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LECTURE NO. 1

INTRODUCTION TO POWER ELECTRONICS

Definition

» Power electronics refers to control and conversion of electrical power
by power semiconductor devices wherein these devices operate as
switches.

» Advent of silicon-controlled rectifiers, abbreviated as SCRs, led to the
development of a new area of application called the power electronics.

* Prior to the introduction of SCRs, mercury-arc rectifiers were used for
controlling electrical power, but such rectifier circuits were part of
industrial electronics and the scope for applications of mercury-arc
rectifiers was limited.

» Once the SCRs were available, the application area spread too many
fields such as drives, power supplies;-aviation electronics & high
frequency inverters.

Main Task of Power Electronics

» Power electronics has applications that span the whole field of electrical
power systems, with the. power range of these applications extending
from a few VA/Watts to several MVA / MW.

» The main task of power electronics is to control and convert electrical
power from one formto another.

* The four main forms of conversion are:

— Rectification referring to conversion of AC voltage to DC voltage,

— DC-to-AC conversion,

— DC-to DC conversion,

— AC-to-AC conversion

* "Electronic power converter" is the term that is used to refer to a power
electronic circuit that converts voltage and current from one form to
another.

These converters can be classified as:

— Rectifier converting an ac voltage to a dc voltage,

— Inverter converting a dc voltage to an ac voltage,

— Chopper or a switch-mode power supply that converts a dc voltage to

another dc voltage, and

— Cycloconverter converts an ac voltage to another ac voltage.
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Rectification

» Rectifiers can be classified as uncontrolled and controlled rectifiers,
and the controlled rectifiers can be further divided into semi-controlled
and fully controlled rectifiers.

» Uncontrolled rectifier circuits are built with diodes, and fully controlled
rectifier circuits are built with SCRs. Both diodes and SCRs are used in
semi-controlled rectifier circuits.

» There are several rectifier configurations. The popular rectifier
configurations are listed below.

— Single-phase half wave rectifier,

— Single-phase full wave rectifier,

— Single-phase half wave controlled rectifier,

— Single-phase semi-controlled full wave rectifier,

— Single-phase fully controlled full wave rectifier;

— Three-phase half wave rectifier,

— Three-phase bridge rectifier,

— Three-phase half wave controlled rectifier,

— Three-phase semi-controlled bridge rectifier

— Three-phase fully controlled bridge rectifier

 Power rating of a single-phase rectifier tends to be lower than 10 kW.

Three-phase bridge rectifiers-are used for delivering higher power output,

up to 500 kW at 500 V de or.even more.

* There are many applications for rectifiers. Some of them are:

— Variable speed dc drives,

— Battery chargers,

— DC power supplies and Power supply for a specific application like
electroplating

DC-to-AC Conversion

 The ‘converter that changes a dc voltage to an alternating voltage is

called an inverter.

* Earlier inverters were built with SCRs.

* Since the circuitry required turning the SCR off tends to be complex,
other power semiconductor devices such as bipolar junction transistors,
power MOSFETS, insulated gate bipolar transistors (IGBT) and MOS-
controlled thyristors (MCTSs) are used nowadays.

» Some of the applications of an inverter are listed below:
— Emergency lighting systems,
— AC variable speed drives,
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— Uninterrupted power supplies,
— Frequency converters

DC-t0-DC Conversion
* A SCR, power BJT or a power MOSFET is normally used in such a
converter and this converter is called a switch-mode power supply.

* A switch-mode power supply can be of one of the types listed below:
— Step-down switch-mode power supply,

— Step-up switch-mode power supply,

— Fly-back converter,

— Resonant converter

» The typical applications for a switch-mode power supply or-a chopper
are:

— DC drive

— Battery charger

— DC power supply

AC-to-AC Conversion

* A cycloconverter converts an ac voltage, such as the mains supply, to

another ac voltage.

» The amplitude and the frequency.of input voltage to a cycloconverter
tend to be fixed values, whereas hoth the amplitude and the frequency
of output voltage of a cycloconverter tend to be variable.

* A typical application of a cycloconverter is to use it for controlling the
speed of AC traction motor and most of these cycloconverters have a
high power output, of the order a few megawatts and SCRs are used in
these circuits.
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Power electronic devices (part I)

1. The power diode

Diode Approximations

I. The Ideal Model

* Think it as switch

» When forward biased, act as a closed (ON) switch
» When reverse biased, act as open (off) switch

— Ideal dinde mudel
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Ideal Characteristic curve (blue) for Ideal model
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» This model neglects the effect of the barrier potential, the internal
resistance, and other parameters.

Ii. The Barrier Potential Model

* The forward biased diode is represented as a closed switch in series with
a small “battery’ equal to the barrier potential VB (0.7 V for Si and 0.3
V for Ge)

* The positive end of the equivalent battery is toward the anode.

* This barrier potential cannot be measured by using a multimeter, but it
has the effect of a battery when forward bias is applied.

» The reverse biased diode is represented by an open switch, because
barrier potential does not affect reverse bias.

 Practical diode model Practical diode model I
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(a) : Forward bias (b) : Reverse bias (c) : Characteristic curve (silicon)

The practical model of a diode

The Complete Diode Model

* More accurate

» The forward biased diode model with both the barrier potential and low forward
(bulk) resistance (r’d)
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(a) : Forward bias (b): Reverse bias
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Diode Characteristics
* A power diode is a two terminal pn — junction device.
 The magnitude of this voltage drop depends on:

a) on the manufacturing process

b) junction temperature

» When the cathode potential isositive with respect to the anode:
= The diode is said to be reverse biased

= A small reverse current (also known as leakage current) in the range of

micro or miliampere, flows through it.

= It increases slowly-in magnitude with the reverse voltage until the

avalanche or zener voltage is reached.

» The v — I'characteristics shown above can be expressed by an equation
known as. ‘Schockley diode equation’ and it is given under dc steady

state operation by:
Vp /I nVy
I, = I(e —1)

* Where:
Io = Current through the diode, A
Vp = Diode voltage (forward voltage)
Is = Leakage current (or reverse saturation).
n = emission coefficient
V1 = Thermal Voltage
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q = electron charge : 1.6022 x 10™°C
T = absolute temperature in Klevin
k = Boltzman’s constant : 1.3806 x 10 J / K

» The diode characteristics can be divided into three region:
1. Forward — biased region, where VD >0

2. Reverse — biased region, where VD < 0

3. Breakdown region, where VD < -VBR

Forward — biased region

*VD>0

 Diode current ID very small if VD is less than a specific 'value VT
(0.7V)

» Diode conducts fully if VD is higher than this value-VT; which is
referred to as the threshold voltage or the turn-on vaoltage

* The threshold voltage is a voltage at which the diode conducts fully.

Reverse — biased region

*VD<O0

 If VD is negative and |[VD| >> VT, which occurs for VD < -0.1, the
exponential term in Schockley equation becomes negligibly small
compared to unity and the diode.current ID becomes:

I, = I ~1)= -1

Breakdown region

* Reverse voltage is-high.

» Magnitude of reverse voltage exceeds a specified voltage known as the
breakdown voltage, VBR

* IR increases rapidly with a small change in reverse voltage beyond
VBR.

» The_operation in this region will not be destructive provided that the
power “dissipation is within a ‘safe level’ that is specified in the
manufacture’s data sheet.

 But it has to limit Ir in order to limit the power dissipation within a
permissible value

Home work :

The forward voltage drop of a power diode is Vp = 1.2 V at Ip = 300
A. Assuming that n = 2 and V1 = 25.7 mV, find the reverse saturation
current ls.
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LECTURE NO. 2

Reverse Recovery

* An important dynamic characteristic of a non-ideal diode is reverse
recovery current

* When a diode turns off, the current in it decreases and momentarily
becomes negative before becoming zero as shown in figure below.

» The diode continues to conduct due to minority carries that remain
stored in the pn-junction.

e The minority carriers require a certain time (trr) to recombine with
opposite charges and to be neutralized.

» Effects of reverse recovery: il O
1. Switching losses increase — especially in n

high frequency applications,
2. Voltage rating increase, Off
3. Over voltage (spikes) in inductive loads. v f

—~| b |-

Reverse recovery time

Reverse Recovery Characteristics
* Figure shows two reverse recovery characteristics of junction diodes.

(a) : Soft recovery (b): Abrupt recovery
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» The reverse recovery time is denoted as t,, and is measured from the
initial zero crossing of the diode current to 25% of maximum (peak)
reverse current, Irg.

* t,, consists of two components, t, and t;, .

* t, Is due to charge storage in the depletion region of the junction and
represents the time between the zero crossing and the peak reverse
current, Igg.

* t, is due to charge stored in the bulk semiconductor material.

» The ratio t, / ta is known as softness factor, SF.

 For practical purposes, need to be concerned with the total recovery
time t,, and the peak value of the reverse current Igg.

L, =1, +1,
* The peak reverse current can be expressed in reverse-di/dt as:
di
Irr =1, %
dt

e trr is dependent on the junction temperature, rate of fall of forward
current, and the forward currentpriorto commutation.

 Reverse recovery charge, QRR, issamount of charge carriers that flow
across the diode in the reverse direction due to changeover from
forward conduction to reverse blocking condition.

* QRR value is determined from the area enclosed by the path of the
reverse recovery current.

