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Introductic

I ntroduction

This document serves as a course material for power electpmuearily intended for third-year
Bachelor's students specializing in Electrotechnics within Brepartment of Electrical Systems
Engineering. It serves as a guiding resource for understariirfgidamentals and essential concepts of
power electronics. The document assumes that the students ady dnedliar with general circuit
analysis techniques usually taught at the S3 semester. Whdlsi@understanding of electronic devices
like diodes and transistors is expected, the primary focus otitttisment lies in circuit topology and
functionality rather than individual devices.

It is important to note that this work is not final and its igtis provisional; it does not claim to
be exhaustive.

The document is organized into five chapters, aligning with the dffiorer electronics program
of the third year of the Bachelor’s degree in ElectrotechnicseSrapters are accompanied by practical
exercises.

The first chapter delves into the static and dynamic chaistaterof components commonly used
in power electronics.

The second chapter is dedicated to the study of the main typeSCM&C converters,
encompassing both single-phase and three-phase rectifiers, incbottolled and uncontrolled
configurations.

The third chapter is dedicated to the study of AC/AC converteryding single-phase AC
voltage controller and cyclo-converters.

The fourth chapter focuses on the primary types of DC/DC comsetemmonly known as
choppers.

The fifth chapter is devoted to the exploration of DC/AC convert@gering single-phase and
three-phase inverters.

These chapters are complemented by an appendix that provides essential ticaihewia.

Teaching objectives. By the end of this course, students should be able to:
- Recognize the various types of converters.

- Understand the components used in power electronics.

- Master the operation of key static converters.

- List the different power switches and comprehend their characteristicr@des of operation.
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Chapter 1

| ntroduction to power electronics

1. Introduction
Power electronics or switching electronics: a field of Eleakr Engineering that deals with the

application of power semiconductor devices for the control and conversion of electeic pow

The goals of power electronics:
« To process and control the transfer of electrical energy betawsenrce and a load. To achieve
this, semiconductors are used as switches responsible for adagtimgitages and currents from
a distribution network to meet the requirements of the load to be powered.
* To enhance energy efficiency by reducing energy losses daengphversion process. This leads
to more sustainable and environmentally friendly energy usage, madingr electronics crucial

in addressing today's energy challenges.

As shown in Figure 1.1, power electronics represents a median pawttieh the topics of energy
systems, electronics, and control converge. Any useful cidasign for the control of power must
address issues of both devices and control, as well as of the @selgyAmong the unique aspects of
power electronics are its emphasis on large semiconductor detieespplication of magnetic devices
for energy storage.

The development of semiconductor switches manufacturing regardimgvéngihigh ratings and their

ability in high frequency systems are the basic keys in the development ofgleatennics engineering.

s Power -
CMiconducte*

G:t'f‘_f_’gni cs anl}_f"f'-} 2

Fig.1.1 Control, energy, and power electronics are interrelated
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A basic power electronic system is shown in Figure 1.2. It censistn energy source, an electrical load,

a power electronic circuit, and control circuit. The function of poaver electronic positioned at the

middle is that of controlling energy flow between the ensmyce and the electrical load. The power

electronic circuit contains high power switches, lossless enstgsage elements, and magnetic

transformers. The control circuit takes information from the soulm&d, and designer and then

determines how the switches operate to achieve the desired ¢onvéhse control circuit is usually built

up with conventional low-power analog and digital electronics.

Electrical |:>

Energy source

2. Classification of power elect

Power electronic
circuit
— — v

i

Control
circuit

<:| Electrical

load

Fig.1.2 A basic power electronic system

ronics

The following graph shows the various conversion modes that exishdiegeon the nature of the

electrical energy sources. In power electronics, there are foublgossnversions and converters:

« AC to DC converters — rectifiers that transform AC to DC with adjustment ofgeodiad current

Applications: Battery chargers, High voltage dc (HVDC) transmission line

e AC to AC converters — AC frequency, phase, magnitude, and power conved#rswith and

without an intermediary

DC link

Applications: Fun regulator, lighting system for theatres.

« DC to DC converters — linear regulators and switching choppers

Applications: Robots, DC motor speed control.

« DC to AC converters — inverters that produce AC of controllable magnitude and frequenc

Applications: Photovoltaic cell, UPS (uninterruptible power supplies). AC motod soeerol

AC

Rectifier

DC

Ac power
controller

AC

Inverter

Chopper

DC
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3. Power semiconductor switchesused in power electronics

3.1. Static V-I characteristics of semiconductors

A switch is defined by its two stable states in static mode (Fig.1.3a):
- Conducting state (ON state)0, i# 0

- Blocking state (OFF state);#0, i= 0

The V-I characteristic provides the operating region of a Bwltcconsists of different segments on the
axes of the coordinate system,(i). Thus, one can consider switches with 2, 3, or 4 segments that will
be adapted to the nature and reversibility of the sources and Ndghat for an ideal switch, the static
characteristic is non-dissipative.

i

Vi /
K OFF state
<~ _—

I, VK

ON state

A

(a) (b)
Fig.1.3 Symbol of a switch and its static characteristic

It is always desirable to have power switches perform asecls possible to the ideal case.

Semiconductors, when operating as ideal switches, should exhibit the follownagtehiatics:

-No limit on the amount of current (referred to as forward or reverse cutinerdevice can carry when in
the conduction state (on-state).

-No limit on the amount of device voltage (known as forward or revblscking voltage) when the
device is in the non-conduction state (off-state).

-Zero on-state voltage drop when in the conduction state.

-Infinite off-state resistance, meaning zero leakage current when in thendunetion state.

-No limit on the operating speed of the device when changing states, i.e., zaralrfa# times.

3.2. Classifications of power semiconductor devices
» Uncontrolled switch: The switch has no control terminal. The state of the switch ésrdated by the
external voltage or current conditions of the cireaitvhich the switch is connected. A diode is an
example of such switch.
» Semi-controlled switch: In this case the circuit designer has limited control oversthiéch. For
example, the switch can be turned-on from the controlirtal. However, once ON, it cannot be

T
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turned-off from the control signal. The switch can be switcb#dby the operation of the circuit
or by an auxiliary circuit that is added to foritee switch to turn-off. A thyristor or a SCR is an
example of this switch type.

* Fully controlled switch: The switch can be turned ON and OFF via the control terntixamples of
this switch are the BJT, the MOSFET, the IGBT, the GTO s$hyrj and the MOS-controlled thyristor
(MCT)

Power diode: Among all the static switching devices used in power eledsorthe power diode is
perhaps the simplest. Its circuit symbol shown in Figure 1.4 (a)tigo-terminal device involves the
anode terminal (A) and the cathode terminal (K). It is a non-cdedbiel component; its behavior is
determined by the circuit in which it is placed.

If anode terminal is at a higher potential compared to cathoaentd, the device is said to be forward
biased and a forward current will flow through the device. Thises a small voltage drop across the
device (<1 V), which under ideal conditions is usually ignored. Howewken cathode terminal is at
a higher potential compared to anode terminal, the diodevesse biased. It does not conduct,
and the diode then experiences a small current flowinthe reverse direction called the leakage
current. This current is dependent on the reverse volitatgk the breakdown voltage is reached.
After that, the diode voltage remains essentially constant while the curresgsasrdramatically.

Only the resistance of the circuit limits the maximum valfithe current. Simultaneous large current and
large voltage in the breakdown operation leads to excessive powpatissthat could quickly destroy
the diode. Therefore, the breakdown operation of the diode must be avoide® Edyc) illustrates
diode characteristics where breakdown voltage is shown.

Both forward voltage drop and leakage current are ignored in an diede. In power electronic

applications, a diode is usually considered to be an ideal static switch, Figure 1.4 (b).

i4 HEY

ON state
vr'nfed

<V
<V

A i K
) D | -) OFF sate Reverse Ve
-— blocking

v .
region

a) Symbol b) Ideal characteristic ¢) Real characteristic

Fig.1.4 The diode
When:
V >0 andi> 0, the diode is conducting (closed).
V <0 andi<0, the diode is blocking (open).

The diode is unidirectional in voltage and current (a two-segment switch).
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Thyristor:

Thyristors known as Silicon-controlled rectifiers (SCR) areallg three-terminal devices. The control
terminal of the thyristor, called the gate (G) electrode clvfallows it to become conductive when the
voltage M, across its terminals is positive. It is a semi-controll@bl@ponent. The other two terminals,
anode (A) and cathode (K) handle the large applied potentials (oftestlopolarities) and conduct the
major current through the thyristor. Thyristors are capableaatiling large blocking voltages and large
currents for use in high-power applications, but their frequency ddigsbare not very high, being lower
than 10 kHz.

If positive voltage is applied without gate current, the thgrisonstitutes the state of forward blocking.
A low-power pulse of gate current switches the thyristor to tNes@te. The output characteristic of a
conducting thyristor in the forward bias is similar to the charastic of the diode with a small leakage
current. Thus, the thyristor assumes very low resistance ifotivard direction. Once turned ON, the
thyristor remains in this state after the end of the gateplilts current is higher than the latching value.
If the current drops below the holding value, the device switchds tbathe non-conducting region.
Switching off by gate pulse is impossible. Therefore, usingstmae arguments as for diodes, the
thyristor can be represented by the idealized switch.

The output characteristic of SCR in the reverse bias isaginal the characteristic of the diode with a
small leakage current. With negative voltage between anode dratleathis corresponds to the reverse
blocking state. If the maximum reverse voltage exceeds theigs#hia value, the leakage current rises
rapidly, as with diodes, leading to breakdown and thermal destructitwe ¢fyristor. Figure 1.5 (a), (b)

and (c) illustrate the SCR symbol, its ideal characteristic and itsqalaciiaracteristic, respectively.

A
. a | Forward Conduction (on state)
iTH x

+

Amp| | .
| Latching current ‘
ON state Reverse leakage |/ T Holding current

vy
G A current /) e g

v/ -
| =0

1 S e
2 Ver ‘ | mA| ¥ ._JQ3- fg2/las "
P J —x | l',-\ S )-+\.;’a
. v 7 ) BO
A i K R a | / glorv:‘(ard Forvlvard leakage
> ! / lockin C t
D [0) B Vm Reverse : e

D ee— blocking Vg = Forward breakover voltage

R S
Vrh blevel: ¢ Forwtf(r‘d Vg = Reverse breakover voltage
ockina b'OCkmg Ig = Gate Current
.|a
Y
a) Symbol b) Ideal characteristic ¢) Real characteristic

Fig.1.5 The thyristor

It can be inferred from the static V-1 characterishiattthe SCR consists of three segments (three modes
of operation):

OD, reverse blocking mode: Thyristor is blocked, with low reverse leakagent
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OB, forward blocking mode (no gate pulse sincg bMecame positive): Thyristor is blocked, with low
forward leakage current.

OA, forward conduction mode: Thyristor is conducting, low forward geltarop, and the forward
current is determined by the circuit in which the thyristor is inserted.

When:

V1p>0:

If ith= 0 and &= O : the thyristor is blocked (can be triggered).

If ic> 0 : the thyristor is conducting (1).

V1< 0 and 4= 0 : the thyristor is blocked (2).

GTO Thyristor (Gate Turn-Off Thyristor):

GTO is a special type of thyristor, which provides more contrslopposed to normal thyristors, GTOs
are fully controllable switches which can be turned ON and @Bwitching the polarity of the gate
signal.

The GTO thyristor turns ON similarly to the SCR thyrisice, after a current pulse is applied to the
gate terminal. To turn it OFF, a powerful negative current compuéde must be applied to the gate

terminal.

GTO thyristors are typically employed in high-power or véigh-power converters where precise

control of the switching process is necessary.

