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Table Notation and symbol

€2, €p) Ec The line-to-neutral voltages of the three-phase power supply network (V).
E, The amplitude of the network voltages (V).
E The effective phase voltage of the network (V).
€d, €q The line-to-neutral voltages of the power supply network in the (d,q) reference
frame (V).
€2, €p) Ec The line-to-neutral voltages of the power supply network in the (a,b,c) reference
frame (V).
Va, Vq The reference voltages in the (d,q) reference frame (V).
Va, Vi, Ve The reference voltages in the (a,b,c) reference frame (V).
Lo, Isp, Isc The line current of the three-phase power supply network (A).
Iy Ia The line currents in the (d,q) reference frame (A).
i g The components of the line current vector in the stationary (a,p) reference frame.
I, Iy, Ic The line current in the (a,b,c) reference frame (A).
Lg Total inductance of the network-rectifier line with PWM (H).
R Resistance of the network-rectifier line with PWM (Q).
Reh Resistance of the load (Q).
Len Inductance of the load (H).
C DC bus capacitor (F).
Vi, Vi, Ve The single-phase voltages at the input of the PWM rectifier (V).
Vsar Vsg The components of the line voltage vector in the stationary (a,p) reference frame.
Ien Current in the load (A).
I, Current in the capacitor (A).
Vic DC bus voltage (V).
Vic ref Reference DC bus voltage (V).
| Active current required to charge the DC bus (A).
Imax The maximum amplitude of source currents (A).
Enax The maximum amplitude of source voltages (V).

a (6), ip (1), 1c (1)

Instantaneous reference currents.

Sa S, Sc

Switching states of the PWM rectifier switches.

Sq» Sa

Switching states of the rectifier in the (d,q) reference frame.




Table Notation and symbol

Sa Sp, S¢ Switching states of the rectifier in the (a,b,c) reference frame.
T Period (s).
T, Sampling period (s).
Vp Amplitude of the carrier voltage for PWM control (V).
Vyef Amplitude of the reference voltage for PWM control (V).
S Apparent power (VA).
P Active power or real power (W).
Q Reactive power or imaginary power (VAR).
Pref Reference active power.
Qref Reference reactive power.
D The distorting power due to current harmonics (W).
dp, dg Errors of active and reactive powers.
Ky Proportional gain of the regulator.
K; Integral gain of the regulator.
Ap, Aq Variation of instantaneous active and reactive powers.
A; Current variation.
A, Variation in the connection filter voltage.
a Angle of the reference voltage vector.
kp Proportional parameter.
Kk; Integral parameter.
P Instantaneous active power (W).
q Instantaneous reactive power (VAR).
f Fundamental frequency (Hz).
w Angular frequency (rad).
0 The angle between sectors.
[0} The estimated flux.
Tyo The time constant of the open-loop system.
t The time (5).
d,q Park reference axis.
T, Electrical time constant of the impedance (R,L) with (T=LR).

Tuning frequency.
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P*

Reference active power (W).

Reference reactive power (VAR).
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Abbreviation

Abbreviation
Acronym Meaning
SAPF Series Active Power Filter
PAPF Parallel Active Power Filter
THD Total Harmonic Distortion
UPQC Unified Power Quality Conditioner
Pl Proportional-Integral (PI) Controller
AC-DC Alternative -Continuous Conversion
IGBT Insulated Gate Bipolar Transistor.
MOSFET Metal Oxide Semiconductor Field Effect Transistor
GTO Gate Turn Off Thyristors
PLL Phase Locked Loop
PWM Pulse Width Modulation PWM
DPC Direct Power Control
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GENERAL INTRODUCTION

Power quality is a very important concept, covering both the quality of power supply and

transmission lines, and the quality of the voltage and currents waveforms. Nowadays,

improving power quality on electrical distribution networks is becoming a major challenge for

both electrical network managers and electrical power operators.

Under normal operating conditions, electrical power quality is mainly reduced to the quality

of the voltage waveform. The main phenomena problems that can affect the quality of the

voltage waveform are:

> Voltage dips of short or long time;

» System unbalance;

» Harmonic distortion;

The main characteristic parameters of a three-phase system are:

» The frequency, which must be equal to the fundamental frequency of the electrical
network at 50 Hz

» The amplitude of the three phases, so all three phases have the same amplitude,

A\

The waveform voltages and currents should be sinusoidal,

» The symmetry of the system characterized by the equality of the same amplitude and their
relative phase shifts.

The use of power electronics equipment such as rectifiers, choppers, inverters in electrical

systems caused harmonic distortion. These converters are considered as nonlinear loads; they

absorb non-sinusoidal currents and consume some time reactive power, these phenomena

could, on one hand, damage the electrical appliances connected to them through over

voltages, overheating, and device damage, and on the other hand, lead to inefficient energy

utilization with excessive losses in energy transmission lines. On one hand, standards for

harmonic distortion impose maximum limits on the total harmonic distortion (THD) of

electrical quantities characterizing the power supply.

For this reason, new topologies of static converters such as PWM rectifiers, cascaded

rectifiers, matrix converters, etc. have been developed. They offer a better solution for

reducing harmonic disturbances and improving power quality. In this thesis, we focus on

studying a PWM rectifier.

The PWM rectifier, as a static converter, acts as a rectifier with the advantage of absorbing

sinusoidal input currents with a unity power factor and allowing the output to produce an

adjustable DC voltage. However, it has the disadvantages of a diode rectifier as a
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unidirectional power flow converter, low power factor, and input current distortion (presence
of harmonics).Therefore, the PWM rectifier is an increasingly popular solution used in
industrial applications and offers the following advantages:

» bidirectional Power

Low harmonic distortion of the grid current.

Unit power factor.

Control of the DC bus voltage.

YV V. V V

Reduction in the size of the DC bus capacitor voltage

Several control strategies for PWM rectifiers have been proposed, such as hysteresis control,
Direct Power Control (DPC), etc. While these control strategies aim to achieve the same
objectives, such as unity power factor correction, nearly sinusoidal input current, and
adjustable of DC bus voltage.

The main objective of this thesis is to study the various control strategies of a PWM rectifier
with the aim of improving its performances Take good control of it and use it to charge the
battery .

The first chapter provides an in-depth exploration of electrical power quality, highlighting
various disturbances that can compromise it. The discussion commences with an examination
of harmonics, elucidating their origins, characteristics, and the adverse effects they impose on
the electrical grid and connected loads. Special attention is given to harmonic distortion
stemming from diode rectifiers, alongside an overview of relevant standards and regulations
governing harmonic pollution. It concludes with an overview of the various proposed
solutions for harmonic compensation, encompassing both traditional and modern approaches.
Moving on to the second chapter, it delves into the control strategies employed in PWM
rectifiers, which play a pivotal role in ensuring efficient energy conversion and harmonic
mitigation. The chapter provides insights into the operating principles and modeling
techniques of PWM rectifiers, focusing on strategies such as hysteresis control and pulse-
width modulation (PWM). Through comprehensive simulation results, the efficacy of these
control strategies in regulating output voltage, compensating for harmonic currents, and
achieving unity power factor is demonstrated.

Turning to the third chapter, classic Direct Power Control (DPC) techniques for PWM
rectifiers are thoroughly investigated. The discussion revolves around the principles of DPC-
based hysteresis control, emphasizing its ability to accurately estimate active and reactive

power components. Simulation results are presented to illustrate the performance of classic
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DPC control in optimizing the operation of PWM rectifiers, ensuring stable and efficient
power conversion under varying load conditions.

Chapter 1V explores the application of advanced control strategies, including Direct Power
Control (DPC), in electric vehicle (EV) charging systems. The chapter highlights the pivotal
role of these control methodologies in enhancing the precision and stability of the charging
process, thereby ensuring optimal energy transfer efficiency from the grid to the vehicle's
battery system. Through comprehensive case studies and simulation analyses, the
effectiveness of these control strategies in optimizing battery charging performance is

demonstrated, underscoring their significance in advancing EV technology.




CHAPTER I

PERTURBATION OF ELECTRICAL
NETWORKS AND DIFFERENT TYPES OF
COMPENSATION
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CHAPTER I
PERTURBATION OF ELECTRICAL NETWORKS AND DIFFERENT
TYPES OF COMPENSATION

1. Introduction

The significant presence of static converters in electrical installations has considerably
contributed to the improvement of performance and reliability of these equipment’s. Due to
their nonlinear nature, these converters are the main cause of the deterioration of electrical
network [1].In this chapter, we discuss electrical energy quality, its degradation and its
consequences. Additionally, we present the disturbances that affect voltage and current in
electrical networks, along with their origins, consequences, and solutions for remediation. We
will then propose passive and active power filter solutions for compensating harmonic

distortion.

2. Quality of Electrical Energy

The quality of electrical energy is a broad concept that encompasses both the quality of
electrical energy supply in terms of power and the quality of voltage and current waveforms.
There are different phenomena that can affect voltage and currents waveforms quality, such as
voltage sags, over voltages, outages, imbalances, and rapid variations, including transient over
voltages, flicker, and harmonic distortion. Conversely, current quality reflects the ability of
loads to operate without disturbing or reducing the efficiency of the power system [2].

» Frequency.

Amplitude of the three voltages and currents.

Waveform, which should be as sinusoidal.

Symmetry of the three-phase system.

W VvV VvV VvV

Degradation of Voltage Quality

Disturbances that degrade voltage quality can result from [3]:
¢+ Faults in the electrical network.

+ Short circuits.

+«+ Atmospheric causes such as :lightning, frost, storms, etc..
+«+ Material causes such as: aging of insulation, etc..

¢+ Human causes (mis operations, third-party work, etc.).

+ Disturbing installations.

Arc furnaces.

Welding machines.
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v Variable speed drives (static converters).

v All applications of power electronics, such as televisions, fluorescent lighting, starting or
switching of appliances, etc.

4. Different types of electrical disturbances

Electrical disturbances affecting one of the four voltage parameters listed above may manifest

as different types of disturbances of electrical origin such as: a dip or a voltage cut, a voltage

fluctuation, an unbalanced of the three-phase voltage system, a variation in frequency, and the

presence of harmonics distortion, ... etc[4].

4.1.Voltage Dip or Voltage Cut-Off

A voltage dip is a decrease in the effective value of the voltage to a value between 10 and

90% of the nominal voltage and a duration ranging from 10 ms to a few seconds. Voltage

dips are caused by natural phenomena such as lightning or faults in the installation or

distribution system [5, 6]. See Figure (1.1) and (1.2).

600 T T T

400

200

Dip voltage (V)
o

-200

-400

-600 1 1 I 1 I
0 0.05 0.1 0.15 0.2 0.25 0.3

time (s)

Figure 1.1 Dip voltage

10
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400 T T T

300

200

100

Cut-off voltage (V)
o

-100

-200

-300

-400 L 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3

time (s)

Figure 1.2 Cut-off voltage
4.2. Voltage fluctuations and spikes

Voltage fluctuations are periodic or erratic variations in the voltage envelope. These are
sudden variations in the amplitude of the voltage located in a band of 10% and occur over a
time interval of a few hundredths of a second [5].

They are in particular due to the propagation on the lines of the network of important
calling currents. The main source of these currents is the operation of devices whose power
consumption varies rapidly, such as arc furnaces and welding machines. These fluctuations
result in variations in intensity, visible at the level of lighting causing a perceptible visual
gene for a variation of 1% of the voltage. This flickering phenomenon is called flicker
voltage [6].

The voltage bump is an increase in voltage above the nominal voltage for a period of 0.5
cycle to 60 s. It is characterized by its amplitude and duration. It may cause heating and
destruction of components, See Figure (1.3).