» The storage charge; which is the area enclosed by the path of the
recovery current, is-approximately:

1 1 1
Qme = Eliﬂita + Elmatb — 5 [RRtrr
Or;
20
Lpr = S
t?’?‘
Then;
I 2Qrr

N

If t, is negligible as compared to t, , which usually the case, t,, = t, , then;
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20 kx

l,, = :
Y

f di
[RR — 2QRRE

* The storage charge is dependent on the forward diode current, Ig:

» The peak reverse recovery current lgg, reverse charge Qgrg, and- the
softness factor SF are very important parameters for circuit design and
are normally included in the diodes specification sheets.

* A diode which is in a reverse-biased, then been forward-biased again. It
also requires a certain time known as forward recovery (turn-on) time
before all the majority carriers over the whole junction can contribute to
the current flow.

* If the rate of rise of the forward current is -high and the forward current
Is concentrated to a small area of the junction, the diode will fail.

And

Home Work:
The reverse recovery time of a diode is t;, = 3 us and the rate of fall of
the diode current is di/dt = 30 A/us.’Determine:
(a) The storage charge Qgr
(b) The peak reverse current Izr

EXAMPLE (1): The manufacturer of a selected diode gives the rate of
fall of the diode current di/dt = 20A/us, and a reverse recovery time of
t,=5 us. What value of peak reverse current do you expect?

SOLUTION: The peak reverse current is given as:

di
I, = \KEEQRR

The storage charge Qrg calculated as:

1di, »
==—t
QRR 2 dt rr

_1/2 x 20 A/ps x (5 x 1076y = 50 pC.

L = 2oixzxﬁou0=g.?zd
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2. Thyristor (SCR)

2.1 Introduction

Thyristors are usually three-terminal devices with four layers of
alternating p- and n-type material (i.e. three p-n junctions) in their main
power handling section. The control terminal of the thyristor, called the
gate (G) electrode, may be connected to an integrated and complex
structure as part of the device. The other two terminals, anode (A) and
cathode (K), handle the large applied potentials and conduct the major
current through the thyristor. The anode and cathode terminals, are
connected in series with the load to which power is to be controlled.

Stud

Module

Figure 1.24 : Various thyristor configurations

2. Basic Structure and Operation

Figure below shows a conceptual view of a typical thyristor with the
three p-n junctions'and the external electrodes labeled. Also shown in the
figure the thyristor circuit symbol used in electrical schematics.

A T Anode
[+]
A
Jq
n
)Z | >
J;
G G
o— p
Gate
n
K l Cathode
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The operation of thyristors is as follows. When a positive voltage is
applied to the anode (with respect to a cathode), the thyristor is in its
forward-blocking state. The center junction J, (see Figure above) is
reverse-biased. In this operating mode, the gate current is held to zero
(open-circuit). In this condition only thermally generated leakage current
flows through the device and can often be approximate as zero in value.
When a positive gate current is injected into the device J; becomes
forward-biased and electrons are injected from the n-emitter into the p-
base. The thyristor is latched in its on state (forward-conduction).

This switching behavior can also be explained in terms of the‘two-
transistor analog shown in Figure below. The two transistors are
regenerative coupled so that if the sum of their forward current gains
(a’s) exceeds unity, each drives the other into saturation. The. forward
current gain (expressed as the ratio of collector current to emitter current)
of the pnp transistor is denoted by o, and that of the.npn as a,. The a’s
are current dependent and increase slightly as the‘current increases. The
center junction J, is reverse-biased under . forward applied voltage
(positive Vax).

When Gate current increases the current-in both transistors are
increased. Collector current in the npn transistor acts as base current for
the pnp, and analogously, the collector-current of the pnp acts as base
current driving the npn transistor. The thyristor switches to its on-state
(latches). This condition can also.be reached, without any gate current, by
increasing the forward applied-voltage so that the internal leakage current
increased.

ihll A
iﬁl
P
n — n
P Ll P | @G G
o {_‘G :IG
K
K

Current-Voltage Curves for Thyristors

A plot of the anode current (i») as a function of anode cathode voltage
(Vax) is shown in Figure below. The forward blocking mode is shown as
the low-current portion of the graph (solid curve around operating point
"1"). With zero gate current and positive Vak the forward characteristic in
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the "off state” or "blocking-state” is determined by the center junction J,,
which is reverse-biased. At operating point "1", very little current flows
(Ico only) through the device. However, if the applied voltage exceeds the
forward-blocking voltage, the thyristor switches to its "on-state" or
"conducting-state”" (shown as operating point "2") because of carrier
multiplication. The effect of gate current is to lower the blocking voltage
at which switching takes place.

A4

The thyristor moves rapidly.along the negatively sloped portion of the
curve until it reaches a stable operating point determined by the external
circuit (point “‘2").~The portion of the graph indicating forward
conduction shows_'the  large values of in that may be conducted at
relatively low values of Vk , similar to a power diode.
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LECTURE NO. 3

AC-DC converter (Rectifiers)

Introduction

Certain terms will be frequently used in this lesson and subsequent
lessons while characterizing different types of rectifiers. Such commonly
used terms are defined in this section.

Let “f(t)” be the instantaneous value of any voltage<or current
associated with a rectifier circuit, then the following terms, Characterizing
the properties of “f(t)”, can be defined.

Peak value of f(t) : As the name suggests fax.
Average (DC) value of f(t) is (Fav) . Assuming f(t)-to be periodic over

the time period T

1 eT
B, =+ | fodt

RMS (effective) value of f(t) is (FRMS) : For f(t) , periodic over the time
period T,

1 T 2 .
Fans = \/? |, £ ®dt
Form factor of f(t) is (fFF) : Form factor of “f(t) * is defined as:

E
fFF h—

E

av

Ripple factor of f(t) is (fRF) : Ripple factor of f is defined as:
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Ripple factor can be used as a measure of the deviation of the output
voltage and current of a rectifier from ideal dc.
Peak to peak ripple of f(t) is fy,: By definition

f =t -f . Overperiod T

pp max ~mn

Single-Phase Diode Rectifiers

There are two types of single-phase diode rectifier that convert a single-
phase ac supply into a dc voltage, namely, single-phase half-wave
rectifiers and single-phase full-wave rectifiers.. For the sake of simplicity
the diodes are considered to be ideal, that is, they have zero*forward
voltage drop and reverse recovery time. This assumption is ‘generally
valid for the case of diode rectifiers that use the mains, a low-frequency
source, as the input, and when the forward voltage drop is small
compared with the peak voltage of the mains.

Single-Phase Half-Wave Rectifiers( R-Load)

The simplest single-phase diode rectifier is the single-phase half-
wave rectifier. A single-phase half-wave.rectifier with resistive load is
shown in Figure below. The circuit consists of only one diode that is
usually fed with a transformer secondary.-as shown. During the positive
half-cycle of the transformer secondary voltage, diode D conducts.
During the negative half-cycle, diode D stops conducting. Assuming that
the transformer has zero“internal impedance and provides perfect
sinusoidal voltage on its secondary winding, the voltage and current
waveforms of resistive load R and the voltage waveform of diode D are
shown in Figure below.

— It is clear that the peak inverse voltage (PIV) of diode D is equal to V.

—Hence the Peak Repetitive Reverse Voltage (Vrrw) rating of diode D
must-be chosen to be higher than V,, to avoid reverse breakdown.

— The Peak Repetitive Forward Current (Irm) rating of diode D must be
chosen to be higher than the peak load current V/R.

The average value of the load voltage v, is V4 and it is defined as:

1 T
Vi = ?JO vy ()dr

That load voltage V| (t)=0, for the negative half-cycle. Note that the
angular frequency of the source w=211/T. Then:
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1 T
Vie = —J V., sin wtd (wt)
27T 0

Therefore,
%
Vie =—2=0.318V,,
T
Up
—— .
(37
> »
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& P lomvemar a3l
Vs o

_ > wit

Vm O /-\
‘ » Wit
i, A W2 T 2 3m
Vm/R T —
» wi
/2 T 27 3n
Up A
> Wt




Power electronics 17

The root-mean-square (rms) value of load voltage v, is V|, which is

defined as:
1 T 1/2
V, = [:—FJ v%(t)dt]

0

In the case of a half-wave rectifier, VV_(t)=0 for the negative half-cycle,
therefore,

1 Y/
V, = \/—J (V,, sinwt)*d(wt)
21 Jq
Or;

Vm
V,=—-"=05V,

The average value of load current i_is Iy and because load R is purely
resistive it can be found as:

_ Vdc
< R
The root-mean-square (rms) value ofdoad current i, is I, and it can be
found as:

Iy

Vi
I;, — —
L R
In the case of a half-wave rectifier,
0.318 V,,
IdC — R
And
0.5 V.
[[ =—_—m
R

—The.rectification ratio, which is a figure of merit for comparing the
effectiveness of rectification, is defined as:
Pac — Vaclde
P VLIL
In the case of a half-wave diode rectifier, the rectification ratio can be
determined by:

- (0.318 V,,))°

(0.5 V,,)°
—The form factor (FF) is defined as the ratio of the root-mean square
value of a voltage or current to its average value,

= 40.5%
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I
FF — ﬁ or L
Vdc Iclc
05V,
FF = = 1.57
0.318 V,,

—The ripple factor (RF), which is a measure of the ripple content, is
defined as:
V.

ac

Vdc
Where V, is the effective (rms) value of the ac component of load
voltage V|,