Figure 1.6 (a) and (b) illustrate the GTO symbol and its ideal charactemestpectively.

‘A
Natural ia 1

b Controlled turning
turning OFF ON turning OFF
Turn-off
6 2 A 1 Turn} ?
. / ‘\\v ™\ of-state _
A la K VAK

> (0]
D B Vak
—
Vak

a) Symbol b) Ideal characteristic

c) Real characteristic

Fig.1.6 The GTO thyristor

When:
Vak <0 andj =0: The GTO thyristor is blocked (2).
Vak >0andA >0 andg+#0: The GTO thyristor is conducting (1).
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When Viak > 0 and A > 0, the GTO thyristor can be blocked by a negative gate current pulse (b). It ca
also spontaneously block (like a diode) wher 0 (2).

Power transistor:

Power transistors are three-terminal semiconductor electromicedethat can be used as switches.
Transistors are turned ON when a current or voltage signgbpbed to the control terminal. The

transistor remains in the ON-state so long as control signgkdasent. When this control signal is
removed, the power transistor is turned OFF. The switching speadd#rn transistors is much higher
than that of thyristors. In addition, the control circuitmsich simpler than that used in thyristors.

In power electronics, there are three types of power transistors:

¢ D ¢ iT4  Controlled turning
iT iT it ON and turning OFF
is V- i ic v A 2
B T G 6—I \"2% G —o—l T ;\\
\Aﬁ \:Q B Vr
E S E

a) BJT b) MOSFET c)IGBT d) Ideal characteristic

Fig.1.7 Thepower transistor
-The Bipolar Junction Transistor (BJT) is controlled by the curgent i
ig = 0: The BJT is blocked (1).
ig > 0: The BJT is conducting (2).
It can be controlled for both turning on and turning off.

-The Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFETpidrolled by voltage ¥s:

Ves=0: The MOSFET is blocked (1).
Vs> 0: The MOSFET is conducting (2).

It can be controlled for both turning on and turning off, and it operates at very high switdguencies.

-The Insulated Gate Bipolar Transistor (IGBT) combines charattsriof both BJT and MOSFET. It is

controlled by voltage V.
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3.3 Dynamic characteristic (Switching M odes):

The static characteristic of a switch is insufficient tsalbe its dynamic properties, meaning how the
switch transitions from the blocking state to the conducting statdcerversa. The dynamic switching
characteristic is the path followed by the operating point dahiagwitch's transition, moving from one
half-axis to another perpendicular half-axis. This trajectory aaly occur in quadrants whergvi>0
since the switch is considered a dissipative element.

During turn-on and turn-off processes, two modes of switch stategebacan be distinguished:

spontaneous switching and controlled switching.
3.3.1 Spontaneous switching (Natural): This is the type of switching carried out by a diode. The

transition from the conducting state to the blocking state canamuyr at zero current and from the

blocking state to the conducting state at zero voltage. The clvastge is induced by the environment

in which the switch is located.

Vv VkiK< (6]
ik 'i'—
> v
K
j VkiK< (6]
VkiK= 0

Fig.1.8 Spontaneous switching (Turn-On and Turn-Off)

State transitions occur along the axes, thus without energy lagseh are referred to as switching
losses.

3.3.2 Controlled switching (Forced): This is the type of switching carried out by a transistahgristor
(or any other controlled component). The transition from the conductatg tet the blocking state (or

vice versa) occurs in response to an external command or control signal.

/VkiK>0

VkiK< 0}

iK\

Vk
VkiK< (6]

Fig.1.9 Controlled switching (Turn-On and Turn-Off)
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The change in state occurs by crossing thkge>@ plane. Therefore, the switch experiences switching
losses (the switch is dissipative).

3.4 Lossesin semiconductor components:

A non-ideal semiconductor component from a dynamic perspective édabits Joule losses during
both the opening and closing processes.

Ideal
Real

K A
4’( |—<—/,

u

i u
[

Fig.1.10 Real characteristic of a switch
In reality, for a real switch, there is a small positive \g#talrop (\§) when it becomes conducting. The

switching occurs in a non-spontaneous manner from one state to rarlothkis case, the switch
dissipates energy during each switching cycle and is therefore swbgedatdhing losses.

A
ik
|
VK Vv / §
0 Vo
ton ot
oc= vicix 4 ON state OFF state
K— VK-.IK
Pcom
b Pcond - com
¥
Lon Loff

Fig.1.11 Switching losses in a switch

ton = rise time of & during closing;
toff = fall time of k during opening;
T = switching period.

The power dissipated due to switching losses is calculatell gs:= g (@)

Switching losses limit the frequency of use for components.
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4. Combining semiconductor components
To achieve performance characteristics different from thoskeeothree basic switches (diode, thyristor,

transistor), multiple basic components are sometimes combined.
-Reversible voltage switches: By adding a diode in series WAl @ thyristor or a transistor, a voltage-

reversible switch with controlled closing and opening can be obtained.

v - ,\\

—
e |

<V

a) Symbol b) Ideal characteristic

Fig.1.12 Bidirectional voltage switch

-Bidirectional current switches: These are achieved by addiagsemiconductor devices connected in

parallel with reverse polarity.

v i
AL v
| T, 6TO
a) Symbol b) Ideal characteristic

Fig.1.13 Bidirectional current switch

-Bidirectional voltage and current switches: These are obtained eitheadaygotwo bidirectional current

switches in series or by connecting two bidirectional voltage switchesahgbar

~ N\ "/ — L d
T % e 4

a) Symbol b) Ideal characteristic

Fig.1.14 Bidirectional voltage and current switch

A bidirectional switch that is reversible in both voltage andent, with only the turn-on events being

controlled, can be obtained by connecting two symmetrical thyristors ipanafiel (Figure 1.15).
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In low-power applications, the two thyristors can be replaceddiygde component, the triac, which has
a single gate for triggering in both directions.

\

N [

i i
— e

v
(|<} - \
Th2

a) Symbol b) Ideal characteristic

Fig.1.15 Bidirectional current and voltage switch (Triac)

5. Limitsand applications of power semiconductors

To give an idea of the application ranges of power semiconduttteyshave been plotted on Figure 1.16
in the power breaking capacity/frequency plane.

The usage ranges extend from tens of Hertz for applications iogeaatthe mains frequency to several
hundred kilohertz for applications using the fastest MOS transiSonglarly, it can be observed that the
power range spans from a few VA (Volt-Amperes) to several hdniéA (Mega-Volt-Amperes) for

the most powerful applications.

10 4
SCR = 12kV, 5kA
10°

6 kV, 6 kA

6kV, 600A
2kV,7T00A

107

1.5kV, 500 A
10"

1kV, 200 A

Fig.1.16 Zones of power ratings and switching speeds of power semiconductors

It's astonishing to realize that there is hardly a home, offloek, factor, car, sport hall, hospital or
theatre without an application, and sometimes many applications adrpel@ctronic equipment as

cleared in Figure 1.17.
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Fig.1.17 Some applications power semiconductors
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Chapter 2

AC-DC conversion (Rectifiers)

1. Introduction

Rectifier circuits are power electronic converters thatgoerfthe conversion of alternating current (AC)
into direct current (DC). When supplied with a single-phase oetplhase AC voltage source, they
provide DC current to the load connected at their output.

Rectifiers are employed whenever there is a need for dine@nt while the electrical energy source is in
alternating current form. Rectifiers find application in alevrange of areas due to their versatility and

capability to convert AC to DC power effectively.

| ~ '
Source AC be Load
R, L,..)

Fig.2.1AC-DC conversion

Diode rectifiers, or uncontrolled rectifiers, do not allow forywag the ratio between the input alternating
voltage and the output direct voltage. Furthermore, they are irilgeersieaning that power can only

flow from the alternating side to the direct side.

Thyristor rectifiers, or controlled rectifiers, allow, foffiged input alternating voltage, to vary the output
direct voltage. Additionally, they are reversible; when they transféever from the direct side to the

alternating side, they are referred to as non-autonomous inverters.

2. Basic definitions:
Certain terms will be frequently used in this lesson and subselg@gsnns while characterizing different

types of rectifiers. Such commonly used terms are defined in this section.

2.1- Mean value :
T

— 1
V)=V = Tf v(t)dt

0

2.2-Root mean square value (RMS):
T

1
Veffz = T’[ U(t)zdt
0

14 |_
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2.3-Form factor:

The form factor in electrical engineering refers to a disienless ratio that characterizes the shape or
quality of a waveform, often used in the context of alternatingentiffAC) voltage or current. It's a
measure of how closely the waveform resembles a pure sinus@deform. The closer the form factor
is to 1, the closer the waveform resembles a pure sinusoidalosawveX form factor close to 1 indicates

a smoother, less distorted waveform, which is desirable for mlagctrical applications. This coefficient

is used for comparing different rectifier configurations.

The formula for calculating the form factor is typically as follows:

F =Ve_ff
|74

Verr: RMS value of the considered voltage;
V : Average value of the considered voltage.

F=1, the closer the obtained voltage is to a continuous quantity.

2.4- Ripple Factor:

The ripple factor is a measure of the amount of alternatinggrdu(AC) component or voltage ripple
present in a direct current (DC) output. It is typically expedsas a ratio or percentage and is used to
evaluate the quality of the DC output from a rectifier or powepk/. A lower ripple factor indicates a
smoother, more stable DC output, while a higher ripple factor suggdsss stable and noisier output.
The ripple factor is an important parameter in power electr@mdselectrical engineering. By definition,

the ripple factor is defined as:

Vmax - Vmin
2V
Vmax: Maximum value of the rectified voltage.

Vmin: Minimum value of the rectified voltage.

k=0, the closer the rectified voltage is to a continuous quantity.

2.5- Distortion factor of a rectifier (DF):

The ratio of the rms value of the fundamental frequency to the total rms valuelisttingon factor:

DF — IleS

Irms

I1: is the fundamental component of current I.

Imms IS the root mean square (RMS) of current I.

The distortion factor represents the reduction in power factor dthetoon-sinusoidal property of the

current.

15 |_
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2.6- Displacement factor of a rectifier (DPF):

If V and | are the per phase input voltage and input current ofctiee respectively, then the
displacement factor of a rectifier is defined as:

DPF = cos ¢

Whereg is the phase angle between the fundamental components of V and I.

2.7- Power factor of rectifier (PF):
As for any other equipment, the definition of the power factor of a rectifier is:

Actual power input to the rectifier

- Apparent power input to the rectifier
If the per phase input voltage and current of a rectifier are V and | respetitee

V.1, cos
pF = 119959

V;'mslrms
If the rectifier is supplied from an ideal sinusoidal voltage sourcelthenV,.,,

So,PF =

coso = DF.DPF

rms

3. Uncontrolled rectifiers (Using diodes)

3.1 Single-phase half-wave rectifier:

The half-wave rectifier is a simplest electronic circhiéttconverts alternating current (AC) into pulsating
direct current (DC) using a single diode. It's one of the ®stplectification circuits and is typically used
when a relatively low Dc output voltage is required. The output voliagecurrent of this rectifier are
strongly influenced by the type of the load. In this section, operatithioftectifier with resistive and
inductive loads will be discussed. A thorough understanding of the hal-vectifier circuit will enable

the student to advance to the analysis of more complicated circuits with a mioinedfort.

Resistive load (R) :

A basic half-wave rectifier with a resistive load is showiirig.2.2a. The source is AC, and the objective
is to create a load voltage that has a nonzero DC component. The dsoobasE electronic switch that
allows current in one direction only. For the positive half-cyclénefdource in this circuit, the diode is
on forward biased.

