5Tsp + 1)

Assuming, that:

(14 0.5T,p)(1 — 05T,p) = 1 — 0.25T2p? ~ 12 05T,p +1=—— (334
1-0.5Tsp

transfer function given in (3.33), can be rewritten:
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Gi.,(p) =

p+1

1 (3.35)
1-05Tp
’ ( lsd(OI)p isq(ol)

e 2 e
2(1%,pp) +2T°
Second order term in (3.35) is much smaller than unity, therefore it is reasonable to neglect it.

Hence, equivalent time constant of entire current control loop can be determined:

T8 = —0.5T; + 2T ) = 0.0375ms (336)

lsd

Approximated transfer function of the inner loop is expressed, eventually:

(3.37)
Gi.,(p) = T 1
lsd

According to controlled system given in case of current control loop, flux loop consists of only

one delay, related to digital calculation. Block diagram presenting the system, is depicted in Fig. 3.8.

WV sdeet) P_I \ I 1 | 1 | ]I (Tf,rp +1) Isd
Sl T.p+1 L T % + 1! TS Tp+1)
e J Cigd” __ ) S
Control Algorithm {nnp:(jnrmnt Loop Plant

Figure 3. 8: Block diagram of the flux close-loop with regulator to be tuned

Corresponding to Fig. 3.8, open-loop transfer function is given:

1+pty 1 1 (T,p+1)
pty Tsp+1 Ti:;’p +1°(Tp+1)

Gyon(P) = Kpy (3.38)

In order to analyze the system, and find coefficient of the controller, transfer function is

simplified. Its numerator can be expressed similarly to (3.34):

1
1+ T,p)(1—Typ) =1—-025T2p? = 1=>T,p+1= (3.39)
1-Typ
Hence, transfer function of the plant becomes of a form:
Rebs 11 ! 1 (3.40)

G = =1L = L
weptant) (P) R, Tip+11-T,p  “T,T,p2+ (T, —Tp+1 *Typ+1

where,
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Ty =T, —T,

Now, the o pen-loop transfer function (3.38), can be reformulated, and be a basis for further

analyses:

1+p7y 1 1 L 1
pty Tp+ 1T Ip+1 "Typ +1 (3.41)

In order to determine coefficients of the Py, symmetric optimum criterion ([20], [12]) is applied.

Since equivalent time constant of the plant Ty, is small (T, = 92.3ms), expression

1+p7y 1 1 L
pty Top+1 Tiegp +1°° (3.42)
for the plant can be reduced further [12]

Gyory(P) = Kpy

In the open-loop transfer function of the system (3.41), exist two more defined components:

1/(Tsp + 1) and 1/(Ti:2p + 1) which time constants are much smaller than one of the plant (Ty,). Thus,

these two first-order elements can be reduced, accordingly [12]:

1+ p1y 1 L
pty T, 'p+1° (3.43)

Gyory(P) = Kpy

where,

eq _ eq
Tyl =T, + TS

Consequently, integral time constant of the Pl is obtained, as:

Ty = 4T," (3.44)

Subsequently, proportional gain is tuned, and set of the controller coefficients is found:

K

»p = 19.3398, Ky, = 10744,7,, = 0.0018 (3.45)

In order to study the behaviour of the regulator, response of the flux control loop to the step

command is plotted (Fig. 3.9).

Properties of the control loop are obtained:

(3.46)
tr(10%-00%) = 0-078019 ms, ts(z0) = 0.602685ms, M,, = 43.161%
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Comparing (3.46) to characteristics of corresponding current regulator (Plg;), given in (3.26),

rising time is about seven times larger. Its time reaction is in an appropriate level.

In the given step response (Fig. 3.9) is observed very high overshoot, which is the consequence
of the chosen criterion [20], [12]. However, that drawback is overcome by current limitation.
Similarly to the current controller, it can be concluded, that the system and designed regulator work
stable. Response to the step input stabilizes. For additional confirmation, pole-zero map of the flux

control loop is plotted in Fig. 3.10.
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Figure 3. 9: Step response of the system with designed stator flux controller. Typical characteristics are marked:
rising time (tr(10%-90%)) =0.078019 ms, settling time (ts(2%)) = 0.602685 ms and the maximum overshoot (Mp) =
43.161%. Value '1’ on the 'Amplitude’ axis denotes arbitrary chosen stator flux reference, applied to the control system.
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Figure 3. 10: Pole-zero map of the stator flux close-loop, including designed regulator. Result indicates stability of the
system - all zeros and poles are placed on the left half of the complex plain. eros are determined by circles, while poles by
crosses.
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3.3.3 g-axis current loop
Like in previous subsections, transfer function of the object to be controlled has to be

determined. Solution starts with (3.6), however, ¥¢; is not omitted:

usq = Rsiseq + plpseq + welpgd (3.47)

Then (3.10) is placed into (3.47):

ugq = Rsiseq + p(Lsiseq + Lmireq) + we1/1§d (3.48)
In order to get rid of the rotor current component, (3.8) is used:

