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ABSTRACT: This memory initiation research is in the field of power electronics to study and eliminate harmonic
pollution of the distribution network. This power and current pollution creates a major problem, especially in industrial
and high-voltage services, which is a product of nonlinear loads from non-sinusoidal current networks. Stationary
converters such as rectifier based on thyristors are nonlinear and are a major source of harmonic current injection into
the network. Therefore, they require special attention to reduce the levels of harmonics in their operation. In this case,
the modern preventive solutions employed, in addition to active filtering, which represent a therapeutic solution,
consist in replacing traditional rectifiers with new structures of non-polluting AC /DC converters, which have
resistance to the behavior of the network. This work makes it possible to control the nominal PWM voltage during the
absorption of sinusoidal current. Indeed, different control strategies have been developed, simulated with the common
aim of obtaining an effective modulation of DC vector voltages and a sampling of sinusoidal currents. We study three
strategies of control, Direct Power Control based on switching table, Direct Power Control with Fuzzy Controller and
Direct Power Control based on ANFIS. These techniques make it possible to reduce the cost of the installation and to

improve the behaviors dynamics and permanent.

KEY WORDS: PWM Rectifier, THD, Rule table, Direct Power Control. ANFIS.

RESUME : Cette mémoire est une initiation & la recherche dans le domaine de I'électronique de puissance visant a
étudier et éliminer la pollution harmonique du réseau de distribution. Cette pollution de puissance et de courant crée
un probleme majeur, notamment dans les services industriels et & haute tension, et est le résultat de charges non
linéaires des réseaux de courant non sinusoidal. Les convertisseurs statiques tels que les redresseurs a thyristors sont
non linéaires et constituent une source majeure d'injection de courant harmonique dans le réseau. Par conséquent, ils
nécessitent une attention particuliére pour réduire les niveaux d'harmoniques lors de leur fonctionnement. Dans ce
cas, les solutions préventives modernes utilisées, en plus du filtrage actif qui représente une solution thérapeutique,
consistent a remplacer les redresseurs traditionnels par de nouvelles structures de convertisseurs AC/DC non
polluantes, qui résistent au comportement du réseau. Ce travail permet de contréler la tension PWM nominale lors de
I'absorption de courant sinusoidal. En effet, différentes stratégies de contrble ont été développées, simulées avec pour
objectif commun d'obtenir une modulation efficace des tensions vectorielles DC et un échantillonnage des courants
sinusoidaux. Nous étudions trois stratégies de contrdle : le Contrble Direct de Puissance basé sur la table de
commutation, le Contrdle Direct de Puissance avec Contrdleur Flou et le Contréle Direct de Puissance basé sur
I'ANFIS. Ces techniques permettent de réduire le colt de l'installation et d'améliorer les comportements dynamiques

et permanents.

MOTS CLES : Redresseur MLI, THD, Tableau de régles, Contrdle direct de la puissance, ANFIS.
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General Introduction

General Introduction

The main objective of operation planning in the distribution system is to consistently satisfy
the electricity load with acceptable quality of energy supply that meet the needs of their customers.
This has become a complicated task owing to the significant growth in both the industrial sector
and population, which increases the demand for electrical energy, additionally, the significant
progress in both the unit and power of power electronic equipment on the electric grid has made
this task even more challenging. These devices are considered as sources of pollution by energy
distributors and pose serious problems for them. [Uli 10], if not carefully managed the disturbances
caused by these converters may result in such as a degradation of power factor and generation of
non-sinusoidal alternating currents rich in harmonics. These incidents result in voltage distortion,

reduced transport capacity, and increased losses.

Classical static converters are the primary source of harmonic current injection into the grid,
reducing that voltage and current waveform distortion of the classical converters to acceptable

levels has been a problem in power system design from the early days of alternating current.

Many solutions have been discussed in the literature to avoid the power quality problems in
distribution systems. The best preventive modern solutions adopted consist of replacing classical
rectifiers with new non-polluting AC/DC converter structures, which is three phase Pulse Width

Modulation (PWM) Rectifiers, as it has several significant advantages:

Power is bidirectional (reversible).

« Low harmonic distortion of the grid current.

Almost Unit Power Factor.

Control of the direct current bus voltage.

» Reduction of the size of the direct current bus capacitor [Jam 18][Bou 07].

With advances in power electronics, power electronics technology has widely used for many
applications. Nowadays, AC/DC converters, which are also known as rectifiers, are used in
adjustable speed drives, uninterruptible power supply systems, photovoltaic systems, battery
energy storage systems, DC motor drives and communication systems[Aci 16], that’s what made
research in this field considers several aspects, including converter topologies, power switch
structures and performance, and control techniques. There are different control techniques for this
type of converter. The main goal of these control techniques is to eliminate the current harmonics

and to regulate the DC bus voltage. The hysteresis control technique is widely used in the field of
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power electronics. It involves developing the Pulse Width Modulation (PWM) signal directly from
the controlled variable, using binary decisions. Another type of control technique is Direct Power
Control (DPC) [Bou 07], which involves adjusting the output based on the difference between the
desired and actual output power and a switching table, the main goal of these control techniques
is to eliminate the current harmonics and to regulate the DC bus voltage. The PI controller is a
crucial component of the DPC control technique, to improve on the drawbacks of these control
techniques, replacing classical P1 controllers with artificial fuzzy logic or neuro-fuzzy controllers

can improve control performance and provide more accurate and stable control.

The various theoretical developments and results obtained during this work are organized into four

chapters:

» Chapter 1: discusses the increasing concern of electric utilities regarding power system
harmonics and voltage and current distortion caused by power electronic devices and
understanding the origin of disturbances and finding solutions to mitigate their effects is important

to enhance the quality of energy supplied to customers.

 Chapter 2: This chapter covers PWM Rectifiers, including their model and operating principle.
It also discusses their characteristics, such as high efficiency and low harmonic distortion that
make them ideal for power electronics applications. The control strategy for PWM voltage

rectifiers using hysteresis is also explained.

 Chapter 3: This chapter presents a study and simulation of the DPC control technique for PWM

Rectifiers (DPC with a pre-defined switching table and a new table).

» Chapter 4: We will present an overview of fuzzy logic and Adaptive Neural Fuzzy Inference
System (ANFIS), and an improvement DPC of three-phase PWM rectifier technique based on

changing the classical PI controller with a fuzzy and ANFIS controller.

Finally, the memory concludes with a conclusion and future perspectives.
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CHAPTER I Electrical disturbances, origin and solutions

to ensure optimal power quality.

I.1. Introduction

The fundamental objective of electrical networks is to provide customers with electrical
energy with perfect continuity, in the form of a sinusoidal voltage, with anticipated amplitude and
frequency values. However, Electric utilities are becoming more concerned about power system
harmonics and voltage distortion. This increased concern is due to the increase in application of
power electronic type devices such as rectifiers and inverters, The result is increased injection of
power system harmonics, Also the increase application of shunt capacitor banks for power factor
correction resulting in increase potential for resonant conditions which can magnify the existing
harmonic levels are of concern. The increase of power system harmonics in the power system not
only threatens the quality of the electricity supplied to the consumers but also raises concerns about
the degradation of power quality and the potential malfunction or destruction of the components
of the electrical network our final receivers, it is essential to understand the origin of disturbances
and to seek appropriate solutions to eliminate them, For this reason the chapter will focus on
understanding the origin of disturbances and harmonics, and presenting effective solutions to

mitigate their effects, thereby enhancing the quality of energy supplied [Ben 13] [Bei 91].

I.2. Quality of electrical energy

Power quality is related to magnitude, frequency, and waveform of voltage and current. For
good power quality level, supply voltages and line currents should be within their rated mag-
nitudes, the frequency close to the prescribed supply frequency and sinusoidal waveform. There
are many events disturbing power quality performance such as over-undervoltages, harmonic
distortion, flickers, unbalance, sags, swells, transients, interruptions and frequency deviations. In
addition, harmonic distortion is recognized as one of the most important power quality events in
the literature since it has many adverse effects on operation and control of power system equipment

[Zob 18].
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The quality of electrical power supply or waveform quality refers to the measurement of the
degree of conformity of an electrical power source to a certain number of quantitative and absolute
criteria or standards. Electrical energy is delivered in the form of a three-phase system of sinusoidal

voltages:

» The frequency.

» The amplitude.

» The waveform, which must be sinusoidal.

« The symmetry of the three-phase system, characterized by the equality of the magnitudes

of the three voltages and their relative phase shifts [Bou 10].

1.3. The issue of harmonics

Any change in Voltage waveform and frequency waveform are called harmonics. Harmonics
are the main issue on a power network. Power issue occurs on a voltage, current or frequency
deviations and result in failure or improper operation of user equipment. The growing use of
automatic equipment’s produces many harmonics in sharing network because non-sinusoidal
current spent by non-linear loads. Along to increasing demand for better power quality i.e.
generally defined any change to the voltage, current, or frequency they affects with the regular
operation of electrical equipment. Harmonics cause distortion on current and voltage waveforms
resultant in the fall to the power network, the first step to do is to new the harmonic sources, which

has much importance [Maz 18].
1.3.1. Origin of harmonic

Harmonics are created when non-linear loads, draw current from the power system. These
loads create power system harmonics which are defined as sinusoidal voltage and currents at
frequencies that are integer multiples of the main generated (or fundamental) frequency. They
constitute the major distorting components of the mains voltage and load current waveforms.

Harmonics are particularly distinguished by their order [Arr 03].

Even harmonics: are the even multiples of the fundamental frequency (2f, 4f, 6f, ... , 2nf)
which are frequently negligible in an industrial environment since they cancel out due to the

symmetry of the signal.
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Odd harmonics: are odd multiples of the fundamental frequency (3f, 5f, 7f, ..., (2n +1)f) this

order is often encountered in an electrical network.
Here, n is a natural number [Ham 16].

However, the increasing content of power system inter-harmonics, i.e. Distorting components
at frequencies that are not integer multiples of the fundamental, has prompted a need to give them
greater attention [Arr 03].The Figure 1.1 illustrate, when harmonics are added to the fundamental,
its waveform will be distorted and it becomes a non-perfect condition for an electrical grid or a
power supply [Ros 06].

signal contaminated by harmonics with its decomposition

1.5

—— the fundamental
3rd harmonic
— 5th harmonic M

7th harmonic
9th harmonic
— the distorted signal |

N IR

magnitude

0 0.005 0.01 0.015 0.02

time in ms

Figure 1.1 Harmonic distortion illustration.

1.3.2. Harmonic sources.

The nonlinear loads, such as (computers, laser printers, converters, refrigerators, and TVs
etc.), are widely used in energy production and are the main source of harmonics in power
networks. These loads are the main sources that generate harmonic currents, leading to injecting
of non-sinusoidal currents into the network, causing the existence of voltage harmonics, which can

affect both the equipment present on the distribution side and load connected to it [Maz 18].
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1.3.2.1. Identifiable harmonic sources

Equipment equipped with power electronics devices, such as rectifiers and
cycloconverters of significant power, installed on high and medium voltage networks are typically
identifiable harmonic sources. With this type of non-linear load, the energy distributor is able to
identify the point of harmonic injection and quantify the disturbance caused. In this case, it is the
user who must obtain the necessary means to reduce this disturbance below the threshold required

by the energy distributor, under penalty of being penalized.
1.3.2.2. Non-identifiable harmonic sources

This type of harmonic current generator is mainly represented by devices used in household
or tertiary sectors such as televisions and microcomputers. Given their wide distribution, these
devices, often equipped with a single-phase diode rectifier with a smoothing capacitor, draw non-
negligible harmonic currents. In this case, it is the responsibility of the electric energy distributor
to prevent the propagation of the harmonic disturbance on the network since each user individually

generates a low level of harmonics [Ben 98].

1.3.3. Characteristics of harmonics

Harmonic distortion is usually characterized by the Total Harmonic Distortion (THD) rate
defined for voltage or current. This criterion is most often used to quantify the harmonic content
of a distorted signal. It also measures the degree of deformation of the signal caused by harmonics
compared to a sinusoidal wave. It goes without saying that the complete spectral distribution
generally supplements the information on THD by indicating the order of dominant harmonics.

The Power Factor (PF) is generally used to quantify the consumption of reactive power [Bou 10].
1.3.3.1. Total Harmonic Distortion

Total Harmonic Distortion (THD) is an important index widely used to describe power

quality issues in transmission and distribution systems. It considers the contribution of every

individual harmonic component on the signal. THD is defined for voltage and current signals,

respectively, as follows:

JZh=2 Vi
THDy =

(1.1)

1
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.

0 2
Yh=2lh

Iy

THD; = (1.2)

This means that the ratio between Root Mean Square (RMS) values of signals including
harmonics and signals considering only the fundamental frequency define the total harmonic
distortion [Ros 06].

1.3.3.2. Power factor

Power factor is a measure of how efficiently a load utilizes the current from AC power
system. There are some utility rate schedules that offer incentives to large customers to improve
power factor near 1 as it will improve overall efficiency. The largest contributors to low (PF). Are
reactive loads. However, harmonics can also have an adverse impact on (PF). True power factor
is the ratio of active power (P) and apparent power (S) [God 13]. In the case of harmonics in
three-phase systems, an additional power called the distortion power D, given by the relation (1.3),

appears as shown in the Fresnel diagram of powers in Figure 1.2.