Considering the diode to be ideal, the voltage across a forwasedbdiode is zero and the current is
positive. For the negative half-cycle of the source, the diodeverse-biased, making the current zero
The voltage across the reverse-biased diode is the source volhagje has a negative value. Therefore,

the voltage across the resistive load is:

16 |_




Chapter 2 Rectifiers

ForO<wt<m:

Ve =V, = vpsin(wt), Vp=0, i;==<

For m < wt < 2m:
V.=0, Vp,=V,=v,sin(wt), i.,=0

The voltage waveforms across the source, load, and diode are shown in Fig.2.2b.

D G

(1) Vs
— I <o N SO SRR NS SR copun RIS SN SRS S S
Vo

NS p " ,/ W
(U U VA 0 [ (s - RS S

~

g

V., = v, sin(wt)

Vi/RE - o o - b o d oo 2N -

/ wi
RS NS IS SO, SR [N MU U FEUP B \ Ny N

(®)
Fig.2.2(a) Half-wave rectifier with resistive load; b) Waveforms

The average value of the rectified voltage:
T/2
1 1 . Vi
(V) = Tf V.(t)dt = Tf V,, sin(wt) dt = = 0.318V,,
0 0

The root mean square (RMS) value of the rectified voltage:

T T/2 T/2

1 1 _ V2 Vo,
Tf V.(t)%dt = Tf (Vi sin(wt))?dt = Tf (1 = cosRwt))dt = 5 = 0.5V,
0 0

0

Veerr =
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The form factor:

F = Vceff _

=157
() 2 7

SYSINAS

Inductive load (RL):

Industrial loads typically contain inductance as well as registaAs the source voltage goes through

zero, becoming positive in the circuit of Fig.2.3a, the diode becdéonesrd-biased. For an inductive
load, the diode remains conductive as long as the voltagepositive and the current (t) is not zero.
Therefore, the diode is in forced conduction until the curggtbecomes zero at the instfipt

The voltage waveforms across the source, load, and diode are shown in Fig.2.3b.

A
i(t) D io(t V, R L e A
IO <. SR AR AR VRS SV e, USRS DR UUPRE AN IO
R
al ”
L VCA'""""""" ) " < A A A Q I
V. = v, sin(wt) Po >
Wt
(a) S0 S i e S R et R R S
Vi/Z}- - - -\---/\\--
Po wi
Po -
- >
// w
L7/ I Bt et B N> et B ek A i > S
 m am 3m 4m
(b)

Fig.2.3(a) Half-wave rectifier with inductive load; b) Waveforms
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For0 < wt < By

Ve =V, = vpsin(wt), Vp =0, i;==

Forfy, < wt < 2m:

V.=0, Vp=V,=v,sin(wt), i,=0

The Kirchhoff voltage law equation that describes the current imitbeit for the forward-biased ideal
diode is:

Vi sin(wt) = Ri(t) + L2

The solution can be obtained by expressing the current as the shenfofced response and the natural
response:

() = i (6) + in(t)

The forced response for this circuit is the current that exists after tmalnasponse has decayed to zero.
In this case, the forced response is the steady-state sinusaickalt that would exist in the circuit if the

diode were not present. This steady-state current can be found from phasor,aealysisg in:

if (£) = sin(wt — 0)

WhereZ = /R? + (wL)? and = tan™ (%L)

The natural response is the transient that occurs when the lesergized. It is the solution to the
homogeneous differential equation for the circuit without the source or diode:

. di(t) _
Ri(t) + LT =0

For this first-order circuit, the natural response is:
_R,
i(t) =Ae T
Adding the forced and natural responses gets the complete solution:
. . . Vm . —Et
i(t) =i () +in(t) = 751n(wt —0)+A4e’ L

The constanA is evaluated by using the initial condition for current. Theahdondition of current in
the inductor is zero because it was zero before the diode stamellicting and it cannot change

instantaneously.

The final result is:

v R
i(t) = 7m sin(wt — 0) + sin(f) e Lt
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3.2 Single-phase full-wave rectifier:

The primary goal of a full-wave rectifier (Bridge rectijiés to generate a voltage or current that is purely
direct current (DC) or contains a specified DC component. Althdgliundamental purpose of the full-
wave rectifier aligns with that of the half-wave rectifitrl-wave rectifiers offer notable advantages. In
the full-wave rectifier, the average current from the altamgacurrent (AC) source is reduced to zero,
thus mitigating issues related to non-zero average sourcentsyrngarticularly in transformers.
Furthermore, the output of the full-wave rectifier exhibits inhéydatver ripple compared to that of the
half-wave rectifier.

The single-phase full-wave rectifier circuit (Bridge réet), employing diodes, comprises four diodes

interconnected in pairs in reverse, as depicted in Figure 2.4a.

Resistive load :

For 0 < wt < m: The voltage is positive, with diodes; and Oy conducting, while B and 3 are
blocked.
V. =V, = v, sin(wt)

Vp1 =0, Vpy =0

Ve
R

le

For m < wt < 2m: The voltage is negative, with diodes Bnd I3 conducting, while  and DO, are
blocked.

V. = -V, = —v,, sin(wt)

Vp, =0, Vp3 =0

Vp1 =Vs, Vpa =V

le

Ve
R

The voltage waveforms across the source, load, and diode are shown in Fig.2.4b.

-The DC component of the output voltage is the average value of the rectified voltage:

T/2 T/2
2 2 _ 2V,
(V) = 7] V.(t)dt = 7] V,, sin(wt) dt = T’” = 0.636V,,
0 0
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-The root mean square (RMS) value of the rectified voltage:

T/2 T/2

2 2V,,°
V.(t)2dt = 7] (V,, sin(wt))?2dt = ij (1 = cos(Rwt))dt = —= = 0.707V,,
0 0

|

Vin
V2

-The form factor :

Vin
F_Vceff_ V2 T
(V.)  2Vm 242

T

=111

vS ‘ VC VC

D2 Z& NN TN \

I, Wt

,__)—‘ 7 W R R E ) U A R A R NG

@T V, in1, 4
9

=4
I—
—1

A\ 4

ip2, ip3

VSI IS
IR <guin N SV SRR AN VRO FOUPE oo\ QEPEVES SEPURD USSP N

\ wi
~— ~—
L b N o NG

m YA 3n 41

A\ 4

(b)

Fig.2.4(a) Full-wave rectifier with resistive load; b) Waveforms
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Inductive load :

The load now consists of a pure inductahce series with a resistané® The inductancé opposes
variations in the current(t) and smoothes it out. If a sufficient value is provided, the stuimethe load
becomes continuous (the current does not pass through zero), and this isskremmtinuous conduction
mode.

If L is significant enough (L>>), the curregit) can be considered constant and equal to |

Vo L[| Vc Ve, I, V
. [V V% A VALY
Wt w
ipt, ip4 int, ina
w
iDZ: iD3 iDZr iD3
NN
wi w
Vs
Vs, Is A~ L~ Ve e o~ o~
=Y L a4
\ / i bY\/ BQ\ W
7 -- < - D U N D A B U 2 R
T T 3 T T T 3m 4m
(b) (a)

Fig.2.5Waveforms: (a) inductive load; (b) Highly inductive load

3.3 Three-phase half-wave rectifier:

As shown in Figure 2.6a, one diode is conducting at any given momenth#é diode connected to the
phase with the highest instantaneous voltage. The output voltage varmred/f#f2 to V;, three times
during each input cycle.

The voltage waveforms across the load and diodar®shown in Fig.2.6b.
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D1 ) /
— = N
Vs] DZ
o >
2 D3 WT
( ) I~
53 e
D3 D1 Dz D3 Dl
@ /6 5n/6 m 2n

Fig.2.6(a) Three-phase half-wave rectifier with resistive load; b) Waveform

-The average or DC value of the output voltage is:

5T /12 51/6
3 3 _ 3v3V,
(V) = T f V.(t)dt = o f ,, sin(wt) dwt = = 0.827V,,
T/12 /6

-The root mean square (RMS) value of the rectified voltage:

5m/6 51/6
3 _ , 3Va
Veers = o f (V sin(wt))?dwt = I f (1 — cos(2wt))dwt = 0.8407V},
/6 /6

-The form factor :

o Veers _ 084070,

= = =1.016
(V.)y ~ 0.827V,

3.4 Three-phase fall-wave rectifier:

The three-phase full-bridge rectifier is shown in Fig 2.7a.h{iodf's voltage la around any path shows
that:

1-only one diode in the top half of the bridge may conduct at one timeéd@Byr D5). The diode that is
conducting will have its anode connected to the phase voltage that is highesinatdnat
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2-only one diode in the bottom half of the bridge may conduct at ong(@&)eD4, or D6). The diode

that is conducting will have its cathode connected to the phase voltage that tsakotlvasinstant.

3-as a consequence of items 1 and 2, diodes on the same leg (D4, &®@ldnhd D6, D2 and D5) cannot

conduct at the same time.

4-The output voltage across the load is one of the line-to-line vsltEghe source. For example, when
D1 and D2 are on, the output voltage is Vac. Furthermore, the diodesdlan are determined by which
line-to-line voltage is the highest at that instant. For exanwdhesn Vac is the highest line-to-line

voltage, the output is Vac.

5-The fundamental frequency of the output voltagéws wherew is the frequency of the three-phase

source.

The voltage waveforms across the load and diodar®shown in Fig.2.7b.

\ 4

Wt

(a)

Fig.2.7(a) Three-phase fall-wave rectifier with resistive load; b) Waveform

If we define the three line-neutral voltages as follows:
Vg1 = Vi sin wt
] 2r
Vgy = Vi sin (wt - ?>
21

V3 =V, Sin (a)t + ?>
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The corresponding line-to-line voltages are:

T
(vab = VUgn — Upn = \/§Vm sin (wt + —)

6
_ s

Vpe = Vpn — VUen = \/§Vm sin (wt - E)
RY[4

Veqg = Ven — Ugn = \/§Vm sin (a)t + ?>

Where \, is the peak phase voltage of a wye-connected source.

-The average or DC value of the output voltage is:

3T/12 /2 /2
6 3 3 | _ o
Vo) == f Ve()dt == f Vap (D)ot == f (Vm sin(wt) — V, sin (a)t - ?)) dot = 1.654V,
T/12 /6 /6

-The root mean square (RMS) value of the rectified voltage:

3 /2 - 5
Veerr = - f <Vm sin(wt) — V,, sin (wt - ?>) dwt = 1.6554V,,
/6

-The form factor :

o Veers _ 165540,

= = =1.0008
(V) ~ 1.654V,

4. Controlled rectifiers (Using Thyristors)

4.1 Single-phase half-wave rectifier

In this chapter, we've examined uncontrolled rectifiers, speltyficalf-wave rectifiers. Once the source
and load parameters are determined, the resulting DC output levibleapower delivered to the load are
constant values. By using thyristor instead of a diode, we can coméothe half-wave rectifier's output.
Fig 2.8a shows the circuit diagram of a single phase half-weestfier with resistive load. Two
conditions must be met before the thyristor can conduct:

1. The thyristor must be forward-biasedy(¥ 0).

2. A current must be applied to the gate of the thyristor.

Unlike the diode, the thyristor will not begin to conduct as soon assdhiece becomes positive.
Conduction is delayed until a gate current is applied, which ibahis for using the thyristor as a means
of control. Once the thyristor is conducting, the gate current caenb@ved and the thyristor remains on

until the current goes to zero.

25 |_




Chapter 2 Rectifiers

Resistive load:

The voltage waveforms across the source, load, and diode are shog? 8l A gate signal is applied

to the thyristor atot = a, wherea is the delay angle.