. L L 3.49
usq = (Rs + pLs)lseq - pz R_mwﬁq -p R_m (we — W7 + Wy ( )
T T

Rotor flux g-component appearing in (3.49), can be determined by q-component of stator

current: Y7, = iy (Ly — LyLg/Ly,)Putting that expression into (3.49), yields:

L (3.50)

L.L L
ugq = (Rs + pLs)isq - pz (Lm - Z S) isq -p .
m

(we - wr)lljﬁd + wel/)gd

Ry Ry
Phrase:p (L, /R;) (We — W, )Pey + w1, from (3.50) is considered as a disturbance, and is
omitted in the analysis. However, the coupling exists in the real system, therefore the
behaviour of the regulator defined on the basis of the simplified transfer function, is verified during

tests of entire control algorithm.

After several mathematical computational steps, the following result can be obtained:

L L (3.51)
ué, = i¢,R (—opz +—Sp+1)
5q sq°*"S RrRS RS
Finally, transfer function of the plant is found:
lsq 1 1 (3.52)
G: sS4 _ -
i@t ) = e = R GT T + T 1 1

where,
Ls . .
T = =S the stator time constant.
S

System modelled in g-axis current loop, consist of exactly the same delays presented in
section 3.3.1. Hence, it might be also represented in the block diagram, as it is shown in Fig.
3.11 (system with sensor delay in the feedback is already replaced by its equivalency with
unity feedback).
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Figure 3. 11: Block diagram of the iy, current close-loop with regulator to be tuned.

Similarly to conclusion obtained in section 3.3.1, anti-alias prefilter is not required, and

its presence can be avoided.

From structure of the system given in Fig. 3.11, open-loop transfer function can be
formed:

4P, 1 1 1 1 1 (3.53)
'sa pri, 0.5Tgp+1Tsp+1 0.5Tsp+1 0.5Tpymp+1 Rs(0 T Trp?+Tsep+1)

Giseon(P) = Ky

q

Determining parameters of the Pl;,, starts with zero selection. As in previous cases, it

is used to cancel the slowest pole of the system (to make the dynamic response improved).

In the discussed loop, it is one of poles of the plant (Ti54(1) = 56 ms, Tisq (2) = 56 ms). It

yields:
Tigy = Tigy(2) (3.54)
Proportional gain is determined with utility of magnitude optimum criterion, where the damping
. V2
ratio is set { = = 0.707 [20]. Eventually, all the parameters are chosen:

K

Pisq =8, Kiisq = 142.86, Tisq = 5.60e — 02 (355)

In order to examine the controller behaviour, response of the system to the step command is

checked, and the result is presented in Fig. 3.12. It results in the control loop characteristics:

tr(10%-90%) = 791032 ms,  ty(a) = 270.62400 ms, M, = 3.738% (3.56)

Verification of the stability is made on the basis of pole-zero map of the control loop, presented
in Fig. 3.13. Since all the poles and zero are placed on the left half of the complex plain, it is concluded

that system is driven stably. Also demand for the controller is fulfilled, as M,,=3.738% < 4%. However,
comparing properties of two current control loops, (3.26) and (3.56), itis easily to note, that Pl;sgacts
slower than Pl;s, Any trials of improving its reaction lead to instability. The reason of that situation,
might be much higher affect of the applied load on g-current component (as it is the torque-producing

one). Additionally, its
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Figure 3. 12: Step response of the system with designed P lisq controller. Typical characteristics are marked: rising
time (tr(10%-90%)) = 79.1032 ms, settling time (ts(2%)) = 270.62400 ms and the maximum overshoot (Mp) = 3.738%.
Value '1’ on the 'Amplitude’ axis denotes arbitrary chosen q-current reference, applied to the control system.
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Figure 3. 13: Pole-zero map of the q-current close-loop, including designed regulator. Result indicates stability of the
system - all zeros and poles are placed on the left half of the complex plain. Zeros are determined by circles, while poles by
crosses.

controller is designed with magnitude optimum criterion, which is not the optimal solution
for systems with presence of disturbances [20]. Nevertheless, symmetric optimum criterion,

which overcomes above drawback, is characterized by very big overshoot, what, in case of

current controllers criteria set in the beginning of the section, is unacceptable.
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3.3.4 g-axis speed loop

The controlled plant for speed regulator is formulated from (3.13):

Te
G (plant) (p) = E = Epplp;i (3.57)
To obtain the feedback signal for the speed command, (2.13) is used. Actual design is
made for conventional induction motor, which friction constant is negligibly small. Thus,

the formula can be reduced:

T =T+ Jp et ot = (1, )22
e = z+]pg=>wr = (T, - z)]—p (3.58)

where,

w?