RF =

V,e = \/Vg — V3

RF = \/(“//L)Z—l = VFF — 1

dc

RF = +1.572 — 1 = 1.21
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LECTURE NO. 4

Single Phase Half-Wave Rectifier (RL- Load)

The half wave rectifier with an inductive load (RL) is shown in figure

below.
+ py_ -
D
| +——|
00— _: + ‘I']" I : a+
1 I L
[ R YR
] | -
v -
p?,_”ﬁ v, =V, sin at 2"'3 0., e
: L v
o— | o= l -
(a) Circuit diagram
& v v &
Vo lm— ; v =i R L™ . "L_'R
R L HR = IL
|
v |
R 1 v
] — s ot R
ot T 0 » art
2 27 T -
[ ' l
e 0, conducts
V== =—- I o -V q—y-1 -—— ‘
f ] I.ID 14 »
0 ' ot 4+Yp : Oy, conducts |
" 2n 0 — it
- - T 27
D, conducts
-um --------
Without freewheeling diode . i i
With freewheeling diode

During the interval 0 to z/2

The source voltage Vs increases from zero to its positive maximum,
while the voltage across the inductor V| opposes the change of current
through the load. It must be noted that the current through an inductor
cannot change instantaneously; hence, the current gradually increases
until it reaches its maximum value. The current does not reach its peak
when the voltage is at its maximum, which is consistent with the fact that
the current through an inductor lags the voltage across it. During this
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time, energy is transferred from the ac source and is stored in the
magnetic field of the inductor.
For the interval z/2 and =

The source voltage decreases from its positive maximum to zero. The
induced voltage in the inductor reverses polarity and opposes the
associated decrease in current, thereby aiding the diode forward current.
Therefore, the current starts decreasing gradually at a delayed time,
becoming zero when all the energy stored by then inductor is released to
the circuit. Again, this is consistent with the fact that current lags voltage
in an inductive circuit. Hence, even after the source voltage has dropped
past zero volts, there is still load current, which exists a little more than
half a cycle.

For the interval greater than

At 7, the source voltage reverses and starts to increase to its negative
maximum. However, the voltage induced across theinductor is still
positive and will sustain forward conduction of the diode until this
induced voltage decreases to zero. When this<induced voltage falls to
zero, the diode will now be reversed biased, but would have conducted
forward current for an angle B, where f'= n + . o is the extended angle
of current conduction due to the energy stored in the magnetic field being
returned to the source.

The instantaneous supply.voltage V; is given by:

VS :VR + V|_

For angles, less than.wt2 the inductor is storing energy in its magnetic
field from the source and the inductor voltage would be such as to oppose
the growth of-current and the supply voltage. For angles greater than wt2
the inductor voltage would have reversed and would aid the supply
voltage to prevent the fall of current. Hence, the average inductor voltage
IS zero.

From the preceding discussion
-For0<omt<p
vV, = 0
Vo = Vi
io = ii
Forp<ot<2n
Vo=0
io = ii =0
Vp=Vi= Vo=V,
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The average output voltage is given by:

1 (o= 1 s
V e — —_ A 1
dc=>—], v,dowt 5 IO vV 2V;sinwtdmt

_ 2V, (l—cosﬁ)

TC 2
Where, V,, = \/EVi

The rms output voltage is given by:

B 1 B 2 . 2
VL == ﬁ.“o 2\/; S1n (!)td(!)t

:\/;/; (B-%sin?ﬁ) — }/15 \/2[3 -ZS:EHZB

Form factor of the voltage waveform is:

V., 27t(1-cosP)’

de

FE_ Vo n\/ 2B -sin2f

RF =+ FF* =1
_ \/n(ZB-sinZB) B

2(1-cosP)’
All these quantities are functions of § which can be found as follows.
-For0<ot<p
: dio  _.
\ \/EVism(ot = L—dt +Ri,

i (ot = 0) = i (ot = B) = 0

The solution is given by:
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_ I ) taoxalt(p \/E\/l

1, NS +—Z sin(mt - @)
Where;
wl

/= \/R2+(,02L2

The addition of a freewheeling diode

The average dc voltage varies proportionately to [1 - cos(p)].. This can
be made to be a maximum, thereby increasing the average.dc voltage, by
making cos(B) a maximum. The maximum value that this can take is
given by cos(r + o) = 1, which can be obtained if ¢ = 0. We can make
o = 0 with the addition of a freewheeling diode given by D,, as shown
with the dotted line.

When the supply voltage goes to zero, the current from D, is transferred
across to diode D, This is called commutation of diodes. The result is
the charge in the inductor will be used to keep diode D, on, instead of
previously forcing D; to remain _in its forward state. This would reduce
the value of the extended angle‘ef conduction of the diode D,, o to zero.

We can see that if the value-of the inductance is high, it will store more
charge and therefore be able.to keep diode D, on for a longer time.

Then the inductor would be able to keep diode D, on for the entire
duration of the negative half cycle, and by so doing, maintain a
continuous load current.

Home work: Consider the circuit shown

with: |+ Y -l

1) Purely resistive load. o N .
i) Resistive-inductive load. =14 E; L $t
Then/determine the following factors: I Rg |
. I -
a. The efficiency "p§||§ Y= InSNOL X 0y, e
. I "L
b. The ripple factor o |- : )

c. The peak inverse voltage (PIV) of (a) Circuit diagram

diode Dy

d. Form factor R=110Q, L=100mH, Vs=30V
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LECTURE NO. 5

High Voltage Series Connected Diodes

* In many high voltage applications, one commercially diode cannot meat
the required voltage rating

 Because of this reason, diodes are connected in series to increase the
reverse blocking capabilities.

Ip

||+
| 7~ N+
7
I+

» VD1 andVD2are the sharing reverse voltages of diodes D1 and D2.

* In practice, the v-i characteristics for the same type of diodes differ due
to tolerances in their production process.

»‘Refer-to the figure above, for reverse blocking conditions, each diode
has'to carry the same leakage current. And as a result, the blocking
voltage will be different.

 The solution is to force equal voltage sharing by connecting a resistor
across each diode as shown in figure below.

» This will make the leakage current of each diode would be different
because the total leakage current must be shared by a diode and its
resistor,
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I/"\+
u
=
=]
A
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M
]
1
|
|
|
|
]
L
|

I ¥
-

(a) Circuit diagram (b) v — i characteristics
Vi + Voo =V

Iy =1g +1p =1, +1p,

V, V,
1 _ D1 and 1 — D2
R1 R] R2 R2
]g | + Vl)l — ]52 —+ Vl)2
Rl R2

Howe work:

Two diodes are connected in series, shown in figure above to share a total

dc reverse voltage-of VD = 5kV. The reverse leakage currents of the two

diodes are 15;=30mA and lg,=35mA.

a) Find the -diode voltages if the voltage sharing resistance are equal,
R]_:RZZR:].OOKQ.

b) Find'the voltage sharing resistances R1 and R2 if the diode voltages
areequal, Vp;=Vp,=0.5Vp

Voltage Multiplier

Voltage multipliers may also be used as primary power supplies where
a 177 volt-ac input is rectified to pulsating dc. This dc output voltage may
be increased (through use of a voltage multiplier) to as much as 1000
volts dc. This voltage is generally used as the plate or screen grid voltage
for electron tubes.

Voltage multipliers may be classified as voltage doublers, triplers, or
quadruplers. The classification depends on the ratio of the output voltage
to the input voltage. For example, a voltage multiplier that increases the
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peak input voltage twice is called a voltage doubler. VVoltage multipliers
increase voltages through the use of series-aiding voltage sources.

Half wave voltage multiplier

Figure below shows the schematic for a half-wave voltage doubler.
Notice the similarities between this schematic and those of half-wave
voltage rectifiers. In fact, the doubler shown is made up of two half-wave
voltage rectifiers. C; and D; make up one half-wave rectifier, and C, and
D, make up the other. The schematic of the first half-wave rectifier is
indicated by the dark lines in figure below. The dotted lines. and
associated components represent the other half-wave rectifier and load
resistor.

cp D
ac T L DC_ i g
input * o
ﬁ D Dy Cy output Ry,
12 I _1.*._

Notice that C,; and D; work exactly like a half-wave rectifier. During the
positive alternation of the input-cycle, the polarity across the secondary
winding of the transformer is make the top of the secondary is negative.
At this time D, is forward biased (cathode negative in respect to the
anode). This forward bias causes D, to function like a closed switch and
allows current to follow the path indicated by the arrows. At this time, C,
charges to.the peak value of the input voltage.

During the period when the input cycle is negative, the polarity across the
secondary of the transformer is reversed. Note specifically that the top of
the secondary winding is now positive. This condition now forward
biases D, and reverse biases D;. A series circuit now exists consisting of
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Cy, Dy, C,, and the secondary of the transformer. The secondary voltage
of the transformer now aids the voltage on C;. This results in a pulsating
dc voltage with 2V, as shown by the waveform. The effect of series
aiding is comparable to the connection of two batteries in series. As
shown in figure C, charges to the sum of these voltages.

Cf D,

2V,
=11 m
1 o——8—H I O Ly
-’ o— | !-NE I
W—U LG T % s R
_Vlm__" 12 i G I ﬁf‘ ~

hd
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LECTURE NO. 6

Cascade Voltage Multiplier

To demonstrate the principle only, an n-stage single-phase cascade
circuit of the ‘Cockcroft-Walton type’, shown in figure below, will be
presented.