11
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800 T T T
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200 1

-200 -
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time (s)

Figure 1.3 fluctuations Voltage
4.3. Unbalanced Three Phase Voltage System
Three quantities of the same nature and of the same pulsation form a balanced three-phase
system when they have the same amplitude and when they are out of phase of 120 between
them. When the quantities do not check these phase and amplitude conditions [7]. We speak

of an unbalanced three-phase system which is well demonstrated in Figure (1.4)

400 T T T T T T T T

300

200

100

-100

-200

Unbalanced three phase voltage (V)

-300

_400 1 1 1 1 1 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

time (s)

Figure 1.4 unbalanced three-phase Voltage systems

12
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4.4. Frequency variation:

A significant variation in the frequency of the network may occur on the networks of users
not interconnected or powered by an autonomous thermal source at the level of distribution or
transmission networks [5], this frequency variation is very rare and is present only in
exceptional circumstances, as in the case of some serious network defects. Under normal
operating conditions, the mean value of the fundamental frequency shall be within the range
50 Hz 1% shown in Figure (1.5).

600 T T T T T

400 1

200 -

-200 1

Variation frequency (Hz)
o
T

-400 A

-600 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3

time (s)

Figure 1.5 Frequency variation
4.5. Harmonic distortion
The harmonics are a superposition on the fundamental wave at 50 Hz, of waves also
sinusoidal but of whole multiple frequencies of that of the fundamental. Figure (1.6) shows

the superposition of the third harmonic and a fundamental current at frequency 50 Hz.

I i 1 ¥ I
100F - e | Tondamental
€ SO S 5 - /| — harmonique d'ordre 3
g — onde deformee
Iy
=
:E {:I \_.-/ 'l,I / \ :.'
1[: _'I[H] r Z'.'X..
| | | 1 ]
0 0.0 0.02 0.03 0.04 0.05 0.06
lemps (s)

Figure 1.6 Harmonic distortion
5. Study of harmonic disturbances
The main source of the harmonics distortion in electrical networks is the presence of power

electronics equipment.

13
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The vast majority of harmonic sources are:

+ Industrial loads

Power electronics equipment: rectifier, inverters,..etc.

Loads using electric arc: welding machine, lighting (fluorescent tube), arc furnace.

% domestic loads

v Equipped with converters or switch-mode power supplies: microwave oven, computer,
printer, television, induction cooker...etc.

5.1. Spectral representation analysis (THD)

A distorted signal typically consists of multiple harmonics. This signal is often represented

in the form of a spectrum

'
=]

Amplitude of Harmonics %

1 2 3 4 5 6 7 8 9 10 11

Harmonic Order Il the fundamental component
[ harmonic currents
B interharmonic currents

infra-harmonic currents

Figure 1.7 harmonics spectrum analysis
5.2. Consequences of harmonics distortion
Many effects of harmonics distortion on electrical installations and their equipment can be
cited:
v Heating equipment (cables......);
v Malfunctioning of electrical equipment;
v" Problems of resonance;
v

Degradation of the accuracy of measuring devices;

14
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v"Induced disturbances on communication lines, including electromagnetic radiation.

5.3. Characteristics of harmonics

5.3.1. Total Harmonic Distortion (THD) ratio:

The harmonic distortion rate (THD) is used to assess the difference between the actual
waveform and the sine waveform for a current or voltage. It is given by the ratio between the

effective value of harmonics and that of the fundamental. It is defined by:

0 Zh-2Va
THD(%) = 100 [=r=22 (1.1)

With

y1:Root mean square (RMS) value of the fundamental current or voltage

yo:RMS values of the various harmonic components current or voltage

5.3.2. The powers

The active and reactive powers for the fundamental frequency defined respectively:

P = V;I;cospq
{Q = Vil sing, (12)
The expression of the power factor can be expressed in the following form:
P P
Fp=c=—=—— (1.3)

S (P2+Q2+D2)
This last equation shows that in non-sinusoidal regimes, harmonics create a distorting power
that reduces the power factor. To estimate the contribution of harmonics in the power balance,

the distorting power D is defined as:

D= mV1\/m (14)
With :

m: is the number of phases.

5.3.3. Standards concerning harmonic disturbances

The widely recognized organization as the conservator of electrical quality standards is the
IEC (International Electro technical Commission), based in Geneva. The IEC has defined a
series of standards, called electromagnetic compatibility (EMC) standards, to address
electrical quality.

The IEC 61000 series considers harmonics and inter-harmonics as electromagnetic
phenomena caused by low frequencies. A widely used alternative to the IEC standard is the
IEEE 519-1992 recommendation, which provides practical guidelines on harmonics.

5.3.4. IEC 61000

Among the sections of the IEC 61000 standard (considered a European standard) that are of
interest to us are IEC 61000-2-2, IEC 61000-3-2, and IEC 61000-3-4.
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IEC 61000-2-2 :defines the compatibility levels of harmonic voltages on low-voltage public
networks (Table 1.1). This standard aims to protect equipment connected to a distorted low-
voltage network.

Translated from French (technical) to English (technical):

IEC 61000-3-2: defines emission limits for harmonic currents from equipment consuming
current less than or equal to 16 A per phase. This concerns domestic appliances. This
limitation of the scope is very restrictive in most industrial applications.

This standard classifies devices into four groups or classes, with equipment ranging from 75
W to 600 W.

- Class A: All balanced three-phase equipment not included in classes (B, C, and D).

- Class B: Portable tools.

- Class C: Lighting equipment, including regulating devices.

- Class D: Microcomputers and televisions.

The limits of harmonic currents in standard IEC 61000-3-2 are provided in Table 1.2. Itis
interesting to note that these limits are expressed in absolute values and not relative to the
fundamental. This implies that equipment with low power can meet the standard with a very
high Total Harmonic Distortion Index (THD;).

Odd harmonics not Odd harmonics Even harmonics
multiples of 3 multiples of 3
Harmonic Harmonic Harmonic Harmonic Harmonic Harmonic

order voltage order voltage order voltage
H % H % h %
5 6 3 5 2 2
7 5 9 15 4 1
11 35 15 0.3 6 05
13 3 21 0.2 8 05
17 2 >21 0.2 10 05
19 15 12 0.2
23 15 >12 0.2
25 15

>25 0.2+0.5*25/h

Table 1.1: Compatibility levels for individual harmonic voltages on low-voltage networks
(IEC 61000-2-2).
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Harmonics Class A ClassB ClassC ClassD
(h) (A) (A) 1h/11% (mA/W)
Odd harmonics
3 2.30 345 30 xFp 34
5 1.14 171 10 1.9
7 0.77 1.155 7 1.0
9 0.40 0.60 5 05
11 0.33 0.495 3 0.35
13 0.21 0.315 3 0.296
15<h<39 0.15 x15/h 0.225 x15/h 3 3.85/h
Even harmonics
2 1.08 1.62 2 -
4 0.43 0.645 - _
6 0.30 0.45 - -
8<h<40 0.23 x8/h 0.345 x8/h - -
Tk, :Power factor

Table 1.2: Limits of harmonic current components (IEC 61000-3-2).

- The EN 50160 standard specifies the characteristics of the voltage supplied by low-voltage

public networks.

- The IEEE 519 standard (Recommended Practices and Requirements for Harmonic Control

in Electric Power Systems - USA) aims to limit the impact of nonlinear loads both between

the energy distributor and the customer (mutual commitment to limit harmonics).[8]

6. Types of loads
6.1. Linear Load

If a linear load is powered by a sinusoidal voltage, the current flowing through this load is

also sinusoidal [9].

oa 241 Ls Ech Lch
O—— —
<)

ch . Ls Ech Lch

Ty j j  W—

" Rs Ls Ech Lch
(=) l‘wv—mn nnm
&) M—

Figure 1.8 Linear load.

Figures (1.9) and (1.10) respectively show the load current and its spectrum harmonic

analysis in the case of a linear load (RL load) powered by a sinusoidal three-phase source. In
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this case, it is noted that the current waveforms are purely sinusoidal, with only the presence

of the fundamental frequency at 50 Hz.

Linear load (V)
' o
N\
L L

2 J

-3 .

_4 1 L | 1 | 1 1 | |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

time (s)

Figure 1.9: linear load currents
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@ -2 \

0 'D{H ':}{‘.IZ 'D':}:} ﬂﬂufl {H}E ':}'L‘-E 'D'D? ':}'DB m}e 0.1
FFT analyziz
Fundamental (50Hz) = 3.107 , THD= 0.00%
= [ : . . . ]
5
s 08 4
o
=
3 kil .
L
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":'\-\.\,
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=
D i i i i i

0 200 400 600 800 1000

Figure 1.10 Spectrum harmonic analysis of current in a linear load.
6.2. Nonlinear Load
If a sinusoidal voltage powers a nonlinear load, the current flowing through the load is no
sinusoidal waveforms. It contains both a fundamental component and harmonic components
[10].

18



Dris Idris CHAPTER |

]
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b §
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| | |

Figure 1.11: Nonlinear load
Figure (1.12) and (1.13) represent the current and its harmonic spectrum for a nonlinear load.
In this case, the nonlinear load generates rectangular currents towards the network containing
harmonics of order 6k £ 1 with k: being a natural number, such that odd harmonics not
multiples of three, namely hs,h7,h11,hiz hi7,h19,h23,h25 , which cause deformation in the shape
of the three phase currents (Ig,,lp,l5c),affecting the quality of energy in the network. The

network is characterized by a THD equal to 30.84%.
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Figure 1.12 Current of a nonlinear load.
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Figure 1.13 Spectrum harmonics analysis of the current in a nonlinear load.
7.Solutions of harmonics distortion
Several solutions based on harmonic filtering have been considered to limit the propagation of
harmonics in the electrical network. The most classical and widely used solution in the

industry involves the use of passive filters. Later, to overcome the limitations of passive
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filters, active filters were designed and commercialized. In recent years, the combination of
passive and active filters, called hybrid active filters, has become increasingly popular due to
its advantages over passive or active filters.

7.1. Passive Filtering

There are two types of passive filters :

7.1.1. Resonant Filter

It consists of a series RLC circuit tuned to a specific frequency. This filter is highly selective
[10]. Figure (1.14) shows the connection diagram of the filter and the evolution of their

impedance as a function of frequency. The filter has equivalent impedance Zeq given by:

1-LCwW?+jRCw
eq( ) N jCw (1-5)
With:w = 2nf
1
f. = P (1.6)

7.1.2. Damped Filter
This filter presents low impedance over a wide frequency range. It is much less selective and
reduces harmonics above their tuning ranks. Figure (1.14) depicts the connection diagram of a
damped filter and the evolution of its impedance as a function of the harmonic rank. This
filter has poorer performance than the resonant filter. However, the consequences of a
variation in capacitance or frequency are very limited.

The filter has equivalent impedance Zeq given by [10]:

1-LCw?+jEw
7 =— "R 1.7
eq (w) —%Cw2+ij (L.7)

ea R Ls

(&) ; oyl . :
s Ls =
= =
L e Rs Ls Lc ) =

Three-phase source
Non-linear load

V/\'f\A_“—l
L] -—]

L
.

—AA '\—-l
—r_'fn_f-_-.’.n—.-l

T
R

L

Damped passive filter

—

Resonant passive filter

Figure 1.14 Resonant and damped filters connected to the network

7.2. Active power Filters
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Two main reasons led to the design of a new, modern, and efficient filtering structure called
an active filter. The first reason is due to the inherent disadvantages of traditional pollution
control solutions that no longer meet the evolving demands of loads and electrical networks.
The second reason follows the emergence of new semiconductor components, such as GTO
thyristors and IGBT transistors. The purpose of these filters is to generate either currents or
voltages harmonics in order to compensate for disturbances responsible for the degradation of
the performance of electrical equipment and installations. Three possible topologies of active
filters are mentioned:
7.2.1. Parallel Active Filter (PAF)

The shunt active power filter is a current generator designed to compensate for all
disturbances caused by harmonic currents, imbalances, and reactive power. It is connected in

parallel to the distribution network as shown in Figure (1.15).