= Wy Ppis an electrical angular rotor speed

However, the resulting speed depends also on the load torque, which is treated as the
disturbance. Therefore, the procedure applied to design speed controller, slightly differ from
previously utilized. Nevertheless, first, transfer function of the inner current loop has to be
formulated. It begins from calculating equivalent open-loop time constant. As, only the
slowest pole of the plant of g-current loop is cancelled by its regulator, the second one is
included in equivalent time constant computation:

T4 Ty ) + 0.5Ts + Ty + 0.5T; + Ty = 56.3ms (3.59)

isq(Ol) =

Close-loop transfer function of the system given in Fig. 3.11, with calculated equivalent

time constant is formulated, as:

1

2
eq eq

2 (Tisq(OZ)p) + ZTisq(Ol)p +1

Including the system element appeared before the node (Fig. 3.11) into to transfer

Giyocy(®@) = (3.60)

function of entire q-current loop, yields:

1

2
q eq
2 (Tisq(Ol)p) + ZTisq(Ol)p +1

Accordingly, to the assumption (3.34), (3.61) can be rewritten:

Gi,,(p) = (0.5Tsp + 1) (3.61)
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1 1

1—0.5T. 1% q 2 eq
2 (Tisq(‘)l)p) + ZTisq(Ol)p +1

Second order component in (3.62) is much smaller than unity, and can be neglected. Thus,

Gisq (p) = (362)

Gisq(P) is reduced to first-order system. Time constant of entire q-current loop is

computed:

T, = —0.5Ts + 2T/, = 112.6 ms (3.63)

And resulting, approximated transfer function is:

1 (3.64)
q
Tl.sqp +1
As the system is run sensorless (Fig. 3.2), there is no sensor providing feedback for the control

Gi,,(P) =

algorithm (no delay in the feedback). The only one-time delay considered in actual process is related
to digital calculations. But, as it is mentioned previously, system and the design procedure differ, due

to disturbance signal consideration, as it is visible in Fig. 3.14.

Wr(ref) b 1 [ 1
PI pmeIsd Tsp +1 lTligp +1
Wr

Control Algorithm  Inner current loop

Figure 3. 14: Block diagram of the speed close-loop with regulator to be tuned. Load torque disturbance is added to
the system.

Analyzed system is considered linear, thus it is resolved with superposition usage[18]. First
a)rel is treated as an input of the system, and 7, is set to zero. Afterwards, input torque

is examined, while the speed is kept zero.
In the first case, only proportional part of the regulator is utilized [18], as it is shown in Fig. 3.15.

Open-loop transfer function of the system given in Fig. 3.15, is formulated:

1 1 1 (3.65)
“Tep + 1T /p+1J/p+B

By defining equivalent time constant,

Gw(ol) (p) = Kp

To! =Ts + TS (3.66)
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transfer function in (3.65), can be simplified to the first-order system:

rtreh) Pl Ly 4 [—e - ! Pplmlsa |Te I |w
pPLmISd Tsp +1 [Tisdp +1 Lr Js+B
Wr

Control Algorithm  Inner current loop Plant

Figure 3. 15: Block diagram of the speed close-loop with regulator to be tuned. Only speed input is taken into account.

1 i (3.67)
Toip+1Jp
In order to find optimal solution, magnitude optimum criterion is used. Tuned coefficient of the

Gw(ol) (p) = pr

controller is given:

Ky =1 (3.68)
In order to find the parameters of the integral part of the regulator, second case is studied (load

torque is considered as an input to the system, while speed is set to zero).

That situation is observed in Fig. 3.16

TL or

v

PI

Figure 3. 16: Block diagram of the speed close-loop with regulator to be tuned. Load torque is considered as an input
to the system, while speed is set to zero

Control scheme presented in Fig. 3.16, is described by the following transfer function:

_Pr
w-(p) _ Jp (3.69)
T,(p) Pp 3 e 1 1+7,p
b (_]_p) “2PsagEm, 1M Ty
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After several mathematical manipulations (3.69) is reduced to:

() _ Py 21, T (T p + 1) (3.70)
Ti) T 2(T8%) r,p® + 2T %7, p2 + Top + 1
Due to the character of the studied system, symmetric optimum criterion is chosen to

determine the time constant of the integral controller:

T, = 4T, (3.71)

Complete set of sought coefficients of P1,is given:

Ky = 1,K;, = 2.8662, 7, = 0.3489 (3.72)
In order to examine the stability in case of disturbance (load torque) presence, pole-zero

map of (3.70) is plotted, and presented in Fig. 3.17. It shows that, all poles (determined by

the crosses) are placed in the left part of the plain, what indicates stability of the system.
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Figure 3. 17: Pole-zero map of the speed close-loop with consideration of the load torque. Result indicates stability of
the system. Zeros are determined by circles, while poles by crosses.