A
; Ve
Th 7
VTh a , g 3 . >
i e R .'.:'_.""._"'_"_"'_""'."‘.:':__,";_"'_'
Vin/RL - - mT ------.------------n\--- R R np—
N\ \ .
V, = v, sin(wt) a Wit
N
R e e e e e S e R B
(@ th

a \ / Wit

A
ig B e e e R
a 2T+a Wi
. em 3m Am
(b)

Fig.2.8(a) Half-wave rectifier with resistive load; b) Waveforms

For0 < wt < a: The voltage Vs is positive, and ig=0, the thyristor is blocked.
iczolVC:O! Vth=VS

Fora < wt < m: The voltage Vs is positive, and ig>0, the thyristor is conducting.

Ven =0, Vo=V, =vpsin(t), i;=x
Form < wt < 2w : The voltage Vs is negative, the thyristor is blocked.
iczol VC=0, Vth=VS

-The average value of the rectified voltage:

21

1 1 _ v,

(V) = ?f V.(t)dt = Ef V, sin(wt) dwt = %(1 + cosa)
0 a
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The average value of the rectified voltage varies depending, dhe timing of the trigger pulse

application.

Inductive load :

For an inductive load, the thyristor remains conducting for a negatiitage until the current i(t)
cancels out at the angl@)( The voltage waveforms across the source, load, and diode are shown in
Fig.2.9b.

r______________-.____..'__________._______'.____._______

V, = v, sin(wt) \ \

(a) 'SR SRR SR 0 X S U S S SUPLIS SEVS S

\ 4

i 2T 3n 4n

\ 4

Wt

(b)

Fig.2.9(a) Half-wave rectifier with inductive load; b) Waveforms

-The average value of the rectified voltage:
T B

(V)—lfV(t)dt—lfV in(wt) d t—Vm( )
=7V =5 T Sin(w w_Zn cosa —cosf
a

0
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4.2 Single-phase full-wave rectifier

The controlled full-wave rectifier circuit is made up of fdhyristors connected in pairs in reverse as

shown in Fig.2.10a. For the bridge rectifier, thyristors Thl and Th4 vadirbe forward-biased when the

source becomes positive but will not conduct until gate signalsppted. Similarly, Th2 and Th3 will

become forward-biased when the source becomes negative but withnthict until they receive gate

signals.

The delay angle: is the angle interval between the forward biasing of the tbyremd the gate signal

application. If the delay angle is zero, the rectifier behaves exactlyastroiled rectifier with diodes.

Resistive Load:

The voltage waveforms across the source, load, and diode are shown in Fig.2.10b.
The gate signals are sent to the gate terminals of the thyristors alldiény angles:
Forthhandth :wt =a, Forthandth:wt=a+n

— vc
Th Th
Z{ i Z{ 2 Vi - _______AK__.__,.,(?_’! ______OX___-
Z{ Ths Z{T/M U S s et R R ot
Vi/RL - - N - L - - ---K----K:\--- C\----
_ . \ \ \ \ >
V. = v, sin(wrt) a Wi
A
Vint
(a) th4___‘:-:'_'-_.'_________________ __-:'_"_-._._______ N
S >
a S / Wi
‘:"'"" N N B N S
ig1, iga ig2, g3
a T+a Wi
e .

(b)

Fig.2.10(a) Full-wave rectifier with resistive load; b) Waveforms
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ForO<wt<aand t<wt<m+a

(ig1=0, ig2=0, ig3=0, ig4=0): The four thyristors {tkh,, ths, thy) are blocked.
i, =0

V=0

Vini = Vina = Vs/2

Fora <wt<m:

The voltage Vs is positive, and ig1>0, ig4>0. In this case, thesthysith and th are conducting, while
th,and th are blocked.

Vint = Vina = 0

V. =V, = v, sin(wt)

Form+a < wt <2m:

The voltage is negative, and ig2>0, ig3>0. In this scenario, thethrgith and thh are conducting, while
thy and th are blocked.

Vin1 = Vina = U sin(wt)

V. = -V, = —v,, sin(wt)

-The average value of the rectified voltage:
T b4

1 1 v,
(V) = ?J- V.(t)dt = ;J- V, sin(wt) dwt = ?m(l + cosa)

0 a

Inductive load :

For an inductive load, the thyristors #nd th remain conducting until the curregt(tf) becomes zero at
the angle3 (i(B)=0). For a highly inductive load (L>>), the thyristors @imd th remain conducting until
the thyristors thand th are triggered.

The voltage waveforms across the source, load, and diode are shown in Fig.2.11b and Fig.2.11c.
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o NN
S \

a Wi a b Wi
VThl-"--"- e e vThl-"--- ) )

VTh4 R N e -, th4 RN 8

A 4
A 4

v

a T+a

W1 Wt

S

© (b)

Fig.2.11 Fig.2.5Waveforms: (b) inductive load; (c) Highly inductive load

4.3 Three-phase half-wave rectifier

The onset of conduction in any phase can be delayed by adjustinginigeaiigle of the thyristor
connected to that phase. To initiate conduction, it is essential fantte voltage of the thyristor to be
positive relative to its cathode. Consequently, thyristor thl, whidimked to phase 1 in Fig 2.12a,
cannot be triggered successfully undtl = n/6. Prior to this moment, as illustrated in Fig 2.12b, the
voltage v, is less positive thansy causing thyristor thl to be in a reverse-biased state. Hénee,
crossover point of successive phase voltages ¢ites, n/6) serves as the zero or reference point from
which the firing angle is measured.

When thyristor thl is fired abt = o + ©/6, voltage v; becomes across the load until zero current is
achieved (for a resistive load, Fig 2.12b) or until th2 is triggated = a + 51/6 (for an inductive load,
Fig 2.13b). Once thyristor th2 is fired, thl becomes reverse biasaddmethe line-to-line voltage turns
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negative, thus thlis turned off. Subsequently, voltagdecomes across the load until zero current is
attained (for a resistive load, Fig 2.12b) or until th3 is trigyjettest = o + 31/2 (for an inductive load,

Fig 2.13b). When th3 is fired, th2 is turned off, and voltagappears across the load until zero current

is reached (for a resistive load, Fig 2.12b) or until thl is triggered againkadhmaning of the next cycle.

5o

Tht P
LT

Vet Thﬁ/a Iy
™~

V2 L i

’ Th?/3 I
~

V, L

53

1

(a)
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I_,'_" - \{s_l_ x -If’_‘_ . _Ys_z_ \ ,.f’.'l:_ I y_SPZ _\_ ‘__ L.
R P P P
I ) N
1 N
! Wit
|
N S S S
|
e
____I ..............
T
|
S5 5 0 R e
|
JRUSL SEUUIOE SRV EUSRPRS IPUPUON AU SRS ORI EUSPUPRE SORPUPRY DUPIPR SU SIS AN
Ths Th, Th, Ths
/6 /6+a m 2n
(b)

Fig.2.12(a) Three-phase half-wave rectifier with resistive load; b) Wavefdgrr/3)

Fig.2.13(a) Three-phase half-wave rectifier with inductive load; b) Wavefours/8)
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-The voltage across thyristors thl, th2 and th3 is:
Vint = Vo1 = Voo Ving = Vo =V, and Vs = Vg — 1

\ 4

Wt
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Wherch = {Vsli VSZJ VS3}

-The average value of the rectified voltage:

51
—+a

6
3 _ 3
(V)= o f V,, sin(wt) dwt =

s
€+a

m
cosa

4.4 Three-phase full-wave rectifier

Three-phase converters, often referred to as 6-pulse convereevddaly used in industrial applications
up to the 120-kilowatt (kW) level. These converters are a type of peletronic device that plays a
crucial role in converting alternating current (AC) to direatrent (DC) or vice versa in three-phase
electrical systems. They are commonly used in various industttihgs for a range of applications,
including motor drives, control systems, and power distribution. Figure 2Hgelassa full-converter
circuit with a highly inductive load. Its operation is similarthe three-phase full wave rectifier of Fig
2.7b, except that commutation is delayedobfrom when commutation occurs between diodes in Fig

2.7b. The output voltage waveforms are given for firing angté6 in Fig 2.14b.

AR > VN NN AR

ob

Fig.2.14(a) Three-phase fall-wave rectifier with inductive load; b) Wavefdqrms/6)
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-The voltage across thyristor thl is:

Vini = Vi1 — Vs, when th3 is conducting

Vini = Vi1 — Vg3 when th5 is conducting

-The average value of the rectified voltage:

T v
S+a St+a

2 2
6 3 _ T 3v3V,
(V) = > j Vypdowt = - f V3V, sin (wt + g) dwt = cosa
Era Zra

The output voltage waveforms are given for different firing angle8,(@=n/2, a=n) in Fig 2.15a, b, c.

17780 it s il ettt Seteiet At s it Sty Wl Attt Attt Ve ””}"7 B
1
1

7

<
3

wt

/3 T o 7"27;” o /3 m 2n

Fig.2.15Waveforms : ap=0, b)a=n/2, ¢)o=n
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5. Problems:

Problem 2-1:

Consider the following circuit representing an uncontrolled half-wave iectif

v(t) @T v

1- Determine an expression for the current i(t) in the circuit.

2- Plot the waveform of the curregtt), the voltage Vc, and the voltage dver the interval [0, 7.
3- If a diode is added in parallel with the load (R, L), plot the new waveforms ofithent i(t), the
voltage Vc, and the voltagey\éver the interval [0, 7.

Problem 2-2:

Consider the following circuit representing an uncontrolled full-wave ceapged rectifier.

D;
N
L1
V1 Ve R
1<
[ | R
lvz E
D>
N
L1

For both cases: (a) E=0 V and RQ1(b) E=90 V and R=1.

1- Plot the waveforms of voltage and current across the load.

2- Calculate the power dissipated in the load.

Given that: V1 =1106/2 sin (314 t) and V2 = -V1
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Problem 2-3:

Consider a PD2 rectifier circuit with thyristors, supplied by an idealssidal source, feeding a resistive
load R.

Th Thg_r
A
VT@LD— R Ve
ZKmoxK™

1- For a firing angle=45°, plot the waveforms of voltage Vc, current in the load ic, and voltagddr
a resistive load (R).

2- Calculate the power dissipated in the load.

3- Calculate the form factor of the rectified voltage.

4- Calculate the power factor at the secondary of the transformer.

5- For a firing angle=45°, plot the waveforms of voltage Vc, current in the load ic, and voltagdov
a resistive-inductive load (R, L).

Data: Vi, = 220\2 V, f = 50 Hz, R = 10 Ohm.

Note: Thyristors are assumed to be ideal.