Vsa Rsa Lsa I Ica Rca Lca
7 sa
Vsb Rsb Lsb Reb Leb i Lch
" Isb Icb
e AT T +——|B
Vsc Rsc Lsc Rec Lee i Rch
Isc PCC Iec
e - A~ —— €

Three-phase source Non-linear load

Tinj2

Tinj1

control

Output filter

g
U

Inverter

Figure 1.15 Parallel active power filter (PAPF)
7.2.2. Series Active power Filter (SAPF)
The series active filter is connected in series with the network as shown in Figure (1.16). It
behaves like a voltage source that generates harmonic voltages whose sum with the network

voltage is a sinusoidal waveform.
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Vsc Rsc Lsc¢  [s¢ T I Rcc Lee - J Rch

| r | ]'
-{:}-"HJW\,—JHIL 1 < AT
=L

Three-phase source ' Non-linear load

Cfs
Lfs
Output filter control
Rfs

Vdc

1
1

Inverter

Figure 1.16 Series active power filter (SAF)
7.2.3. Unified Power Quality Conditioner (UPQC)
It is the combination of two series and shunt active power filters that allows compensating for
all disturbances in current and voltage harmonics as shown in Figure (1.17).

I

.
4 Reh

Three-phase source

Non-linear load

Figure 1.17 Combination of parallel and series active filter (UPQC).
7.2.4. Hybrid Filters

Several configurations have been presented in the literature, the most studied of which are
[10]:
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v" Series Active Filter with Parallel Passive Filters

v' Series Active Filters connected in series with Parallel Passive Filters

v’ Parallel Active Filter with Parallel Passive Filter

8. Modern Solutions for Harmonic Pollution:

The principle of these converters consists of using a transformer with different couplings
between the primaries and secondaries (Y/Y and Y/D or D/D and D/Y), or a three-winding
transformer with the two secondary windings phased 30° apart. Each of these secondaries
powers a Greinacher bridge rectifier. The considered poly-phase diode rectifiers have 6, 9, 12,
15, 18, 21, 24 phases, which produce at the output a DC voltage with ripples at a frequency
equal to 12, 18, and 24, 30, 36, 42, 48 times the supply frequency [10]

gal
e Wi T
_®_ Rz3 L3 D_I_q n—l_.ﬂ ) 1
& T RLch1
I R 7 I
Red =5 N
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6 M- "d'ﬁ'é"—v—|
Rs§ sd
L

Figure 1.18 06-pulse rectifier.

Rs3

Rs5

Figure 1.19 12-pulse rectifier.
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Figure 1.20 24-pulse rectifier.
8.1. PWM Rectifiers
The principle of operation of PWM rectifier comprises of maintaining the DC voltage across
the capacitor as constant and it is done by means of feedback of output voltage as shown in
Figure.21. The reference voltage given to the control loop should able to block the conduction
of diodes so that the converter works in unity power factor and absorbs sinusoidal currents. It

also allows control of active and reactive power flow in both directions [11].

Y
3
]
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Rs3 L4 L2 T4 @K T3 % Th %
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Figure 1.21 PWM Rectifier.
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9. Conclusion:

In this chapter, we have discussed the various disturbances that affect the electrical network
and consequently degrade the quality of the voltage and current waveforms. After identifying
the origins and harmful consequences of harmonics, we have emphasized on harmonics
produced by static converters, particularly natural commutation rectifiers (diode bridges). At
the end of the chapter, we have presented passive and active power filter solutions to mitigate
harmonic disturbances. The PWM rectifier is one of the modern solutions that have been
developed with great concern. This type of converter will be the subject of the upcoming

chapters.
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CHAPTER I
MODELLING AND SIMULATION OF PWM RECTIFIER USING
HYSTERESIS BAND CURRENT CONTROL

1. Introduction

The PWM rectifiers aim to deliver a continuous voltage from an alternating current
network. This conversion type must ensure sinusoidal current absorption on the source side
and regulate the DC capacitor voltages according to its reference.

Currently, the PWM rectifier is the most widespread static converter, integrated into
numerous industrial applications, especially in harmonic pollution mitigation systems. It
therefore requires an appropriate control strategy. Its topology is ideal for operation in all
installations, allowing for output voltage regulation, compensation of harmonic currents and
reactive power consumption at the grid, and operation with unity power factor.

This chapter is dedicated to the study of the PWM rectifier using different strategies control.
In this study, we will discuss its operating principle modelling in the (a, b, ¢) and (d, q)
reference frames, and its different strategies control such as hysteresis, PWM controls.
Simulation results are presented and discussed.

2. PWM Rectifier

The PWM rectifiers can adapt to changes in load and the electrical grid parameters without
modifying the installations. These rectifiers are applied in several domains, such as battery
charging, electric drives for machines, renewable energies, and electric vehicle charging.

General topology of the three-phase voltage-sourced PWM rectifier (VSR) is show Figure

@.1).
— — —
Fer L. R i

—@ + AR 1 — R
o=~ Leml), v ]

— — —
Wy W 6 A 2

Figure 2.1 Topology of the three-phase voltage-sourced PWM

™
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3. Type of PWM rectifier
Two structures can be distinguished for PWM rectifier

% Three-phase PWM rectifier current.

% Three-phase PWM rectifier Voltage.
3.1 PWM rectifier current
The topology of the current PWM rectifier is illustrated in Figure (2.2). It allows for the
conversion of energy between an AC voltage source and a DC current receiver. The switches
are unidirectional in current, but bidirectional in voltage [3]. The use of PWM control
technique leads to sinusoidal AC current with controlled harmonic pollution. This structure is
often equipped with a second-order LC filter on the AC side [9].To power the input of the
rectifier with a current source, an additional inductance is added between the grid and the
rectifier. In the operation of the current PWM rectifier, the AC grid determines the voltage

value at the converter's input.

Load

Three-phase ! Filter '_IE —la\ —lé
system

Figure 2.2 Topology of a current PWM rectifier
3.2 PWM Rectifier Voltage

A voltage source PWM rectifier is simply a voltage inverter used in reverse to produce a DC

voltage from an AC grid, but with sinusoidal current absorption and unity power factor. It is
powered by a sinusoidal voltage source and supplies a DC current load. Therefore, it has the
structure of a current inverter [12]. The voltage source PWM rectifier can operate as a voltage
dropper. It can also be directly used to supply a variable voltage to a DC current load [12].
Figure (2.3) illustrates the principle of a PWM rectifier. Each switch consists of an IGBT and
a diode in anti-parallel. This switch is unidirectional in voltage and bidirectional in current.
Thus, this converter, by its structure, is reversible in current, and can therefore instantaneously

control the waveform of the currents drawn from the grid [13].It has the advantage of
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supplying a load with DC from an AC grid, with the absorbed current being sinusoidal and
possibly in phase with the corresponding grid voltage. This PWM rectifier enables achieving
a power factor very close to unity and adjustable via the control of its switches [12]. In the

following work, we focus on studying this type of converter.

U OF 0F [,

I
= L1y

1 1
1 1
1 1
I I
1 1
P
: —W\: -Fb} vy c | va Load
: --WE i > v,
2 | p
1 ! J
Three-phase | Filter : J@ J@
system ! !

Figure 2.3 Topology of a three-phase voltage PWM rectifier
4. Constitution of a Voltage PWM Rectifier
The PWM rectifier consists of six power switching (transistors and anti-parallel diodes). All
these elements are considered as ideal switches. The arm is a two-position switch that allows

obtaining two voltage levels at the output [14], See figure (2.4).

ssaf

— — U, —

Sa*\
ﬁ*:“ "II.. q‘*=1

Figure 2.4 Diagram of the arm of PWM rectifier

5. Principles operating of PWM rectifier

The voltage rectifier operates by maintaining the DC bus voltage at a desired reference value
using closed-loop control, as shown in Figure (2.5). To accomplish this task, the DC bus
voltage V,.is measured and compared with a reference.Vy._.o¢The error signal produced from
this comparison is used to switch the six rectifier switches. In this way, power can flow in
both directions depending on the conditions of the DC bus voltageVy.measured across the
capacitor [15,16].
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error

Control < Z uderet

Figure 2.5 Basic topology of a voltage rectifier
The PWM rectifier converter is reversible, meaning that during rectifier operation, the
charging current i, is positive, the capacitor C is discharged, and the error signal instructs the
control block to draw more power from the AC source. The control block draws power from
the AC source by producing an appropriate PWM signal for the six switches. In this way,
more current flows from the AC source to the DC side, and the capacitor voltage is

replenished.
6. Modeling of the PWM rectifier
The modelling of the PWM rectifier requires modelling of the:

«» Source block

X4

Input passive filter

D)

X4

block Converter
Load

Technique Control

D)

X4

L4

6.1. Source block

The source block consists of three purely sinusoidal three-phase electromotive forces (f.é.m.)
in series with a resistance Rgand an inductance Lion each phase. The network is assumed to
be perfectly balanced. The impedances of the three phases are identical [12].

We have:
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e, = Emcoswt
ep, = Epcos(wt — 2?”) (2.1)
e, = E, cos(wt + z?n)
where: V,, V,, V.are the line-to-neutral voltages.
The system of differential equations giving the current in each phase [12] is as follows:

O [-Xx 0 o]
4 I, | Ls . ns ) €, — Vy
=i =| 0 = 0 [lip| +—[e — Vb (2.2)
§ ll o o _reflied Tlee—ve
LS

6.2. Converter block

The converter is an inverter operated as a controlled rectifier with an adjustable output DC
voltage, as shown in Figure (2.6). The IGBTs and diodes comprising the bridge are assumed
to be ideal. Switching is assumed instantaneous, and losses due to conduction and switching

are neglected.

e

e e de

- Py 1

-} 3o}

Figure 2.6 Structure topology of AC/DC converter

By knowing the state of each switch, we can define the connection matrix of the converter.
We can then deduce the expression of the input quantities as a function of the output
quantities [17].

The input voltages of the rectifier as a function of the output voltage and the states of the

switches are given by the system:

Va L 2 -1 —-1][Sa
Vo[=2[-1 2 —1||So|[Vacl (2.3)
Vc _1 _1 2 SC

Similarly, the output current I.gcan be expressed in terms of the input currents by the

relationship:
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Iy
lge = [Sa Sp Sl [ib] (2.4)

6.3.Load block
This block is composed of a capacitance C in parallel with a resistance R, and an inductance

L,.

Tde

Ich

Ic

Vdc
- | s
I
e AN

Figure 2.7 Diagram on the load side
The voltage Vqc across the load terminals is given by the following equation:

dvge _ idc—ich

dt c
dich — Vdc—Rchich (25)
dt Lch

7. Equation for the PWM rectifier-load association:

The equations giving the input current and output voltage of the converter are as follows:

rdia _ e;3—Rsia—Va

dt Lg
dib _ eb_RSib_Vb
dt Lg
\ dic _ e.~Rgic—Ve (2.6)
dt Lg
% — idc—ich
\dt C
Where:

i, & is the current absorbed by the load
For a resistive load R4

. Vie
Ich = R_(Ti (2-7)

For a resistive-inductive load (Ry, Lg)

di_ch _ Vdc—Rgich (2 8)

dt Lq
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For an active load (Ry, Lg, E):

di_ch _ Vdac—Rgich—E (2 9)

dt Lg

8. Mathematical Model of three phase PWM Rectifier

8.1 Model in the (a, b, c) reference frame

The equation of phase voltage of the three-phase rectifier is given by the following system:

ea ia d ia Va
eb“ =R ib +La ib + | Vp (210)
eC ic ic VC
The voltages V,;,. upstream of the rectifier are as follows:
1
Vn = Vge(Sn — 3 n=0Sn) (2.11)
With: n=1, 2,3
Furthermore, we can express the current of the DC bus as follows:
dVge _ .
C df =i, (2.12)
The current through the capacitor is then:
lc =lgc = lcn (2.13)
dVgc . . .
C—== = S,i, + Spip + Scic (2.14)

dt
Therefore, for the alternating side of the rectifier, we can write:

(1 dia
ILdt

di . 1 1
4 Lf + Rip, = ep — Vye (Sb - gZﬁ:a Sn) =ep — Vae(Sp — E(Sa +Sp + Sc)) (2.15)

I(L%+Ri = e = Vae (Sc = 3 25-aSn) = €c = Vac(Sc — = (Sa + Sp + 50))
dt c — %c dcc3n=an_c dccsa b c

. 1 1
+ Riy = e — Vg (S, — 52ﬁ=a Sn) = €3 — Vgc(Sa — E(Sa +Sp + Sc))

Where:

€4, €, €.:Grid voltage;

iy, iy, ic:Line currents;

Sa, Sk, Sc:Switch states.