Properties of the designed speed regulator are studied with step response of control loop,
while disturbance is not considered. The result is shown in Fig. 3.18. Characteristics of the

loop, are listed below:

tr(10%-90%) = 102.28500 ms, ty(py) = 824.02600 ms, M,, = 42.74% (3.73)

40



Chapter 3: Control Algorithm Design

From:r To:y
15 , d
bommmmce
/i X 0.186811
[ 1Y1.4274
[ 1zs
\
_ \ - -
o 1F = | 7 T e
b= i \\ 7 S
2 - Py / i X 0.824026
g ! x 0.102285 \/ i Y 0.98
< li Yo Z5
lizs
0.5
i i
oV : . I . \ |
0 0.2 0.4 0.6 0.8 1 1.2 14

Time (seconds)

Figure 3. 18: Step response of the system with designed controller, without load torque input consideration. Typical
characteristics are marked: rising time (tr(10%-90%)) = 102.28500 ms, settling time (ts(2%)) = 824.02600ms and the
maximum overshoot (Mp) =42.74%. Value '1’ on the '’Amplitude’ axis denotes arbitrary chosen speed reference, applied to
the control system.

The requirement for the outer-loop regulators (including the speed regulator) is to be slower
than the corresponding current regulator. Comparing the characteristics of the speed control loop

(3.73) and the corresponding q-current loop (3.56), it is evident that the current loop operates faster.

3.3.5 Integrator anti-windup

Each of the designed controller outputs must be limited to prevent hardware damage (e.g., from
overcurrent or overvoltage). These limitations introduce nonlinearities into the system. When the
regulator's output is sufficiently high, the signal sent to the controlled object reaches the saturation
level, causing the integral part to continue integrating the supplied error. This results in the
controller's output increasing (winding up). This continues until the plant feedback exceeds the
reference value, and a negative error appears in the PI input. This change causes the integral part to
produce a high output to compensate for the previously accumulated error, leading to overshoots in
the responses. If the signal remains saturated for a significant amount of time, it could deteriorate

control and render the system unstable.

To overcome this situation, an anti-windup mechanism is added to each controller [17]. Its basic

structure is presented in Fig. 3.19.
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Figure 3. 19: Integrator antiwindup technique, to cancel the effect of the saturations.
Antiwindup gains should be selected to keep the input of the integrator relatively small,

whenever the saturation occurs [17]. Hence, respective gains are chosen:

Kai, =5 (3.74)
Kgp= 10 (3.75)
Kai,,= 100 (3.76)
Kew= 90 (3.77)

3.4 Stator flux observer

The introduction to this chapter emphasizes that a crucial part of the stator field-oriented
control is the precise knowledge of the stator flux magnitude and its actual position. As the design is
focused on enabling the algorithm to run the motor sensorless, this information can be estimated. In
the case of stator field orientation, it is realized by a simple expression (3.12). Besides simplicity,
problems related to the signal integration are known. In physical implementation, the result of the
ideal integration is affected by the offset and drift [21]-[22]. The source of the first problem comes
from non-perfect measurements of current and/or voltages, while the second one exists because of

the method of integration.

Considering x(t) as the ideal, arbitrary signal to integrate, the corresponding measured one is
always introduced with offset (due to imperfections of used sensors). Therefore, after its integration,

one can obtain:
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fxmeas(t)dt = f [x(t) + xoff]dt = y(t) + tXorr +C (3.78)
where,

y(t) is the integral of x(t),
xoffis the offset value of the measured signal,

C is the constant value resulting from initial conditions of the integral

Additionally, to derive accurate flux information, the exact value of the stator resistance must
be known. However, its influence is dominant at low speed range, while in high speed case the

problem vanishes [21]. Thus, it is not further investigated.

Several solutions discussed in the literature propose ways to overcome these drawbacks.

Among them, three are highlighted:

= Low-pass filter (LPF) based model,
» High-pass filter (HPF) based model,

» Voltage-current model.

All of them present good results over a wide speed range. However, a few specific characteristics
are considered. In the case of LPF-based models, to compensate for phase and magnitude distortions,
an interior feedback loop is designed together with the PI regulator [23]. This requires additional
tuning procedures, complicating the process. A suggestion to avoid this is using programmable LPF,
which limits the dependency on the actual speed [21], [24]. However, this solution is not further

explored.

The voltage-current model yields good estimation results [23, 25], but requires speed/position
feedback, which in sensorless control becomes very precise and critical. Small errors in the velocity

estimation will be amplified in the flux calculations.

The HPF-based model is selected for final investigation and eventual implementation. It
requires phase and magnitude compensators but does not need a feedback loop or an additional
controller [23], [26]. Therefore, for the final investigation and actual implementation, the HPF-based

model is chosen.
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Among the proposed structures of the estimator, the basic architecture is adopted [26]. Its

representation is shown in Fig. 3.20.
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Calculations Position 9.,

Estimation
—__

\ 4

\ 4

\ 4

\ 4

\ 4

Figure 3. 20: Basic structure of the HPF-based model of the stator flux estimator [26].
The reason of usage high-pass filters is to get rid of the dc-offset in the signal to be integrated.
Applied filters are first order filters, hence signal with lower frequencies than cut-off frequency is not
completely attenuated. Therefore, after passing filtered out signal through pure integrator, flux can

be reconstructed with phase and gain compensators, as it is visible in Fig. 3.20.