Solution 2-1 :

1-The expression of i(t) ?
If we assume that D is on(t) — Ri(t) — V.(t) =0
v(t) = Ri(t) + Ldi—(t)
dt
The solution to this first-order differential equation is the sum of two soluticas; + ir
di;(t) _

dt 0

Ri;(t) + L

iy -R —R R
f__l = _j dt - log(i)) =—t +c - i;(t) = B.e I*
15} L L

if = Iy sin(wt — @)
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Im=V7m ;Z=m;tan(<p)=%w
i(t) = B. e_%t + I, sin(wt — @)
At=0;
i(0)=0- B+ 1I,sin(—¢p) =0 - B = I, sin(p)
The final solution is :
it)=1, (sin(go) e_%t + sin(wt — (p))
2- The waveforms of: {(t), Vc(t), and Vq(t)
O<wtsm:v>0
D is forward-biased (D is on)
vy =0andV, = v(t)
nwt<H
i(t) # 0 (D keeps on for an inductive load)
vy = 0 andV. = v(t)
0<wt<2m:v<0
D is reverse-biased (D is off)
vy =v(t) andi(t) =0,V, =0

v f ic

Wt Po \A;T
Ve N~ N~ Vi
V| L. —~
Bo R Po —
B R e Al el st ety Sl st RLLl ELbt BV > N
T 2 3m  4m e 3m 4w

Fig.1 Waveforms
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3-The new waveforms of: |(t), Vc(t), and Vy(t)

_ D
[

V() @T

Vg

Ve

O<wtsm:v>0

D is forward-biased (D is on)

vy = 0 etV = v(t)

D’ is reverse-biased (D’ is off) (vd’<0)
ib=0-i=i,

n<wtHh:v<O0

D is reverse-biased: i(t)=0

D’ is forward-biased:1(t)=ic(t)

vy = v(t)

vg, =0andV, =0

<wt<2m:v<O0

D off : i(t)=0
D’ off : i1(t)=0
io()=0, w(t)=0 and v=v(t)

P

Wt

Vol 0 L

D=

D’Zil"d’

i(t)

V)

Po

ir(t)

W+

\ 4
A
A4
A
v

Don Don Doff T
D off

Po

Fig.2 Waveforms

2m

Wt
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Solution 2-2 :

(@) E=0 V and R=1Q:

al-The waveforms of: i(t), Vc(t), Vqi(t) and Vga(t)

O<wt<m:V;>0andV, <0
D, is forward-biased (Pis on)

D, is reverse-biased ¢hs off)

Va1 =0 Vap =Vp = Vi = =2y sin(wt) ; V, = Vi; i =2

r<wt<2m:V; <0andV, >0

D, is reverse-biased (Ds off)
D, is forward-biased (Pis on)

Vaz =05 Vay = Vi —Vy = =2V sin(wt) ; V, = Vy; i = 2

\ v, Vi Wi Vi N— N

P A N N N— N
/ \ T A\ N—" N—" Wi
Wt
11 2n 3n 41 i 2m 3n 4n
Fig.3 Fig.4
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a2- The power dissipated in the load:

P = RI?

1 T/Zv2 1 (" /1 2 VZ
gl e ) oo o= 15
“~7172), \R ), \g) sin(@d) dot =0

Vi o VE
P=R-—S=—

2R* 2R

(b) E=90 V and R=1Q:

b1-The waveforms of: i(t), Vc(t), Vqi(t) and Vga(t)

0<owt<aganda<wt<m—a:V; <EandV, <0

D;and D} are reverse-biased {@nd D} are off)
iC=0 ; vd1=V1_E; vd2=V2_E;I/C=E

a<wt<nm—a:V;>2FEandV, <0

D, is forward-biased (Pis on)
D, is reverse-biased ¢hs off)

i, = Vc;E Vg =05 vy =V, — E = =2V, sin(wt); V, =V,

b2- The power dissipated in the load:

1 T 1 — 1 —
P==f Vedt==[""V Idwt=— """V, (

T

Ve—E

) dot
V2 [ 1 2V, E

= 2| —a+-sinRa)| - —=
R 12 4 R

cos(a)
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VC R e D e A A le‘
LN NN N —< — var
) ZE""""""XVQ haliatie Rl {;/
\ V2 Vi wt 2Vn
--x{_—/-/- N TR TR CCTT T
ic Va2
- . / \ / >
Wt
______________________ L 1 Wit
¢ g em 3n 4n T 2n 3n T4
Fig.5 Fig.6
Solution 2-3:

1- For a=45°, the waveforms of: V, i, and V1 for a resistive load (R):
O<wt<aandmn<wt<m+ea:V;<Eandl/, <0

Thy Thy Thzand Th are reverse-biased : Thrh, Thzand Th are off
i.,=0;V.=0

v v
V—=Vini = Vina =0-> Vi = 2 Vina = 2

a<wt<m:V=0
Th; and Th are forward-biased : Tlnd Th are on
Vint = 0; Vina =0

‘/C =7 , iC Z%
Tt+ta<wt<2n:V<O0
Thy,and Th are forward -biased: Bland Th are on

Vina =0; Vi =0

Vini =V, Vipa=v

.V

2- The power dissipated in the load:

P =V, =RI?
1 (7 2 1 (™ [V, sin(wt)\
2 _ i =_ ML—
12 _Tjo (ic(®)" at ﬂfo < = ) dwt
V,Zn T a 1
=— [— -=+ —sin(Za)]
nR12 2 4
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T
a=§—>P=3.89ka)
3- The form factor of the rectified voltage:

F =

(Ve)

T

(V)—lfV(t)dt—lan in(wt) d t—Vm(1+ )
c _T c _T[ mSan) wl = - cosa
0 a

2t o« a 1

V2, 1 V2 [ _
VC:RIC:RX WE_E-}-ZSIH(ZOC)]: ?[E—E-}-ZSIH(ZQ)

T L F=132
= — - = 1.
*=3

S M T R N R e Y Ty N R

Vint
Voa| o -

T L B b D e e Rl S

Wt

(

igl, ig4 Ig2,1g3

a TT+q,

A\ 4

Wt

i 2m 3 47

Fig.7
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4- The power factor of the converter:

P
Fp=§

v Vm
S—VI,V—\/7

1

T (v sin(wt)\ 2y sin(wt)\?
_f <—msm(w )> dwt+f <—msm(w )> dwt]
TlJg R T+a R

1 (T 2
== - (t dt =
SNCORES
Vim a 1 Vv, 1 a 1
2 M |4 g S (L il P et
I1“ = [2 2+451n(2a)]—>1 \/n[Z 2+451n(20¢)

5- For a=45°, the waveforms of: \, i, and Vs for a resistive-inductive load (R, L):

=
<
S

N e IRVAVAVAVAY

a wt | @ p wt

v

Ving Ving
Ving|  |oeeee.] e Ving| e .

lg1, g4 g2, 193 |'91, 'g4 g2, 193

Wit a T+d Wit

A 4
\ 4

A 4
\ 4

i 211 3n 4n i 21r 3m 4m

Fig.8 highly inductive load Fig.9 inductive load
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Chapter 3

AC-AC conversion (Dimmer)

1. Introduction

AC/AC converters are power electronic devices that change thentuolted AC input voltage and
frequency into a controlled AC output voltage and frequency. Theylace known as AC voltage
controllers or AC regulators.

The ac voltage controller has several practical uses includingdigtnmer circuits and speed control of

induction motors. The input voltage source is ac, and the output is ac (although not sinusoidal).

. v
Source AC Ac Load
(R, L,...)
~

Fig.3.1 AC-AC conversion

AC-AC converters can be categorized into three topologies:
* AC-AC voltage controller
* AC cyclo-converter

* Matrix converter

They may be single-phase or three-phase types depending on theirrptings. In this chapter we will

focus only on single-phase AC/AC converters.

2. Single-phase AC voltage controller:

A basic single-phase voltage controller is shown in Fig.3.2a. Téwrehic switches are shown as
parallel thyristors (SCRs). This SCR arrangement makgssgible to have current in either direction in
the load. This SCR connection is called anti-parallel or inveasalpl because the SCRs carry current in
opposite directions. A triac is equivalent to the anti-parall@$S©ther controlled switching devices can
be used instead of SCRs.

Resistiveload (R) :

Fig.3.2b shows the voltage waveforms for a single-phase ac voltage contitbllszsistive load.

V(wt):{Vmsin(wt) fora< wt<mand a+n < wt < 2w
¢ 0 otherwise
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The root mean square (RMS) value of load voltage:

T

1
Verms = |~ [ W sinon)]2de =

a

m

d

V2

1——+

a sin(2a)

I

2T

Note that fora=0, the load voltage is a sinusoid that has the same rms value ssutice. The rms

current in the load and the source is:

_ Vc,rms

Ic,rms - R

V.=, sinf{wt)

(a)

Vin/R

Vin

)

~

Ig1

A\ 4

Wt

T 21 31

(b)

41

A\ 4

Wt

Fig.3.2 (&) AC voltage controller with resistive load; b) Waveforms
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Inductive load (RL):

Fig.3.3b shows a single-phase ac voltage controller with inductive load.

T/T] O ig1

V. =v,_ sin(wt) / a 15 / / V&T

(a)

Wt

1
s

lgl igZ
a 2m+a \’/V‘r
. s am

(b)

Fig.3.3 (a) AC voltage controller with inductive load; b) Waveforms

When a gate signal is applied to Thlwat= «, Kirchhoff's voltage law for the circuit is expressed as:

dic(t)
dt

V, sin(wt) = Ri.(t) + L
The solution for current in this equation, outlined in chapter 2, is:

Vin
— |si —0) —si - (a-wt)/
i) =17 [sm(a)t 0) —sin(a — 0) e'*= ¢ “’T] fora<wt<p

0 otherwise

Wherez = JRZ+ G@L)? ando = tan~t (%)
s L
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The extinctiorf is the angle at which the current returns to zero, wites £3,
v
i.(B)=0= 7’” [sin(B — 6) — sin(a — 6) e(@P)/w1]

Which must be solved numerically fr

3. Cyclo-converters:

Cyclo-converters can convert input power at one frequency to outputr @Eivee different frequency
through one-stage conversion. They can also be used to change the outputarplihe AC supply.
Usually, AC regulators provide a variable output voltage with adfitequency. It is also possible to
achieve a variable frequency by using two stages of conversinasAC-DC and the other DC-AC.
However, cyclo-converters can eliminate the need for one or maemiediate converters. Cyclo-
converters are used in high power applications driving induction arhr®nous motors where precise
speed control is required since they can produce a wide range of fsatjuéncies, including very low
frequencies. They are usually phase-controlled and they tradijiarssl thyristors due to their ease of

phase commutation.

To understand the operation principles of cyclo-converters, the simplessingle-phase to single-phase
cyclo-converter will be described in this section. Figure 3.4 shbagrinciple circuit of a @1 cyclo-
converter. This converter consists of back-to-back connection of two dwvk-wectifier circuitsFig.3.5

shows the operating waveforms for this converter with a resistive load.

-Converter

AA 1 v v

ANEEERN

i Y

+Converter

AN

Fig.3.4 Single-phase @ 1¢) cyclo-converter
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w N /N N N\ /N
N2V NV V4

Average vollage
per pulse (hall-cyele ol v, )

Vo N7 N/ TNN 7N oo
(b) o, =0
k-;/-\(y/-\\-;/-\-y/‘[ )

o, =60

S ¥ v v ] g
) ACACACAC
@ Vo === N O\ EF_\ o varying for

T different pulses

Fig.3.5 Single-phase cyclo-converter waveforms: (a) input voltage, (b) output voltageréofiring

angle, (c) output voltage with firing angté3, (d) output voltage with varying firing angle

Principle of operation:

The input voltage, Vs is an ac voltage at a frequency, fi asrsiwig.3.5a. For easy understanding
assume that all thyristors are firechaD°®, i.e. thyristors act like diodes. Note that the firing anglesech
asay, for positive converter angl for the negative converter.

Consider the operation of the cyclo-converter to get one-fourth ohpl frequency at the output. For
the first two cycles of Vs, the positive converter operates suqgpburrent to the load. It rectifies the
input voltage (Fig.3.5b). In the next two cycles, the negative converteatep supplying current to the
load in the reverse direction.

The frequency of the output voltagey W1 Fig.3.5b is 4 times less that of Vs, the input voltage, i.e.
fo/fi=1/4. Thus, this is a step-down cyclo-converter. On the other hana-ogolerters that have/fi>1

are called step-up cyclo-converters. Note that step-down cyclo-tersvare more widely used than the

step-up ones.