The combination of equations allows us to draw the three-phase functional diagram in the (a,

b, ¢) reference frame given by Figure (2.9).
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Eh f‘n +

Figure 2.8 Diagram bloc of a PWM rectifier in the (a, b, ¢) reference frame
8.2. Model in the (d, q) reference frame
The PWM rectifier can also be modelled in a rotating (d, q) reference frame linked to the
rotating field, using the Park transformation (see appendix) of each quantity. The resulting

voltage equations are [18]:

dig

ed:Rid+Ldt

— wlig + vq

di (2.16)
eq = Rig + Ld—g+ wLiq + vq

The voltage equations in the rotating (d, g) reference frame are obtained using the Park

transformation according to the following methodology:

We have
: d .
€abc = Rlabc + Lalabc + Vabc (2-17)
On the other hand, we write the modified direct Park transformation.Haut du formulaire

[eanc] = [P(8)]7[eoqq]
liabe] = [P(8)][ioaq] (2.18)
[Vabel = [P(®)]7 [Vodq]

We replace (2.17) in the three-phase equation (2.18), as follows:
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[P(e)]_ [eodq] - P(e) [ odq] + Ldt( P(e)] 1[lodq]) + P(e) [Vodq] (219)
Multiplying both sides of equality (2.19) by P(6), we then obtain equation (2.20):

[P(6 dfio
[eodq] = [odq] + P(e)] (—)] [ odq] +L—— [1 dq + [ odq] (2-20)
Knowing that we can demonstrate that:
d de d[P(6)]*

j PO =P

0 0 O (2.21)
| [p(g)] L =< [o 0 —1]

01 O

Replacmg equation (2.21) in equation (2.20), we will have equation (2.22):

([eodq] = [odq] + L

O 0 0
[0 0 _1] nca] + L [ioag] + [Vous]

01 O
* [ ‘ o] 0 0 oqfie]  [i] v (2.22)
€4 =R}d +LEO 0 -1 fd +La¥d+Vd
Ig 0 1 014 Ig Vq

After expansion, we arrive at the equations in the d-q Park reference frame, taking into
consideration the homopolar component.

( —R10+Ld‘° Vo

dld

ged =R1d—L 1q+L—+Vd (2.23)
|

keq R1q+L 1d+Ldﬁ+Vq

We know that

de
R (2.24)
Finally, we deduce the three equations (2.25), which allow us to develop our functional

diagram of the PWM rectifier in the d-q reference frame.

(ed = Rld + L%— (L)qu + Va

dVgc di
dt ) €q = Rig + Lf + wlig + vq (2.25)
C = Sdid + Sqiq - iCh

The functional diagram is therefore as follows:
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—® 5L + R >

SL+ R

Figure 2.9 Diagram bloc of a PWM rectifier in the rotating (d, q) reference frame
9. Method for estimating reference currents:
9.1. Current control of a PWM rectifier:
The DC voltageVy is measured and compared to a reference (Vyc rer, )and the resulting error
signal is used to generate a reference current( i..¢) . This reference has a sinusoidal waveform
similar to the source with an amplitudel,,.,, evaluated by the DC bus voltage controller
according to equation [9,19]:
Imax = G. (Vac — Vdc_ref) (2.26)
Where
G: is a controller consisting of a proportional term and an integral term.
The control in Figure (2.10) involves measuring the instantaneous currents (i,,.) and forcing
them to follow the reference currents (i..¢.). Once an error occurs, PWM control is generated
using a hysteresis regulator to switch the switches [8].
The overall structure for estimating reference currents of a voltage PWM rectifier bridge is
presented in Figure (2.10). This method involves using a peak detector for the amplitude
(peak) of the three source voltages.
€sa(t) = Epax sin(wt)
ep(t) = Emaysin(wt — 29 (2.27)

. 41T
€sc (t) = Emax Sln(wt - ?)
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The extraction of the amplitude of the three voltages is expressed by the following relation:

Bunas = (23 (¢ka + €3, + €2 (2.28)

€ TR —— 0 b § D —_—
X = vde |

b VLA, : € == J Z~  Rew

3 — N L3 —ﬂ4

Sa Sb | Se G”;‘\:‘: -
Control of the PWAL i “
rectifier

' ‘|" ''''' Ge
| |

I a,b,e L [;7\7 ' "“.‘ A‘
—A—{in)

Figure 2.10 Control of the PWM rectifier
9.2. Estimation of the Source Reference Current and Regulation of the DC bus Voltage
The variation in the output voltage of the PWM rectifier is mainly due to conduction losses,
switching losses, the presence of smoothing inductors, and load variations [20]. To mitigate
these variations, a regulation loop for the DC bus voltage is provided to maintain the voltage
equal to its reference value by controlling the charging and discharging process of the
capacitor. Indeed, the DC voltage Vqc is measured and compared to a reference voltage. The
result of this comparison (voltage error) is applied to this regulator to obtain the magnitude,
and subsequently the three instantaneous reference currents [21, 19].
Various methods have been proposed by the authors to determine the reference currents. In
our work, the method used consists of using a detector peak. The amplitude of the source
currents is generated by a regulation loop of the DC bus voltage of the PWM rectifier using PI
controller.
The instantaneous reference currents isa*, isb*, isc* are calculated from the multiplication of
three unit sines (sin(ot), sin(wt+27/3), sin(ot+47/3)) by the value reference current peak of
the Ism source. The three unit sines are obtained from the division of three network voltages
by their amplitude Vsm.

From the method of peak detector, Vsmis obtained using this equation:

37



Dris idris CHAPTER II

Vam = |2/ v + 03, + 02 (2.29)

9.3. PLL system

Indeed, this peak detector method requires that the network voltage must be healthy
(sinusoidal and balanced), otherwise it is not applicable. Since the network voltage is often
disturbed and/or distorted, and in order to generalize the application of this method
identification that we have adopted at any type of voltage, the use of the loop at phase locking
(phase-locked-loop PLL) is essential for the synthesis of the three unit sinuses [19].

Vae
+
Vdc

USG

Figure 2.11 Scheme for calculating source reference currents with Pl Controller

.94. P1 Controller

The Proportional Integral (P1) controller used for adjusting the currents of the PWM rectifier,
and the DC bus voltageVy., is simple and quick to implement while offering acceptable
performance. The parameters of this Pl controller are determined based on the relationship
between the power absorbed by the capacitor and the voltage across its terminals [17]. Figure
(2.12) illustrates the schematic of the continuous voltage regulation loop.

To determine the parameters of the Pl regulator, we follow the development following
mathematics: The relationship between the power absorbed by the capacitor and the voltage

across this is written [22]:

* AVac

d /1
Pac = 5 (5Cac- Vi) = Cae- Ve = (2:30)

By neglecting losses in the inverter and eliminating the disturbance due to current load, the

relationship between the instantaneous power at the filter input and the power absorbed by the

capacitor is given by:
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Pac = = Vimlsm = VacVicCacS (2.31)
The transfer function of the PI controller can be expressed as:
kp n % _ 1;:
(2.32)
After calculation, the closed-loop transfer function of the overall system is given by:
F(P) = % (2.33)
with

( 2

@o = CacTi

€ = -
< chTT (2.34)

kp = -
L ki =Tl

To achieve a good compromise between dynamic and static performance, we will choose a
value of the critical damping coefficient &c between 0.4 and 0.8. There quality of regulation
will also depend on the choice of the cut-off pulse. This must be high enough to ensure good

dynamics in transient conditions.

*
Vd c +

Figure 2.12 Represents the PI controller used for regulating the DC bus voltage of a PWM

rectifier

10. Control Strategies of PWM rectifier

Research on PWM rectifiers has grown rapidly over the last few years. These converters have
become an area of research attractive and of great interest, for their various industrial and
domestic applications and advantages they offer, namely: the possibility of energy
regeneration, control of the voltage of the DC bus over a wide range, the absorption of
sinusoidal currents on the power network, and the possibility of operation with a power factor

close to of the unit.
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The performance of the PWM rectifier and in particular the reduction in the THD of the
source current are certainly linked to the performance of the generation of references current,
but also depend on the control strategy of the voltage inverter (pursuit current references).
Two types of static converter controls are mainly implemented [23]:

%+ Hysteresis control.

s PWM control.

10.1 Hysteresis control

In this chapter, we study hysteresis control, since it is commonly used. This current control by
hysteresis consists of maintaining the current in a band enveloping its reference. Each
violation of this band gives an order to switching to switches.

Figure (2.13) illustrates the principle of current control by two-level fixed-band hysteresis.
The difference between the reference current and that measured is applied to the input of a
hysteresis comparator H whose output provides the order of control of the corresponding arm

of inverter.

— Sia
Current H b

—[>0+E

Reference Current

Figure 2.13 Principle of fixed-band hysteresis control
The principle of hysteresis control consists of keeping each of the generated currents
within a band [24]. The difference between the current and its reference is compared to a
fixed-width band H called the hysteresis band. This method ensures the control of the
switching frequency of the switches by acting on H. Each violation of this band results in a

switching command for the switches [25]. Figures (2.14) illustrate this principle.
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Reference Current

T'pper Envelope

AR
N4 VAR

Lower Envelope

Y

T &

Figure 2.14 Principle of hysteresis control.
Let be the difference between the reference current and the measured actual line current
defined by :
e = Ier — Imes (2.35)
The control commands for the switches are then determined as follows:

Si_{skZAi so By =1
(&g < —A; so By =0

k=1, 2,3
If not, the control of the switch remains unchanged.A; is being the width of the hysteresis
band.