In order to evaluate the observer, set of formulas has to be introduced. First, the high pass filter

is defined. It can be given by means of transfer function:

p (3.79)
HPF =
() >+ o
where,
W, = 21f,
and,

f.is the cut-off frequency.

(3.80)
Gain =

44



Chapter 3: Control Algorithm Design

Angle = atan2 (sin(By —6,),cos(0, — HX)) (3.81)
Afterwards, parameters of the compensators, are calculated:

where,
XqXqare the signals applied to HPFs (back EMFs),
YyY,are the outputs of HPFs,
6,0, are the angles of back EMF, before and after HPFs, respectively.
Positions: 6,0,y, used in (3.81), are given as:
6, = atan2(X,, X,) (3.82)

6, = atan? (Yq, Yd) (3.83)

Calculated compensators (3.80), (3.81) are used to determine the desired stator flux

information:
1/3; = ’lpgdo + l/Jszqo (3:84)
6, = atanZ(sin(HeO — Angle), cos(6,. — Angle)) (3.85)
where,
Ysao = Gain - Zy
Ysqo = Gain - Z,

B0 = atan?2 (¢sq01 Ysao) = atanZ(Zq, Zq)
and,

Zgq,Zg, are the outputs of pure integrator of d and q axis, respectively.

Besides its simplicity, simulation tests give unaccepted results. The reason of that, might be
presence of derivations in the inputs of the observer (caused by the HPFs). As it is suggested to avoid
any derivative parts, idea presented in [22] is utilized. Looking again into transfer function of high-

pass filter, it can be rephrased, in a certain way:

p__Pp +w.—w: 1 Wc (3.86)

HPF = =
(p) p+ w, p+ w, p+ w,
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Simple mathematical manipulation introduced in (3.86), shows that HPF can be introduced by

its equivalency containing low-pass filter. In that way, undesirable derivatives disappear.

Proper working of the estimator is assured, when cut-off frequency of filters fulfil two
conditions [26]. It has to be much higher than inverse of stator time constant of the motor to be driven,

and it ought to be lower than sampling frequency. Observing responses for few values of cut-off
frequency, finally it is set to w. = 1500 rad/s, what corresponds to f.= 238.73Hz. Below, comparison

with fulfilled requirements is done:

1 R
— = =20Hz < f, = 400Hz < f, = 5000Hz (3.87)
Tse L

The performance of the derived observer is shown together with drive simulation, which is
done in section 3.6.

3.5 Speed estimator

Next to observer described in previous subsection, there is a request for speed estimator, in
order to fulfil sensorless control demand. As in case of asynchronous motor exists slip, which
introduces difference between rotor speed and synchronous speed, sought estimation of the velocity

can be determined:

Wy = Wy — We; (3.88)
where,

w, "W, " wg; *are the rotor, synchronous and slip angular speed estimations, respectively.

Synchronous speed estimation can be obtained from steady-state approximation [27]:

- . 1 — (3.89)
PU ~ jwg = e :J'TSWS

After mathematical manipulation, final formula for synchronous angular speed is achieved:

e WiapPss — WiabWia _ Wiaess — isess (3.90)
¢ ()2 (P2)?

where,
Y, Ysq *are the estimated stator flux d and q components, respectively,

esq®’, esq° are the estimated back EMF d and q components, respectively.
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Similarly to synchronous angular speed, slip has to be introduced by typical, electrical
measurements. Therefore, analysis begins from simplified Kloss formula, linking slip and the produced

torque [12]:

2 (3.91)

2 2
( Wgy ) + (wslk)
Wgik Wgy

where,
Tk is the breakdown torque,
Wi is the breakdown angular slip velocity.
In case of high speeds, actual slip becomes much smaller than the breakdown one: wg; K wg

. Thus, expression (3.91) can be further simplified [12]:

T, 2wy (3.92)

Ty wsik
Breakdown torque is given by the relation:

Us\? (3.93)
T~ (—) ~ 1) = const
we
It is valid, if Rg¢ = 0 In high-speed region, effect of the resistance diminishes, therefore (3.93)
provides that breakdown torque remains constant. Additionally, (3.91) is applicable to any torque,

also, the nominal one [28]. It yields:

Te _ Wg (394)

where,

T,pis the nominal electromagnetic torque,

Wgnis the nominal slip angular speed.

In order to determine the actual torque of the motor, utilizing only standard measurements,

method described in [29] is used. The idea of the solution is to determine stator flux space vector in
the rotating reference frame oriented with Ugy space vector (Ugyis aligned with its d-component),

which is defined as following:
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Uy = j0gy, (3.95)

Chosen orientation, yields:

(3.96)

T — € e _ e e __ u.Se‘dlIJ
Usy = Usqy = Usay = _weq—’sq = Ll’sq - - ©
e
Now, torque can be related to obtained flux, according to the relation:

T =205 (B,,,,, i) = 2p3 [ 222 (18, +ig))]| = 2pp S22, = comst-ig, B
J indicates imaginary part of the complex number,
m Sconjis the conjugated stator flux space vector.
Result obtained in (3.97), leads to the final solution for the slip angular estimation:
o e ™ i~ g = = .