/

———

H.V. output

./
V(t); Vmax
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HV output open-circuited: 1 = 0. The portion (0 -n' -V/(t)) is a half-wave
rectifier circuit in which C', charges up to a voltage of +V . if V(1) has
reached the lowest potential, -V If C, is still uncharged, the rectifier
D, conducts as soon as V(t) increases. As the potential of point n' swings
up to +V,max during the period T = 1/f, point n attains further on a steady
potential of +2V .« If V(1) has reached the highest potential of +V .. The
part (n' - n — 0) is therefore a half-wave rectifier, in which the voltage
across D', can be assumed to be the a.c. voltage source.

1 =H.V. output
______ —

7 ///;/////////

e

W

S

Staes n-2 to >

% =
4 o

I

N

=~

}C‘;

f

t.‘_...........
~ |

[

o

Conducting tz

D;..D,
(b) Conducting

The current through D, that charged the capacitor C,, was not provided by
D', but from V(t) and C',. We can assume that the voltage across C, is
not reduced if the potential n' oscillates between zero and +2V .. If the
potential of n', however, is zero, the capacitor C',; is also charged to the
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potential of n, i.e. to a voltage of +2Vmax. The next voltage oscillation of
V(t) from -Vmax to +Vmax will force the diode D, to conduct, so that
also C,.; will be charged to a voltage of +2V .

The steady state potentials at all nodes of the circuit are sketched for
the circuit for zero load conditions. From this it can be seen, that:

1- The potentials at the nodes (1', 2 . . . n") are oscillating due to the
voltage oscillation of V(t);

2- The potentials at the nodes (1, 2 . . . n) remain constant with reference
to ground potential;

3- The voltages across all capacitors are of d.c. type, the magnitude of
which is 2Vmax across each capacitor stage, except the capacitor C',
which is stressed with V. only;

4- Every rectifier Dy, D'; . . . Dy, D', is stressed with 2Vys.0r twice a.c.
peak voltage; and

5- The HV output will reach a maximum voltage of 20V .

H.V. output loaded: I > 0. If the generator supplies any load current I, the
output voltage will never reach the value 2nVq...There will also be a
ripple on the voltage, and therefore we have to deal with two quantities:
the voltage drop AV, and the peak-to-peak ripple 26V. The sketch in
figure below shows the shape of .the output voltage and the definitions of
AV, and 28V.
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| (no load)

25 V| N Vo max
|

| e
vit)
D T=1/f —]
|

Let a charge q be transferred to the load per cycle, which is obviously
g = | x T. This charge comes from-the smoothing column, the series
connection of C, . . . C,.. If no charge would be transferred during T from
this stack via D';. . .D', to.the oscillating column. However, just before
the time instant t2 every diode D'; . . . D', transfers the same charge q,
and each of these charges discharges all capacitors on the smoothing
column between the relevant node and ground potential, the ripple will

be:
8V—|(1+2+3+ n)
S 2f\C; C, C3 TC,

Thus in a cascade multiplier the lowest capacitors are responsible for
most ripple and it would be desirable to increase the capacitance in the
lower stages. This is, however, very inconvenient for H.V. cascades, as a
voltage breakdown at the load would completely overstress the smaller
capacitors within the column. Therefore, equal capacitance values are
usually provided, and with C =C;=C, =Cs. . .Cn,

I 1
sy = L nnt D
e 4
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To calculate the total voltage drop AV,, we will first consider the
stage n. Although the capacitor C', at time t; will be charged up to the full
voltage Vi, If ideal rectifiers and no voltage drop within the a.c.-source

are assumed,

| on’ 2 n

n
AVp= — | == 4+ _Z
O~ fc\ 3 2 6

For a given number of stages, this maximum voltage or also the mean
value V, = Vomax - 0V Will decrease linearly with the load current | at

constant
Where Vomax = 2NV — AV,
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LECTURE NO. 7

Single-Phase Full-Wave Rectifiers
There are two types of single-phase full-wave rectifier, namely,
full-wave rectifiers with center-tapped transformer and bridge rectifiers.

I. full-wave rectifier with a center-tapped transformer:

It is clear that each diode, together with the associated half of the
transformer, acts as a half-wave rectifier. The outputs of the two.half-
wave rectifiers are combining to produce full-wave rectification«in the
load.

Vp,

I A

v, =V, sin wt

UDQ
Full-wave rectifier with center-tapped transformer.
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— It is clear that the peak inverse voltage (PIV) of the diodes is equal to
2V, during their blocking state. Hence, the Peak Repetitive Reverse
Voltage (Vrrm) rating of the diodes must be chose to be higher than
2V, to avoid reverse breakdown.

—During its conducting state, each diode has a forward current that is
equal to the load current and, therefore, the Peak Repetitive Forward
Current (Igrwm) rating of these diodes must be chosen to be higher than
the peak load current V=R in practice.

Bridge rectifier: It can provide full-wave rectification without using a
center-tapped transformer. During the positive half cycle- of the
transformer secondary voltage, the current flows to the load through
diodes D; and D,. During the negative half cycle, D; and D4 conduct.

i
>
D1 Dy
@ 3\ % TU’ | E ; UL
D4R D2
v, =V, sinwt
Bridge rectifier

Vo 1o /\
+ T

i, 4 W2 n 2x 3n
Va/ R}
1,D2 D3, Dy A
com.:luct conduct conduct -t
w2 ™ P in
Ypy» Vpe T
> Wit
T\ /21: x
-V,
Upg, Up, 4

>l
i 21:\/311’.
i 7 g W ™
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—As with the full-wave rectifier with center-tapped transformer, the Peak
Repetitive Forward Current (Igrm) rating of the employed diodes must
be chosen to be higher than the peak load current V.= |, xR

— However, the peak inverse voltage (PIV) of the diodes is reduced from
2V, to Vy, during their blocking state.

In the case of a full-wave rectifier, v, (t)=Vy, |sinot| for both the positive
and negative half-cycles. Hence;

1 T
Vd; = ;Jﬁ Vm sinwt d((ﬂ!’]

Therefore;

2V,
Full-wave V3. = T’" =0.636V,,

The root-mean-square (rms) value of load voltage v, is V, which is

defined as:
1 T 142
V= [—J ui(t)dt]
T ]

Hence, the equation can be rewritten as:

V; = Jlr(vm sinmt]zd(mt]

Tlo
OR

v
Full-wave V; = —==0.707 V,,

V2

Therefore;-the average and the rms value load current is:

[ 0636 V.,
™ R
0.707 V,,
IL =
R
The rectification ratio is:
Pae  Valy
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. V.
_063%6 V)Y _ o,
(0.707 V.5
The FF can be found by:
FF = E or Ii
Vdc Idc
0.707 V,
FF = " =1.11
0.636 V,,

The ripple factor (RF), which is a measure of the ripple content, is
defined as:

RF =+/1.112 — 1 = 0.482

35
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LECTURE NO. 8

Three-Phase Diode Rectifiers
There are two types of three-phase diode rectifier, star rectifiers and
bridge rectifiers.

Three-Phase Star Rectifiers

A basic three-phase star rectifier circuit is shown in Figure below. This
circuit can be considered as three single-phase half-wave . rectifiers
combined together. Therefore, it sometimes referred to as.a three-phase
half-wave rectifier. The diode in a particular phase conducts during the
period when the voltage on that phase is higher than'that on the other two
phases.

N
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4\.

VL My m oy

»wt
T M 3
) | | | > wi
D A T 21 31T
v;/}zﬁm;;;?“\\\ ///,ﬂ\\\ //
/6 ST/6 I | 1
vp 4 2n 3r

| I | > w
1.73V, \A/

— It is clear that, unlikethe single-phase rectifier circuit, the conduction
angle of each diode is.2a=3, instead of x.

—Taking phase R-as)an example, diode D conducts from =6 to 5m=6.
Therefore; the average value of the output can be found as:

3 5%/6
V —[ V. sin0d0

de — T /6 m
Or,
3 43
v, =V > Y3 _ 0827 v
T 2

Similarly, the rms value of the output voltage can be found as:
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3 57T/6
V, = —[ (V, sin0)*d0
27 /6

Or,

m E 3

3 3
V, =V (E +§) —0.84 V,,

The rms current in each transformer secondary winding can also be found
as:

1 3
L=1, [—(Z+ V3 Z 0485 I,
2\ 3 4

— It is clear that the peak inverse voltage (P1V)-of the diodes is equal to
1.73Vy, during their blocking state. Hence, the Peak Repetitive
Reverse Voltage (Vrrm) rating.of ‘the diodes must be chose to be
higher than 1.73V, to avoid reverse breakdown.

—During its conducting state, each 'diode has a forward current that is
equal to the load current-and, therefore, the Peak Repetitive Forward
Current (Igrm) rating-of these diodes must be chosen to be higher than
the peak load current.l,,= VxR in practice.

— Form factor of diode current I/ 14.=1.76

— The rectification ratio is:
Pac — Vielde
PL VLI
Rectification ratio = 0.968

— Form factor of three-phase half-wave rectifier

FF = E or I—L

Vdc Idc

= 0.84Vi, =1.0165
0.827V
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— Ripple factor of three-phase half-wave rectifier

39
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LECTURE NO. 9

Three-Phase Bridge Rectifiers

Three-phase bridge rectifiers are commonly used for high power
applications because they have the highest possible transformer
utilization factor for a three-phase system.