10.2 Sinusoidal PWM (SPWM) Control

SPWM is one of the most popular and simple methods utilized in power inverter and motor

(2.36)

control fields. Its main features can be summarized as sine-triangle wave comparison.As
shown in (Figure 2.15), a sine wave (modulated wave, magenta) is compared with a triangle
wave (carrier wave, green) and when the instantaneous value of the triangle wave is less than
that of the sine wave, the SPWM output signal (orange) is in high level (1).Otherwise it is
turned into the low level (0). The level switching edge is produced at every moment the sine
wave intersects the triangle wave. Thus the different crossing positions result in variable duty

cycle of the output waveform.
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Modulated wave Carrier Wave (triangle)

PWM Output Signal /

Figure 2.15 SPWM Waveform Generation
In terms of the basic principle of SPWM illustrated above, it’s easy to implement using
analogy circuit (Figure 2.16). Sine and triangle waves are respectively generated by specially
designed circuits and then fed to the properly selected comparator which can output the

desired SPWM signal.
High
Comparalor Low
/Signal modulé

Figure 2.16 Analog Scheme for SPWM Implementation

Référence

T\
A

Modulation

The operating mode is very simple:
If: Vs > V,,: the upper switch of the bridge arm conducts;
If: Vier <V, : the lower switch of the bridge arm conducts;

The principal method of SPWM is illustrated in Figure (2.17)
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\/ Trough
«—"ON" | time —» point
Sampling Cycle

Figure 2.17 Symmetric Regular Sampled Method

11. Simulation

In this section, we present the various results obtained from simulation. These results were

obtained for a conventional setup using a PI controller for the DC bus voltage regulation using

hysteresis band current control. The simulation parameters used are presented in Table (2.1).

parameters Values
Input voltage phase to phase (rms) 380V
Input filtre 0.1Q, 0.1e-3H
coupling inductance 05H
Capacitive load 500e-6 uF
Load 100Q, 3e-3 H

Table 2.1 System parameter of Simulation bloc of PWM rectifier using hysteresis control

The simulation bloc of a PWM rectifier using hysteresis banc current control connected to the

grid under MATLAB/Simulink environment is presented in figure (2.18)
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Figure 2.18 Simulation bloc of PWM rectifier using hysteresis control
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Figure 2.19 Input voltages
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Figure 2.21 Spectrum harmonic of input currents
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Figure 2.24 DC voltage and its reference
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Figure 2.25 The waveform of the source voltage and current per phase.
The bloc simulation of PWM rectifier in Figure (2.18) is controlled by hysteresis band
current, with the bandwidth set such that A;= 0.01A. The results from Figure (2.19) and
Figure (2.20) show the waveforms of the input voltage and the input currents. We observe that
the shapes of the input voltage and current for all three phases are purely sinusoidal. Figure
(2.21) illustrates that the current total harmonic distortion (THD) is very low, at 0.16%.
Figure (2.22) demonstrates the presence of active power, while reactive power is completely

absent, resulting in a unity power factor shown in Figure (2.23). Figures (2.24) represent the
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DC bus voltage, which stabilizes close to its reference between 600V and 750V at 1.5s. The
phase difference between the current and the ideal voltage is completely nullified, as shown in
Figure (2.25). This justifies that the PWM rectifier with Hysteresis control achieves good
performance.

12. Conclusion:

In this chapter, we discussed the basic structure of a two-level PWM rectifier. Subsequently,
our study focused on the analysis of the voltage PWM rectifier, its operating principle, and its
modeling. We proposed the controls strategies control for the rectifier: hysteresis band current
control is presented. This technique is applied to the PWM rectifier based on Pl controller.

The obtained results are effective and high-performing.
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Chapter |11
DIRECT POWER CONTROL OF PWM RECTIFIER

1. Introduction

In this chapter, we will study the classic DPC control based on hysteresis control of a PWM
rectifier. For classic DPC control, we will develop the estimation of the two control variables,
which are active and reactive power. Finally, we will present simulation results that highlight
the performance of classic DPC control of a PWM rectifier.

2. Operation principle of classic DPC

The principle of classic DPC involves selecting a sequence of switching commands
(S., Sy, S¢) for the semiconductors constituting the PWM rectifier, based on a switching table.
The selection is made based on digitized errors,Sp and S, between the references of active
and reactive powers (P* and g*). The reference for active power is obtained by regulating the
DC voltage using a PI controller. Meanwhile, to ensure unity power factor control and
reactive power at zero, real values (P and Q) are provided by two-level hysteresis
comparators, as well as the angular position of the grid voltage vector (e,g). For the latter,
the o_p plane is divided into twelve (12) equal sectors of 30° each. Each of the control
sequences (S,, Sy, S¢) corresponds to a voltage vector at the input of the rectifier v; [26] [27].
3. Direct Power Control (DPC)

The Direct Power Control (DPC) is based on the concept of direct torque control applied to
electrical machines. The objective is to directly control the active and reactive power in a
PWM rectifier, similar to the principle applied to control torque and flux in alternative
machines [28]. Errors between the reference values of instantaneous active and reactive
powers and their measurements are introduced into two hysteresis comparators. These
comparators, along with a switching table and the sector value where the grid voltage is
located, determine the switching state of the semiconductors. The DC bus voltage loop is
regulated with a PI controller [29], ensuring the error between the measured (DC) voltage and
its reference is controlled. Meanwhile, the reference reactive power is directly set to zero to
absorb sinusoidal currents under a source voltage assumed to be sinusoidal, ensuring the
rectifier operates with unity power factor [26].

The main idea of Direct Power Control (DPC), initially proposed by Ohnishi (1991) and
further developed by Noguchi and Takahachi in 1998, is similar to the Direct Torque Control
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(DTC) of asynchronous machines. Instead of controlling flux and torque, the instantaneous
active (P) and reactive (Q) powers are chosen as the two quantities to be controlled, Figure
3.1 show general configuration of DPC based PWM rectifier.

C
||
PWM
% ia g -?:J‘T ng -S'c Ve
=da
1’¢.rc> Measurement of currents and estimation of | S5 Switching tahle |,
active and reactive power :Sc ®< Ve rgf
ﬁ E} Fabe f .-\":Tsf.'t.‘!eu.r A.S a TS s

d B (O] (O

f-n,}!i' # F
f? b 4

-
Estimation of grid voltages
=
£ = = P oref
€..85 -:L’
arctan(€g /€ ) g [
g
s < gy -0

Figure 3.1: General configuration of DPC control

Figure (3.1) shows the overall configuration of sensor less Direct Power Control for a PWM
rectifier. DPC involves selecting a control vector based on a commutation table. This table is
built upon the digitized errors Sp, Sq of instantaneous active and reactive powers, provided by
the two-level hysteresis controllers, as well as the angular position of the estimated voltage
vector. Depending on this position value, the (a-f) plane is divided into twelve sectors, where
each sector is associated with a logical state of the rectifier. The reference for active power is
obtained by regulating the DC voltage using a Pl controller. Meanwhile, to ensure unity
power factor, reactive power control is maintained at zero [32].

4. Instantaneous active and reactive Powers Estimation

Instantaneous active power is defined as the scalar product of line currents and voltages, while
reactive power is defined as the vector product between them [31]. The complex apparent
power S can be expressed by the following expression [31]:

S=P+iq (3.1)

S= eaia + ebib + ecic + % [(eb - ea)ia + (ec - ea)ib + (ea - eb)ic] (3-2)
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However, expression (3.1) and (3.2) requires knowledge of the grid voltages. Therefore, it is
necessary to express the powers in terms of other expressions independent of the grid
voltages. Thus, the expressions that give the estimation of instantaneous active and reactive
powers without measuring the grid voltages are as follows [31]:

dip . dip . dic
a Tae T

1, (dia.  dic. . . .
q= 73 [L (élc - d_ltla) - Vdc(sa(lb - lc) + Sb(lc - la) + Sc(la - lb)]

P=L( ) + Vac(Saia + Spip + Scic)

(3.3)

The first part of both expressions represents the power in the line inductances. It is worth
noting here that the internal resistances of these inductances are neglected because the active
power dissipated in these resistances is indeed much lower compared to the power involved.
However, the second part represents the output power of the rectifier. It can be seen that both
equations (.33) are functions of the states of the switches Sa, Sp, S, and also the knowledge of

the line inductance L is necessary to perform power estimation.

5. Estimation of Grid Voltage
The calculation of the sector number is based on knowledge of the voltage vector position, so
estimating the line voltage is essential. The following expression gives the line currents ia, ib,
ic in stationary a-3 coordinates:

. S iy

ARNE I 1 02

The active power can be written in the following form:

—~

P= E(abc)i(abc) = eaia + eBIB (35)
Similarly, reactive power can be written as follows:
4 = €(abo)l(abe) = €pla — €qlp (3.6)

We can write equations (3.5) and (3.6) in matrix form as follows:

P _ [« ©B iq

[q] h [eB —ea] [iﬁ] (3.7)
The voltage can be estimated by the following equation:

éa _ 1 i(X _18 /P\

[és] (iZ+i3) [is g ] [q] (38)

If we denote the components &,and &gas projections of the voltage vector €onto the o and 8
axes respectively, then the three voltage vectors in the three-phase plane can be represented

by a single voltage vector e” in the two-phase a,3 plane rotating with the angular frequency
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o =2xn f. in a circle of radiu s\EEm , Figure (3.2):

Where
f: grid frequency.

Em: amplitude of three-phase voltages.

L

Figure 3.2: Estimated voltage vector in the (o,p) plane

6. Sector Determination
Knowledge of the sector of the estimated voltage is necessary to determine the optimal
commutation states. To do this, the workspace (a, B) is divided into 12 sectors (Figure (3.3)),
which can be determined by the following relationship [31]:

(0-2)2<0, <(—17 n=1owo 12, (3.9)
Where: n is the sector number
The sector number is determined instantaneously by the position of the voltage vector given
by:
0= Arctg(:—z) (3.10)
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Figure 3.3: (a, B) Plane Divided into 12 Sectors

7. Hysteresis Controller
The simplicity of implementation of the two-level comparator is behind the choice of this type
of controller. Additionally, energy considerations on the rectifier impose a limited number of
switching. For the same control hysteresis width, the two-level comparator will require a
lower number of switching [30].
The width of the hysteresis band of the hysteresis controllers has a considerable effect on the
rectifier's performance. In particular, it affects harmonic current distortion and the average
switching frequency of the rectifier. The controller proposed in classic DPC uses a two-level
controller for active and reactive powers.
The outputs of the hysteresis controllers, given by the Boolean variables Sp and Sq, indicate
upper or lower exceedances of power errors according to the following logic:
Sp=1 & Per—P>h,
Sp=0 S Per—P<—h,

Sq¢=1 S Qref — 4 > hy
Sq=0 S (ref — 4 < —hy

(3.11)

Where hp, hq are the deviations of the two-level hysteresis controllers.

The digital error signals Sp and Sq, along with the working sector number, are the inputs to the
commutation table, where the switching states Sa, Sb, and S¢ of the PWM rectifier are stored.
8. Commutation Table

The digital error signals Sy and Sq, along with the working sector number, are the inputs to the

commutation table, where the switching states Sa, Sp, and Sc of the PWM rectifier are stored.

54


https://synonyms.reverso.net/synonyme/en/Chapter%20III
https://synonyms.reverso.net/synonyme/en/Chapter%20III

Dris idris Chapter 111

The optimum switching state of the rectifier can be chosen at each commutation state based
on the combination of the digital signals Sy, Sq, and the sector number. That is to say, the
choice of the optimum switching state is made such that the error of the active power can be
restricted within a hysteresis band of width 2hp, and similarly for the reactive power error,
with a band of width 2hg.