The frequency of ¥Ycan be changed by varying the number of cycles the positive aniegfative
converters work. It can only change as integer multiples of fpihigicyclo-converters.
With the above operation, the-1¢ cyclo-converter can only supply a certain voltage at a ceitaig f

anglea. The dc output of each rectifier is:

2V2

Vg=——>Vcosa
s

Where V is the input rms voltage.
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Then the peak of the fundamental output voltage is:

422

Vo; =——Vcosa
01 =

Thus varying, the fundamental output voltage can be controlled.
Constanto operation gives a crude output waveform with rich harmonic contentddtied lines in

Fig.3.5b and ¢ show a square wave. If the square wave can be mtudiiedd more like a sine wave, the

harmonics would be reduced. For this reastmodulated as shown in Fig.3.5d.
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Chapter 4

DC-DC conversion (Choppers)

1. Introduction

A DC-DC converter, also known as DC chopper, is a static deviaghwsiused to obtain a regulated DC
voltage from a constant DC voltage source. The regulation of the owdjpatie is ensured by power
electronic components used in switching (typically transistors). Cneape widely used in trolley cars,
battery operated vehicles, traction motor control, control of large nuohli®€ motors at variable speed.

The systems employing chopper offer smooth control, high efficiency and havesfaense.

Variable =—

ve T DC DC )/g m Load (R, L...)

= Fixed

Fig.4.1 DC-DC conversion

Theprinciple:
A source of direct voltage Msuch as a battery)
0F powers a load through a switch (K) that opens
K i and closes very rapidly.
—
E— —I_U_I— )/; Load This is a converter that uses unidirectional
ve electronic switches with forced commutation

(Transistor, GTO).

A forced commutation switch is an electronic system that, undentluence of an electrical quantity
(control signal g), allows the opening or closing of a power circuit (Figure 4.2).

g 4

to n t01"f

Fig.4.2 Control signal of the switch

ton : conduction time of switch (K)
tof - blocking time of switch (K)
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T=tonttor : SWitching period
f=1/T : frequency period
a=toy/T : duty cycle

The switch opens and closes at a frequency (1/T), with the ratth@ @in-time to the period defined@s
the duty ratio. The resulting load voltagei¥ a chopped version of the input voltageag shown in Fig
4.2.

According to the ratio between the average value of the voltage acrossdtlaedotnat of the source, two
fundamental types of choppers are found:

1- Step-down choppers (buck converter)

2- Step-up choppers (boost converter)

3- Buck-Boost converter

2. Buck converter:

A buck or step-down converter is a DC-DC switch mode power suipalys intended to buck (or lower)
the input voltage of an unregulated DC supply to a stabilized lowpububltage. Buck converters are
often used in lieu of traditional, non-efficient linear regulators to provide lovag®lon-board power in a
variety of applications such as microprocessors, communication equipsostrol systems, and more. In

buck converter, the transistor switch is connected in series with the input sourcerasshig.4.3a.

|
T T YY) Vs . e
\_7 L
u—|_,—|— | |5 Ve -Tr == -t |
g C
_ | Y Vo [-==q=rea=t=fF==q=rc====F- |
W_T Ve DZE v cZVs[]Rr

IL ol T T+ 2T

e e e e
Ib lso b= -'A}NQ —— - AENQ ——— — IZA|

ILmin Z----------------NZ---- - \/-
t

c A
2 [Qu A AT

Qe N DEoa T S N VA N Zzrt 0 N U SO B =t
t

Io4. N N i e -

T~ —

_____.Eﬁ\.___- _.____\\ -

t
Conducting switchs
T D T D T

(b)

Fig.4.3 (a) Buck converter, (b) waveforms

50 |_




Chapter 4 Chopp

The operation of the converter can be deduced from the analysishafttheior of the switch (Transistor
T). Subsequently, we will focus on the continuous conduction mgdé)(Imeaning that the circuit will
have two states during a switching period (chopping). We vath abnsider the ideal circuit (without

losses).

The generator imposes a voltage that remains substantialiyasb(&). Transistor T allows the current
of intensity i to flow to the load for a duratiog,t Then, the Transistor T is opened, while the current

continues to flow in the load due to the inductance and the freewheeling diode.

 For [0, tr], Transistor T On and diode D Off: when the series Transistboses, \ reverse biases the
diode D.

V1=0, Vp= -V, V=V¢, V=V Vs

I+ =1, Ip=0, Ic=I-ls, IEVJR

Ve — Vs

* For [tn, T], Transistor T Off and diode D On: when the series Transistopens, the continuity of

current in L forces the diode D to conduct.

VT: Ve, VD:O, VZO, VL:-VS
I+ =0, b= I, Ic= I-ls, IsVJR

IL = LS (t - ton) + IL(ton)

In continuous conduction (steady state); 2\£0, | (0)= I_(ton) and : 1(0)=I_min, 1(ton)=ILmax

T ton T

— 1 1

V=g [ n@de=g| [ G-wde+ [we| =0
0 0 ton

Vso = ali

-Value of the average voltage across the load:
Vso = alg
-Value of the average current in the load:
It
Iy = E

With a : The duty cycle, knowing thatQx <1
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3. Boost converter:

A boost or step-up converter is a DC-DC switch mode power supply that is intended tmboaseése)
the input voltage of an unregulated DC supply to a stabilized higher owgpage. Similar to a buck
converter, a boost converter relies on an inductor, diode, capacitor, and ek, but they are
arranged differently (the transistor is connected in shunt to dbecey. The structure of the boost

converter is shown in Fig.4.4a.

12888 Io T~ ls Ve -
I L le

D Ve ok - |

T | Vs N S R e e s il sl i I A
T 1 Ve — Vr V| ¢ |:|R t

Iy aT T T+ 2T

| Lmax] - e il e --
T leo |- _,/_‘._\NQ -1 - ,./_'E\Q - - IZAI

ILmin / -- \A----- --- ~—
t

@ =1 B R
i

Io g NS TR RIS PPN g wczd---i- -

— T—

_____.Eﬁ\__ _.____\ -

t
Conducting elements
T D T D T

Fig.4.4 (a) Boost converter, (b) waveforms

* For [0, tr], Transistor T On and diode D Off:

The energy delivered by the source will be stored in the inductaridering this state, there will be a
decoupling between the source and the load.

V1=0, Vp=-Vs, V =V,

I+ =1, Ip=0, Ic=-ls, I=VJR

Ve

* For [tn, T], Transistor T Off and diode D On:

The blocking of T causes the conduction of D through inductive effieas establishing coupling

between the source and the load. During this state, there wilebeelease of the energy stored in

inductance L during the on-time in the load.

V1= Vs Vp=0,V =VVs

I+ =0, b=, Ic=lp-ls, IsVJR

Ve — Vs
L

IL = (t - ton) + IL(ton)
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In continuous conduction (steady state): | %0, L (0)= I (tor) and : [(0)=Imin, I(ton)=ILmax

T

tOTL

T

V=g [n@ar=g| [ woa+ [o-wa|=0

T

0

ton

-Average value of the current in the load:

Iy = (1- a)IL

a : The duty cycle, knowing thatQx <1

4. Buck-Boost converter:

A buck-boost converter can supply a regulated DC output voltage frpowar source delivering a

voltage either below or above the regulated output voltage. In the buckdm®rter, the transistor

switch alternately connects the inductor across the power input and output voltagesnverter inverts

the polarity of the voltage and can either increase or decreaseltifige magnitude. The structure of the

buck-boost converter is shown in Fig.4.5a.

Ir 1 1) Ve
~J

D Ve B R e s B el el p—

Vs Vol-—=4=-Fd=a=fF =4 === L —
T—..— Ve Le | v, vize |[|R ° t

] I T T T+ T 2T

| JERPSD U St (PR EPUURDIN AP AP PR Sy SPUSIN P PP PR
I le tma /‘\ /\ .
ls lso fr €= = Tz = = + == = T - —|2ai
t

@ It - o o
o

Io S U T ezzi---i-
.---?ﬁ\.. _.?_\
t
Conducting elements
T D T D T
(b)
Fig.4.5 (a) Buck-Boost converter, (b) waveforms
The conversion ratio isV,, = —V,

1-a
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* For [0, tr], Transistor T On and diode D Off:

The energy delivered by the source will be stored in the inductaridering this state, there will be a

decoupling between the source and the load.

V=0, Vpb=-V| -V, V| =V,
||_ = |T, |D:O, IC: -|5, |5:V5/R

Ve

* For [tn, T], Transistor T Off and diode D On:

The blocking of T causes the conduction of D through inductive effieas establishing coupling
between the inductor and the load. During this state, there wilhéeetease of the energy stored in
inductance L during the on-time in the load.

V1= Ve +V, Vp=0,V =-V;
|'|' = 0, b: ||_, |C:|D-|5, |5:VJR

N

I, = I (t - ton) + IL(ton)

In continuous conduction (steady state): | %0, kL (0)= I (tor) and : [(0)=Imin, I(ton)=ILmax

T ton T

V=g [n@a=g| [ odr+ [wae|=o
0 0 ton
a

Vso = 1 _aVe

-Value of the average voltage across the load:

a
Vo =1,

-Average value of the current in the load:
o

I =——V,
s0 R(l_a) e

a : The duty cycle, knowing thatQx <1

If o <1/2, then \{ < Ve (Buck operation of the converter)
If o >1/2, then \{, > V. (Boost operation of the converter)
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5. Problems:
Problem 5-1:
Buck converter: The supply voltage of the buck converter is constant and equals Vs=24@¥.iBeial

diode. K is a perfect controlled switahis the control duty cycle of this converter, and T (T=0.1ms) is

Vik
— i i L
{— 0,1H
Vs D ]‘Vp ’E
io
2

We consider that the voltage across the motor is equal toedsrahotive force (fem) E, which is

the operating period.
- Forte [0 ;aT], Kis closed
- Forte [aT ; T], Kis open

proportional to the rotational speed of the motor: E=k N with k=5.25x1Qrpm). We assume that the
current intensity i never becomes zero and varies linearlyeleetthe minimum and maximum values,

Imin and Imax.

1) Determine the expression for i(t) fog {0 ; oT] and then for € [oT ; T].

2) Plot the waveforms ofp(t) and i(t) over a duration of 2T.

3) Express the average value of the voltag@)\as a function obr and Vs. Deduce the relationship
between Egq, and Vs.

4) Express the current rippfé=Imax — Imin as a function af, Vs, L, and T.

5) Plot the waveform ohi as a function of.

6) For what value of is the current ripple maximal? Calculate)(nax.

7) Determine the value ofthat adjusts the rotational speed to N = 1000 rpm.

8) Plot the waveforms offt) and (t)
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Problem 5-2:
Consider a buck chopper circuit characterized by28%/, fc=50
kHz.

a- For what values of R anrdwill the load absorb power P=25 D Ve

under an average current Is=1.5A.

b- Calculate thealues of L and C fc current and voltage ripples
Al =0.1A, andAVs=0.5V.

Note:

- The circuit is assumed to be ideal and operatesntinuous mod

c R ||v

- The capacitance is assumed to be sufficiently laugpd thatAXi=Ximax-Ximin

Problem 5-3:

In this exercise, unlesstherwise indicated, conduction will be assumebdaontinuous: The current

the inductance never becomes zero. The outputgeoliéll be assumed conste

Vit

—

b

—
i

|
| |
[

Vs

1. The voltage Ve is 200V, and we desire an ougpitage \s of 500V. Determine the necessary di

cyclea.

2. The switching frequency is fc=100kHz, and théugaof the inductance is L=1mtCalculate the

current ripple in the inductaned, .
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6. Solutions:

Solution 6-1
1) The expression of i(t):
T o) = L& 4 _voF iy =1 4 (BE
te[0;aT]: v(t) = L—+E—>—=— eti(t) = Lyin + ( - )t cereeeeee e e e e e (1)
di di -E . —-E
te[aT; TEO=LS+E > 5 =2 eti(t) = Inay + (=) (€= aT) oo (2)

2) Plot of w(t) and i(t) over a duration of 2T:
The waveforms are plotted kg.1.