D3

DlZL zL lD:s

| 2 I

Dy2s Zf szz

D6

173V, rprmes
p Wit
’ULA
1 '73‘/!:1
i I ——
R] v &S n 4n/3 5n/3 2n
1.73Vm/ R
| | l f » Wi

| | ! T ! I
/3 2m/3 T 41/3 51/3 2n
Ds conducts | . Di conducts

wducts ¢ D4 conducts
<« Dbconducts _ . D2conducts . D4 >

D3 conducts > < Dr conducts

<

>

4
-
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The diodes are numbered in the order of conduction sequences and the
conduction angle of each diode is 2a=3. The conduction sequence for
diodes is 12, 23, 34, 45, 56, and 61. The line voltage is 1.73 times the
phase voltage of a three-phase star-connected source.

The average values of the output can be found as:

6 2ﬂ/3
V4 —J V3V, sinf do

< 2T /3
Or,
3.3
Vi = Vmi = 1.654 V,
7T

Similarly, the rms value of the output voltage/can be found as:

9 27t/3
V, = —J (V,, sin 0)*d6
n /3

Or,

3 943
L 9V3

V=V 5+ —=1655V,

The rms current.in each transformer secondary winding can also be found

) 2 (n: V3

I =1,/= —+—) =0.78 I,

T \6 4

The rms current through a diode is:

| \/5
In=1_./—|—-—+—1]=0.5521

Where, 1,=1.73 V/R.
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— The dc output voltage is slightly lower than the peak line voltage or
2.34 times the rms phase voltage.

— The Peak Repetitive Reverse Voltage (Vrrw) rating of the employed
diodes is 1.05 times the dc output voltage.

— The Peak Repetitive Forward Current (lgry) rating of the employed
diodes is 0.579 times the dc output current.

Example 3.4
A three-phase rectifier has a purely resistive load of R. Determine
a. The efficiency
b. The form factor
c. The ripple factor
e. The peak inverse voltage of each diode and
f. The peak current through a diode.
The rectifier delivers | = 60 A at an output voltage of V4, = 280.7V
and the source frequency is 60 Hz.

Primary Secondary g i

b
[ ‘A LEL
C -
o & &

Solution

a. Efficiency, m= Pac

PL
Now: Pac = Ve X g
P|_ = V|_ X ||_
Since:
3.3
Vo=V, —{ =164V,
_ Vg _1.654V,,

|
dc R R
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3 943
Vi= Va5 + =165V,

PV 1.655V

LR R
(1.65V, )2R 99 85%%
(1.655V,, )R

b. Form factor:

1.655V _ 10008
1.654V.

c. Ripple factor:

= 4%
e. Vm = peak line to neutral voltage
But Vg, = 1.654V,, = 280.7 V

v, =289 _169.7v
1,654

P1V = peak inverse value-of secondary line to line voltage
= 169.7x3 =.293.9 Volt

e. The average diode current l4 is given by:

/6
2x2 Ilmcoscot d(wt)

Idc

21,

Idc——sm( ) 0.3181,
' 3

If the average load current is l4 and each diode is on for 120° of a cycle
of 360° then average diode current = 1/3 x average load current

|d='ﬁ=@=20A

3 3

sl =20 _6283A
0.318
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H.W1 The single-phase full wave rectifier has a purely resistive load of
R, determine:

a) The efficiency,

b) The ripple factor RF,

c) The peak inverse voltage PIV of diode
NOTE: Drive any formula that used in solution

H.W2 The single-phase half wave rectifier has R-L load with R= 5Q
and L= 6.5mH. The input voltage V=220V at 50Hz, determine:

a) The average diode current

b) The rms diode current

c) The rms output current

d) The average output current
NOTE: Drive any formula that used in solution

H.W3 The single-phase full wave rectifier has a purely resistive load of
R, and I =10A and average power = 100Watt, determine:

-The efficiency,

-The form factor and ripple factor,

-The peak inverse voltage PIV of'diode,
NOTE: Drive any formula that used,in solution

H.W4 The diode in the single-phase half wave rectifier has a reverse
recovery time of t, = 150usec and the source voltage V, = 200V at
frequency = 5 kHz. Calculate the average output voltage.

H.W5: Design the single phase half wave rectifier supply the HeNe laser
tube. The voltage across tube is 1.8kV and the current pass through tube
iIs 10mA. The designer has two diodes with PIV=1.5kV and saturation
current.are-1;,=100uA and 1,=120uA respectively.
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LECTURE NO. 10

Controlled Rectifier

Single-Phase Half-Wave Controlled Rectifier

As shown in Figure below, the single-phase half-wave controlled
rectifier uses a single thyristor to control the load voltage. The thyristor
will conduct, ON state, when the voltage v+ is positive and a firing
current pulse ig is applied to the gate terminal. Delaying the-firing pulse
by an angle a does the control of the load voltage. The firing-angle o is
measured from the position where a diode would naturally-conduct. The
angle a is measured from the zero crossing point of the supply voltage vs.
The load is resistive and therefore current iy has the-same waveform as
the load voltage. The thyristor goes to the non-conducting condition,
OFF state, when the load voltage and, consequently, the current try to
reach a negative value.

T
— %
| —
N 4 :
] L,Uy )
l > O
+ G / n
OIS
U_../ \
- S
- Z’G

0 J \ > (D

The load average voltage is given by:

Ve = |2 [ Vi sin(ot)d(et) = - (1+ cosa)
2T, 27T

V= [ [ V2 sin?(et)d(et)
27 %
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_Vm \/n—a_l_sin 2(n—a)

N 4

Home Work: Drive the form factor and ripple factor and efficiency of
single phase half wave controlled rectifier.

Single-Phase Full-Wave Controlled Rectifier with R-L load
Figure below shows the rectifier waveforms for an R-L load.

Area A,

P L
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From the preceding discussion
-For0<ot<a
Vo=0

-Fora<ot<p

Vo =V, = \/EV1 sinmt
-For<ot<2n

Vo=0
The average output voltage is given by:

Vg = € J.ﬁx/i V. sinot dwt
2 Jo

V.
= ——=—(cosa -cosf3)
V2n
Where, V,, = \/EVi

The rms output voltage is given by:

1 8 .
Vi = —_[ 2vZsin’ ot dot
27 o

1
B-a 4 sin2o -sin2f3 ]2

_Vi(
\/E 7T 27

———(cosa - cosf3)

|
dc \/_TCR

All these quantities are functions of B which can be found as follows.
-ForO<ot<p
dio

i \/EVisinmt Ld_ +Rj,
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o (0t =0)=ip (0t =p) = 0

The solution is given by:

ot
i, =1, ey Lsin(ot - @)
Where;
ol
tane = ——
2 2.2
Z=JR*+0’L

Example: Explain what will happen if a free-wheeling diode is connected
across the load in single phase half wave controlled rectifier.

Answer:
The free wheeling diode will remain off till ot = m since the
positive load:voltage across the load will reverse bias the diode.
However, beyond this point as the load voltage tends to become
negative the free wheeling diode comes into conduction. The load
voltage.is clamped to zero there after. As a result

1) Average load voltage increases

1) RMS load voltage reduces and hence the load voltage form
factor reduces.

i) Conduction angle of load current increases as does its
average value. The load current ripple factor reduces.
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Example:
The single-phase half wave rectifier has a purely resistive load of R

and the delay angle is a=n/2, determine:

a) The efficiency,

b) The form factor FF,

c) The ripple factor RF,

d) The peak inverse voltage PIV of thyristor.

Solution:
a)

1 (" Vv,
Vdm f— EJ Vmax Sin a)td(mt) — ﬁ(l _l_ COSs O!)

=0.1592V,,

l4c= 0.1592V /R

1/2
T
v, =[2i [VEsin?(ot) d(mt)}
na

R
2 |7 2

V. =0.3536'Vn and 1_=0.3536 V/R

 Vgexlge  (0.1592V,;)% /R

- —=20.27%
VX1 (0.3536V,,) /R

n

V, _ 0.3536Vm
Vg 0.1592V,

b) BF = =2.221
¢) RF = (FF-1)"?
= (2.221-1)%2=1.983

d) From the waveforms of the single-phase half wave rectifier the
peak inverse voltage PIV = V,,.
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LECTURE NO. 11

Single-Phase Full-Wave Controlled Rectifier

Figure below shows a fully controlled bridge rectifier, which uses four
thyristors to control the average load voltage and the half-controlled
bridge rectifier "semi converter rectifier"; which uses two thyristors and
two diodes.

h el e
Il.;_.:-* Tﬂ y A %:* "'I'2 A
— 1 '1'.3= . T. !
AR b | [Jroed 5% Vs | [ ] Load
T Tﬂ-* 1) %*
Vpax
O

I.g‘. ,fgzlh {1
\ .o \ »00F
‘gi*fgec]‘

(D¢

3 24

N A -

L
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Thyristors T, and T, must be fired simultaneously during the positive
half wave of the source voltage v, to allow conduction of current.
Alternatively, thyristors T3 and T4 must be fired simultaneously during
the negative half wave of the source voltage. To ensure simultaneous
firing, thyristors T, and T, use the same firing signal.