The expression of the currents in thea, B reference frame is given by:

dig, 1 ,
=1 (eq — Ucq — Rig) (3.12)
di 1 ,
d_f = 7 (e/g —Uep — Rlﬁ) (313)

The line current vector [iaiﬁ]Tcan be controlled by the choice of appropriate voltage vector at
the input of the rectifier. The change in line current depends on the grid voltage eqp, the
chosen voltage vector at the input of the rectifier ucg, and the measured currents i,. The
parameter R is practically neglected, which leads to a first approximation of equation (3.12)
and (3.13) that can be adopted [33]. Therefore, equation (3.12) and (3.13) becomes:

dig

ﬁ = %(ea - uca) (3.14)
L8 =1 (ep — ugp) (3.15)
at L\ B B :

The derivatives of active and reactive powers in the o,  reference frame are given by:

dp _ deg ; dig | dep . dig
prelad 22 + e, " + pradl + ep " (3.16)
dq _ deg . dig deg . dig
at  at @ tég dt at B Cay (3.17)

If the switching frequency is sufficiently high, the change in grid voltage can be neglected

[33]. The dynamics of active and reactive power can be given as follows:
L L (3.18)

= ey 22 —£ (3.19)
By replacing equation (3.14 and 3.13) into (3.18 and 3.19) the dynamics of powers become:

T =1 (e2+ef) — 1 (eatiea + p.ucp) (3.20)
fTZ =1 (ea-tep + ep-ca) (3.21)
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The term (efr + eé) represents the square of the magnitude of the grid voltage in the (a,p)

reference frame, so:

e2 + ek ="EZ (3.22)
2

Let's set:E? = %Emzand the voltages e, and egare given by:

{ea = E cos(6)

e = E sin(Q)}’ o= ot (3.23)

By replacing equation (3.23) into (3.20 )and (3.21) we get:

dap; 1 -

d_pt = %EZ —~E(c05(0). ugq; + 5in(6). up;) (3.24)
d i 1 .

d—qt = ZE(COS(@).uSBi + 5in(6). Ugg;) (3.25)

The normalized expression of the dynamics of active and reactive powers can be given as

follows:

D, = - ﬁ; = ZE — (cos(8).1icq; + sin(@).ﬂcﬁi) (3.26)
Z-E-\/;Vdc \/;Vdc

a = ﬁ = (cos(@).ﬁcﬁi + sin(@).ﬁwi) (3.27)
o3V dc

With:

— cai_ = Ucpi

Ucai = uz—»ucﬁi = z—ﬁ (3.28)
J;Vdc J;Vdc

From (3.27) (3.28), we can observe that the dynamics of reactive power are sinusoidal for all

input voltage vectors of the rectifier. However, the dynamics of active power have a shifted

sinusoidal waveform as shown in Figure (3.4).
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Figure 3.5 Derivative of reactive power in all sectors

The synthesis of the commutation table is based on the signs of the derivatives of active and
reactive powers in each sector. For each sector, the change in reactive power is positive for
three vectors, negative for three vectors, and zero for Vo, V7. The sign of the change in active
power is positive for four vectors, negative for two or three vectors. For example, for the first
sector, the vectors that influence the sign of the change in active and reactive powers are

summarized in Table (3.1).

p,>0 P, <0 q,>0 q,<0 p,=0
V3,V4,V5 Vo V1, Vs V1, V2, V3 V4, Vs, Ve Vo, V7

Table 3.1: Change in active and reactive powers in sector y1
For each combination of hysteresis output signals, S, and Sq, the voltage vectors chosen for

sector y1 are shown in Table (3.2).
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Secteur 1 g,
>0=S5, =1 <0=S5,=0
P, >0 8, =1 v, V,, Vs
<0<=S8,=0 V, Ve

Table 3.2: Voltage vectors chosen for sector y1

For all sectors, the proposed commutation table is represented in Table (3.3).

Sp | Sq | Y1 | Y2 | Y3 | Ya | Vs | Ye| VY7 | Vs | Yo | Yo | Y11 | Y12

1 J0 [V [ Vo[ vy [ Vo |V [V Ve Vo [ Ve]| Vo | Vs | Vg

U (v [ [ VeV [V [V [V [V [V |V [V |V

0 [0 |V |VvilVvy |V |V, | Vel | Val|V,]|[V,| Ve]| Ve | Vg

TR AR AR AR AR AR AR AR AR AR AR AR

Table 3.3: Commutation table of the adapted DPC
9. PI controlled DC voltage
The regulation of the DC voltage is ensured by a Pl-type regulator. This regulator corrects the
error between the measured DC voltage and its reference. The product of the reference DC
current with the DC voltage gives the reference active power. The time equation of this

controller is given as follows:

u(t) = kpe(t) + k; [ e(r) dr (3.29)
Where:

e(t), u(t), k,, k; : respectively denote the error at time t, the generated control, and the
gains of the controller.
The corresponding transfer function is given by:

R(s) = ky, + (3.30)
Where: s is the Laplace operator.

The following diagram represents the regulation of the DC voltage with a PI controller:
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Figure 3.6 Regulation of DC voltage with a PI controller

The closed-loop transfer function is given by:

_ R(5).G(s)
HS) = Treem (3.31)
We obtain:
_ kp.S+ki
H(s) = C.S2+kp.5+k; (3.32)

To control the system in closed-loop, it is necessary to choose the coefficients k, and ki well.
In this case, the pole placement method is used [33].

The transfer function of a second-order closed-loop system is characterized by:

1

F(S) = o sra (3.33)
By analogy between expressions (3.32) and (3.33), we find:

k, =2.C.¢wy, (3.34)
k; =C.w,? (3.35)
The reference DC current is expressed by:

Lrarer = lc rer + e (3.36)
Where:

- I. rep: The reference current in the capacitor provided by the PI regulator of the voltage.

- I, The measured charging current.

-irq rer- The reference DC current.

The product of the reference DC current with the DC voltage gives the reference active power
(Figure (3.7)).

Pref = Vac ref-Iraref (3.37)
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Figure 3.7 Calculation of the reference power

10. Simulation Results

The simulation results were conducted to:

» Confirm the theoretical study of DPC controlled PWM rectifier.

» Verify the dynamic performance of the proposed system

The parameters of the rectifier used in the simulation are presented in table 3.4:

Maximum network voltage amplitude Em
Reference voltage: Vc ref

Sampling frequency of the PI regulator:

The parameters of the PI regulator and hysteresis
regulators are:

Bandwidth of the hysteresis regulators: hy ,hq

Parameters of the PI controller: kp, ki

Parameters Values
Line resistance: R=0.25Q
Line inductance: L=10 mH
Capacitor: C=5mF
Load: Ren Ren =100

Em =220 sqrt(2) V
Vdc ref = 600 Vto Vdc ref = 750 V
fe =100 kHz

hp=1W, hg=1 var
kp=0.176, ki=3.125

Table 3.4 System parameter of simulation bloc of a PWM rectifier using classic DPC

The simulation bloc of a PWM rectifier using classic DPC control connected to the grid under

MATLAB/Simulink environment is presented in Figure (3.8)
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Figure 3.8 Simulation bloc of PWM rectifier using DPC control
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(b) Zoom of the input voltage
Figure 3.9 Input voltages
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input currents (A)
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Figure 3.10 Input currents

Selected signal: 150 cycles. FFT window (in red): 2 cycles

05 1 1.5 2 23 3

Mag (% of Fundamental)

—

g

[ws]
=
T

0]
]
T

I
=
T

%
=
T

=

~FFT analyzis

Fundamental (50Hz) = 15.46 , THD= 2.78%

=

5 10 15 20

Figure 3.11 Spectrum harmonic of input currents
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Figure 3.13 Power factor at unity
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Input voltage and current

Vdc and its reference

700

650 -

600

550 -

500

450 |

400

Vdc - reference
Vdc-mesurment

350

0.5 1 1.5 2 25
time[s]

Figure 3.14 DC voltage and its reference
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Figure 3.15 The waveform of the source voltage and current per phase.
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The bloc simulation of PWM rectifier in Figure (3.8) is controlled by Direct Power Control
(DPC), with the bandwidth set such that Ai=0.01A. The results from Figure (3.9) and Figure
(3.10) show the waveforms of the input voltage and the input currents. We observe that the
shapes of the input voltage and current for all three phases are purely sinusoidal. Figure (3.11)
illustrates that the current total harmonic distortion (THD) is very low, at 2.78%. Figure
(3.12) demonstrates the presence of active power, while reactive power is completely absent,
resulting in a unity power factor shown in Figure (3.13). Figures (3.14) represent the DC bus
voltage, which stabilizes close to its reference between 600V and 750V at 1.5s. The phase
difference between the current and the ideal voltage is completely nullified, as shown in
Figure (3.15). This justifies that the PWM rectifier with DPC control achieves good
performance.

11. Comparison between control techniques of PWM rectifier

Figure 3.16 shows the comparison of the DC voltages using hysteresis and DPC controls. It is
evident that all control techniques yield good results, with fast response times and low

overshoot.

900 T T T T T

800 T

700 r N
Vdc-reference

600 = Vdc-hystersis control I

Vdc-DPC control
500 |- h

400 7

300 - —

200 - B

Vdc voltage and its reference

100 7

0 | | | | |
0 0.5 1 1.5 2 2.5 3

time[s]

Figure 3.16 Comparison of Control Techniques.
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In terms of Total Harmonic Distortion of the Current (THD )

Control Technique THD_I Value
Hysteresis 0.16%
DPC control 2.78 %

Table 3.5 THD of Control Techniques.
12. Conclusion
In this chapter, we discussed the basic structure of a two-level PWM rectifier. Subsequently,
our study focused on the analysis of the voltage PWM rectifier, its operating principle, and its
modeling. We proposed control strategies for the rectifier, emphasizing the Direct Power
Control (DPC) technique. This technique was analyzed in detail, and the results obtained
demonstrated its high performance.
The DPC technique for the PWM rectifier was implemented and the results show that the
current waveforms for all three phases are purely sinusoidal, resulting in a very low current
total harmonic distortion (THD) of 2.78%. Additionally, the presence of active power and the
complete absence of reactive power result in a unity power factor. The DC bus voltage
stabilizes close to its reference value between 600V and 750V at 1.5 seconds, and there is no
phase difference between the current and the ideal voltage. These results validate the
effectiveness and high performance of the DPC technique in controlling the PWM rectifier.
In comparison, the hysteresis band current control technique was also applied to the PWM
rectifier, and the simulation results for this technique are equally impressive. The current
waveforms for all three phases remain purely sinusoidal, and the current THD is remarkably
low at 0.16%. This is significantly better than the THD achieved with the DPC technique.
Furthermore, the presence of active power and the complete absence of reactive power again
result in a unity power factor. The DC bus voltage stabilizes close to its reference value
between 600V and 750V at 1.5 seconds, and there is no phase difference between the current
and the ideal voltage. These results demonstrate the superior performance of the hysteresis
band current control technique in terms of THD.
In summary, both hysteresis band current control and Direct Power Control (DPC) are
effective techniques for controlling PWM rectifiers, achieving low THD, unity power factor,

and stable DC bus voltage. However, the hysteresis band current control exhibits a lower
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THD value of 0.16%, making it slightly superior to DPC, which has a THD of 2.78%. Despite
this, both techniques are highly acceptable and demonstrate high performance.
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CHAPTER IV
STRATEGIES CONTROLS OF A PWM RECTIFIER BASED ON PI CONTROLLER
APPLIED TO BATTERY CHARGINGSYSTEM

1. Introduction
The advancement of electric vehicle (EV) technology is intricately linked to the development
and optimization of efficient battery charging systems. In this context, the deployment of
Direct Power Control (DPC) for Pulse Width Modulation (PWM) rectifiers, underpinned by
PI controllers, has shown promising results in simulation studies as elucidated in chapter I11.
These control methodologies not only enhance the precision and stability of the charging
process but also ensure optimal energy transfer efficiency from the grid to the vehicle's
battery system.
In this chapter, we delve into the practical application of these control strategies in the
charging process of a lithium-ion battery, a pivotal component in modern electrical vehicle.
2. Battery definition

Battery word was derived an old French word for “Baterie” which meant beating in terms
of cannons when scientists were looking for energy storage in the 1700s. A battery can be a
single or a group of electrochemical cell combination. An electrochemical cell converts the
chemical energy in the electrical energy and essentially consists of three components,
Cathode, Anode and Electrolyte, this type of accumulator battery has good performance at
high temperature and low self-discharges [34].
3. Characteristic quantities of batteries
3.1 Capacity
The amount of energy that can be taken out from a fully charged battery till it reaches its
empty level is called Capacity and is represented by the specific energy in ampere-hours (Ah).
Ah is the current at which the battery can be discharged and will discharge for 1 hour. One
can install a bigger or smaller battery and can still discharge at the same rate but will get
longer or shorted usage time. Each battery with different capacity would generally come with
a different charger, but a standard charger would just take longer or shorter time depending on
the size/capacity of the battery. Capacity has different standards in different regions, such as,
in Europe battery capacity is in Ah while in North America by Reserve Capacity (RC - time in

minutes at a 25A discharge rate).
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3.2 Résistance interne

The internal resistance of the battery is linked to the materials constituting the battery and the
reactions within it. It depends on the charge/discharge regime, the temperature, the state of
health and state of charge. It gives an indication of the energy efficiency of the battery.
Indeed, with the resistance, the Joule effect losses increase which reduces the efficiency. It
should be noted that the capacity and internal resistance of a battery are two particularly
important data to quantify your state of health. They are also linked to the SOF function state
(State Of Function) since the resistance is the image of the maximum available power and the
capacity that of the maximum energy that can be exploited [35].