Additionally, low-pass filters are placed before each estimation (wr*we*wslip*).Cut-off

frequencies are selected by observations of the plotted results of the signals. It yields:

50 (3.99)
LPE. (p) =
w, (D) >+ 50
100 (3.100)
LPE. (p) =
v (P) = 22700
100 (3.101)
LPE. (p) =
wa () = 53700

Presented method relies only on the current measurements, and voltage estimations from

inverter states, what definitely fulfils sensorless objective.

3.6 Simulation results

This section presents the performance analysis of sensorless control of an induction motor
using the Accurate Adaptive Integration Algorithm. The analysis includes the evaluation of speed,

stator angle, torque, and flux responses. The results demonstrate the algorithm's capability to
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effectively control the motor, with specific areas identified for further refinement to enhance accuracy

and stability.
Speed Response Analysis:

The top plot illustrates the speed response of the induction motor. The reference speed,
indicated by the dashed line, is closely followed by both the measured speed (blue line) and the

estimated speed (red line). Key observations include:

e [nitial Acceleration (0 to 2 seconds): The reference speed increases linearly to 50 rad/s. The
estimated speed follows closely with minimal lag, while the measured speed shows a slight
delay.

e Steady-State (2 to 5 seconds): The system maintains a steady speed of 50 rad/s, with the
estimated speed matching the reference speed precisely. The measured speed aligns well, with
negligible deviation.

e Acceleration to 150 rad/s (5 to 7 seconds): The reference speed ramps up to 150 rad/s. The
estimated speed tracks this change accurately, though a minor overshoot is observed. The
measured speed follows similarly, indicating effective control.

e Deceleration to 100 rad/s (7 to 10 seconds): The reference speed reduces to 100 rad/s. Both
estimated and measured speeds align closely with the reference, showing quick adaptation to
the change.

e Final Deceleration (10 to 12 seconds): The reference speed drops to 0 rad/s, and the estimated
speed follows promptly. The measured speed also decreases, showing a minor delay but

converging to the reference.
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Figure 3. 21: The figure presents the performance analysis of a sensorless control system for an induction motor
using the Accurate Adaptive Integration Algorithm. The plots illustrate the following:

1. Top Plot: Speed response, showing the reference speed (dashed line), measured speed (blue line), and
estimated speed (red line).

2. Second Plot from Top: Estimated stator angle (red line), demonstrating high-frequency oscillations
throughout the operation.

3. Third Plot from Top: Torque response, displaying the load torque (blue line) and the electromagnetic
torque (red line), with effective tracking of torque changes.

4. Bottom Plot: Flux response, showing the reference flux (dashed line) and the measured flux (blue line),

with consistent alignhment indicating robust flux control.
Estimated Stator Angle Analysis:

The second plot from the top shows the estimated stator angle (red line). Observations include:
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e High-Frequency Oscillations: Throughout the entire duration, the estimated stator angle
exhibits high-frequency oscillations. These are especially prominent during periods of speed
change.

e Stability: Despite the oscillations, the angle remains bounded within [—3,3] radians, indicating

the system's stability in estimation.
Torque Response Analysis:

The third plot from the top depicts the torque response, where the electromagnetic torque (red

line) tracks the load torque (blue line) effectively. Key points are:

e [nitial Torque (0 to 2 seconds): The load torque is set to 0 Nm, and the electromagnetic torque
closely follows this reference.

e Torque Increase to 5 Nm (2 to 4 seconds): The load torque increases to 5 Nm, and the
electromagnetic torque tracks this change with a slight transient spike, indicating a dynamic
response.

e Steady-State (4 to 6 seconds): Both load and electromagnetic torque maintain a steady 5 Nm,
showing effective control.

e Torque Decrease and Increase (6 to 12 seconds): The load torque is varied, showing reductions
and increases. The electromagnetic torque accurately tracks these changes, with minor

transients indicating good dynamic performance.
Flux Response Analysis:
The bottom plot presents the flux response of the system. Observations include:

e Reference and Measured Flux: The reference flux is set at 1 Wb. The measured flux (blue line)
aligns very closely with this reference throughout the entire duration, with minimal deviation.
e Stability: The consistent tracking of the reference flux by the measured flux indicates robust

flux estimation and control.
General Observations

Overall, the sensorless control system exhibits a promising performance. The speed and torque
control mechanisms operate effectively, with minor deviations between the estimated and measured
values. The high-frequency oscillations in the estimated stator angle, while not compromising overall

stability, indicate an area for potential improvement. The stability and accuracy of the system suggest
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that the Accurate Adaptive Integration Algorithm is a robust solution for sensorless control of

induction motors.
Recommendations for Improvement

1. Noise Reduction: Implement advanced filtering techniques to minimize noise in the stator
angle estimation, thereby reducing high-frequency oscillations.