_ 242

] enta
Vo = —I v, dot
T Yo T

RMS value of v, can of course be completed directly from.
] T+
Vi = \/— J. vodot =V,
T ~« '

The behavior of the fully controlled rectifier with resistive-inductive
load (with L—o0) is shown in figure below. The high-load inductance
generates a perfectly filtered current andthe rectifier behaves like a
current source. With continuous load current, thyristors T, and T, remain
in the on-state beyond the positive half-wave of the source voltage v,. For
this reason, the load voltage vy can have a negative instantaneous value.
The firing of thyristors T; and T4 hastwo effects:

1) They turn off thyristors T1 and T2; and
i) After the commutation they.conduct the load current.

V. cosa
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LECTURE NO. 12

Three-Phase Half-Wave Controlled Rectifier

Figure shows the three-phase half-wave controlled rectifier topology.
To control the load voltage, the half-wave rectifier uses three common-
cathode thyristor arrangements. In this figure, the power supply and the
transformer are assumed ideal. The thyristor will conduct (ON state),
when the anode-to-cathode voltage vak is positive, and a firing current
pulse ig is applied to the gate terminal. Delaying the firing pulse.by-an
angle a. controls the load voltage. The firing angle a is measured from the
crossing point between the phase supply voltages. At that.point, the
anode-to-cathode thyristor voltage vak begins to be positive.

When the load is resistive, current iy has the same ,waveform as the
load voltage. As the load becomes more and more inductive, the current
flattens and finally becomes constant. The thyristor goes to the non-
conducting condition (OFF state) when (the. following thyristor is
switched ON, or the current tries to reach a negative value.
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Vdc

_ Vinax
~ 2/3m

= V]

max 7'6—/3

/34
{ coswt - d(wt)
—7n/3+0

sinmnt/3
- COS O

54
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LECTURE NO. 13

Three-Phase Bridge Controlled Rectifiers

Figure below shows the three-phase bridge controlled rectifier. The
configuration does not need any special transformer, and works as a 6-
pulse rectifier. The series characteristic of this rectifier produces a dc
voltage twice the value of the half-wave rectifier.

vaOS l

Va
Sec
> Ver T VD
& Q
.c vb
—
i U
aneg

Three-phase full-wave rectifier

W X K %

v in
EormmpE
L I-r_:'
"

X X ZF

The half-controlled bridge, or “‘semi-converter,”’

The load
average voltage is given by:

64
Vdc p— VmaX Jn/

/3 coswt - d(wt)

—n/6+4o
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sIn7/6
— Vmax—/-cosoc
/6

Figure below shows the voltages of each half-wave bridge of this

topology vB* and v¥*¥ , the total instantaneous dc voltage vp, and. the

anode-to-cathode voltage vak in one of the bridge thyristors.  The

maximum value of vak IS V3 Vmax, Which is the same as that of the half-
wave converter.

/’/ \ ..

N
\
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LECTURE NO. 14

Solving various questions

H.W1 The single-phase full wave controlled rectifier has a purely
resistive load of R and the delay angle is a=n/2, determine:

d) The efficiency,

e) The ripple factor RF,

f) The peak inverse voltage PIV of thyristor
NOTE: Drive any formula that used in solution

H.W2 The single-phase full wave controlled rectifier has.a R-L load
with R= 0.5Q and L= 6.5mH. The input voltage V=220V at 50Hz.
The delay angle is a=60, determine:

e) The average thyristor current

f) The rms thyristor current

g) The output rms current

h) The average output current
NOTE: Drive any formula that used in solution

H.W3  The single-phase full wave.controlled rectifier has a R-L
load with R=0.5Q and L= 6.5mH. The input voltage V=220V at
50Hz. The delay angle is a=30,plot the input and output waveforms.
Then determine:

-The average thyristor current

-The rms thyristor-current

-The output rms-current

-The average output current

- The efficiency
NOTE: Drive any formula that used in solution

H.W4-.The single-phase full wave controlled rectifier has a purely
resistive load of R and the delay angle is a=2#n/3, and I_=10A and
P_=100Watt determine:

-The efficiency,

-The ripple factor RF,

-The peak inverse voltage PIV of thyristor
NOTE: Drive any formula that used in solution

H.W5
Design the single-phase half wave controlled rectifier has a purely
resistive load of R=10Q and the average output voltage varied from
30V to 120V.
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LECTURE NO. 15

Power Bipolar Transistor

1. Introduction

The first transistor was created in 1948 by a team of physicists at
the Bell Telephone Laboratories and soon became a semiconductor
device of major importance. Power semiconductor switches constitute the
heart of modern power electronics. Such devices should have:
a) Larger voltage and current ratings,
b) Instant turn on and turn-off characteristics,
c) Very low voltage drop when fully on,
d) Zero leakage current in blocking condition,
e) Enough ruggedness to switch highly inductive loads.

2. Basic Structure and Operation

The bipolar junction transistor (BJT) «consists of a three-region
structure of n-type and p-type semiconductor materials; it can be
constructed as npn as well as pnp. The operation is closely related to that
of a junction diode where in normal conditions the pn junction between
the base and collector is forward-biased (Vge > 0), causing electrons to be
injected from the emitter into the base. As the base region is thin, the
electrons travel across it and arrive at the reverse biased base-collector
junction (Vgc < 0), where-.there is an electric field (depletion region).
Upon arrival at thisjunction, the electrons are pulled across the depletion
region and drawn into the collector. These electrons flow through the
collector region and out the collector contact. Because electrons are
negative carriers;-their motion constitutes positive current flowing into
the external_ collector terminal. Even though the forward-biased base-
emitter junction injects holes from base to emitter, the holes do not
contribute to the collector current but result in a net current flow
component into the base from the external base terminal.

The circuit symbols are shown in Figure below. Most of power
electronics applications use NPN transistors because electrons move
faster than holes, and therefore, NPN transistors have considerable faster
commutation times.

Collector Emitter

Base Base

Emitter Collector

{a) (k3

Circuit symbols (a) NPN transistor; and (b) PNP transistor.
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The emitter current is exponentially related to the base-emitter voltage by

the equation:
) i Vv
g = zEO(e BE _ 1)
n-vr

And
ic = oig
The collector and base currents are thus related by the ratio:
1, o«
ip 1—o

Static Characteristics

A family of voltage-current characteristic curves is shown in figure
below. The base current iz plotted as a function of 'the base-emitter
voltage Vge and the collector current ic as a function of the collector
emitter voltage Vg, with ig as the controlling variable.

The figure shows several curves distinguished from each other by
the value of the base current. The active region is defined where flat,
horizontal portions of voltage-current curves show “‘constant’” ic current,
because the collector current does not change significantly with Vg for a
given ig. Those portions are used only for small signal transistors
operating as linear amplifiers.

On the other hand, switching power electronics systems require
transistors to operate either in the saturation region where V¢e is small or
in the cutoff region where the current is zero and the voltage is upheld by
the device. A small base current drives the flow of a much larger current
between collector and emitter.

L . F 3

i i

Increasing
base current

Lag

Vf ) Constant-current
Saturation . -
) (active) region
region NN
1c_E’lB
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Dynamic Switching Characteristics

Switching characteristics are important in defining device velocity during
change from conduction (on) to blocking (off) states. Such transition
velocity is of paramount importance because most of the losses are due to
high frequency switching. Figure shows typical waveforms for a resistive
load.

a) The rising time" t," (from 10 to 90% of maximum value) collector
current or voltage.

b) The falling time "'tf'" is the falling time, that is, when the transistor
is blocking such time corresponds to crossing from the saturation
to the cutoff state.

c) The delay time is denoted by td, corresponding to the time to
discharge the capacitance of junction base-emitter,

d) Storage time (ts) is a very important parameter for BJT transistors,
it is the time required to neutralize the carriers stored in the
collector and the base.

“VCE
VCC
VCE(sat)
i 1:on 1:off
CE A < > < >
Im
I CEO
- td tr tn tS tf tO
IB A
T=1/f,

Current and voltage are interchanged at turn-on and an approximation
based upon straight line switching intervals (resistive load) gives the
average switching losses calculated using:

Vsiu
PS == 2 Tf;
Where 1 represent either tr or tf
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LECTURE NO. 16

High voltage BJTs typically has low current gain, and hence
Darlington-connected devices, as indicated in Figure below are
commonly used. Considering gains B; and B, for each one of these
transistors, the Darlington connection will have an increased gain of
B1+B.+ B1 B2 and diode D1 speeds up the turn-off process by allowing the
base driver to remove the stored charge on the transistor bases.

D,

Darlington-connected BJTs

Example:
The waveforms of the “transistor switch in Figure below. The

parameters are V=250V, Vegsay=2V, Im=100A, Iceo=8mA , t;=0.5uS,
t=1uS, t=5uS t=3uS.and frequency f;=10kHz. Determine the total
power loss in thetransistor.