D=3V /37 i (1.3)

Figure 1.2 Fresnel diagram of powers.

The power factor (PF) becomes:

P
PF = Tt - COS @ COSy (1.4)

It can be noted that in sinusoidal regime, the distortion power is zero. The power factor is then

simply expressed as:

PF = cos¢ (1.5)

Page | 7



CHAPTER |

1.3.4. Harmful consequences of harmonics

Once the harmonic sources are clearly defined, they must be interpreted in terms of their
effects on the rest of the system and on personnel and equipment external to the power system.
Each element of the power system must be examined for its sensitivity to harmonics as a basis for
recommendations on the allowable levels. The main effects of voltage and current harmonics

within the power system are [Arr 03]:
1.3.4.1. Heating
The total Joule losses are the sum of the fundamental and harmonic losses:
Ri2=Yy_,i?R (1.6)

Where i is the total current, i;, is the h-th order harmonic current which represents the fundamental

for h=1, and R is the resistance traversed by the current i [Mas 22].
1.3.4.2 Malfunction of certain equipment

In the presence of harmonics, the voltage (or current) can change sign multiple times
within one half-cycle; therefore, any device whose operation is based on the zero-crossing of

electrical quantities (devices using voltage as a reference) can be disturbed [Mas 22].
1.3.4.3 Telephone interference

The common construction of telephone lines built underneath power conductors on electric
utility distribution poles makes them prone to the electromagnetic coupling that can take place

between a power and a telephone line, it can induce significant noise in the latter [Ros 06].
1.3.4.4 Resonance

The presence of capacitors connected to the grid, such as those used for power factor
correction, can result in local system resonances which become quite low and thus coincide with
those of harmonics generated by static converters, which lead in to phenomena of harmonic

amplification [Arr 03].
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1.4 Disturbances produced by natural commutation

Rectifiers Before the emergence of static power converters in power electronics, magnetization
currents of transformers, electrical machines, and ballasts constituted the majority of nonlinear
loads present on the electrical grid. However, today, with the development of power electronics,
static converters have become the most widespread source of harmonics on the grid. Uncontrolled
diode rectifiers and thyristor-controlled rectifiers operating in natural commutation represent the
most commonly used nonlinear load. These converters are present in many industrial and domestic
equipment as well as in electric energy conversion devices. The most common applications

include:

» Variable speed drives for AC and DC motors.

 Excitation circuits for alternators.

» Battery chargers.

» High-Voltage Direct Current (HVDC) links.

» Power supply for information technology and audiovisual systems.

» Next-generation lighting devices.

We distinguish two rectifier structures:

1. Diode bridges: They constitute the AC/DC energy conversion stage (supply of the DC bus of
inverters for AC machine variable speed drives, for example).
2. Thyristor bridges: Same role as the diode bridge with the possibility of controlling the DC

voltage level at the output and adding energy flow reversibility [bou 10].

Figure 1.3 shows the three-phase thyristor rectifier bridge configuration. The diode bridge

configuration is obtained by substituting the diodes with thyristors.
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Figure 1.3 Three-phase thyristor rectifier bridge.

Figure 1.4.(a) illustrates the waveforms of non-sinusoidal currents ia multiplied by 20 absorbed by

the three-phase thyristor rectifier bridge compared to waveforms of sinusoidal source voltage,
obtained through simulation, Figure 1.4.(b) shows the associated spectrum where the
predominance of the 5th, 7th, 11th, and 13th order harmonics appears, as well as the importance
of the current harmonic distortion (THDi=34.65%).

150 L L T 3 T

100

50

0

-50

-100

0.4 0.42 0.44 0.46 0.48

()

Fundamental {50Hz) = 0.8053 , THD= 34.65%
T T T T = T T

Mag (% of Fundamental)

_A
4 6 8 10 12 2|

14 16 18

Harmanic order

Figure 1.4 Currents absorbed by the thyristor rectifier bridge compared to voltage and

associated spectrum: (a) Grid voltage and current, (b) FFT analysis for current THD.
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1.5 Harmonic pollution solutions for the electrical network

Several solutions for reducing harmonics exist, these methods based on passive or active

components can be divided into two categories [Fek 18]:

» Traditional solutions.

* Modern solutions based on power electronics.
1.5.1 Traditional solutions

All electricians should know these techniques. They provide an easy and quick solution for
certain cases of well-localized disturbances and use passive components (inductors, capacitors,
transformers) and/or connections that modify the installation diagram. Several solutions exist to

limit the propagation and effect of harmonics in electrical networks [Kas 19].
1.5.1.1 Inductors (AC line, or DC link)

Harmonics currents pollution of non-linear loads can be minimized by placing series
inductor (reactor), either to the AC line, this solution is used for adjustable speed drives (variable
frequency drives) and three-phase rectifiers, or to the DC link circuit, or both, with the ability of
filtering upstream harmonic current, and also decoupling the line voltage distortion from that at

the non-linear load side. Either of these added elements can limit also current peaks [Pin 15].
1.5.1.2 Reactive power compensation

Many devices consume reactive energy to create electromagnetic fields (such as motors,
transformers, and more recently by power electronics devices.). Compensating reactive energy
involves providing this energy instead of the distribution network by installing a battery of
capacitors in parallel with the network, near the loads that have a poor power factor, which serves

as a source of reactive power [Een 11].
1.5.1.3 Passive filters

Passive filters are inductance, capacitance, and resistance elements configured and tuned
to control harmonics. In general, harmonic passive filters are combination of capacitive and
inductive elements connected in parallel with loads that inject harmonic currents (diode or thyristor
rectifiers, etc), this allows for a series resonant tuning on the harmonic orders to be eliminated.
They are commonly used and are relatively inexpensive compared with other means for
eliminating harmonic distortion. However, they have the disadvantage of potentially interacting

adversely with the power system, and it is important to check all possible system interactions when
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they are designed. They are employed either to shunt the harmonic currents of the line or to block
their flow between parts of the system by tuning the elements to create a resonance at a selected

frequency [Dug 02].
The following can be found under this category:

» Single-tuned filters.
» High- (or band-) pass filters (first, second, and third order).

bR

SINGLE-TUNED 1ST-ORDER 2ND-ORDER 3RD-ORDER
HIGH-PASS HIGH-PASS HIGH-PASS

Figure 1.5 Electric diagrams of passive filters.

In addition, with this, we can classify them into:
1.5.1.3.1 Parallel passive filter

A very low impedance tuned to the harmonic frequency to be trapped is placed in parallel

with the power supply network.
1.5.1.3.2. Series passive filter

The principle is the same as the previous one, but instead of trapping the harmonics, they

are prevented from returning to the source [Mas 22].
1.5.2 Modern solutions

The remarkable progress made, on the one hand, in the field of semiconductor components,
such as IGBTSs, IGCTs, GTOs, and MOSFETS, as well as the mastery of their implementation, and
on the other hand, the existence of new analog and digital signal processing methods, have led to
the emergence of modern and efficient means to deal with various disturbances (harmonics,
reactive power, fluctuations, voltage dips) affecting electrical systems. Among these modern

means, we can mention [Fek 18]:
» Active filters: parallel, series, hybrids, and combinations of structures.
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» Uninterruptible power supplies.
* FACTS devices.

+ Sinusoidal sampling converters.
1.5.2.1 Active filters

Active filters are relatively new types of devices for eliminating harmonics. They are based
on sophisticated power electronics composed of an inverter connected to the grid through a passive
filter. And they are much more expensive than passive filters. However, they have the distinct
advantage that they do not resonate with the system. Active filters can work independently of the
system impedance characteristics. They can be used in very difficult circumstances where passive
filters cannot operate successfully because of parallel resonance problems. They can also address
more than one harmonic at a time and combat other power quality problems such as flicker. They
are particularly useful for large, distorting loads fed from relatively weak points on the power

system [Dug 02].
1.5.2.1.1 Parallel active filter

The parallel active filter, also known as a shunt compensator, can, with appropriate
control, neutralize the harmonic currents of polluting loads and compensate for imbalances and
reactive currents. Generally, a preliminary analysis of the load is performed to identify
disturbances and compensate for them at the network level through the parallel active filter. The
resulting current on the network side is sinusoidal in shape and may be in phase with the voltage
at the connection point in the case of harmonic compensation and reactive fundamental

compensation.
1.5.2.1.2 Series active filter

This filter is used to filter disturbances coming from the network, and acts as a voltage
source that opposes harmonic voltage disturbances coming from the network, protecting the load
from network voltage imperfections. It prevents harmonic currents consumed by the non-linear
load from flowing back to the source. Therefore, the voltage at the terminals of the protected load
is purely sinusoidal. The energy storage element of a series active filter is designed to meet the
most severe compensation requirements, particularly in the case of long-lasting voltage dips [Fek
18].

Page | 13



CHAPTER |

1.6 Conclusion

We have presented in this chapter a general overview concerning one of the most important
problem affecting power systems, which is harmonics and disturbances affecting the voltage of
the grid and degrading the quality of electrical energy. Defining these problems origins and
precising their sources and their impacts in all parts of the power systems, and one of the sources
that we focused on is the harmonics generated by static converters, we have then presented the
different traditional and modern means of reducing harmonics. In this context, we have highlighted
the contribution of power electronics in the fight against harmonics and the improvement of the

quality of electrical energy.
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CHAPTER Il Mathematical model and hysteresis
control of PWM Rectifier.

1.1 Introduction

The PWM Rectifiers by theirs capabilities are going to replace conventional diode. These
changes are forced also because of the results in a high distortion rate in the network, which causes

distortions in the voltage waveform and leads to a malfunction of the power factor in the network.
The main task of the control system in PWM Rectifiers can be summarized as:

» Precise regulation of output DC voltage,
» Low harmonic distortion of line currents,
» Near sinusoidal current waveforms,

« Regulation of input power factor to unity and bi-directional power flow [Mar 02].

Furthermore, the control system in PWM Rectifiers is responsible for efficient energy
conversion and management. It optimizes the power transfer between the rectifier and the load,
ensuring maximum power utilization and minimizing energy losses. Additionally, PWM Rectifiers

contribute to sustainable energy usage and help mitigate environmental impact.

Within this chapter, our exploration is going to be around PWM Rectifiers. Covering their
general overview, model, operating principle, and important characteristics. Specifically, our focus
will be on the control strategy of the voltage rectifier bridge using Hysteresis-based PWM,

incorporating classical PI adjustment.

11.2 PWM Rectifier

The PWM converter consists of three legs with two active switches and two anti-parallel
diodes. It performs energy conversion between an AC voltage source and a DC current load. It is
also called an active front-end rectifier because it allows power to flow in both directions. All
desirable current and voltage waveforms can be achieved by using different PWM methods to

control the six switches. By controlling the voltage and current waveforms, it is possible to control
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the power factor as well as the amount and direction of power [Fer 11]. There are two types of

PWM converters:

* PWM current source rectifier, also called a buck rectifier (reduces the voltage) which operates
with fixed DC current. The switches are unidirectional in current but bidirectional in voltage the
use of PWM techniques results in an AC side current with controlled harmonic pollution. This

structure is often equipped with a second-order LC filter on the AC side.

* PWM voltage source rectifier: also called a boost rectifier (increases the voltage) which works
with fixed DC voltage. The switches are unidirectional in voltage and bidirectional in current.
Therefore, this converter, due to its structure, is reversible in current. It can instantly control the
waveform of the currents drawn from the grid. It supplies a continuous load (active or passive)
from an AC grid, with the absorbed current being sinusoidal and potentially in phase with the
corresponding grid voltage [Ben 13] [Dja 20].The structure of the two type of PWM converter is
shown in Figure 11.1. In addition to harmonic elimination and power factor correction, PWM
rectifiers provide DC bus voltage stabilization and can also operate properly under line voltage
distortion, notching, and line voltage frequency variations. On the other hand, they are expensive,

have a complex control structure and a lower efficiency due to extra switching losses [Dja 20].

Nevertheless, PWM Rectifiers are the most promising harmonic mitigation technique among
all the ones listed above especially that the speed and performance of power switching devices and

digital signal processors are being enhanced and their cost is generally decreasing [Dja 20].

Ly
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Figure 11.1 PWM Rectifier circuit : (a) Current source rectifier, (b) Voltage
source rectifier.

11.3 The structure and modeling of a three-phase PWM Rectifier
11.3.1 The structure of the Voltage PWM Rectifier

The circuit topology diagram of three-phase PWM Rectifier with pure resistance when it
operates independently. In the Figure 11.2.(a), e,, e, and e. represent the ideal three-phase
balanced grid voltage; RL represents the filter on the AC side of the three-phase PWM Rectifier
which function as low-pass filters, restricting the current ripple to the switching frequency. ia , ib
and ic represent the grid current; the three-phase full bridge PWM circuit is composed of six switch
S4.55.5:.84, Spand S,. Each switch consists of an IGBT (Insulated Gate Bipolar Transistor) and
an anti-parallel diode that allows current conduction in the opposite direction. Va, Vb and V;
represent the voltage of the three-phase PMW Rectifier after modulation; C in the DC side is

capacitor who act as an equivalent voltage source.