VO
Vs il nieis et It T
t
i(t) ot T T+dT 2T
| IS A S U S AU AR MU A EUDR SR PR S
max /\\ /\ .
t
Fig.1
3) The average value of the voltaggty.
VUp = avs
v, =0-7, =F = av,
4) The current ripplai:
Al = Ingx — Imin
From (1):i(aT) = Lygy = Imin + (VSL_E) aT
, vs—E Vs — av vs(1—a)a
A=l .~ :< - )aT: (%)QTZST
5) Plot the waveform o#i as a function oé.:
Aa
0.052 [--------- P SRR iy

>

0 02 04 0506 08 1 a

Fig.2

6) For what value o# is the current ripple maximal? Calculate)(nax:

1 . ) v, T
a=§—>AL = Aipax = = 52.5mA
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7) The value ofi that adjusts the rotational speed

kKN  5.25x1072x103
E:kN—)aUS:kN—)a:—:—:
Vg 210

8) Plot of p(t) and k(t):

to N = 1000 rpm:

0.25

Fig.3

Solution 6-2
a- Values of R and:

Given that the converter is ideal and the capacity is large enough, then:

P 25

P=Vele=VsIs_>Ie_Ve=%=0-9A
I 1 I, 09
S=—osa=-=-_=06
L a %7715
V.=RI, >R % R ale _06x28 11.20

= —_ = —_— = — = = .
s s I I 1.5
b- The values of L and C:

. . — ﬂ_ _ A_':L_Ve_vs ﬂ
te0;0Ty,=L—==l-Vi»>==""—->—
[+AQ| = [-AQ]

C.V-A CAV - C ae
= (. d = - = —

Q Q NG

_ XY _T y_bu
AQ_Z’ X_Z’Y_z

Ai, T a(V, — V)

AQ = = —2 " =250
=3 8F2L ue

AQ  250uc
=—= = 500uF

AV 05V K

Ve—Vs

L

SL= (u) aT = 1.34 mH

Aip,
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ILm ___7< S O N O
\ .
o W T IZA'
lc oT T t
||_|v| —-—d-
Y +0O
Itm * --5¢ :Eﬂ t
Fig.4
Solution 6-3

1) The necessary duty cyaie

Ve = e —>a=1—E=0.06
S l-a V,
2) The current ripple in the inductantg :
Ai, = VLE
L

te[0;oT]: Ai, = VSZVeAt = 1300_"3 0.06.1075 = 1.24

-200
103

0.04.107° = —1.24

te ol ; T]: Al = —2At =
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Chapter 5

DC-AC conversion (Inverters)

1. Introduction

The dc-ac converter, also known as the inverter, is a statierter that converters dc power to ac power
at desired output voltage and frequency. The dc power input to the ingeotaiained from an existing
power supply network or from a rotating alternator through afiexctir a battery, fuel cell, photovoltaic
array or magneto hydrodynamic generator. The filter capaadross the input terminals of the inverter
provides a constant dc link voltage. The inverter therefore is antaulgpidrequency voltage source. The

configuration of ac to dc converter and dc to ac inverter is called a dc link converte

Source ‘ AC

DC DC Load
~ ®,L,...)

Fig.5.1 DC-AC conversion

We will distinguish three fundamental structures:

* Voltage inverters (the direct current source is a voltage source);
« Current inverters or current switches (the direct current source isemtcsource);

* Resonant inverters (voltage resonance, current resonance).

A standard single-phase voltage or current source inverter can thee half bridge or full-bridge
configuration. The single-phase units can be joined to have three-phamgtiphase topologies. Some
industrial applications of inverters are:
» Uninterruptible Power Supplies (UPS). They serve as backup poweesoiitte direct current
source is usually a battery pack. The frequency and amplitude of the output vadtéigeca
» Variable speed drives for alternating current machines. Tleetdiurrent source is obtained by

rectifying the network. The frequency and amplitude of the output voltage are @ahtroll

In this chapter, single-phase inverters, three-phase inven@gtheir operating principles are analyzed in
detail. The concept of Pulse Width Modulation (PWM) for inverterslescribed with application to
single and three phase inverters. Finally the simulation resulessingle-phase inverter using the PWM

strategy described are presented.
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2. Single-phase voltage inverters

2.1 Half-Bridge single-phaseinverter:

The half-bridge single-phase inverter of Fig.5.2 is the bastaitito convert dc to ac. A single voltage
source is used, and the midpoint is created by connecting two capdoitseries with high values.
Switches S1 and S2 are made up of GTO thyristors or tramssigp@rating in forced commutation

(controlled for both opening and closing).

l—1
[N
I\_Zf‘la
g1l
V/2| mumm €
\L Vs
—— A o - < B
Ic
—
V. ZT e €
2
g_L Ss2
s
1

D2

Fig.5.2 Single-phase half-bridge inverter

Note that S1 and S2 should not be closed or opened at the same timeis@theershort circuit would
exist across the dc source and opened load, respectively. We abkatiswitich S1 is closed during the
first half-cycle, making the voltages¥ equal to +Vd, and switch S2 is closed during the other half-cycle,
making y equal to -Vd. This control is called symmetrical control. Tleeeeother types of control, such

as phase-shifted control and PWM control.

sS1
1
7T 2 > Wit
s2
1 —_
» WiT
b 27T
Vd VAB(V)
A(A) /\
(S2Y I O 27T \ » VWt
~vd \/

Fig.5.3 Waveforms of voltage and current
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2.2 Single-phase Full-Bridgeinverter:

For this converter shown in Fig.5.4, the ac output voltage is synttdsta a dc input by closing and
opening four switches in an appropriate sequence. The output voltggeak be +Vd, -Vd, or zero,

depending on which switches are closed. Note that S1 and S2 shouldciagdakeat the same time, nor
should S3 and S4.

S R

Ae—o
E I 2o

Fig.5.4 Single-phase full-bridge inverter

Vy

2.3 Different types of control for the single-phaseinverter:

a) Symmetrical control (full wave):

This control involves closing switches S1 and S4 of a single-phase inverter cleimglf-cycle and then
closing S2 and S3 during the second half-cycle. The periodic switohithg load voltage between +Vd
and —Vd produces a square wave voltage across the load. The cuavefdrm in the load depends on
the load components. For inductive load, the current waveform is shown in Fig.5.5.

S1, s4
1
> Wit
7T 21
S22, s3
1 —4
» VWL
4 b 271

N [ AN

-vd 4+
. —t — —t
' S1 ' o Se2 ' ' S ' ' S2 Controlled switches
| Sa . Ss \ Sa , Ss
Dli P iD= E = 1D E S 1 D2 E = i Conductin
D, , Sa :D3 i Ss :Da ' Sa : Ds Sz : g
! ! ' ! ! 1 elements

Fig.5.5 Waveforms of voltage and current
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The ac frequency is controlled by the rate at which the swgitoshen and close. E can control parameters
of the ac voltage (its rms value or the amplitude of its fundareoaponent, for instance) by varying
the dc input voltage. This requires a complicated dc system tiggit, nfior instance, use a phase-
controlled rectifier or a dc/dc converter. An alternative technigu® iuse a third switch state during
which Vag=0 to create the waveform of Fig.5.6. This state is obtained by tis¢ phase-shifted control

technique.

b) Phase-shifted control:

This control allows modifying the characteristics of the outpmlitage, especially the effective value of
its fundamental, without having to intervene at the level of the symilsige Vd. The control intervals
remain equal to half a cycle but are shifted as indicated below.

Output waveforms:

It is sufficient to shift the control of the switches by an akdlehase-shift angle) for this purpose.

s1

s3 -3 T 27t
1
Wit
S 7T 1 27T
P S H
Vae (V) |
vd—+ ‘ ‘ 3 3 i
: : : L we
/el ‘ T n+3 \ g 1
Va1~ s s
S1 Sz S1 Controlled switches
Ss Sa S3
D: D; S D2 D2 So D Conducting elements
S3 Da Sa Sa Ds Ss Ss

Fig.5.7 Waveforms of voltages and currents

Root mean squar e of the voltage:

V[

As a function of our controlling variabée the effective value is given by, =V, /1 _z
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By varyingd, we can change the effective value of the voltage provided by the inverter.
Note: The two types of control we have seen so far share a cofeatome: each semiconductor is
activated only once per period (period of the output voltage = peride @ointrol). For this reason, these

methods are sometimes called fundamental pulsation control.

¢) Pulse width modulation (PWM) control:
The most efficient method for adjusting the output voltage amplandefrequency of an inverter is by
pulse-width modulation control. In this method, a fixed dc input voltagevendio the inverter and a
controlled ac output voltage is obtained by adjusting the on and off periods of the invegieneats.
The advantages of PWM techniques are:
(1) The output voltage control with this method can be obtained without dditiomal
components.
(i) Allows the generation of a load current very close to a sine wave.
(i)  PWM pushes the lower order harmonics towards higher frequenciesagrtakir filtering
easier.

(iv)  Enables the adjustment of the amplitude and frequency of the output voltage.

The output voltage and frequency of a single-phase inverter cambyelled using one of the two forms
of PWM, termed:
-Bipolar

-Unipolar

General principle of PWM
In order to produce sinusoidal output voltage at desired frequency a dadusmtrol signal at desired
frequency is compared with a triangular waveform as shown in Fig.5.8.

f/A\//\:W .
_1/ \/ \ t

VAB

1

Vd

Fig.5.8 Sinusoidal PWM
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The instants of closing and opening of the "switches" are deterntipethe intersections of the
modulating waveform Vm with a frequengty, representing the desired output voltage, and the triangular
(or carrier) modulation waveform Vcr, ranging between -1 andth, avfrequency, significantly higher
thanfy,.

Two parameters are generally used to characterize sinusoidal PWM tiwodula

* Frequency modulation ratio fmequal to the ratio of the modulation frequency to the reference
frequency

o
fm

* Amplitude modulation ratio gnequal to the ratio of the reference amplitude to the peak vathe of

mg

modulation waveform (carrier)

The first one indicates the number of pulses that the voltagecdhtains per period of the reference

waveform. The second one, when multiplied by Vd, provides the amplitude of the desired outget volta

Bipolar PWM

For single-phase bridge inverter, based on bipolar PWM, the turn doranoff instants of switches are
determined by comparing two signals:

- a high-frequency triangular carrier signal Vcr.

- a sinusoidal modulating wave signal Vm with variable amplitude and freqéigncy

A f\’\/\

Fig.5.9 Bipolar PWM, output waveforms at#il5, m=0.8,f,=60 Hz and,=900 Hz
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Vgl and Vg3 are the gate signals used to control the opening and dbsiregupper switches S1 and
S3, respectively. Therefore, (S1 and S4) are on when Vm > Mgr ¥Wd), and (S2 and S3) are on when
Vm < Vcr (Vag = -Vd).

The upper and lower switches in the same inverter leg operateomplementary manner with one
switch turned on and the other turned off. The inverter output voltage danrmkfrom Vag=Van-Van.
Since the waveform of A4 switches between the positive and negative dc voltages Vdctiess is
known as bipolar modulation.

Unipolar PWM

The unipolar modulation requires two sinusoidal modulating waves, Vm angwhich are of the same
magnitude and frequency but 180° out of phase as shown in Fig.5.10. Theotlutatimg waves are
compared with a common triangular carrier wave Vcr, gengrévo gating signals, Vgl and Vg3, for
the upper switches, Sland S3, respectively.