AVce
VCC
VCE(sat)
i ton toff
CE A < > < >
Im
I CEO
- td tr tn tS tf to
I 4
T=1/f;
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Solution
a) During delay time, 0 <t <ty
|C(t) = lcgo= 3MA

VCE(t) = VCC =250V
PA(t) = ic(t) Vee(t) = 0.75W

The average power loss during the delay time is:

t

1 d

Pd - ?J-Pd(t)dt - ICEOVCCtde
0

=3.75mW
b) During rise time 0<t<t,

. |
ic(t)=-"t
tr

t
Vee(t)=Vcce + (VCE(sat) - Vcc)t—

Pr(t)=ic(t) Vce(t)

t t
=Im t_|:VCC + (VCE(sat) —Vce )—}

r tr

t —
t
Pe=—lm=|Vec+ (VCE(sat) —Vece )t_}
0 | r

[ Ve N (VCE(sat) ~Vee)
2 3

}= 42.33W

c) During Conduction period, 0<t<t,

|C(t) = ||\/|: 100A
Vee(t) = VCE(sat) =2V
Pa(t) =ic(t) Vee(t) =200W
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The average power loss during the delay time is:

t
1 n
Ph= ? j P(t)dt =1 MVCE(sat)tnfs
0

=97W
d) During storage period, 0 <t <t
iC(t) = ly= 100A
Vee(t) = Vegay = 2V
Ps(t) =ic(t) Vee(t) = 200W

The average power loss during the delay time is:
1}
PS = ?I PS (t)dt = IMVCE(Sat)tSfS = 10W
0

e) During fall period, 0 <t <t;

ic(t)= IM(l_%)

t
Vee(t)=Vee o
f

Pi(t)= ic(t) Vce()=Veclm [(1— tij tii|
f /)

t;
P == [[Pe(tydt = Yeclmtrls _ 1 o5y
T 6

f) During off-period, 0 <t<t,
|C(t) = lcgo= 3MA

Vce(t) = Vee = 250V
Po(t) =ic(t) Vee(t) =0.75W

The average power loss during the off-period is:

t
1 0
Po=1 I Po()dt = IceoVectofs
0

63
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= 0.315W

.. The total power loss in the transistor due to collector current is:

Pr=Pa+ Py + Py + Py+ Prt P
= 0.00375+ 42.33 + 97 + 10 + 125 + 0.315 = 274.65 W

64
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LECTURE NO. 17

The Power MOSFET

The device symbol for a p- and n-channel enhancement and depletion
types are shown in Figure below.

Drain (D) E-'l
0
— +
Gate (G) Vps G-J
—o |
+* _
1
Gy
.l »
Source (S) S
De—ul n' De—u n'
) W
p-type p-type
G substrate G Nl substrate
Se—uEl n Se—uEl n’
(a) n-channel enhancement-mode; (b) n-channel depletion-mode;

Most MOSFET devices used in power electronics applications are of
the n-channel, enhancement type. For the MOSFET to carry drain
current, a channel between the drain and the source must be created. This
occurs when the gate-to-source voltage exceeds the device threshold
voltage V.

1. For given vgs, with small vps (Vps < Vgs -Vn), the device operates

in the triode region (saturation region in the BJT), and



Power electronics 66

2. For larger vps (Vps > Vgs -Vn), the device enters the saturation

region (active region in the BJT).

3. For vgs < V', the device turns off, with drain current almost equal

to zero.

Under both regions of operation, the gate current is almost zero.
This is why the MOSFET is known as a voltage-driven device and,
therefore, requires simple gate control circuit.

The characteristic curves in Figure blow show that there are three
distinct regions of operation labeled as triode region, saturation region,
and cut-off region. When used as a switching device, only triode and cut-
off regions are used, whereas, when it is used as an amplifier, the
MOSFET must operate in the saturation region, which corresponds to the
active region in the BJT.

i, &  Triode Saturation region (active

' . .
1[2AET reg10mn A |
a g2 gion) . Tegion) >

¥ps¥ey YTn |, ! ¥ps T Vs ¥

%

T W gg increases

Vs = Viptl

=V,

e’ o

On-State Resistance

When the MOSFET is in the on state (triode region), the channel of the
device behaves like a constant resistance Rpson. that is linearly
proportional to the change between vps and ip as given by the following
relation:

aVDS

RDS(on) = aiD |UGS:::onstam

The total conduction (on-state) power loss for a given MOSFET with
forward current I and on-resistance Rps o, IS given by:

Pon,diss = IEJRDS(on)
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Comparison between the BJT and the MOSFET,

The BJT has greater power handling capabilities and smaller
switching speed,

The MOSFET device has less power handling capabilities and
relatively fast switching speed.

The MOSFET device has a higher on-state resistor than the bipolar
transistor.

Another difference is that the BJT parameters are more sensitive to
junction temperature when compared to the MOSFET,

Unlike the BJT, MOSFET devices do not suffer from second
breakdown voltages

Sharing current in parallel devices is possible.

Parallel Operation

Transistors are connected in parallel if one device cannot handle the
load current demand. For equal current sharing the<transistors should be
matched for:

gain

Trans-conductance
Saturation voltage
Turn-on and turn-off time.

The resistors in figure will help<Current sharing under steady state

condition.
I+
or | o RD
J Q1 Q2 |_
1+
Is]_ |32 VDDE
Rs1 Rs2
Example

Two MOSFETSs connected in parallel similar to figure above. The total
current I:=20A. The drain to source voltage of Q; is Vps;=2.5V and the
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drain to source voltage of Q2 is Vps, =3V. Determine the drain current of
each transistor and difference current sharing if current sharing series
resistances are: a) R;;=0.3Q2 and Rs=0.2Q2, b) Ry;=R=0.5Q

Solution

a) It= Ipp+1lp; and Vpgi+ Ip1Rg = Vps2 + Ip2Rs2

Vps1 + Ip1Rs1 = Vpsz + (7 - 1p1)Rs
| =VD82_VDS].+ITRSZ =3—2.5+20X0.2=
D1 RSl+ RSZ 0.3+0.2
|D2 - IT - IDl =20-9=11A = Al = |D2 - IDl =11-9 = 2A=10%
b) | _ VDSZ _VDSl+ ITRSZ _ 3-25+4+20x0.5
ot Ry +Rg 0.5+05
IDZ =20-105=95A = Al = IDl - IDZ =10.5—-95=1A=5%

9A

=10.5A
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LECTURE NO. 18

Pulse Width Modulation

In many industrial applications, it is often required to control the
output voltage of converters. The most efficient method of controlling the
output voltage is to incorporate pulse-width modulation (PWM) control
within the inverters. The commonly used techniques are:

1. Single pulse-width modulation

2. Multiple pulse width modulation

Single pulse width modulation

In single pulse-width modulation control, there is only one pulse per
half-cycle and the width of the pulse is varying to _control the output
voltage. Fig.(1) shows the generation of gating signals-of single pulse
width modulation. The gating signals are generated by:

I. Convert the reference signal to the square wave signal. This process is
obtained by inter the reference signal to-the zero-crossing circuit witch
consider the positive part of the input signal is positive part of the
output signal(square wave) and-the-negative part of the input signal is
negative part of the output signalias'shown in Fig(1). That is :

—Vee F(t)<0
F(t)=
+Vce F(t)>0

Ii. Then, the output signal of zero-crossing circuit is become control
signal of the ramp generator. Ramp generator integrate the input signal
to the saw-toothed signal as shown in Fig.(1).

Iii. Then;the output of the ramp generator inter to the comparator circuit
which,.compare between the variable d.c level and the ramp wave. The
certain d.c level gives the certain pulse width and any change in the
d.c level will produce change in the pulse width as shown in Fig.(1).

The rms value of output voltage can be found from

1/2

(m+8)/2
vo=|1 [ ViZd(ot) v, [P
T (7-8)/2 T
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+VVm

Reference
voltage

v
—

-Vm

+Vcce

Output of zero-
crossing circuit

v
—

-Vce

+\Vcce

Ramp
generator

d.c level Ramp waye

Two waves / pd S /]

input to
comparator

+\Vcce

Output pulse at
certain d.c
level >t

Fig(1):.shows the generation of gating signals of single pulse
width modulation

Multiple Pulse width modulation

The harmonic content can be reduced by using several pulses in
each half-cycle of output voltage. The generation of gating signals for
turning on and off transistors is shown in Figure (3). The gating signals
are produced by comparing reference signal with triangular carrier
wave. The frequency of the reference signal sets the output frequency
(fo) and carrier frequency (f. ) determine the number of pulses per half
cycle, p:
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Modulation index (M) = Vi
Ve
The variation of modulation index (M) from 0 to 1 varies the pulse

width from O to =/p , and the output voltage from 0 to Vm.

Uniform pulse width modulation (UPWM)

Figure (3) shows the uniform pulse width modulation (UPWM). It
can be note the reference voltage is square wave changed from the Vm
to =VVm in frequency = fo. The carrier frequency is triangle wave with
amplitude equal to Vc in frequency = fc. If the & is the width of each
pulse, the rms output voltage can be found from:

(m/p+8)/2 12
2p 2 pd
Vo=| 7" [Vvlden| =V [
T rip=5)/2 v.
1 Carrier signal
Ve L \ A Reference signal
Vm
Gating 5
signal . 5 ot
generation
A
Vs — —
Output o
voltage > ot
-Vs _— - _— L

Fig.(3): uniform pulse width modulation (UPWM)
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Sinusoidal Pulse Width modulation

Instead of maintaining the width of all pulses the same as in the
case of uniform pulse width modulation, the width of each pulse is vary
in proportion to the amplitude of a sine wave evaluated at the center of
the same pulse. The distortion factor and lower-order harmonics are
reduced scientifically. The gating signals as shown in Fig.(4) are
generated by comparing a sinusoidal reference signal with a triangular
carrier signal of frequency f..