Vdc and lgc is the output voltage and current of three-phase PWM Rectifier DC side respectively;

R, is the DC-side pure resistive load [Bie 21].
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Figure 11.2 (a) Three-phase voltage PWM Rectifier structure, (b) Equivalent circuit of a
single phase (a).

Figure 11.2. (b) Shows the equivalent circuit of the grid-side PWM Rectifier. By manipulating the
control signals (S,, S,and S,.), the voltage drop across the input filter (r, L) can be controlled, there
by regulating the current i. Achieving unity power factor operation (zero reactive power) is
achieved by synchronizing the grid voltage vector with the current vector in both rectifier and

inverter modes of operation, as depicted in Figure 11.3 [Rah 17].
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The structure of PWM Rectifier can be divided into an AC-side and a DC-side. Power can flow
from and into either side, it flows from AC-side to DC-side in rectification mode and in reverse

direction in regenerative mode. In rectification mode, when the load connected to the DC bus

consumes active power, the converter extracts active power fromthe grid. In this case, the voltages
and currents on the grid side are in phase Figure 11.3. (a). In regeneration mode, when the load
produces active power, the converter feeds active power back to the grid. In this case, the voltages

and currents on the grid side are in phase opposition Figure 11.3. (b) [Rah 17] [Lis 01] [Dja 20].
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Figure 11.3 Vector diagram of operation: (a) in rectifier mode and, (b) in inverter mode.

11.3.2 Modeling of the three PWM Rectifier

Constructing the mathematical model of the PWM Rectifier is the first step towards
designing and implementing its control. In this section, we will present the mathematical model of
the PWM Rectifier, Source and load Figure 11.4 [Rah 17].
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Figure 11.4 Diagram of the overall system source-rectifier-load.

11.3.2.1 Power supply

The source is modeled by a three-phase sinusoidal electromotive force (EMF) in series

with an inductance (L) and a resistance (r), which represent the total impedance of the line.

{ea 1a+Ld1a+V

geb—r1b+L—+Vb (“1)
I

| ec —r1C+L +V

We assume a balanced network with the same impedances in all three phases. The line voltages

can be expressed as follows [Ben 14]:

-r
[— N
[lb] = — 0 | z €y — Vb (“2)
_J iy e. — Ve

L

11.3.2.2 PWM rectifier

It is represented in the diagram in Figure 11.4. The IGBTs and diodes constituting the

bridge are assumed to ideal, neglecting the switching phenomena.

It is modeled by associating a logical function to each arm [Ben 14]:
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{if Si = 1 than Siisclosed and Si is open.
I=a, b, c.

if Si = 0 than Siisopen and Si is closed.

The individual phase voltages at the input of the rectifier can be expressed in terms of the control

commands by the following relationship [Rah 17]:

Va(t) 2 -1 —11[5

V, (1) =VL@[—1 2 —1”&,] (11.3)
3

V.(t) -1 -1 2 1LS

The current drawn by the rectifier can be expressed in terms of the currents taken from the grid by

the following expression:

i (t)
Iac(® =[Sa Sp Scl|in(®) (11.4)
i(t)

11.3.2.3 Load Block

This stage consists of a capacitance C (to reduce the ripples of the rectified voltage) placed
in parallel with a resistance R, representing the continuous load. The DC voltage across the load

is given by the following equation [Mas 22]:

aVgc _1 .
{? - E (I.dc - lL) (“5)
Vac = R

Based on the relationships (11.1), (11.2), (11.3), (11.4) (I1.5), we can establish the overall functional
diagram of the PWM rectifier Figure 11.5, with the trigger command of the upper switches (S,, S,

and S,) as input and the rectified voltage V. as output.
11.3.2.4 Calculation of instantaneous powers in the abc reference frame

Instantaneous active power is defined as the dot product between line currents and

voltages, while instantaneous reactive power is defined as their cross product [Fek 18].

P = e,i, + epip + €. (11.6)
Q =5 l(er — edia + (ec — ea)iy + (eq = €p)ic] (1.7

The complex apparent power S can be expressed by the following expression:
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S=P+jQ 18)
= . . . 1 . . . .
S = €aly t €plp + €l +J ﬁ [(eb - ec)la + (ec - ea)lb + (ea - eb)lc]
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Figure 11.5 Functional diagram of the PWM Rectifier.

11.3.3 Modeling of IGBT Bridge

Semiconductor switches, controllable for opening and closing, allow for efficient control
of power converters connected to the grid. These switches act as an interface in executing control
algorithms. It is possible to replicate the reference voltages generated by the control by varying

the opening-closing duration of these switches. This ensures precise control of power flow.

Different construction topologies have been developed. Among these topologies, the two-
level PWM Rectifier is widely used as a high-performance interface. It is possible to control the
input voltage as well as optimize the shape of the currents absorbed by the rectifier by controlling
the switch commutations. Figure 11.2 represents the simplified diagram of the voltage PWM

Rectifier. The symbols Sa, S, and S¢ denote the control signals or switching states of each switch,
with a value of either 0 or 1. Note that the two switches in each leg are complementary (S, + S, =

1,5, +S, =1,5.+ S, = 1), meaning that only one switch is closed for each leg at any given time.
Table 2.1 represents the eight possible configurations of the rectifier based on the control signals
(Sq, Sp and S,) [Rah 17].
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N° Sa Sp Sc Va Vi Ve

0 0 0 0

1 2Vac/3 | —Vac/3 | —Vac/3
2 Vac/3 Vac/3 | —2Vac/3
3 —Vac/3 | 2Vac/3 | —Vac/3
4 —2Vac/3 | Vac/3 Vac/3

5 ~Vac/3 | —Vac/3 | 2Vac/3
6 Vac/3 | —=2Vac/3 | Vac/3

7 1 1 1 0 0 0

Table 11.1 Truth table of the Voltage Source Inverter (VSI) rectifier.

I1.4 Control strategies for the grid-connected PWM rectifier

For the type of PWM Rectifiers, research interest in three-phase Pulse Width modulated
(PWM) Rectifiers (AC/DC converters) has grown rapidly over the past few years due to some of
their important advantages, such as power regeneration capabilities, control of dc-bus voltage, low
harmonic distortion of input currents, and high power factor (usually, near unity). Various control
strategies have been proposed in recent work on this type of PWM converter. Although these
control strategies can achieve the same main goals, such as the high power factor and near-

sinusoidal current waveforms, their principles different and one of thus techniques are [Mal 01]:
11.4.1 Current Control Techniques for Three-Phase Voltage-Source PWM Converters

Most applications of three-phase voltage-source pulse width modulated (Voltage-Source
PWM) converters have a control structure comprising an internal current feedback loop.
Consequently, the performance of the converter system largely depends on the quality of the
applied current control strategy. Therefore, current control of PWM converters is one of the most

important subjects of modern power electronics.
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11.4.1.1 Basic Scheme of Current Control-PWM

The main task of the control scheme in a CC-PWM converter Figure 11.6 is to force the
currents in a three-phase ac load to follow the reference signals. By comparing the command
(igcrigeand iq. ) and measured (iy,igand i;)instantaneous values of the phase currents, the CC
generates the switching states (S, ,Sg and S,) for the converter power devices which decrease the
current errors Hence, in general, the CC implements two tasks: error compensation (decreasing

&4,6g and €.) and modulation (determination of switching states S, ,Sg and S;) [Kaz 98].

Upe
C e o
iAc EA T T
" Sa,
. PWM
Ipc E:B SB
’QP » Current BN
ice 1 EC* Controller Sc
T !
il_‘. —o)
ia ?
AC side

Figure 11.6 Block diagram of Current Control-PWM converter.

11.4.1.2 Basic Requirements and Performance Criteria

The accuracy of the CC can be evaluated with reference to basic requirements, valid in
general, and to specific requirements, typical of some applications. Basic requirements of a Current

Control are the following [Kaz 98]:

1) No phase and amplitude errors (ideal tracking) over a wide output frequency range.

2) To provide high dynamic response of the system.

3) Limited or constant switching frequency to guarantee safe operation of converter
semiconductor power devices.

4) Low harmonic content.

5) Good dc-link voltage utilization.
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11.4.2 Fundamental concepts hysteresis current control

The Hysteresis Current Control is well-known method and offers significant advantages in
terms of robustness and simplicity of implementation, reveals very fast transient effect and is
appropriate for easily applications. In HCC method as proven in Figure 11.7, i,,,.¢(real line current)
is compared with i,..r (reference current). The preferred shape and magnitude of i,.., are derived
from the voltage controller output. Hysteresis based (Al) is output of the hysteresis comparator. It

is difference of i,,.sactual and i, reference.

N A

Lnes'

Figure 11.7 Principle of Hysteresis Current Control.

For control converter, switches are turned ON/OFF using the end result of comparator output
signal shows switching signal variation, which made this control technique is considered a non-
linear control. Therefore, the operations of switches of converter were forced to observe the
preferred reference interior hysteresis band. However, the disadvantage is that there is no limit to
the switching frequency. On the other hand, additional circuitry can be used to limit the maximum
switching frequency. The principle of the hysteresis control method is implemented by presenting
the upper and lower tolerance limits, which need to be compared to the extraction error signal. The
maximum error is the difference between the upper and lower limit, and this hysteresis tolerance
bandwidth is mostly equal to two times of the error. If the error signal is within the tolerance band,
there will be no switching action for the filter. However, when the error leaves the tolerance band,
switching pulses will be generated Figure 11.8 illustrates the ramping of the current between the
two limits [Dwi 17] [Blo 11].
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Figure 11.8 Hysteresis Current Control (HCC) operation waveform.

Several other studies have been proposed to improved the main drawback of this modulation
technique which lies in the irregular and uncontrollable switching frequency of the switches, which
generates an extended and highly distorted harmonic spectrum that is difficult to filter, this studies
allow for controlling the minimum duration between successive switchings or working at a
constant switching frequency. However, these modifications significantly limit the advantages of
this control technique (loss of simplicity and robustness) and require a good understanding of the

system parameters, which considerably reduces the overall performance [Bou 10].

11.4.2.1 Basic scheme of hysteresis current control strategy in the application of converter

The overall structure of hysteresis current control for the currents drawn from the grid by
a three-phase PWM voltage-source rectifier is depicted in Figure 11.9. The three currents at the
input of the rectifier are controlled using three fixed hysteresis comparators Figure 11.7. The
combination of the three-comparator outputs determines the control commands for the switches of

the rectifier. The determination of the switching instants follows the following logic [Mas 22]:

iiref_ii:% -5 =1 i=ab,c (11.9)

firer —li=—5 2 8=0 i=abc (11.10)
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Figure 11.9 Structure of Hysteresis Current Control absorbed by the PWM Rectifier.

11.4.2.2 PLL for the synchronization of the PWM Rectifier with the electrical grid

In order to ensure Unity Power Factor operation and controlled exchange of active and
reactive power, the PWM Rectifier must always be synchronized with the grid. A Phase-Locked
Loop (PLL) is commonly used for synchronization the basic configuration of the PLL system is
shown in Figure 11.10. This technique allows obtaining the instantaneous angle of the grid voltages
by exploiting a fundamental property of the Park transformation, which states that if the
instantaneous angle involved in the transformation 6 is equal to the instantaneous angle @est of the
balanced three-phase voltage system, then the components along the d-q axes will be constant
[Rah 17].

¢, T gl
L I
" abe — i 2150
€p I :
| |
I | I 9m
€ .
4 : i -
| | b

egrf =0

Figure 11.10 Three phase PLL algorithm block diagram.

Page | 27



CHAPTER Il

The three-phase voltage system (ea, en, €c), when expressed in the synchronous reference frame,
yields the d-axis and g-axis voltages vq and vq, respectively. The PLL presented here achieves the
tracking of the instantaneous angle of the grid voltages through a control loop. Assuming balanced
three-phase voltages, a model can be developed for the PLL control loop. Thus, by applying the

Park-Clark transformation, given by the equation (11.12), to the three-phase voltages, we have:
eq = Epsin(6t)
e, = Epsin(0t — 2m/3) (11.12)

e. = E,sin(6t + 2m/3)

Va] [ cos(B) cos(6 —2m/3)  cos(0 + 2m/3) Ca
[Vq] - [—sin(e) —sin(0 — 2m/3) —sin(6 + 211/3)] [2‘;’] (1.12)

If the error AO between the angle 0 and the estimated angle by the PLL 6., is zero, Vg; = E,,, and

v, = 0. Itis then possible to track the instantaneous angle of the grid voltages.

The linearized model that allows for easy synthesis of the PLL regulator. We have chosen a PI-

type regulator. The control loop obtained is given in the transfer function module [Rah 17].

ky— +Kk;—
Ge(s) = 2FH—F (11.13)

The output of the controller is the actuation signal and it is added to the center frequency w..=2.pi.f
, the generated result of the sum block is the frequency in radian and is integrated to obtain the
angle 6. After obtaining the angle 8 we take it and the constant 2z and passed to a modulo
operation. The output of the mod block properly wraps the angle 8 and maintains it between 0 and
2m.