(S1, S4) are on Vm > Vcr

(S2, S3) are on Vm- > Vcr

‘..
1.0 2

ey W ey winie
A A

7
v

=

—

, | |
¢l | N S N W § |
m...'...---&—--4

SHOCEG I 0N g oar
I R 2

Fig.5.10 UnipolarPWM, output waveforms at#l5, m=0.8,f,=60 Hz and,=900 Hz

It can be observed that the two upper switches do not comminattasieously, which is distinguished
from the bipolar PWM where all four devices are commutatettheatsame time. The inverter output
voltage is switched either from +Vd to zero during the poshaié cycle or from -Vd to zero during the
negative half cycle of the fundamental frequency, rather than betiwed and low as in bipolar

switching.
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3. Three-phasevoltageinverters:
The three-phase inverter is the assembly of three half-bindgeters, thus forming a configuration with
three legs. These three legs are controlled by three signals shiftetBlyglative to each other.

vd/2

vd/2

Fig.5.11 Three-phase VSI inverter circuit

Output voltage calculation:
If S1is closed and S4 is openpwVd/2. If S1 is open and S4 is closedo¥ -Vd/2.

Uas = Vao—VBo
Usc = VBo—Vco
Uca = Vco—Vao

Then wy, VN, Ven if @ star connection is used:

1
Van = Vao _g(VAO Vg +Vco)

Vao G- G4 Vd
Knowing that] Veo |=| %2~ Us >
Vco B~ O

With: a1, ¢, &, G, G, and @ being the control signals for switches S1, S2, S3, S4, S5, and S6

respectively.

Upg =Van = Ven = Vao ~Veo (1)
Uge = Ven ~Ven = Veo ~Veo (2)
Uca =Ven = Van = Veo ~Vao (3)

For a balanced three-phase load:

Van TVventVen =0 (4)

_ _1
VAN = Va0 ~VNO = E(ZVAO ~Vpo ~ Vco)

. _ _1
This leads to 3VBN =VBo ~VNO = g(_VAO +2Vgo ~ Vo)

_ 1
VeN =Veo ~VNo = 5(_VAO —Vpo + 2Vco)
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The following table provides, for the eight configurations that theverter can take,

closed or O for open) of the three switches S1, S2, and S3.

Inverte

the state (F for

S1| S2| S3 Ugc Uca Va Ve vC

F F F 0 0 0 0 0 0

F O] F Vvd -Vvd 0 Vvd/3 -2Vd/3 Vd/3
F F O 0 vd -Vvd Vd/3 Vva/3 -2vd/3
F O] O vd 0 -Vvd 2Vvd/3 - Vvd/3 - vd/3
@) F F - Vvd 0 Vvd -2Vd/3 Vd/3 Vd/3
O O F 0 -vd vd -vd/3 -vd/3 2Vd/3
@) F O -Vvd vd - Vd/3 2Vvd/3 - vd/3
O O O 0 0 0 0 0

a) Symmetrical control (full wave):

In this case, each switch conducts for half of the period T. Swihesd S4, S2 and S5, S3 and S6 in

each bridge arm must be in complementary states pairwis¢éhd-other voltages, the waveforms are the

same but shifted from each other by T/3.

Vo

vd/2

T/2

-vd/2

Uae

vd

T/2

-vd

2vd/3

Va

vd/3

T/2

| Ss | Se | S5 | Se |
T RS T
R T S B

Fig.5.12 Output voltage for symmetrical control (full wave)
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b) Pulse width modulation (PWM) control:
The application of Pulse Width Modulation (PWM) for a three-phase tewves identical to its

application in single-phase, except instead of one (01) refesegoal, three (03) sinusoidal reference
signals are used, each shifted my32

The control signals (g, and @) for S4, S5, and S6 are obtained by inverting the signalg,cand g,
respectively.

Figure 5.13 illustrates an example of obtaining the control signals ferl m, = 0.8.

Given that: Vd=20V{,=50 Hz,f,=500 Hz.

Fig.5.13 Output voltage for PWM control
4. Problems:
Problem 4.1:

A single-phase inverter delivers the following voltage (Fig.2) to its load.

i \ Ki y K;
?
E T Charge /'
\/(z /(4\
Fig.1 Fig.2
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The switches K K3, K3, and K; are of the (transistor with diodes in anti-parallel) type ratled by the
signals g, ¢p, gz, and q.

1- Plot on the document (Fig.2) the control signal for each switalesmonding to the voltage u(t) over
the interval [0, Z].
2- Determine the expression for the rms value U in terms of B.and
3- The load is a 1@ resistor, E=20V. For what value pfwill the load receive a power of 30 W?
4- For an inductive load, the sinusoidal current lags the voltage by an anffie of
- Plot the voltage wave u(t) and the current wave i(t) on the same document.

- Indicate the elements that are conducting during one period.

Problem 4.2:

The single-phase full-bridge inverter shown below is operated in the quast-sgase mode at the
frequency f =100 Hz with a phase-shiftfobetween the half-bridge outputg and .

(a) With a purely resistive load R = 19 find 8 so that the average power supplied to the load 4P
KW.

(b) With a purely inductive load L = 20 mH afd 21/3,

I. Find the peak-to-peak value (Ipp) of the load currgnt i

ii. Find the amplitude of the fundamental componegj @f io.

TRy

g W J‘/
V=200V —

= =~

Solution 4.1:
1- The control signal for each switch corresponding to the voltage u(t):
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2- The expression for the rms value U in terms of Efand

1 (T 1 ™k 2
Uzz—f ugdtz—f Ezda)t=E2<1——'B>
T J, g T

U=E,1—ﬁ
T

3- The value of, the load receives a power of 30 W:

2
R 2

2

P><R> T[( 30><10)_7r
E2 ) 202 8

4- For an inductive load, the sinusoidal current lags the voltage by an anffle of

Solution 4.2:

(a) With a purely resistive load;, = -2,

2
Instantaneous powep; (t) = vy (t) X ip(t) = %0

1T 101 T Vzrms B
Pow =7 Jy Po() dt = £ (1 7 v (0) dt) =222 Vs =V, |7

2
LE— 2000 W==>p =2
n 2
b .
! /1,-1_, B V. B
Jf o i [ R o - fr.= att:; I’O=_1p_>1p Ip +ISZ
p \\‘\.
/ L g gl _2m 200 o
B — e =2 =B = 0 X 002 oo
I f oo

.. 7 4vs . 800
(i) Iyy = ﬁ, Vo1 = Tsm(ﬁ/z) - Iy =

20072%0.02

sin(/3) = 17.554
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Appendix

Non-sinusoidal periodic signals

I) Fourier seriesexpansion:
Any periodic function (signal) with a period (T) such that x(t) = x(t+T) can be decomposed into a sum

comprising:
- aconstant term (the DC component)
- asinusoidal term with afrequency f=1/T, referred to as the fundamental (first harmonic).

- a finite or infinite series of sinusoidal terms with frequencies that are integer multiples of the

fundamental frequency (f), known as harmonics.

+o0

x(t) =ay + Z [a,, cos(nwt) + b, sin(nwt)]

400 +o
/s
=ay+ Z[An cos(nwt + a,)] = ay + Z [A,, sin(nwt + B,)], B = @, + >
n=1 n=1
T T T
1 2 2 _
ag = Tf x(t)dt; a, = Tf x(t) cos(nwt) dt; b, = Tf x(t) sin(nwt) dt
0 0 0

Sines and cosines of the same frequency can be combined into one sinusoid, resulting in an alternative

expression for a Fourier series.

x(t) =ay + Z [4,, cos(nwt + 6,,)]

An = ./ a,% + brzl and 971 = tan~! <_bn/an>

Or
+o0

x(t) =a, + Z [A,, sin(nwt + 6,,)]
n=1

A, =+/a? +b% and b, =tan~?! (a”/bn)
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* This signal is often represented in the form of a spectrum. To each harmonic frequency fn, a

corresponding value of Anisassigned.

b u(t) T=1ms

-2 -1 0 1 2 (ms) 0 5 10 (kHZ)

[.1. Simplifications dueto certain symmetries:

Often, the waveform of the analyzed quantity exhibits symmetries that allow simplification in calculating

the terms of its Fourier series expansion.

-Even periodic signal: Vt, x(t) = x(—t)

~T/2 'T/2

/_J'O' | o -3
T

All sineterms are zero,

‘

So:

Cosine terms can be calculated over half a period:

T/2
2
ag = Tf x(t)dt
0
T/2
4
a, = Tf x(t) cos(nwt) dt

0
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-Odd periodic signal: Vt, x(t) = —x(—t)

-T/2 0

-
N\

Nl-l-f
Ml
4

So:
All cosine terms disappear,

The calculation of sinetermsis simplified:

aO = 0
T/2
4
b, = TJ- x(t) sin(nwt) dt

0

-Sliding symmetry: The negative haf-wave isidentical, up to sign, to the positive half-wave. If itisdlid
underneath the positive half-wave, symmetry with respect to the time axis is obtained:

Vt, x (t + g) = —x(t)

T/2 T /|
0 ‘ yd

So:
The constant term & i's zero,

The series expansion does not contain harmonics of even order,
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The calculation of odd harmonicsis simplified:

T/2

Aokt = %f x(t) cos((Zk + 1)wt) dt

0

T/2

byrsi1 = ;f x(t) sin((Zk + 1)a)t) dt

0
|.2. Effective values (RMYS):
400 +00 +o
2 2 1 2 2 2 1 2 2 1 2
Xrms = Qg +§Z(an + bn) =day +§ZA71 = A +52Anrm5
n=1 n=1 n=1

An
Where: Ay = |ayl, Anrms = 7z

[.3. Form and ripplefactors:

Form factor Ripple factor relation
F = Xrms — \/A%) + 2;21 A%rms ﬁ — XAltrms — 221 Arzlrms
x Ao x A F2 =1+ B2

I.4. Harmonic distortion rate: it is used to quantify the deformation of a signa that should be
sinusoidal.

THD = \/2;102 A7217‘m5 _ \/A%rms + A%rms + -t A%rms

Alrms Alrms
If the signal is sinusoidal (THD=0)

|.5. Power:

u(t) = Uy + T2 UpV2eos(nwt + ay) 5 Uy = u(t), ip = i(t)

40
i(t) = Iy + Z I \/Ecos(nwt + :Bn); Un = Unrms) In = Ingms
n=1

-Instantaneous power: p(t) = u(t) X i(t)
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-Active power or average power: p = p(t) = Uply + Yp—q Upl, COS @y = D071 Ds On = Ay — Pr

-Apparent power: S = Ul = /(U2 + X2, U2) X (12 + X2, 12)
-Power factor: Fp = %
*Special case: for asinusoidal voltage u(t) and a periodic alternating current i(t) (15=0).

u(t) = UV2cos(wt + a); U = Uppg

+o0
i(t) = Z I \/Ecos(nwt +Bn); Iy = lnpms
n=1

- Activepower: p = Ul; cos@q; ¢ = a — [,
- Reactive power: Q = Ul sin ¢,

- Apparent power: S = Ul = U/ (X%, I2)

- Distortion power: D = \/SZ—p—Z—Q =UJ (5, 12)
- Power factor: Fp = g = Ilco% = Fdis X Fdep

Fdis: Distortion factor (Fdis=I4/1)

Fdep : Displacement factor (Fdep=cos ¢1)

The power factor of a load drawing a non-sinusoidal current can thus be expressed in terms of the

cos ¢4

V1+THD?

harmonic distortion rate of the current: Fp =

Therefore, it turns out that the more "polluted” the current is, the more the power factor will be degraded.
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