3.3 Open circuit voltage

This is the potential difference between the two electrodes when the battery is at rest. It
depends directly on the activities of the state of charge and the temperature.

3.4 State of charge

The SOC (State Of Charge) is an expression of the available capacity of the battery at a given
time expressed as a percentage of its maximum capacity. This quantity is generally calculated
by integrating the current and thus following the evolution of the quantity of charging
throughout the electrical stress of the battery.

3.5 State of Health

State of Health (SOH) is a quantity which quantifies the loss of performance due to battery
degradation. It can be defined as the ratio between the total capacity current and the maximum
capacity obtained when the battery was new.

4. Principle of Operation of a Li-ion Battery

Generally speaking, current is created by an overall movement of electrons. These move from
the cathode (the positive electrode) to the anode (negative electrode) via a metal wire
(conductor), to then power a motor, or a lamp for example. The ions resulting from this
electron transfer pass through the electrolyte, starting from the cathode to reach the anode,
like the electrons. This therefore happens when the battery discharges. When the battery is
recharged, the electrons are returned from the cathode to the anode, as well as the lithium ions
[36].

5. Lithium battery models

5.1 Simple model of an accumulator

The simplest model consists of an ideal voltage source VO (open-circuit voltage) in series with an

internal resistance. Where V1 is the terminal voltage across the accumulator.
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Figure 4.1: Simple model of an accumulator
V(t) = VO — Ri*Ib(t) (4.1)
In this simple model, Ri and VO are considered constant. This model does not take into
account the variation of the internal resistance of the accumulator as a function of the state of
charge or temperature. This model can be applied if the dependence of the parameters on the
state of charge and temperature can be neglected [37]
5.2 Thevenin Model
This model represented by the diagram below is often used. It consists of an ideal source VO,
an internal resistance Ri, a capacitor that represents the polarization of the metallic plates of
the accumulator, and an overvoltage resistance R which is due to the contact of the plates with
the electrolyte.

L=

Cg T ATATAN

|

Figure 4.2 Thevenin Model of an Accumulator
In this model, all elements of the equivalent circuit are assumed to be constant and different
during charging and discharging. However, in reality, these parameters also vary according to
the state of charge and the discharge rate [38].
5.3 Nonlinear Dynamic Model:
This is a variant of the Thevenin model that takes into account the nonlinearity of the

parameters. In this model, represented by the diagram below, the charging and discharging
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processes are separated. Additionally, all parameters depend on the state of charge of the
battery.

3

——
—
-

:

Rid

4 +
C’ vo C1 = m§

Figure 4.3 Nonlinear Model of the Accumulator

The model parameters are defined as follows:

e C1 :isaccumulator capacity.

e R1: is self-discharge resistance.

e Ricand Rig : are represent the internal resistance due to the electrolyte and electrodes

during charging and discharging, respectively.

The two RC circuits (RcC2 and R4Cz) represent the overvoltage at the end of charging and the
sudden voltage drop at the end of discharging, respectively. Since all the parameters of this
model are variable (depending on the state of charge or open-circuit voltage), their
identification is difficult [39].
5.4 Cauer and Foster Model
This type of model, illustrated in the diagram below, is similar to that of Thevenin. The
difference between the two models lies in the addition of an impedance called Warburg
impedance (Zw). In this model, Ri represents the internal resistance, the RC circuit, and the
impedance Zw represent respectively the charge transfer phenomenon and the diffusion
phenomenon that occur during the operation of the accumulator. Therefore, it is a fairly

comprehensive model and represents the dynamics of the accumulator more accurately [39].
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—
—

Rd

Figure 4.4 Cauer and Foster Model
The Warburg impedance has been modeled by two structures called: Cauer structure and
Foster structure.
A. Cauer Structure:
The Warburg impedance is represented by four RC circuits as shown in the diagram below:

Figure 4.5 Cauer Structure
B. Foster Structure:
In this case, the impedance is simply a series of parallel RC circuits. Foster limited it to four

RC circuits.
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Figure 4.6: Foster Structure
For this type of model with both structures, the identification of parameters is carried out
using an experimental electrochemical method called impedance spectroscopy, which is quite
complex to implement. [40]
5.5 Shepherd Model:

Internal
Resistance i
AN ———— T+
E
Controlled
Voltage Source Vhbar
Mo l
- n it
E=FEo -K.Q/(Q-it)+Aexp(-B.it) I  —

Figure 4.7: Shepherd Model
This model was presented by Shepherd. It assumes that the discharge current and the internal
resistance are constant. This model is based on an equation that allows reproducing discharge
curves for a significant number of accumulators. The parameters of this equation are
calculated from a certain number of discretized points from a manufacturer's curve. This
modelling does not take into account the temperature and the variation of the open-circuit

voltage as a function of the state of charge. The terminal voltage at the terminals of the
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accumulator in this model is expressed by the following equation:

V1=V0+ Kij_t Ib (4.2)

By adding the ohmic voltage drop to this equation, we obtain:

V1=V0+K—2—1Ib—Ri.Ib (4.3)
Q-Ib.t

This equation does not include the voltage drop at the beginning of the discharge. We can

represent this part of the curve by adding an exponential function. The equation then

becomes:

— Q — R _B
V1=V0+K 2-1b—Rilb+Aexp(-7Ib.t) (4.4)

In this equation, VO, K, Q, Ri, A, and B represent constant parameters to be determined
graphically, which requires several points from the manufacturer's discharge curve.
Additionally, Shepherd uses two discharge curves to determine the six parameters.
Sometimes, the exponential part of the curve is difficult to observe because it is very short and
can be neglected, and the discharge curve can be represented by the polarization zone.
Shepherd's equation has been widely used and modified by other authors in the literature.

As observed, there are different models in the literature, each with its characteristics. The
chosen model depends on the application; if more precision is required, then a more detailed
model is needed, taking into account all parameters that can affect the performance of
accumulators. The nonlinear dynamic model is very interesting because it presents a charging
and discharging circuit, and all parameters are a function of the state of charge. The Cauer and
Foster model (inspired by Thevenin's) is used more to represent the charge transfer
phenomenon and diffusion (chemical phenomena) [41].

6. Battery State of Charge Calculation for L1-1ON:

State of charge is the amount of charge available in the battery at a given moment relative to
its maximum capacity. In most applications involving an energy storage system, knowing the
state of charge of the battery is crucial. It's akin to a fuel gauge for a regular car. In the case of
an electric vehicle, this information helps the driver know the remaining distance before the
battery runs out. Moreover, this indication helps us avoid deep discharge or excessive
charging of the battery. Thus, the battery's lifespan will be longer. The problem often reported
in the literature is that the state of charge cannot be directly measured using sensors like in the
case of a regular car where we can measure the fuel level in the tank using a fuel gauge.
Therefore, to address this problem, several methods have been developed to estimate the state

of charge.These methods are applicable to most batteries. They are based on the measurement
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of electrical parameters such as voltage, current, and internal resistance. Among these
methods, we will mention two that will be used in the two battery models under study.

6.1 Calculation by Current Integration Method:

This is the most common method for calculating the state of charge since charging and
discharging are directly related to the current supplied or withdrawn from the battery. If the

initial state of charge SOCO is known, the value of the current integral is an indicator of the

state of charge SOC. The state of charge can be defined by the following equation:

Jj mat

S0C(t) =S0C0 —

With:

SOC(t) : is state of charge of the battery at time t.
SOCO: is initial state of charge.

Iv: is battery discharge current.

Q: is nominal capacity of the battery.

(4.5)

) ti) Ib dt: represents the charge delivered by the battery at time t (current charge). [42], [43]

7. Advantages and disadvantages of various battery technologies

Following table shows the advantages and disadvantages of various battery technologies and

applications [35] [36],

20-100 40-60 50-80 55-75 90-200
50-400 80-350 80-300 150-300 500-2000
500-2000 600-3000 600-2000 600-1200 800-3000
Low cost, High specific | High specific | High specific High specific
mature energy, no energy, large | energy, no energy, high
technology, | degradation | temperature degradation for voltage
high specific | for deep ranges, deep operation
power charge/ safety, long charge/discharge,
discharge service life high peak power
Low specific | High cost High cost, High cost, life High cost, life
energy, short | cadmium high self - shorten by fast shorten by
service life | toxicity, discharge, growth of dendrites | deep
recycling memory discharges,
issues effect affected by
temperature,
fragile
Widely used | Some used Rarely used Research and Research and
development development

Table 4.1 Advantages and disadvantages of different Battery
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7.1 Advantages and Disadvantages of Lithium-lon Batteries

Advantages:

Very high energy density

Very low self-discharge (1% per month)

Relatively low internal resistance and capability to provide moderate to high currents
Reduced weight

No memory effect

They require no maintenance

Disadvantages:

Special charger required

Risk of explosion in case of short circuit or overcharge (Hydrogen production!)

Need to charge each cell in a pack separately; otherwise, there is a risk of voltage
imbalance

Depth of discharge: these batteries age more slowly when recharged every 10%
compared to every 80%

Risk of explosion if all safety conditions are not met

The use of a liquid electrolyte presents dangers if a leak occurs and it comes into

contact with air or water (transforming into a corrosive liquid: lithium hydroxide)

8. Topology of Electric Vehicle Charger

Figure (4.8) shows the overall configuration of Direct Power Control for a three-phase PWM

rectifier.
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Figure 4.8 Topology of Electric Vehicle Charger Using DPC control for PWM Rectifier
9. Results and discussions
Simulation is conducted to test the performance of DPC-PWM rectifier control connected to
Grid to battery charger. The battery initial SOC is set to 10%. Figure 4.9 present the

simulation results of proposed system.

Figure 4.9 Charger battery vehicle connected to PWM rectifier Using DPC Control
9.1 First case: battery charging
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In this case, figure 4.10 illustrate de input current of PWM rectifier, we can see in this figure

that the waveform of the currents are sinusoidal.

100 T T T T T

s 23 W
Isb (A) 0 |
Isc (A) / 20 ]

input currents (A)

-100 I I I I I I I I I
0 2 4 6 8 10 12 14 16 18 20

time[s]

Figure 4.10 Input currents of PWM rectifier connected to battery
Figure 4.11 show de output DC voltage of PWM rectifier, we can see in this figure that the
output dc voltage follows up its reference in 600 and 650 at 4s. figure 4.12 show the constant
output DC voltage of DC-DC Converter connected to the battery.
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Figure 4.11 Vdc voltages and its reference of PWM rectifier
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Figure 4.12 Input DC voltage of DC-DC converter
Interne Characteristics of battery about SOC, current and voltage are presented in figures
bellows, we can see in figure 4.11 the DC voltage of battery which is constant value. In this
type of model the SOC of battery is obtained using the method based on current integration

and it was assumed that the initial state of charge SOC0=10% is given in figure 4.13.

103 T T T T T T T T T

10.25

10.2

10.15

SOC

10.1

10.05

10

995 | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20

time[s]
Figure 4.13 SOC of battery

The battery charging current is represented by figure 4.14, we notice in this figure that the

current value is -20A, this value was imposed by the control and command system of the
DC/DC converter associated between the battery and the PWM. for the dc voltage of battery

is given in figure 4.15, we can see in this figure that the voltage remains constant.
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Figure 4.14 Currents of battery
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Figure 4.15 Voltage of battery

9.2 Second case: battery charging and discharging battery
Figures 4.16, 4.17 and 4.18 give the shapes of SOC in the case of battery charging and
discharging as well as in the shape of the battery current and voltage, it is noted in this case
that the internal characteristics of the battery vary depending on the state of charge of the

battery.
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Figure 4.16 Voltage of battery in the charging and discharging battery
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Figure 4.17 Currents of battery in the charging and discharging battery
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Figure 4.18 Currents of battery in the charging and discharging battery
10. Conclusion
In this chapter we presented a state of charge of the battery for different cases, To achieve this
goal we talked about different battery simulation models, then we presented a battery
simulation model powered by a DPC controlled PWM rectifier, results are presented and
discussed, these show the efficiency and importance of battery charging and discharging,

especially for electric vehicle charging.
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GENERAL CONCLUSION

In this thesis, the modeling and simulation of a PWM rectifier using different control

techniques are presented, hysteresis and DPC control are used to control PWM rectifier. This

converter is particularly used for harmonic compensation and to replacing the diode rectifier

bridge in various applications.