The transfer function is given as follows

Kp_pLLS+Ki—pLL 1
s s

Gopen loop = Em (11.14)

Em (Kp—pLLS+Ki_pLL)
$2+EmKp-pLLSTEmKi_pLL

Gelosd loop — (11.15)

Page | 28



CHAPTER Il

There are different methods to choose the k,,_p;and k;_p;; parameters of the Pl regulator. The
most appropriate method depends on the performance criteria to be imposed on the regulator. In
this case, we have a second-order system. Therefore, we have used the pole-placement method.

By matching it to a second-order system, we obtain:

2
_ _ Yc-pLL
Kp_pLL = ~ e
m
11.16
k _ 28Wc_pLL ( )
i—PLL — E
m

Since the closed-loop system acts as a low-pass filter, choosing a cutoff frequency w._p;; close
to the grid frequency o is the best solution to attenuate the effect of harmonics on the angle fest
without the need for an external filter. Therefore, the cutoff frequency wc-pll is chosen for a
damping factor £ = 0.7. We then obtain k,_p;;, = 6.337 and k;_p;;, = 1422.13 [Rah 17].

11.4.2.3 DC voltage regulation loop

The role of the regulation loop for the DC bus voltage is to maintain a constant reference
value by controlling the charging and discharging of the capacitor. VVoltage variations are primarily
caused by losses in converter switches (conduction and switching), coupling inductance losses,
and variations in the connected load. The regulation of DC voltage is achieved by adjusting the
amplitude of the current references to control the active power flow between the grid and the DC
bus, compensating for disturbances from the converter and load sides. The loop takes reference
voltage (V,;.*) and measured voltage (V) as inputs. A PI controller is commonly used to regulate
the voltage. By neglecting losses due to switching and conduction in the IGBT switches, as well
as losses from Joule effects in the input filter, the power conservation principle establishes a
relationship between the input and output powers of the rectifier [Bou 10]. This relationship can

be expressed as follows:

1 .Va? | Vie

P = VdCIdC = EC dt R, (”15)
From this equation, we deduce the following first-order transfer function.

V2 R

®) R (11.16)

p(S) N 1+TS

On the other hand, the active power supplied by the grid is defined by the following relationship:
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3
P = Eemax- Iax

(11.17)

Assuming a constant amplitude of the grid voltage. In this case, the previous transfer function

transforms into the following form.

Vi.(s) 3 RL
—_— = -e B (| |.18)
Imax(s) 2 max 1+%S

The block diagram of the regulation loop of the DC bus voltage is represented in Figure (11.11). In
this structure, the current loop is considered ideal (unity) assuming that it is much faster than the
voltage loop and that the actual current is approximated to its reference value.The regulator is
chosen to provide the value of the DC bus current lq4c necessary to maintain capacitor charge and
meet the load requirements. The amplitude of the reference currents is then calculated based on

the following relation:

3
Eemax-lmax = Vac-lac (“-19)

¢ Convertisseur + condensateur + charge %

Loop

« N :
V, I - i .
- —| PI d_c)|_|_ 2 Tnax 1 Lna.ré 3.emax Lic O 1. 1 i Vidc -
X 3. €max 2 V4e - s.C g

Vde Current i L,

Figure 11.11 Block diagram of the regulation loop for the DC bus voltage.

In this work, we used the regulation loop for the V. voltage, and the parameters of the Pl controller
are calculated based on the dominant pole compensation principle. They are given by the following

expressions:

Ti — 3.RL.emax

4:1{; with f. being the cutoff frequency (11.20)
Kp = &
2.T;
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11.5 Simulation results and discussion

This section show cases the performance evaluation of hysteresis current control implemented
in a Pulse Width Modulation (PWM) voltage source rectifier in hysteresis bandwidth
Al = 0.1. The evaluation was conducted through simulation, considering both steady-state and
transient scenarios, while incorporating a closed-loop configuration with DC bus voltage
regulation. A series of tests were carried out in the closed-loop system, exploring both transient
and steady-state operating conditions. The circuit and control parameters are indicated in Table
I.2.

Coupling inductance resistance r 0.56 Q
Coupling inductance self-inductance L 19.5 mH
DC bus capacitance C 1100 uF
Load resistance 68.6 Q
Effective composite grid voltage E 85V
Grid frequency f 50Hz
Output DC voltage reference vqc 180 V

Table 11.2 Electrical circuit parameters and control data.
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Figure 11.12 Performance of the hysteresis-controlled PWM Rectifier for V;.=180V: (a) The

active power P and its reference, (b)The reactive power Q and it’s reference, (c) Grid voltage

and current, (d) The DC bus voltage and it’s reference, (e) Grid current.
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(f) FFT analysis for current THD.

e Here, in this test a step of the reference DC voltage is applied at t = 0.3s from 180 V to
220 V, so that we can observe the changes that will occur in the current, voltage, and
THD. Thus, we obtain the following results :
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Figure 11.13 Performance of the hysteresis-controlled PWM Rectifier for a variable

reference voltage V;.: (a)The DC bus voltage and it’s reference, (b) Grid current , (c) FFT

analysis for current THD .

e Here, in this test a step of the load R;, is applied at t = 0.3s from 68.6 Q to 120 Q , so

as to observe the same changes in the system and obtain the following results :
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Figure 11.14 Performance of the hysteresis-controlled PWM Rectifier for variable load R, :

(2)The DC bus voltage and its reference, (b) Grid current, (c) FFT analysis for current THD .

11.6 Interpretation of simulation results

e The Figure 11.12 represents the simulation results for a constant output reference
voltage V. , we can clearly observed that :
» The current harmonic distortion rate is low (5.64 %).
» The grid voltage and current are synchronized.
» Reactive power is almost constant at 70 VAR, and the active power remains

consistently high at 500 watts.

» The DC bus voltage reaches the reference voltage.

e The Figure 11.13 represents the results for a variable output voltage reference
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V. with a constant load (R,= 68,6 Q) , we can notice that :

» The grid current increases with the increase of the reference.
» The current harmonic distortion rate is (THD=4.60 %).

» The DC bus voltage reaches the reference value (after 0.1 s).

e The Figure 11.14 represents the results for the case of a variable load R; , while the
reference voltage remains constant (/. = 180v ) , we notice that :

» The grid current value shows an inverse relationship with the variable load.

» The current harmonic distortion rate is (THD=5.68 %).
» The DC bus voltage reaches the reference value.

I11.7 Conclusion

In this chapter, the study on Hysteresis Current Control (HCC) technique for rectifiers has shed
light on its significant impact on the rectifier, grid, and load. Through this chapter, we have
explored the various aspects of HCC and its implications. The HCC technique offers several
advantages in rectifier operation. Firstly, it provides a simple and straightforward control strategy
that is relatively easy to implement. This simplicity allows for efficient control of the rectifier,
resulting in improved overall performance. Secondly, HCC ensures a unity power factor, leading
to enhanced power quality and reduced reactive power demand from the grid. This not only
benefits the utility company but also contributes to a more stable and reliable power supply.
Moreover, the HCC technique exhibits a remarkable ability to minimize harmonic distortion. The
major disadvantage of hysteresis control is the variable switching frequency that depends on the
bandwidth.
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CHAPITRE 111 Direct Power Control of three-phase
PWM Rectifier.

I11.1. Introduction

In recent years, several control strategies for three-phase PWM Rectifiers have been
developed thanks to the advanced development of semiconductor devices and to digital methods
[Mal 04]. These control techniques have the same goal with a different operating principle, it can
be divided into two categories, according to their use of the control loops of the powers and the
currents of a three-phase PWM Rectifier. In particular, the DPC is based on the direct use of the
instantaneous active and reactive power as control variables, by changing the variables of current
served in embedded systems [Mar 14]. However, it ensured of better dynamic performance as
well as a regulation of active and reactive power. We find their application in the control of active
filters [Cha 08] and the PWM rectifier [Vaz 08] . The first DPC was presented in 1991 [Ohn 91]
as a simple means of controlling a three-phase grid-connected rectifier. This algorithm was based
on a switching table that provided an adequate inverter state by taking into account only the signs
of the desired active and reactive power changes and the grid-voltage phase angle. Later, in 1998,
a similar algorithm was presented [Nou 98] that had a greater impact in the scientific community
and that still nowadays is regarded as a benchmark to which new DPC implementations are

compared.

» This chapter is subdivided as follows :
e Classic DPC with pre-defined switching table.

e Classic DPC with a new switching table.

We will present the simulation results that highlight the performance of these methods, develop

the operating principle, and discover the advantages and disadvantages of each method.
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111.2 Direct Power Control (DPC)
111.2.1 Principle of Direct Power Control (DPC)

The main idea of the Direct Power Control (DPC), initially proposed by Ohnishi in 1991
and later developed by Noguchi and Takahashi in 1998, is similar to the Direct Torque Control
(DTC) of induction machines. Instead of flux and torque, the instantaneous active (P) and reactive
(Q) powers are chosen as the two variables to be controlled Figure 111.1 [Bel 17] [Sad 17].
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Figure 111.1 Configuration of the DPC for three-phase PWM Rectifier with predefined
switching table.

The Figure 111.1 shows the overall configuration of the sensorless Direct Power Control for a three-
phase PWM Rectifier. The DPC consists of selecting a control vector from a switching table. This
table is based on the digitized errors Sy and Sq of the instantaneous active and reactive powers
(errors between the estimated active and reactive powers and the reference values) provided by the
two-level hysteresis controllers, as well as on the estimated voltage vector's angular position.
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Depending on the value of this position, the (a-p) plane is divided into twelve sectors of 30°. Each

control sequence (Sa, S, Sc) corresponds to a voltage vector at the input of the rectifier [Bou 10]

[Ben 13]. The reference of the active power Pref is obtained by regulating the dc-bus voltage Ve,
while the reference of the reactive power Qrer iS Set to zero to ensure a Unity Power Factor
operation.

111.3 DPC with a predefined switching table

The switching table referred to in this work is made by the DTC initiator, first proposed in [Nog
98] and later in [Mal 01]. The voltage vector v at the input of the PWM Rectifier depends on the
switching states (Sa, Sp and S¢) of the semiconductors. Depending on the different possible
combinations of these three states, the eight input voltage vectors that can be applied to the rectifier
are two empty vectors named (Vo and v7) and six non-empty vectors (Vi, V2, V3, Vs, Vs, Vs). These
vectors are represented in the stationary (a-p) reference frame as shown, with six non-zero vectors

dividing the alpha-beta plane into six sectors, each of which is then divided into two equal sectors.
111.3.1. Instantaneous power estimation
111.3.1.1 Calculation of instantaneous injected powers

Based on the measurement of injected voltages and currents, instantaneous active and reactive

powers can be calculated using these expressions:

% For Active power :

ea
P =il xe=1[ig i ic].[eb]: igeq + ipep + ice. (1n.1)
eC
+»+ [For Reactive power :
1 . . .
Q = = [(eb - ec)-la + (ec_ea )-lb + (ea_ €p )-lc] (“IZ)

3

However, the number of required sensors increases the cost and reduces the reliability of the
system. Therefore, in order to accurately estimate power while reducing the number of voltage

sensors, noguchi proposes the use of a voltage vector estimator [Tak 86].
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111.3.1.2 Regulation of DC voltage (the active power reference)

Comparing the instantaneous active power with a reference power, this latter is obtained by
the DC voltage control block at the capacitor terminals, where we use a Pl controller (Proportional,
integrator) to control the error between the sensed voltage (continuous) and reference as shown in
Figure I11.2 .Whilst to achieve a unity power factor, reactive power reference is directly imposed

Zero.

Pl PI’\‘ f

C

Figure 111.2 Control of direct voltage V..

111.3.2 Estimation of the network voltage

The working area of the line voltage is required to determine the commands. Moreover, it is
important to estimate the line voltage correctly, even with the existence of harmonics, in order to
obtain a high-power factor. The voltage drop across the inductor can be calculated by deriving the
current. Thus, the voltage can be calculated by summing the reference voltage at the input of the
converter with the voltage drop already calculated [Fek 16 ] [Den 17]. On the other hand, this
approach has a disadvantage, which is the derivative of the current, where the noise is amplified.
To avoid this drawback, a voltage estimate based on the power calculation can be applied The

following expression (111.3) gives the line currents ia, in, ic in the stationary coordinates o, 3 :

[ia]_\f L= =3[
igl " N3 |, B _¥3 [Z] (1-3)
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The expressions of the active and reactive powers can be written as follows:
P = e,i,+ e, (11.4)

Q = eaiﬁ — eﬁia (|“5)

111.3.3 Determination of the sector

The DPC technique makes the position of the voltage vector of the grid, for this, the plane
(o—P) is divided inside twelve sectors, as shown in Figure I11.3. This relation can make the sectors

explicit numerically:
(n—Z)%S Hnsg(n—l) avec: n= 1,2,3,...,12 (111.6)

Here n is the sector number. It is instantly set by the position of the grid voltage vector and is
calculated by:

0 = arctg (=) (I111.7)

0

6o 911.-“""-,912

Figure 111.3 Sectors and vectors of the rectifier voltages.