2. Algorithm Refinement: Fine-tune the parameters of the Accurate Adaptive Integration
Algorithm to enhance the accuracy of speed and angle estimation.

3. Transient Response Mitigation: Investigate methods to smooth transient spikes in torque

response for improved dynamic performance.

The results validate the efficacy of the Accurate Adaptive Integration Algorithm in controlling an
induction motor without sensors. The close tracking of reference speed, effective torque control, and
stable flux estimation highlight the algorithm's strengths. Addressing the identified areas for
improvement will further enhance the system's performance, making it a reliable choice for

sensorless motor control applications.
3.7 Summary

The aim of this chapter is to present the development procedure of the chosen control
algorithm. The analytical discussion in Chapter 1 distinguishes stator field-oriented control (SFOC)
as the operating strategy. Therefore, a brief introduction to the concept behind SFOC is provided at
the beginning. Following this, the design process begins, focusing on finding the optimal coefficients
of PI regulators using two control criteria: magnitude optimum and symmetric optimum. Proper
selection ensures system stability, as verified by tests conducted using the MATLAB/SISO tool
package.

Additionally, the same theoretical analysis highlights the strong advantages of sensorless
control over the use of a rotor position sensor. Consequently, two necessary estimators are
introduced: one for stator flux and one for rotor speed. In-depth analysis of potential solutions for
flux observation leads to the selection of the optimal method: the accurate adaptive integration
algorithm (AAIA) [26]. Even closed-loop SFOC requires precise flux knowledge to execute the strategy
effectively, whereas the speed estimator is required solely due to the sensorless demand. A simple

velocity observer is designed and tested alongside the entire control algorithm.
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Finally, the control strategy is implemented on the system developed in Chapter 2. The system
is operated according to the test procedure, and a series of plots demonstrates its overall behavior.
Detailed discussion confirms its correctness. However, due to the chosen path, the control algorithm
is specifically designed for the conventional motor available in the laboratory. Thus, the presented

procedure should be applied and verified when the machine operates at higher frequencies.
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Conclusions and Future Work

The main objective of the project is to design a stator field-oriented control algorithm capable
of running sensorless and being fully applied in high-speed drives. Due to the unavailability of such
motors in university laboratories, the scope was shifted to using a conventional motor supplied with

arated frequency fy = 50 Hz.To achieve this goal, it is divided into subtasks.

Before laboratory verification of the algorithm, it is essential to check its theoretical
performance by simulating it with the modeled system. Therefore, the drive is introduced and
validated with the previously mentioned conventional motor. Moreover, the derived motor model
can be applied to any asynchronous motor since a set of necessary machine parameters are available.
Additionally, the ideal representation of the inverter does not depend on any variables other than
those obtained during the simulation. Hence, the entire system can be easily adapted for future

verification of the high-frequency drive objective.

To achieve stability in the derived control strategy, the PI controllers need to be properly tuned.
This is done using two optimal criteria: magnitude optimum and symmetry optimum. The first
criterion is used for parameter selection of the current regulators, while the second one is for tuning
the flux and speed controllers. The process yields reliable results, fulfilling design conditions. These
results, obtained with simplification applied during the process, confirm the appropriate selection of

controller coefficients.

Another crucial aspect of stator field-oriented control is the precise knowledge of the flux
magnitude and its position. Several factors determine the necessity for accurate field orientation,
further speed estimation, voltage decoupling, or the utilization of a flux regulator. After a brief survey,
the appropriate observer is selected and verified in simulation in a closed-loop system running
sensorless. The results confirm its correctness, as the estimator tracks the actual flux information
accurately. The dependence on speed variation is noticeable; the higher the velocity, the better the
performance. To validate the observer, an experiment in the laboratory was conducted, presenting
similar behavior to the one obtained from simulation. Consequently, it can be concluded that the flux

estimator is designed accurately, with the potential for even better precision at higher speeds.
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The second utilized estimator is required by the sensorless demand; thus, the speed estimator
is included in the design process. As the objective motor is of an asynchronous type, actual rotational
speed depends on two estimations: slip and synchronous velocity. Furthermore, the synchronous
speed is derived based on the flux magnitude estimation. Hence, this dependency would amplify
errors of previously estimated variables, necessitating the validation of the speed estimator as well.
Since the simulation runs sensorless, it can be concluded that the estimator behaves properly.
Additionally, a comparison with actual rotational speed is plotted, showing its tracking capabilities.
Similarly to the flux observer, the speed estimator's performance was also validated in the laboratory
setup, confirming its correctness. Given that speed estimation depends on the flux observer output, it

is expected that with increased rotational speed, velocity estimation would improve as well.