Several advantages of PWM rectifier have been recorded. Its two-level structure reduces

voltage stress on power switches, regulates the output DC bus capacitor voltage, and

decreases harmonic distortion, improving the power factor of the power supply while

exploiting relatively significant active power.

In this work, the first chapter discusses various disturbances in electrical networks,

particularly harmonic-related disturbances, and the proposed solutions to remedy them. This

chapter concludes with a review of the different passive and active compensators proposed in

the literature.

In the second chapter, we present a theoretical and simulation study demonstrating the

operating principle of the PWM rectifier with its control part using the hysteresis control

technique equipped with a PI controller. The obtained simulation results showed that the

proposed control technique offers high efficiency. This converter provides a stable DC

voltage with a unity power factor and purely sinusoidal input currents with a very low THD

value of 0.16%.

In the third chapter, we presented a simulation study of a PWM rectifier with DPC control. A

theoretical reminder of the DPC control principle was given, followed by simulation results.

These results show that the rectifier provides a stable DC voltage with a unity power factor

and purely sinusoidal currents with a very low THD value of 2.78%.

Finally, in the last chapter, we presented a study of the association of the PWM rectifier using

DPC-control equipped with a PI regulator connected to a battery. This conversion chain is

generally used for charging electric vehicle battery and renewable energy.

In the future, we hope that our work can be extended to:

e Conduct experimental tests to validate the obtained simulation results.

e Use other control techniques with advanced controllers such as fuzzy logic and neural
networks.

e Renewable energy conversion system and electrical vehicle charging.
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Appendix A:

Transformation Matrices:
The conversion of three-phase line-to-neutral voltages (e,, e}, e.) to two-phase

voltages (eq, eg) is performed using the following matrix:
e _ 2[1 ~1/2 —1/2] N
esl = J3lo v3/2 —v3/2l|e

This conversion can be performed based on the two line-to-line voltagese,;, and e., using

the following matrix:

ea]_ 2[ 1/2 —1/2“eab
egl |3 —\/§/2 —\/§/2 eca
On the other hand, the conversion from (a_f) coordinates to (d_q) coordinates is performed

using the following matrix:

[ed] _ [sin(wt) —cos(wt)] [ea

€ql " lcos(wt)  sin(wt)
The inverse conversion is expressed by:

[ea] _ [ sin(wt) cos(u)t)] [ed

egl " |—cos(wt) sin(wt)

The direct conversion from three-phase line-to-neutral voltages (e, e, e.) to two-phase

voltages in the rotating reference frame (eq, eq) is performed using the following matrix:

ed] _ \/é[sin(oot) sin(wt—2m/3) sin(wt — 4m/3) F:]

3 lcos(wt) cos(wt—2m/3) cos(wt—41/3)

This conversion can also be expressed based on the compound voltages in the following form:

[ed] _ sin(wt+ m/3) —sin(wt—1/3) [eab
€ql [cos(wt + m/3) —cos(wt— 11/3)] €ca
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ANNEXES

Appendix B:

The block diagram in Figure (A.1) shows two two-level hysteresis controllers. These

controllers are designed to regulate both active and reactive powers. One controller is affected

by the error(Ap= P..f — P) for active power regulation, while the other is influenced by the

error (Aq= qyer — q) for reactive power regulation.

dp
F 3

DPzPref'P

A J
=

Figure A.1: Characteristics of two-level hysteresis controllers.

Hp/2 -H,2

The width of the hysteresis band has an influence on the performance of the rectifier,

particularly on harmonic current distortion and average switching frequency.

The two-level hysteresis regulator for instantaneous reactive power can be described as:

(

\

Aq> Hq o) dq= 1

dA,
dt
A,
—Hq < AqS Hq and F

Aq< —Hq o) dq =0

—HqSAqSHq and >0 so dq=0

<0 so dq=1

And similarly for the two-level hysteresis regulator for active power:

‘

\

Ap> Hp SO dp =1
dAp
dt

dAp
—Hp < Ap< Hp and ¥<0 so dp=1

Ap< —Hp SO dp =0

—Hp < Ap< Hp and >0 so dp=0
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Appendix C :

Synthesis of the commutation table:

The synthesis of the commutation table is based on the signs of the derivatives of active and
reactive powers in each sector. For each sector, the change in reactive power is positive for
three vectors, negative for three vectors, and zero for V,, V,.. The sign of the change in active

power is positive for four vectors, negative for two or three vectors.

Sector 01:
P>0 P<oO >0 g<o0 P=0
Vs, V,, Vs, V, Vi, Ve V,, V,, Vs V,, Vs, Vg Vo, Vo

For each combination of hysteresis output signals, Sp and S, the selected voltage vectors for

sector 08, are shown in the following table:

q
Sector 01: >0S50 Sg=1 <05054=0
>0S0 Sp=1 Vs V,, Vs
P <0S0Sp=0 A A
Sector 02:
P>0 P<o0 g>0 G<0 P=0
Vs, Vi, Vs, Vg Vi, Vs, V,, Vs, V, V., Vs, Vg Vo, Vy

For each combination of hysteresis output signals, Sp and S, the selected voltage vectors for

sector 0,, are shown in the following table:

q
Sector 02: >OSOSq=1 <OSOSq=0
>0S0Sp=1 V3, V, Ve
P <0S0Sp=0 Vv, '
Sector 03:
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P>0 P<o G>0 g<o0 P=0
V4l V5l V6l VO V]J V2 Vz, V3' V4- Vl) V5) V6 VOI V7
The selected voltage vectors for sector 8;are shown in the following table:
q
Sector 03: >0850S5,=1 <05054=0
>0S0Sp=1 V, Vs, Vg
P < 0S50 Sp-, v, \'A
Sector 04:
P>0 P<oO G>0 g<o0 P=0
V4_, VSI V6t VO VZ' V3 V31 V4-1 V5 Vl: VZ: V6 Vo, V7
The selected voltage vectors for sector 6, are shown in the table below:
q
Sector 04: >0S50 Sq=1 <050 54=0
>050Sp =1 V., Vs Vs
P <0S0 Sp=0 Vs Vv,
Sector 05:
P>0 P<0 qg>0 4<0 P=
Vy, Vs, Ve, V V,, Vs Va, V,, Vs Vy, Vy, Vg Vo, Vs,

The selected voltage vectors for sector 6<, are shown in the table below:

No)
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Sector 05: >050 Sq=1 <080 Sq4=0
> 0S80 Sp =1 V5 V61V1
P <0S0 Sp=0 V3 v,
Sector 06:
P>0 P<o0 g<o P=0
Vll VS' V6l VO VZ' V4- V6, V4, V5 Vll V2, V3 VO! V7
The selected voltage vectors for sector 6, are shown in the table below:
q
Sector 06: >0S80 Sq=1 <050 S4=0
>0850 Sp=1 Vs, Vg A
P <0S0Sp=0 V, Vs
Sector 07:
P>0 P<o0 G<0 P=
V., Vy, Ve, Vy Vs, V, V., Ve, Vs Vy, Vy, Vs Vo, Vy
The selected voltage vectors for sector 6, are shown in the table below:
q
Sector 07: >050S5,=1 <050 S4=0
>0S50 Sp=1 Vs V., Vs,
P <050Sp,=0 V, Vs
Sector 08:
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P>0 P<o G>0 g<o0 P=0
Vi, Vo, Vg, Vi Vs, V, Vi, Vs, Vg V,,V3,V, Vo, Vo
The selected voltage vectors for sector 8¢, are shown in the table below:
q
Sector 08: >0850S5,=1 <050S54=0
>050 Sp=1 V,, Vs v,
P <0S0Sp =0 Vs v,
Sector 09:
P>0 P<oO >0 g<o0 P=0
V1'V2'V3'V0 V5,V4_ V1JVSJV6 V21V31V4- VOJV7
The selected voltage vectors for sector 6,4, are shown in the table below:
q
Sector 09: >050S5,=1 <05054=0
>0S0Sp=1 A Vs, V,
P <050Sp=0 Vs v,
Sector 10:
P>0 P<o0 g>0 4<0 P=
Vi, Vy, Vs, V, Vs, V, V,, Vs, Vg V,, Vs, V, Vo, V,

The selected voltage vectors for sector 0,,, are shown in the table below:

No)
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Sector 10: >050 Sq=1 <0S0S,=0
> 0S50 Sp =1 V1 V3, VZ
P <0S0 Sp=0 Vs vV,
Sector 11:
P>0 P<0 Gg<o0 P=0
V4-’ VZ' V3' VO VS) V6 Vl) VZJ V6 V51 V3, V4- VOr V7

The selected voltage vectors for sector 6,,, are shown in the table below:

q
Sector 11: > 0doncSy =1 <0doncSy=1
>0doncSp =1 V, V3, V,
P < 0doncSp =0 Vi Vs
Sector 12:
P>0 P<oO G<0 P=0
V,, Vy, Vs,V vy, Vg Vy, Vy, Vs V,, Vs, Vi Vo, Vs,
The selected voltage vectors for sector 6,,, are shown in the table below:
q
Sector 12: >050S5,=1 <05054=0
>080Sp =1 V,, Vs vV,
P <050Sp,=0 A Vg
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Résumeé :

Dans ce travail, nous avons étudié une la modélisation et la simulation d’un redresseur PWM
connecté a une batterie, la régulation de la tension du bus continu de sortie a ’aide d’un régulateur
PI, dont objectif est de diminuer les distordions harmoniques a I’entrée et par conséquent obtenir
des courants sinusoidaux a ’entré du convertisseur avec un zéro de consommation de la puissance
réactive, ce qui permet d’améliorer le facteur de puissance de la source d’alimentation. La
commande de ce convertisseur est assurée par des différentes techniques telles que la commande
hystérésis et la commande DPC. La batterie est présentée avec différentes modeles et en suite
connectée avec un redresseur a MLI a commande DPC qui peuvent étre utilisée pour un systeme de
chargement des véhicules électriques et des énergies renouvelables. Les performances et les
caractéristiques de la batterie sont présentées et interprétés pour les deux cas chargement et
déchargement de la batterie. Les résultats de simulation sous Matlab/Simulink montrent que le
redresseur fonctionnant a un facteur de puissance unitaire et permet de fournir une tension
continue stable et des courants sinusoidaux a ’entré du convertisseur avec un faible THD.

Mots clés :

Redresseur a MLI, commande hystérésis, Commande DPC, régulateur PI, batterie, chargement,
performances.

Abstract :

In this work, we studied the modeling and simulation of a PWM rectifier connected to a battery, the
regulation of the output DC bus voltage using a Pl controller, the objective of this work is to reduce
harmonic distortions at the input and to obtain sinusoidal input currents with zero consumption of
reactive power, which improves the power factor of the power source. The control of the converter is
provided by different techniques such as hysteresis and DPC controls. The battery is presented with
different models and then connected with a PWM rectifier using DPC control that can be used for a
charging system for electric vehicles and renewable energies. Battery performance and
characteristics are presented and interpreted for charging and discharging battery cases. The
simulation results under Matlab / Simulink show that the PWM rectifier operating at a unit power
factor and can provide a stable DC voltage and sinusoidal input currents at with a low THD.
Keywords:

PWM rectifier; hysteresis control; DPC control; Pl controller; battery; charging; performances.
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