Sectors are used to optimize the switching of converters by choosing adjacent vectors. The plane
is divided into 12 sectors for greater accuracy and to avoid problems that arise at the borders of
each control vector.Meanwhile, the required voltage vector V; is determined from the commutation

table Table 111.1 based on the sign of the derivatives of active and reactive power in each sector.
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111.3.4 Hysteresis regulator

The instantaneous errors of active and reactive powers are converted into logic outputs Sp
and Sq using two two-level hysteresis comparators as shown as in Figure I11.4, if the error
increases or decreases beyond a limited band , the output of the hysteresis will take the states 1 or
0 respectively, if the errors are within the permissible error range, the output will remain the same.
So, for hysteresis bands Hp and Hq of active and reactive powers respectively, the outputs of the

hysteresis comparators are [Dja 21]:

(Sp=1 if P<Prp—Hp
4 S, =0 if P> P +Hp ie)
| Sq =0 if Q>Ques +Hg
Hp and Hq represent the deviations of hysteresis regulators
L] SP - Sq
1 1
F 3 r
AP =P, —P 4Q = Qe — Q
0 > 0 [
_HP HP _HQ HQ

Figure 111.4 Characteristics of two-level hysteresis regulators.

111.3.5 The switching table

The selection of switching sequences (Sa, Sb, Sc¢) of the PWM rectifier depends on the
digitized errors Sp and Sq, as well as the angular position of the line voltage vector in the af
reference frame. The 12 sectors on stationary coordinate and the rectifier voltage vectors are
presented in Figure 111.3. [Dja 21]. When the digitized values Sy, Sq, and the sector of work 6n are
well determined. The switching states of the three-phase PWM rectifier for all sectors are given

by the switching table represented in Table I11.1: [Jam 17]
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¥,(100), w5(110), v3(010), v4(011), v5(001), v(101), v,(000),

Table I11.1 Switching table for classical DPC.

I11.4. Simulation of DPC control (with predefined commutation table)

111.4.1 Simulation Results

y(111),

To study the operation of the classical direct power control of the PWM Rectifier, it is

implemented in MATLAB/SIMULINK environment. The simulation results obtained for different

conditions show in the following Figures I11.5, Figures I11.6 and Figures 111.7.The simulations have

been carried out using the main electrical parameters of power circuit and control data showed in

Table I11.2.

Coupling inductance resistance r 0.56 Q
Coupling inductance self-inductance L 19.5 Mh
DC bus capacitance C 1100 pF
Load resistance R. 68.6 Q
Effective composite grid voltage E 85V
Grid frequency f S0Hz
Output DC voltage reference V;, 180 V

Table I111.2 Electrical circuit parameters and control data.
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Fundamental (50Hz) = 4.809 , THD= 14 .84%
120 - - -

100
80|
60

40

Mag (% of Fundamental)
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10 15 20
Harmonic order

()

Figure 111.5 Performance of the DPC-controlled PWM Rectifier with predefined table for
V;.=180V : (a) The active power P and its reference, (b) The reactive power Q and its
reference,(c) Grid voltage and current, (d) The DC bus voltage and it’s reference, (e) Grid
current, (f) FFT analysis for current THD.

% Here, in this test a step of the reference DC voltage is applied at t = 0.3s from 180 V
to 220 V, so that we can observe the changes that will occur in the current, voltage,

and THD. Thus, we obtain the following results :

250

n
=
S

I
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=3
=

DC bus voltage and its reference (V)

o
=
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Fundamental (50Hz) = 8.001 , THD= 19.38%
120 T : -

100 ¢

<o
o

s
o
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3
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[=]

B e mm - e

10 15 20
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(©)

Figure 111.6 Performance of the DPC-controlled PWM Rectifier with predefined table for a
variable reference voltage V;.:(a) The DC bus voltage and its reference, (b) Grid current, (c)
FFT analysis for current THD.

= Here, in this test a step of the load R is applied at t = 0.3s from 68.6 Q to 120 Q, so as

to observe the same changes in the system and obtain the following results :
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Fundamental (50Hz) = 2.67 , THD= 12.56%
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Figure 111.7 Performance of the DPC-controlled PWM Rectifier with predefined table for a
variable load R;: (a) The DC bus voltage and its reference, (b) Grid current, (c) FFT analysis
for current THD.

111.4.2 Interpretation of simulation results

= The Figure 111.5 represents the simulation results for a constant output reference
voltage V., we can clearly observed that :
» The current harmonic distortion rate is high (14.84 %).
» A phase shift between the grid voltage and current.
> Reactive power is almost constant between two values 100VAR and 200VAR.
and the active power is almost constant on 500 watts.

» The DC bus voltage reaches the reference voltage.

= The Figure I11.6 represents the results for a variable output voltage reference V;,
with a constant load (R, = 68,6 Q) , we can notice that :
» The grid current increases with the increase of the reference.
» The current harmonic distortion rate is (THD=19.38 %).

» The DC bus voltage reaches the reference value (after 0.15 s).

= The Figure 111.7 represents the results for the case of a variable load R, , while the

reference voltage remains constant (V. = 180v ), we notice that :
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» The grid current value shows an inverse relationship with the variable load.
» The current harmonic distortion rate is (THD =12 .56%).

» The DC bus voltage reaches the reference.

111.5. DPC with a new switching table
I11.5.1 Synthesis of the new switching table for DPC control

The synthesis of a new switching table for DPC (Direct Power Control) control refers to the
process of designing a new set of switching patterns or rules for the DPC technique used in power
electronic systems. We will study the variation of instantaneous powers to obtain a new switching

table because in the states, the previous method reached the non-control zone [Fek 19].

In the stationary reference frame (o-f) and for a balanced three-phase system, the line currents

equation can be represented as follows:

dig
dat
diB _
at

(eq— vy — R*i,)
(111.9)

S

(es — vg — Rxig)

From (111.9), line current vector [ia iﬁ]T can be controlled by selecting the proper rectifier voltage
vector. The change in line current depends on the actual supply voltage vector e,z , on the selected
rectifier voltage vector v,g, and in less measure on the actual line current. The parameter R can

be practically neglected and a discrete first order approximation of (I111.9) can be adopted. So the

change in line current vector for the next control period is given by:

Big = iq (k+1) = i) = = (eq(k) = v, (k)

111.10

The instantaneous active and reactive power can be represented as follows:

P _ €a ep lg
[Q]' [eﬁ —ea][iﬁ] (111.11)
As first approximation, and if the switching frequency is high enough, the change in power-source

voltage can be neglected. The change in the active and reactive power can be estimated for the

next control cycle as follows:

{AP = ey (k).dig + eg(k).Aig (111.12)
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By replacing (111.10) in (111.12) we obtain:

8P =5 (200 + eg()) = = (eu(k). vy () + e (K). v ()

Ts

18Q = = (eq(k). vp (k) — ep (k). v, ()

L

(111.13)

The equation (I11.13) reveals that the changes in active and reactive powers are influenced by both
the rectifier voltage vector applied (control vector) applied during the switching period and the
grid voltage vector. As a result, there are different ways of selecting the corresponding switching
state that controls the evolution in active and reactive power. For i = 0, 1, 2,...,6 change in the

active and reactive power are given by the following expressions:

AP = 2 (e + ep?() ) = 3 (ea(l). vai + ep(k).vp)

AQ; = = (eq(k). v — ep(i).vg; ) i =012...6 (1119
In the (a-B) plane, the vector eqs can be represented as:
{j;‘ :gsi(r’ls((g)) With  E = |leq]| (111.15)
Where:
E: RMS (Root Mean Square) value of the composite grid voltage.
6 = Angular position of the grid voltage vector defined by: —% <6< 11?”
By using (111.15) in (111.14) we obtain:
AP; = %”eaﬁuz - %”ea[;”. (cos(@).vai + sin(@).vﬂi) (111.16)

AQ; = %”eaﬁ” .(cos(@).vﬁi - sin(@).vm-) i =012....,6

For the rectifier voltage vector, v, the typical space vector representation, for each converter
switching state and its corresponding, v,; and vg; components values are shown in the following

Table I11.3:
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Vi Vg Vi Ve Vi 1”,8{

0 0 0 0 0 0

1 2/3v,, -1/3v,, -1/3v,. J2/3 Ve 0

2 1/3 vge 1/3vg. 2/3 v 1/ 6 Vic 1/ 2 Va
3 '1;3"’10':' 2};31«'(“- '1-".'3"1ﬂ'c —17 qu Vde 1/ JE Vide
4 -2/3vy, 1/3vae 1/3va, — J2/3 Vie 0

5 -1/3vge ~1/3vg. 2/3v4e —1/6 Vae —1/-/2 Vac
6 1/3 Vic -2.;31’(;.5 1."‘131’015 1/ \({g Vac -1/ ﬁ Vac

Table 111.3 Rectifier voltage space vectors.

The rectifier voltage vector in (a-p) plane is given by:

Vai
Por = R with - |[v .17
“ ”V(zBi” hu || api || ” aﬁt” Vac ( )

These two quantities can be expressed as follows:

T =cos((—1).3)) , T =0

111.18
Tr=sin((-1D.5) , Tp=0  i=012...6 (11.18)

The normalized value of the change in active power and reactive power can be expressed as

follows:
AP, = 4pi = leagll _ (cos(8) . Vg +sin(6) .7g5,)
(E)Mleagllvapl — Tvagl (111.19)
AQ, = ol = cos(6).Tg —sin(0).Tg  for i =0,12,....6
(PHleasl-lvasl

By using (111.18) on (111.19) we obtain:

A_PL lle aﬁ” OS(H _ (l _ 1) ) APO — ”eaB”
el for i=012,....,6 lvagl
AQ, = —sin (0 — (i—1).§) AQ, =0

(111.20)

It can be seen from (111.20) that the change in reactive power during all sectors has a sinusoidal
waveform for all rectifier voltage vectors vi. The change in active power has a shifted sinusoidal

waveform as shown in Figure.l11.8 and Figure.l11.9 respectively.
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Figure 111.9 Change in instantaneous reactive power AQ,.

111.5.2. Development of the new switching table

The basic idea of the proposed DPC was to choose the best rectifier voltage vector among
the seven possible vectors in order to ensure smooth control of instantaneous active and reactive
power during each sector. To maintain the dc-bus voltage close to the reference value, and to keep
the unity power factor, active power is controlled to be constant and equal to its reference value,
the reactive power should be maintained zero for all sectors. For this reason, the new switching
table synthesis is based on the sign and magnitude of the change in active and reactive power for
each sector, as shown in Figure 111.8 and Figure 111.9. For example, for sector one the sign of the

change in active and reactive power are shown in Table 111.4 [Bou 08]:
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AP, AQ,
>( <0 >() =0 <0
Vg V3, Vi, Vs Vi, V2,V3 Vo ,V7 V5, V6, V7
V5, L] ,V;‘

Table 111.4 Sign of change in active and reactive power for sector 1.

For each combination of hysteresis output signals, S, and Sq, rectifier voltage vectors are selected

for sector one as shown in Table I11. 1.

AQ,
Secteur 1
= E' HS-p — 1 V3,V2 VQ,VE
<0 <—>Sp=[] A Ve

Table 111.5 Selected rectifier voltage vectors for sector 1.

For all sectors, the proposed new switching table [Bou 10] is represented in the following

Table (see Appendix):

S, 1S, 16, 16,1667 16167167 6716/06,]8,]0,
U0 [Vs [Vo (Vo Vi (Vi Vo [V [V (Vs [ Ve (Vi [Vs
U0 Vs (Ve [V Vs Vs [Vs [Vs [V [V [V, [V, [Vs
0 [0 Vs [Vi [Vi [V [V Vs [V5 (Vi (Ve Vs [V |V
0 1 [V Vo Vo [Vs Vs [V [Ve [Vs [Vs (Ve [V |V,

Table 111.6 The new switching table for DPC.

v1(100), v2(110), v5(010), va(011), vs(001), Vs(101), Vo(000), v7(111).
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111.6. DPC Control Simulation (with a new switching table)

111.6.1 Simulation Results

The simulations have been carried out using the same electrical parameters of power circuit

and control data used in DPC control simulation with predefined switching table.

600 |
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Figure 111.10 Active power, reactive power, and sector.
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Figure 111.11 Performance of the DPC-controlled PWM Rectifier with new table for V;.=180
: (a) The active power P and its reference, (b) The reactive power Q and its reference,(c) Grid

voltage and current, (d) The DC bus voltage and its reference, (e) Grid current, (f) FFT

analysis for current THD.

¢+ Here, in this test a step of the reference DC voltage is applied at t = 0.3s from 180 V
to 220 V, so that we can observe the changes that will occur in the current, voltage,

and THD. Thus, we obtain the following results :
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Figure 111.12 Performance of the DPC-controlled PWM Rectifier with predefined new table
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= Here, in this test a step of the load R; is applied at t = 0.3s from 68.6 Q to 120 Q , so

as to observe the same changes in the system and obtain the following results :
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Figure 111.13 Performance of the DPC-controlled PWM Rectifier with new table for a

variable load R;: (a) The DC bus voltage and its reference, (b) Grid current, (c) FFT analysis

for current THD.