Nevertheless, due to time limitations, the main goal of the project could not be fully achieved.
All conclusions are based on presumptions. To complete the task, additional tests should be

conducted in the future.
Future Work

Several tests and examinations could be included in future work to improve the derived control

algorithm:

e Further examination of the designed control strategy: This might involve retuning the PI
controllers, and testing with the motor running in a closed-loop, first using an encoder and
finally sensorless.

e High-speed machine testing: Since the algorithm is fully validated with a conventional motor,
respective tests could be performed with the objective high-speed machine.

e Extended scope on the limitation discussed in Section 1.5:

v" Analysis of the variation in motor parameters.

v Reduction of the stator flux in the field weakening region to extend the speed range.
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Appendix A:

Simulink block diagram in MATLAB for modeling an induction motor

Scalar Control - open loop.

u(1)*sin(u(2))

The figure represents a Simulink block diagram in MATLAB for modeling an induction motor using
scalar control in an open-loop configuration. Here is a short description:

1. Scalar Control Block (Open Loop):
This block generates the voltage and frequency reference for the motor, maintaining a constant
voltage-to-frequency ratio (V/f control).

2. Voltage Generation:
The voltage references are modulated as sinusoidal signals for the three phases

(u(1) « sin(u(2)), u(1) * sin(u(2) — 2 * pi/3),u(l) * sin(w(2) + 2 = pi/3)).
3. abcto ofy Transformation:

Converts three-phase voltages (abc) to two-phase orthogonal voltages ("af3’).
4. Induction Motor Block:

Inputs: Two-phase voltages (Ualpha, Ubeta), load torque (T;pq4)-

- Outputs: Stator currents (isalpha: isbeta), motor speed (Speed,,), rotor flux components

( f luxramowr, f luxrbmotor), and electromagnetic torque (torque,).

5. af to abc Transformation:
- Converts two-phase currents back to three-phase (abc).
6. Scope:
- Displays various outputs like stator current, rotor speed, electromagnetic torque, and load
torque for monitoring and analysis.

This diagram models the dynamics of the induction motor and its response to the applied voltages
and load torque.
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Appendix B:
Description of the Simulink Block Diagram for Sensorless Control of an Induction Motor Using the
Accurate Adaptive Integration Algorithm

SFOC Control Inverter Induction Motor
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The provided Simulink block diagram illustrates the sensorless control system of an induction motor
using the Accurate Adaptive Integration Algorithm. Below is a detailed description of each component
and their interactions within the system:

1. Reference Inputs
e Ref. Flux Y. : This block provides the reference flux value, set to a constant value of 1 Wb.

e Ref. Speed Y,.r : This block provides the reference speed signal, which can vary over time,
simulating different operating conditions.
2. SFOC Control Block
Inputs:
- Flux referenceFlux;: Reference flux signal.
- Speed reference Speed’: Reference speed signal.
e Qutputs:
- Vsdq*: Voltage commands in the dq frame.
- wg : Synchronous speed command.

The SFOC (Sensorless Field Oriented Control) block processes the reference inputs and generates
appropriate voltage and speed commands for the inverter.

3. Inverter Block
e Inputs:
V,2b¢: Voltage commands in the abc -frame.
e QOutputs:
- V¢: Phase voltages to be applied to the induction motor.
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The inverter converts the control signals into the actual phase voltages required to drive the induction motor.

4. Induction Motor Block
e Inputs:
- V¢ : Phase voltages from the inverter.
- g : Synchronous speed command.
e Qutputs:
- T,: Electromagnetic torque.
- Wpes: Measured speed.
I4pc : Phase currents.
Vapc: Phase voltages.

The induction motor block simulates the motor's dynamic behavior based on the applied voltages and load
conditions.

5. Load Torque
e Input:
- T, Reference load torque.

This block simulates the load torque applied to the motor.

6. Accurate Adaptive Integration Algorithm

e Inputs:
- ISB: Beta component of the stator current.
- s : Alpha component of the stator current.
- VSB: Beta component of the stator voltage.
- Vs,.: Alpha component of the stator voltage.
e QOutputs:

West: Estimated speed.
- 0,: Estimated stator angle.

The Accurate Adaptive Integration Algorithm block estimates the motor speed and stator angle using the inputs
provided.

7. Signal Processing Blocks
e Transformation Blocks:
- (ap) to (abc): Converts signals from the ( afy) frame to the (abc ) frame.
- (abc) to (af): Converts signals from the (abc ) frame to the (o) frame.
- Multiplexers: Combine multiple signals for processing or display.
8. Measurement and Feedback
Measured and Estimated Signals:
- (wrer): Referencespeed.
- (Wpes): Measuredspeed.
- (wes): Estimatedspeed.
- (8,): Estimatedstatorangle.
- (Ty): Loadtorquereference.

- (T,) *x: Electromagnetictorque.
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- (Wger): Referenceflux.
- (Usq): Measuredflux.

These signals are used for control, estimation, and monitoring purposes within the system.

The Simulink block diagram represents a comprehensive sensorless control system for an induction motor. The
Accurate Adaptive Integration Algorithm plays a crucial role in estimating the motor speed and stator angle, enabling
effective control without the need for physical sensors. The system components interact seamlessly to ensure

accurate motor control, reflecting advanced control strategies in modern electrical drives.
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