111.6.2 Interpretation of simulation results

The Figure 111.10 represents the variation of active power p and reactive power g in
each sector. It can be observed that there is an increase in energy consumption, both in

terms of active and reactive power, during the even-order sectors.

The Figure 111.11 represents the simulation results for a constant output reference
voltage V.., we can clearly observed that :
» The current harmonic distortion rate is very low (3.50 %).
» The grid voltage and current are perfectly synchronized.
> Reactive power is almost constant at 0 VAR, and the active power remains
consistently high at 500 watts.

» The DC bus voltage reaches the reference voltage.

The Figure 111.12 represents the results for a variable output voltage reference
V;.with a constant load (R,= 68,6 Q) , we can notice that :
» The grid current increases with the increase of the reference.
» The current harmonic distortion rate is (THD=2.86 %).
» The DC bus voltage reaches the reference value (after 0.1 s).
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= The Figure 111.13 represents the results for the case of a variable load R; , while the
reference voltage remains constant (/. = 180v ) , we notice that :
» The grid current value shows an inverse relationship with the variable load.
» The current harmonic distortion rate is (THD =5.38 %).

» The DC bus voltage reaches the reference.

I11.7. Advantages and Disadvantages of DPC Control

e The advantages

» No separate (PWM) block.

» Very high dynamic response.

» No use of nested loops, coordinate transformations, modulators, or decoupling
between current components.

» Simple algorithm.

» Decoupled control of active and reactive power.

» Instantaneous variable with all harmonic components estimated (Improving

power factor and efficiency).

e The disadvantages

» Very high sampling frequency, which requires the use of a very fast
microprocessor.
» Variable switching frequency, with the inductance value needing to be

sufficiently high to smooth the current waveform.

» Power and voltage estimation should be avoided during switching.

111.8. Conclusion

This chapter has described a direct power control of three-phase PWM Rectifier (DPC) based
on switching table. The main goal of the control system is to maintain the dc-bus voltage at the
required level and satisfy the Unity Power Factor (UPF) operation of the three-phase PWM
rectifier. The converter switching states of the new switching table are chosen by analysing the
instantaneous active and reactive power correction. The best rectifier vector allowing smooth

control of active and reactive power during each sector is selected. The proposed DPC was
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simulated and implemented using conventional Pl controller for dc-bus voltage regulation. The
presented results indicate that the new DPC is much better than the classical one in steady and
transient states. Input currents waveforms are more sinusoidal, near unit power factor and
decoupled active and reactive power control are successfully achieved using the proposed

switching table.
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CHAPITRE IV Direct Power Control of three-phase
PWM Rectifier based on Fuzzy and ANFIS controller.

1VV.1 Intoduction

Different control methods have been proposed for the regulation of the three-phase PWM
Rectifiers. A Voltage Oriented Control (VOC) is used in the last few decades, this control strategy
can indirectly regulate the input powers by regulating the input current vector in the d-q
coordinates [Mal 03] Another prominent control technique of three phase PWM Rectifiers is
Direct Power Control (DPC). This control strategy allows a decoupled instantaneous powers
control, strong robustness to parameter variations and fast dynamic response [Jam 17]. DPC is
same as to Direct Torque Control (DTC) strategy of induction motors [Gad 09]. Therefore, the
DPC does not need the transformation of coordinate, separate PWM block and internal current
regulation. Hence, for the improvement of the system performances, significant studies which
improve the conventional DPC technique have been conducted. Among these research works, we
find the decoupled control of instantaneous powers with a single cost function using model
predictive control method [Kwa 15], sliding mode control technique [Dje 14], and others .
Furthermore, other control algorithms based on artificial intelligent techniques have been
developed recently, such as Fuzzy Logic (FL) approach [Ben 17], and Artificial Neural Networks
(ANN) method [Shu 14].

On the other hand, the combination of the ANN approach and the FL technique has received during
those days a great interest. So, it's using in a lot of area and exactly in control of power electronic
converters, in order to achieved good advantages. The ANFIS is one of the most technique
combining two intelligent methods to obtain a high performance of the control system. In the
present study, an improvement DPC technique based on ANFIS for three phase PWM rectifiers is
proposed. This control techniqgue combines ANN approach and FL theory for dc link voltage

control and decoupled regulation of instantaneous powers with a UPF condition.
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 In this chapter, we propose an approach to enhance the Direct Power Control (DPC)
of the three-phase PWM rectifier by suggesting these two methods.
e Fuzzy DC voltage control for a DPC- PWM Rectifier.
e DC voltage control for a DPC- PWM Rectifier based on ANFIS.

IV.2 Fuzzy DC voltage control for a DPC- PWM Rectifier
IV.2.1 Basic Components in Fuzzy control

A fuzzy logic controller (FLC) is based on a collection of control rules governed by the
compositional rule of inference, as shown in Figure IV.1. A fuzzy system achieves a nonlinear
mapping between a vectorial input and a scalar output [Bos 14]. The Fuzzy Logic Controller (FLC)
is more used when the precision required is moderate and the plant is to be devoid of complex

mathematical analysis. Other advantages are :

It does not require highly precise Inputs.

» It needs very fewer data comparatively, which is mainly rules and membership
functions.

« Itis more efficient and can perform better even in non-linear models.

The three main components of a Fuzzy Logic Controller are:

1. Fuzzification.
2. Fuzzy Rule base and interfacing engine.

3. Defuzzification.
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Rule Base

Ae(k)

Fuzzification

DDefuzzification

—N  Inference :V'\

Figure V.1 Internal structure of a fuzzy system.

1V.2.1.1 Fuzzification

The fuzzification module converts the crisp values of the control inputs into fuzzy values,
so that they are compatible with the fuzzy set representation in the rule base. The choice of
fuzzification strategy is dependent on the inference engine, i.e. whether it is composition based or

individual-rule-firing based [Cri 02].
IV.2.1.2 Fuzzy Rule Base and inference

Fuzzy rule base is set of rules consist proposition after IF called antecedents,
while the proposition after THEN is called the consequent [Zai 16]. In the Fuzzy Rule
Inference, the values of the input and output linguistic variables are connected by multiple rules
that need to consider the static and dynamic behavior of the system being regulated, as well as the
desired control objectives, particularly the stability and the proper damping of the control circuit.
The tuning strategy largely depends on the adopted inferences. It is not possible to provide precise
rules, as experience plays an important role in this aspect. The rules will be expressed, for example,

as follows:
If X1 is A1 AND X2 is Az, THEN y is B.

If X1 i1s A1 OR X2 is A2, THEN y is B.
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Where X1, X2, and y are the characteristic physical quantities of the system, Az, A2, and B are the

linguistic terms, and "OR" and "AND" are the operators used to link the input functions.
1VV.2.1.2.1 Inference mechanism

Considered as the "brain™ of the controller, the inference mechanism links the
membership degrees of the input membership functions to the output membership functions. The

degree of membership of the output function can be calculated using various methods [Buh 94]:

e The min-max inference method.
e The max-product inference method.
e The sum-product inference method.
These methods determine the degree to which each rule contributes to the output and are used to

aggregate the fuzzy outputs into a crisp output value or control action.
IV.2.1.3 Defuzzification

The defuzzification process involves transforming the fuzzy output set resulting from
the aggregation of rules into a deterministic and precise control value to be applied to the process.

The following defuzzification methods are of practical importance [Dim 96]:

e Defuzzification by calculating the center of gravity (centroid).
e Defuzzification by calculating the maximum value.

e Defuzzification by calculating the weighted average of the crisp values.

The center of gravity method is the most commonly used defuzzification method in fuzzy control
because it intuitively provides the most representative value of the fuzzy set resulting from the rule
aggregation. Note that normalization and denormalization blocks are added respectively at the
input and output of the fuzzy controller to make it portable and adaptable even with different
parameters. [Buh 94] [Pas 98].

IV.2.2 The Fuzzy Inference Systems

The Fuzzy Inference System is a process that enables mapping from a given set of inputs

to an output space by the use of fuzzy logic. The FIS comprises:

a) membership function.
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b) fuzzy logic operator.

c¢) if-thenrule.
A Membership Function (MF) is a curve that defines mapping of each point in the input space to
a membership value between 0 and 1, called the degree of membership. There are several types of
membership functions, triangular, trapezoidal, Gaussian, sigmoidal, asymmetrical polynomial,
etc... [Bac 15], of which the sigmoidal function is the most commonly used function and is used

in the present work. There are two types of fuzzy inference systems:

» Mamdani Fuzzy Inference Systems.
» Sugeno Fuzzy Inference Systems.

IV.2.2.1 Mamdani Fuzzy Inference Systems

Mamdani fuzzy inference was first introduced as a method to create a control system by
synthesizing a set of linguistic control rules obtained from experienced human operators [Mam

75]. In a Mamdani system, the output of each rule is a fuzzy set.

XX

input1

(mamdan)

2

input2

XX

input3

Figure 1V.2 Fuzzy inference systems using Mamdani-type.

Since Mamdani systems have more intuitive and easier to understand rule bases, they are well-
suited to expert system applications where the rules are created from human expert knowledge,
such as medical diagnostics. The mamdani system uses the minimum as the conjunction operator
and implication to represent the fuzzy graph associated with each rule and the maximum operator

for aggregation in rule i:
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if x,is A; and ...and x,, is A,theny is B
Bl is a Fuzzy sets, in general, form a partition of the output universe.
IV.2.2.2 Sugeno Fuzzy Inference Systems

Sugeno fuzzy inference, also referred to as Takagi-Sugeno-Kang fuzzy inference, uses

singleton output membership functions that are either constant or a linear function of the input

MY

inputt

values.

XX =

input2

VoV

input3

output1

Figure 1V.3 Fuzzy inference systems using Sugeno-type.

The defuzzification process for a Sugeno system is more computationally efficient compared to
that of a Mamdani system, since it uses a weighted average or weighted sum of a few data points

rather than compute a centroid of a two-dimensional area [Sug 85].

This model has the particularity of not having a fuzzy conclusion but rather a function of the inputs

.The rule R; for an input vector x of dimension n is:
if x, is X! and ...and x,, is X' then y is G;(x)
If G;(x) is a first-order linear rule, it will be formed as follow :

Gi(x) = X7, a} x; + b (1V.1)
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1VV.2.3 Design of the proposed Fuzzy control of the DC bus voltage for DPC

Since several years, the Fuzzy Logic Controller has been of great topical. Indeed, this
technique allows obtaining a very effective control law without having to do extensive modelling
[Kri 14]. Figure 1V.4 shows the configuration of DPC equipped with this fuzzy control and the
Figure V.5 shows the block diagram of the Fuzzy Logic Controller used to control the dc bus
voltage of a three-phase PWM Rectifier.

. roo , PWM
i 1
o) AM—NMN o
€ W iy _ 4 W | < _]_ Load
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l e,/ L I,
| ) A~ - __
= Rectifier
1 Y vy S” Sh 5‘_ .
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voltages and calculation of active and SWItChmg
reactive powers table Vie ref
[y 3
Vabe 1 N :" seclenr S; S,
P
Q abe o’ % _g in) —
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EC'J,';.G",I
Y H h )

arctan(e g ley)

Figure 1V.4 The configuration of DPC equipped with fuzzy control.
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Figure IV.5 Schematic diagram of fuzzy controller.

This fuzzy control has been designed using the method of fuzzy implication of Mamdani,
founded on the min-max decision. It comprises three main blocks, wish are, fuzzification, decision
block and defuzzification [Kri 14]. In the system of the Figure 1V.5, the fuzzy controller inputs

are the error € and its derivative Ae. They are defined as follows:

e(k) = Vac (k) — Vac (k)
{a: () = (k) — e (k- 1) (V-2)
The final output of the system is calculated as:
Prep(k) = G.APyop (k) + Prep(k) (IV.3)

The output of the fuzzy controller is multiplied by the measured value of the DC bus voltage in
order to obtain the reference of the active power. The membership functions of the input and output
variables are illustrated in Figure 1V.6. The seven fuzzy sets chosen to accomplish the fuzzification
and defuzzification are: NB (Negative Big), NM (Negative Medium), NS (Negative Small), ZE
(Zero), PS (Positive Small), PM (Positive Medium) and PB (Positive Big).
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NB N NS ZE PSP P B NB‘ | Nllf NS Zf Ps ‘PM - i |

(a) (b)
Figure 1VV.6 Membership functions of inputs/outputs variable: (a) The input variables (k) and
Ag(K), (b) The input variables g(k) and Ag(k) .

Fuzzy rules are gathered in an inference matrix shown in Table V.1

elk)
NB |NM | NS | ZE | PS | PM | PB
NB NB | NB | NB | NB | NM| NS | ZE
NM NB | NB | NB|NM| NS | ZE | PS
NS NB | NB |NM | NS | ZE | PS | PM
ZE NB | NM | NS | ZE | PS | PM | PB
Ae(k) PS NM | NS | ZE | PS | PM | PB | PB
PM NS | ZE | PS |PM | PB | PB | PB
PB ZE | PS |PM | PB | PB | PB | PB

Table 1V.1 Inference rules.

1VV.3 Simulation of Fuzzy DC voltage control for a DPC- PWM Rectifier
1VV.3.1 Simulation Results

The simulations have been carried out using the same electrical parameters of power circuit

and control data used in DPC control simulation:
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Figure 1V.7 Performance of the fuzzy DC voltage control for a DPC- PWM Rectifier

V;.=180 : (a) The active power P and its reference, (b) The reactive power Q and its

reference,(c) Grid voltage and current, (d) Grid current, (e) The DC bus voltage and its

*

reference, (f) FFT analysis for current THD .

¢+ Here, in this test a step of the reference DC voltage is applied at t = 0.3s from 180

V to 220 V, so that we can observe the changes that will occur in the current,

voltage, and THD. Thus, we obtain the following results :
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Figure 1V.8 Performance of the fuzzy DC voltage control for a DPC- PWM Rectifier for a

variable reference voltage V;.: (a) The DC bus voltage and its reference, (b) Grid current, (c)

FFT analysis for current THD.

% Here, in this test a step of the load R; is applied at t = 0.3s from 68.6 Q to 120 Q , so as

to observe the same changes in the system and obtain the following results:
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Figure 1.9 Performance of the fuzzy DC voltage control for a DPC- PWM Rectifier for a
variable load R;: (a) The DC bus voltage and its reference, (b) Grid current, (c) FFT analysis
for current THD.

1VV.3.2 Interpretation of simulation results

= The Figure V.7 represents the simulation results for a constant output reference

voltage V/;.*, we can clearly observed that :

» The current harmonic distortion rate is very low (0.90 %).
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» The grid voltage and current are perfectly synchronized .

» Reactive power is almost constant at 0 VAR, and the active power remains
consistently high at 500 watts.

» The DC bus voltage reaches the reference voltage.

= The Figure V.8 represents the results for a variable output voltage reference V.
with a constant load (R, = 68,6 Q), we can notice that :

» The grid current increases with the increase of the reference.
» The current harmonic distortion rate is (THD=0.73 %).
» The DC bus voltage reaches the reference value (after 0.1 s).

= The Figure IV.9 represents the results for the case of a variable load R, while the

reference voltage remains constant (/. = 180v ), we notice that :

» The grid current value shows an inverse relationship with the variable load.
» The current harmonic distortion rate is (THD =1.32 %).

» The DC bus voltage reaches the reference.

IV.4 Neural-Fuzzy Network

Neural network structures can deal with imprecise data and ill-defined activities. However,
the subjective phenomena such as reasoning and perceptions are often regarded beyond the domain
of conventional neural network theory. It is interesting to note that fuzzy logic is another powerful
tool for modeling uncertainties associated with human cognition, thinking and perception [Cha
09]. Neural-fuzzy network system combines the advantages of neural network and fuzzy logic
system. Neural network provides connectionist structure and learning abilities to the fuzzy logic
systems, and the fuzzy logic systems provide neural networks with a structural framework with
high-level fuzzy IF-THEN rule of thinking and reasoning. The neural network approach fuses well
with fuzzy logic that’s what led some research endeavors to given birth to the field of “Fuzzy
Neural Networks” or “Fuzzy Neural Systems”. That is what made it gained popularity in the

control of nonlinear systems [Are 10].
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IV.5 Principle of ANFIS

The adaptive NF inference system (ANFIS) is one of the proposed methods to combine
Fuzzy logic and artificial neural networks. Jang proposed ANFIS that represented the Takagi-
Sugeno Kang model. This model will be used throughout for controller design and evaluation.
ANFIS uses back propagation learning to determine premise parameters and least mean squares
estimation to determine the consequent parameters. This is referred to as hybrid learning. In the
first or forward pass, the input patterns are propagated, and the optimal consequent parameters are
estimated by an iterative least mean square procedure, while the premise parameters are assumed
to be fixed, In the second or backward pass the patterns are propagated again, and in this approach,
back propagation is used to modify the premise parameters by the gradient descent algorithm,
while the consequent parameters remain fixed. This procedure is then iterated until the error
criterion is satisfied. ANFIS model is a universal approximator, which has the non-linear modeling

and forecasting function [Cha 09], the Table V.2 summarizes the different steps of the algorithm.

- Forward (once) Backward (once)
Premise parameters Fixed Gradient descent
consequent parameters Least mean square Fixed

Table 1V.2 The hybrid method used in ANFIS.

V.6 DC voltage control for a DPC- PWM Rectifier based on ANFIS

In recent years, Neuro-Fuzzy Controlles (NFCs) which are successfully applied to many
industrial applications, are based on the execution of the functions of fuzzy controller (FC) by
Artificial Neural Network (ANN) constructively [Jan 97] [Dan 05]. NFCs have non-linear
structure and do not require the mathematical model of the system to be controlled. Therefore, the
NFCs are used widespread in the systems that are uncertain, non-linear and have parameter
changes [Liu 03]. The configuration of the studied system with the proposed control description
is presented in Figure 1V.10. The ANFIS is applied to control the dc link voltage, whose inputs

are the error of dc link voltage (& = vgcer — Vac), and the error change Ae, where its output is

the active power current component
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Figure 1V.10 The configuration of DPC equipped with ANFIS.

The ANFIS structure based on a Takagi-Sugeno inference system is presented in Figure 1V.11

output

Logical Operations
and
@ or

not

Figure 1V.11 ANFIS structure in MATLAB/SIMULINK.
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It contains five layers, in which the adaptive nodes are located at the first and fourth layers. The

description of each layer is presented next.
IV.6.1 Design of the proposed ANFIS based DC-link voltage control

During the last years, genetic algorithm, artificial neural networks and fuzzy logic
techniques have been intensively employed in many areas, include control applications such as,
process control and power converters regulation. These artificial intelligence techniques are not
limited by mathematical assumptions utilized in control theories and does not need an exact
knowledge about the studied system. Indeed, the combination of ANN and FL methods are very
important thanks to its advantages such as, control of non-linear system and noise rejection [Jam
18]. In this work, an ANFIS control technique is proposed to control the DC-link voltage of under
different operating conditions. The ANFIS uses the fuzzy reasoning in handling uncertainties and
the neural networks learning capability. Besides, the ANFIS control approach has many
advantages such as, adaptive and excellent tracking capabilities with fast convergence. Figure
V.12 shows the block diagram of the proposed ANFIS structure based on a Takagi-Sugeno
inference system. It contains five layers, to reflect different adaptive capabilities, we use both
circle and square nodes in an adaptive network, in which the adaptive nodes are located at the first

and fourth layers [Jam 18].

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5
- e

~ Wi =W, r=me

A NS | -

- “”w N Wi le—

o >N E 2

N W W e
_/:_ Ei
- “,’ e
7 B = u
> § S = Z)_’
- W,
D HEL6
~ W7l o
—HEL 7
- W
D—HE8
D—HE[9 ]

de
Input  Input MFs Rules output MFs Output

Figure 1V.12 ANFIS based DC-link voltage control structure.

The developed ANFIS consists of five layers, two inputs, seven membership functions (MFs) per

input, 49 rules and one output. Indeed, one of the input is the error between the reference of DC-
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link voltage and its sensed value and the other input is the error change (1V.2), whereas its output
is the active power current component (1V.3), which is multiplied by Vg4, to get the active power

reference Pg4.. The detail description of each layer is given below [Jam 18] [Cha 09]:

Layer 1: This layer is also known as the fuzzification layer where each node is represented by a

square. Here, seven membership functions are assigned to each input.

01 = Maii (x1), =12
1,1 I"I'Al] ( 1) . (|V4)
01 = Mpij (x2), i=1,2
The corresponding equation to each gaussian membership function are expressed as:
(xi=cij)?
Maij (x1) = pgij (x;) = exp [— TU]] (IV.5)

Where x;=¢, x, = Ae; x; isequal to x; and x, ; {4; and B; } are the linguistic label. {c;;, o ;;}

is the parameter set referred to as premise parameters.

Layer 2: In this layer, each node is a circle labeled as II, it multiplies the input signals and

transmit it to the layer 3 according to the following expression:

Oz = Wy = Waij (x1). upij (x2) (1V.6)

Where the subscript k is equal 1,2,...,49 and the subscript j (input) is equal to 1,...,2. Thus, the

output of each node is referred to the firing strength.

Layer 3: Each node in this layer is a circular node called N. In this layer, the cells calculate the
ratio between the truth values of each rule and the sum of all truth values given by each rule.

They estimate the "normalized” firing weight of each rule.

Ozp = Wfp = ———2—r (IV.7)

w1q +(J)1 +"'+(J)49

Layer 4: In this layer, each node is a point of connection with the node function as given in the

following equation:

O = W fr = wr(pix; + qix; +17) (1v.8)
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With p;, q; r; and represent the consequent parameters, and w,, is the output of the third layer.

Layer 5: is the output layer, its determination is done by the summation of all incoming signals

according to the expression (1V.9):

Y = Yhe1 0cf, (IV.9)

Generalizing the network to a system with n inputs poses no particular issues. The number of
nodes in Layer 1 is always equal to the total number of defined linguistic terms. The number of

nodes in Layers 2, 3, and 4 is always equal to the number of fuzzy rules.

IV.6.2 Learning Algorithm of ANFIS

The subsequent to the development of ANFIS approach, a number of methods have been
proposed for learning the parameters and for obtaining an optimal number of MFs. ANFIS’s
network organizes two parts like fuzzy systems. The first part is the antecedent part and the second
part is the consequent part which they are connected to each other by rules in network form. These
two parts can be adapted by different optimization methods, one of which is the hybrid learning
procedure combining the least mean square and gradient descent. In a conventional fuzzy inference
system, the number of rules is determined by expert who is familiar with the target system to be
modelled. In our simulation, however, no expert is available and the number of MFs assigned to
each input variable is chosen empirically-that is, by plotting the data sets and examining them

visually [Zan 11].

IV.6.2.1 The process of determining premise parameters and consequent parameters

The ANFIS system operates in a loop, which first determines the connections responsible for
the error and their contribution to it. Based on this information, we can modify the weights that

need adjustment.

The error used is of quadratic type, calculated as the square of the difference between the desired

output and the obtained output.

J(©) = 3 (£())? =5 (va = yp (K))? (IV.10)

2
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Where y, is the desired output, y, (t) is the actual system output and ¢ (k) is the error between
yq and y, ().

The idea is to modify the weights of the network’s inputs based on the error. This allows the system
to decrease the weights of neurons that have contributed the most to the error and increase the

weights of other neurons.

Initially, it should be noted that the network'’s output could be expressed in the following form for

two input and two linguistic label:

wq W

= +
Y w1+w2f1 w1+w2f2

Yy =01 ft + @3fy = 01(p1x1 + qixz + 1) + @ (P2x2 + @2x2 +13) (IV.11)

y = (01x)p1 + (01%2)q1 + (@)1 + (@3x1)p, + (Wox2)q; + (@)1

The equation (IV.11) demonstrates that, by fixing the premise parameters, the output y is linear
with respect to the consequent parameters. We can then use the least squares estimation to
determine the optimal consequent parameters {p, g, r}. During the learning phase, the inputs and
actual outputs are known. Therefore, we propagate the inputs up to Layer 4 (with the premise
parameters fixed) and then apply the least squares estimation [Mer 17]. For the determination of
the nonlinear premise parameters of fuzzy rules with Gaussian membership functions, which is
defined in the equation (1V.12), the error gradient backpropagation algorithm is used. The learning
process is supervised, where each input is associated with a desired output. The backpropagation
algorithm is an iterative gradient-based algorithm designed to minimize a quadratic error criterion
between the obtained output and the desired output. This minimization is achieved through an

appropriate configuration of parameters.
1
uAij (xi) = exP[_OS (vij' (xl- - CU))] avec vij = U_ij (|V12)

Where c, represents the central value and v is the inverse of the spread or width of the Gaussian
membership function. Considering the set of premise parameters characterized by the vector 6,
and input-output data set pairs are (xk, yk). Our objective is to find the values of the vector 8 =

[c v]T such that the output of the fuzzy system closely approximates the desired output y,,.
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The backpropagation algorithm is given by:

9]

0(k+1)=6(k)— Ul (1V.13)

J(©) = () =3 (Va — ¥p (K))? (IV.14)
t

J=[2 I (IV.15)

With 1 being the learning rate [Sai 08].
IVV.7 Simulation of DC voltage control for a DPC- PWM Rectifier based on ANFIS
IVV.7.1 Simulation Results

The simulations have been carried out using the same electrical parameters of power circuit

and control data used in DPC control simulation:
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Figure 1V.13 Performance of the ANFIS DC voltage control for a DPC- PWM Rectifier

V;.=180: (a) The active power P and its reference, (b) The reactive power Q and its

reference,(c) Grid voltage and current, (d) The DC bus voltage and it’s reference, (e) Grid
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%+ Here, in this test a step of the reference DC voltage is applied at t = 0.3s from 180

V to 220 V, so that we can observe the changes that will occur in the current,

voltage, and THD. Thus, we obtain the following results :
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Figure 1V.14 Performance of the ANFIS DC voltage control for a DPC- PWM Rectifier for a

variable reference voltage V;.: (a) The DC bus voltage and its reference, (b) Grid current, (c)
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Figure 1V.15 Performance of the ANFIS fuzzy DC voltage control for a DPC- PWM Rectifier

for a variable load R;: (a) The DC bus voltage and its reference, (b) Grid current, (c) FFT

analysis for current THD.

IV.7.2 Interpretation of simulation results

The Figure 1V.13 represents the simulation results for a constant output reference

voltage V;, we can clearly observed that :

» The current harmonic distortion rate is very low (0.90 %).

» The grid voltage and current are perfectly synchronized.

> Reactive power is almost constant at 0 VAR, and the active power remains
consistently high at 500 watts.

» The DC bus voltage reaches the reference voltage.

The Figure 1V.14 represents the results for a variable output voltage reference V.,

with a constant load (R, = 68,6 Q), we can notice that :

» The grid current increases with the increase of the reference.
» The current harmonic distortion rate is (THD=0.73 %).

» The DC bus voltage reaches the reference value (after 0.1s).
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= The Figure V.15 represents the results for the case of a variable load R; , while the

reference voltage remains constant (V.= 180v ), we notice that :

» The grid current value shows an inverse relationship with the variable load.
» The current harmonic distortion rate is (THD =1.60 %).
» The DC bus voltage reaches the reference (after 0.4 s).

V.8 Comparative study of the previous control techniques results

The objective of this study is to demonstrate the contribution of each three Direct Power
Control methods presented throughout this work. The two factors considered in evaluating the

performance of these controls are:

e The DC bus voltage regulation.
e The Total Harmonic Distortion (THD) of grid currents.

e The reactive power control.

» Performance: In terms of performance, DPC-FUZZY and DPC-ANFIS demonstrate
superior results compared to DPC-PI as shown in Figure 1V.16. They exhibit faster
response times and better dynamic behavior, leading to improved control of the system.

» Response Time: DPC-ANFIS shows the fastest response time among the three methods,
with the DC bus voltage reaching the reference value in less than 0.1s. DPC-FUZZY also
performs well, achieving the reference value in less than 0.3s. On the other hand, DPC-PI

takes more than 0.4s to reach the reference value.
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Reactive power (VAR)

» THD Reduction: In Table 1V.3, all three methods effectively reduce Total Harmonic
Distortion (THD) values below 4%, which is considered acceptable. However, DPC-

FUZZY and DPC-ANFIS exhibit better results in terms of THD reduction compared to

DPC-PI.

Method de
control DPC-PI

THD

DPC-FUZZY DPC-ANFIS

3.50 %

0.90 % 0.90 %

Table 1V.3 THD Values Comparison for the Three Control Methods.

» Control Complexity: DPC-PI has a relatively simpler control structure compared to
DPC-FUZZY and DPC-ANFIS, which involve fuzzy logic and adaptive neuro-fuzzy
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inference systems, respectively. This simplicity may be advantageous in terms of

implementation and computational requirements.

Adaptability: DPC-FUZZY and DPC-ANFIS offer higher adaptability and flexibility in

handling different operating conditions and system parameters. They can adapt their

control strategies based on the system's dynamic behavior, resulting in improved

performance.

...........................................................................

Reactive power (VAR)

Page | 84




CHAPITRE IV

1400

1200

1000

Reactive power (VAR)

0 0.1 02 03 04 05 06 07 08 09 1
Time(s)

(©)

Figure 1V.17 The reactive power response in the three methods: (a) DPC-ANFIS method, (b)
DPC-FUZZY method, (c) DPC-PI method.

When comparing DPC-PI, DPC-Fuzzy, and DPC-ANFIS, all three control strategies offer different
levels of reactive power control. DPC-Fuzzy and DPC-ANFIS outperform DPC-PI in minimizing
reactive power losses, with DPC-ANFIS providing the highest level of control and efficiency. The
adoption of fuzzy logic and ANFIS controllers allows for adaptive and intelligent control, resulting

in reduced reactive power and improved performance of the PWM rectifier system.

Overall, DPC-FUZZY and DPC-ANFIS demonstrate better performance in terms of response
time, THD reduction, and adaptability compared to the classical DPC-PI method. These advanced
control techniques offer enhanced control capabilities and are well suited for applications that

require precise and efficient power regulation.

IVV.9 Conclusion

In this chapter, we proposed an approach to enhance the Direct Power Control (DPC) of the
three-phase PWM rectifier by suggesting this two methods: Fuzzy DC voltage control for a DPC-
PWM Rectifier and DC voltage control for a DPC- PWM rectifier based on ANFIS. After
conducting the proposed methods and their simulation on MATLAB/SIMULINK and obtaining
the results, we investigated and compared three different control methods for the power electronics
system. The Direct Power Control (DPC) method with classical Proportional-Integral (PI)

controller, DPC with Fuzzy Controller, and DPC based on Adaptive Neuro-Fuzzy Inference
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System (ANFIS), were studied and their performances were evaluated. The results showed that all
three control methods achieved acceptable Total Harmonic Distortion (THD) values below 4%,
indicating their effectiveness in reducing harmonic pollution in the system. However, in terms of
performance, it was observed that both DPC-Fuzzy and DPC-ANFIS outperformed DPC-PI. These
methods exhibited faster response times and demonstrated better regulation of the DC bus voltage,
reaching the reference value in less than 0.3 seconds and 0.1 seconds, respectively. Overall, the
findings highlight the advantages of utilizing advanced control techniques, such as Fuzzy Control
and ANFIS, in enhancing the performance and dynamic behavior of the power electronics system.
These methods offer improved regulation, reduced cost of installation, and greater potential for
achieving optimal system performance. Further research and experimentation can be conducted to
explore the applicability and scalability of these control methods in various power electronics

applications.
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General conclusion

The research presented in this memory focuses on exploring modern solutions based on power
electronics to address the issue of harmonic pollution in the electrical grid, specifically in the
distribution system. The primary solution investigated is the PWM Rectifier, which has the
capability to independently mitigate reactive energy consumption and provides a bidirectional
power flow, low harmonic distortion, and adjustable DC voltage. In this work, we addressed the
operational principles and control strategies of an AC/DC converter integrated with a controlled
balanced electrical network, employing various control techniques such as hysteresis current
control, Direct Power Control (DPC) with a classical switching table, DPC with a new switching
table, and DC voltage control for a DPC- PWM Rectifier based on Fuzzy Logic and ANFIS.

In the first part of this work, a bibliographic study was carried out concerning harmonic
disturbances affecting network voltage and degrading the quality of electrical energy. Different
traditional and modern means of harmonic reduction were discussed. In the light of this study, we
have been able to observe that research on PWM Rectifiers is widespread throughout the world
not only for the absorption of sinusoidal currents but also for eliminating different types of

disturbances that can affect the network.

For this, we have devoted the second part of our theoretical study to the operating principle and
modeling of the PWM Rectifier, for their control techniques, hysteresis current control technique
have been used. We concluded that hysteresis control is simple and easy, ensuring unity power
factor and low harmonic distortion, but it also has drawbacks such as variable switching frequency

dependent on the bandwidth.

The third part of this work is dedicated to the modeling and simulation of Direct Power Control
(DPC) technique, as well as a synthesis of continuous bus voltage Pl regulators. In addition to its
simplicity, offers better control of instantaneous active and reactive powers. This control strategy
is widely used for many converters as it directly selects optimal switch states to control
instantaneous active powers without requiring current loops or PI regulators. The configuration
and principle of DPC using the classical and new switching table have been explained in detail.
The simulation results have been analyzed, and the performance of this control is evaluated based

on these results.
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In the last part, an improvement scheme based on Fuzzy Logic and ANFIS (Adaptive Neuro-Fuzzy
Inference System) for the DC-link voltage control approach in Direct Power Control (with new
switching table) of a PWM Rectifier system is presented. The error of the DC link voltage (¢ =
Vac rer — Vac) and the rate of change of the error Ae are used as inputs for both control techniques.

The output of these techniques is the active power current component.

A brief comparative study between the developed ANFIS-based controller and the Fuzzy logic
controller has been introduced to show the different effect of each one of this controller on the
PWM Rectifier system.

As future prospects for this work, we can mention:

» A new configuration of DPC, without hysteresis comparators and with using

ANFIS controller to represent the switching table of DPC.

» Using a different type of load, such as an electric machine, to demonstrate the four-

quadrant operation capability of the PWM Rectifier.
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Annex.

As shown in the table below, the reactive power signs of the three vectors switch between

positive and negative. For active power, the sign changes of four vectors are positive and the

sign changes of two or three vectors are negative:

According to Figure 111.8 and 111.9 for each combination of output signals S, and Sq, the

Sector 01

selected voltage vectors for the first sector are expressed in the following table :

The two-level hysteresis controllers for instantaneous reactive power can be written as follows:

AP;>0

AP,<0

Aq,>0

AP,<0

APl :0

Vs, V., Vs,V

Vi, Ve

Vi, V5, V3

Ve, Vs, Vg

Vo/V7

If Ap >0 then Sp =1 and Ap<0then S, =0
If Aq >0 then Sq =1 and Aq<Othen Sq=0

SPl 5 q1 . 0
1 V3 V4 Vg
O Vi Vg
Sector 02
AP2>O AP2<O AQ2>O AP2<O APZ =
VB !th-!VS!VO V11V2 Vz,Vg ,V4 Vl JVS JVS VD/V?

The selected voltage vectors for sector 02 are expressed in the following table:

sz Sq 2 1 0
1 V3, Vy Vg
0 Vs Vi




ANNEX

e Sector 03

AP3>O AP3<O AQ3>’0 AP3<O Apg :O

V4JV5!V6JVE! VerZ VZrVS ,V4 VI!VE!VG Vl]/v?

The selected voltage vectors for sector 03 are expressed in the following table:

Sp3 Y | 0
1 V4 Vs, Vg
O Vg \'21
e Sector 04

Vi, Vs5,V6., Vo V2.,V V3,Vy, V5 Vi,V2, Ve Vo /V7

The selected voltage vectors for sector 04 are expressed in the following table:

Sp4 SQ4 l 0
1 V4, Vs Vg
0 V3 \p)
e Sector 05

V1.,Vs5,V6, Vo V2., V3 V3,Vg,Vs | V1,V2,Vg Vo/V7

The selected voltage vectors for sector 05 are expressed in the following table:
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5 Ps SQS 1 0
1 Vg V1,Vg
0 Va3 Vv,
Sector 06
AP6>0 AP6<0 Aq6>0 AP6<0 APG =0
Vi,Vs5,Vs, Vo V3,Vy V4, Vs, Ve Vi, V2, V3 Vo/ V7

The selected voltage vectors for sector 06 are expressed in the following table:

|
Spe S% 0
1 Vs, Ve Vi
0 Vs V3
Sector 07
AP7>0 AP7<O Aq'7>0 AP7<O AP7 :0
Vi,V2, Ve, Vo V3, Vy Vi, V5,Ve | V1,V2,V3 Vo/V7

The selected voltage vectors for sector 07 are expressed in the following table:

| 0
Sp7 Sq 7

Vg V2, Vi
e Sector 08
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AP8>O AP8<0 AQ8>’0 AP8<O APB :O

Vi,V2,V6., Vo Vs, Vy Vi,Vs,Ve Vi, V2, V3 Vo/Vs7

The selected voltage vectors for sector 08 are expressed in the following table:

|

SDB Sq 8 0
1 V1, Vg vz
0 Vs Va

e Sector 09

AP9>0 AP9<O AQ9>O AP9<0 APg :0

Vi, V2, V3,V Vs, Vy Vi,V5,Ve Vi, V2, V3 Vo/V7

The selected voltage vectors for sector 09 are expressed in the following table:

Spg Sq 9 1 0
1 A1 Va2, V3
0 V5 V4
e Sector 10

AP10>0 AP10<O AQ10>0 AP10<0 APIO =O

Vi1,V2,V3,Vp Vs, Vy Vi.Vs5,Ve Vy, Vo, V3 Vo/ V5

The selected voltage vectors for sector 10 are expressed in the following table:
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| 0
Splo SQ10
1 Vi, V2 V3
0 Ve Vs
Sector 11
AP11>0 AP11<0 Aq11>0 AP11<O AP].]. :0
V2,V3,Vy,Vp Vs, Ve Vi,V2,Ve V3,V4, Vs Vo/V7

The selected voltage vectors for sector 11 are expressed in the following table:

1 0
Sp11 SQ11
1 Va2 V3,Va
Sector 12
AP12>0 AP12<0 AQ12>O AP12<0 APlZ :0
V2,V3,Vg,Vp Vi, Ve Vi, V2, V3 V4, Vs, Ve Vo/ Vs

The selected voltage vectors for sector 12 are expressed in the following table:

Sp 12 Sq 12 L 0
1 Va2, V3 V4
0 \'21 Vg
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