AT
INVINALE

— 1/

Output
voltage

Fig.(4): Sinusoidal Pulse width modulation

The rms value of-output voltage is:

1/2
p Sm
Vo=V, D -

m=1
Where8,,is the width of mth pulse
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LECTURE NO. 19

DC-DC Converters

Modern electronic systems require high-quality, small, lightweight,
reliable, and efficient power supplies. Linear power regulators, whose
principle of operation is based on a voltage or current divider, are
inefficient. This is because they are limited to output voltages smaller
than the input voltage, and also their power density is low because they
require low frequency (50 or 60 Hz) line transformers and filters.

The higher the operating frequency, the smaller and lighter the
transformers, filter inductors, and capacitors. In addition, the dynamic
characteristics of converters improve with increasing- operating
frequencies.

High-frequency electronic power processors are used in dc-dc power
conversion. The functions of dc-dc converters are:

- to convert a dc input voltage Vs into a dc-output voltage Vo;

- to regulate the dc output voltage against load and line variations;

- to reduce the ac voltage ripple.on_the dc output voltage below the
required level;

- to provide isolation between  the input source and the load
(isolation is not always-required);

- to protect the supplied system and the input source from
electromagnetic interference (EMI);

The dc-dc converters can be divided into two main types: hard-
switching pulse width modulated (PWM) converters, and resonant and
soft-switching.converters

DC Choppers

A step-down dc chopper with a resistive load is shown in Figure
below. It is a series connection of a dc input voltage source Vs,
controllable switch S, and load resistance R. In most cases, switch S has
unidirectional voltage-blocking capabilities and unidirectional current-
conduction capabilities. Power electronic switches are usually
implemented with power MOSFETS, power BJTs, or MCTs.
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Vs (D § Yo

(a)

Yo
Vs
S closed S open
o DT T t
(1-D)T
(b)

The switch is being operated with a duty ratio-D defined as a ratio of
the switch on time to the sum of the on and off times. For a constant
frequency operation

D tOI'I — tOI‘l
ton + toff T

The average value of the output'voltage is: V, = DV,

- From above equation, the output voltage can be regulated by adjusting
the duty ratio D.
- The average output.voltage is always smaller than the input voltage.

The rms value of output voltage is:
1/2
DT
V= G 4 Vszdt) =-/DVs

The output power is:

2
DT
P, = 1]’ Vst = S
T70 R R
Example

The DC chopper has a resistive load of R=10 and input voltage is
Vs=220V. When the chopper switch remains on its voltage drop =2V,
duty cycle =50% and the chopping frequency is f=1kHz.determine a) The
average output voltage, b) the rms output voltage ,c) chopper efficiency.

Solution
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a) VV, = DVs
= 0.5 x (220 - 2) = 109V

1/2
b) VL =(% ODTVszdt) =+/DVs

=0.5"2x (220 - 2) = 154.15V
c) The output power is:
2 2
Vs—Vd (Vs —Vd) (220-2)° _ o065
R R 10

dt=D =0.5x%

1 ¢DT
P, =?jo (Vs—Vd)

The input power is:

2 2
DT

P =1j Vs VSt =D YS _ g.5x 220

Th R R 10

The efficiency = P _2376.2 99.09%
P, 2398

=2398W
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LECTURE NO. 20

Step-Down dc-dc Converter

The step-down dc-dc converter, commonly known as a buck
converter, is shown in Figure below. It consists of dc input voltage source
VS, controlled switch S, diode D, filter inductor L, filter capacitor C, and
load resistance R. The state of the converter in which the inductor current
Is never zero for any period of time is called the continuous conduction
mode (CCM). It can be seen from the circuit that when the switch.S is
commanded to the on state, the diode D is reverse-biased. When the
switch S is off, the diode conducts to support an uninterrupted current in
the inductor.

S iy L Io
"0 T~ -
oy - w - -
S
ric
+
Vs C_) D ZS C FF § R Yo
] (a)
L
Vs- Vo
o t
-vo _______ : :
1, ; ;
Iy
‘c
iS
* DT 21 t
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Or

Or

But, t; = DT and L= (1-D)T
(Vs-V,) DT =Vy(1-D)T

V,=DV; and Is=Dl,

T=t1+t2=|_ Al +L£=—AILVS
Vs - Vo Vo Vo (Vs - Vo)
Al = Vo(Vs _Vo)
LVf
Or
Al = PVs(1-D)
fL
iL = iC + io
The average capacitor current I, which flow into t,/2+t,/2=T/2:
Al
Ic=—
4

1¢.
vC=Ej|Cdt+vC(0)

T/2
1 ¢°Al AT Al
AV.=V.-V.0)=— | 2gt=2_=2"
¢ ¢ C()CI4 8C 8Cf
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_ DV,(1- D)

AV,
8CLf?

Example
The dc-dc converter has input voltage =12 V. The required output

voltage is V,=5V and ripple output Voltage = 20mV. The switching
frequency = 25kHz and ripple inductor current is 0.8A. Determine:

a) The duty cycle D,

b) The inductance L,

c) The filter capacitor.

Solution

a) V=DV, = D=V,/V=5/12=41.67%

b)
Al = VO(VS _VO)
LVf
L= VolVs=Vo)_ 5(12-5) 5 = 145.83uH
AIVSE 0.8x12x25%10
)
av, = Al Al 0.8 — 2004F

=—— = A= = 3 3
8Cf BAV.f 8x20x107°x25x10
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LECTURE NO. 21

Step-Up (Boost) Converter

It consists of dc input voltage source Vs, boost inductor L, controlled
switch S, diode D, filter capacitor C, and load resistance R. The converter
waveforms in the CCM are shown in figure below.
When the switch S is in the on state, the current in the boost inductor
increases linearly and the diode D is off at that time. When the switch S is
turned off, the energy stored in the inductor is released through the-diode
to the output RC circuit.

BRI N
N
+ v - -
|1g lic
vs () S C == Rﬁ Ve

o
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P Al
Ve=L-2 1= —
t t
Or
Al
tj=L—
VS

The current falling linearly from I, to I, in time t,, then

V-V, =L@=—L£
L to
Or
Al
t,=L—
27y,

0
But,t; =DT and t,=(1-D)T
Vs DT =(V,-V,) (1-D)T

Vo=£ and Is= o
1-D 1-D
T=t+t,=L—+L Al _ AlLV,
S VO VS VS(VO VS)
Al = VS(VO _VS)
LV,f
Or
AI=DVS
fL
iL:iC+i0

When the transistor is turn on the capacitor supplies the load current for
t=t,: The average capacitor current I = 1,, and

1¢.
vC=EJ‘|Cdt+vC(0)

1t1 It
= —_— = — :—01
AV, =V, -V, (0) CE|)'|Odt c
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AV. = Io(Vo_Vs)= I,D
¢ V,fC fC

Example
The dc-dc converter has input voltage =5 V. The required output

voltage is V,=15V and the average load current =0.5A. If the switching
frequency = 25kHz, L=150uH and C=220uF . Determine:

a) The duty cycle D,

b) The ripple current of inductor Al ,

c) The peak current of inductor I,

d) The ripple voltage of filter capacitor AV.

Solution

a) Vo=Vs/(1-D) = 1-D=5/15=1/3 = D=2/3

b)
Ar 2 VsVo = V) _ 5((515—5) _—o0soA
LVof 150x 107 x25x10° x15
)
|
li=—% = I,=05/(1-0667) =15A
s=1.D s ( )
=1+ 2 =15+ 232 1 945
2 2
d)

gD 7 0.5x0.667

AV = -0=
CfC  25x102x220x107°

=60.61mV
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LECTURE NO. 22

Other Types of DC-DC Converter

1. Buck-Boost Converter

The converter consists of dc input voltage source VS, controlled
switch S, inductor L, diode D, filter capacitor C, and. load
resistance R as shown in figure below. With the switch on, the
inductor, current increases while the diode is maintained off.
When the switch is turned off, the diode provides apath for the
inductor current. Note the polarity of the diode that results in its
current being drawn from the output.

S D Io
VDT =~Vo(1-D)T e T T

Iy llt He
Voo D w® 13w o= &S
Vo 1-D -
The output voltage-VO . S
iS negative with.respect v"

5

to the _ground. Its
magnitude - ,'can  be

either greater or Vo
smaller~than the input
voltage as the name of
the converter implies.

DT T 2T



Power electronics 83

Flyback Converter

A PWM flyback converter is a very practical isolated version
of the buck-boost converter. The circuit of the flyback converter
is presented in figure below. The inductor of the buck-boost
converter has been replaced by a flyback transformer. The input
dc source Vg and switch S are connected in series with the
transformer primary. The diode D and the RC output circuit are
connected in series with the secondary of the-flyback
transformer.

S D
e

[
b +

When the switch S is on, the current in the magnetizing
inductance increases linearly, the diode D is off and there is no
current in the ideal transformer windings. When the switch is
turned ‘off, sthe magnetizing inductance current is diverted into
the ideal transformer, the diode turns on, and the transformed
magnetizing inductance current is supplied to the RC load.

The dc voltage transfer function of the flyback converter is:

Vo D
Vs  n(l—D)

Where n is the transformer turns ratio and n = N1/N2.
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Control Principles

A dc-dc converter must provide a regulated dc output voltage under
varying load and input voltage conditions. Hence, the control of the
output voltage should be performed in a closed-loop manner using
principles of negative feedback. The two most common closed-loop
control methods for PWM dc-dc converters are namely, the voltage-mode
control and the current-mode control.

1- The voltage-mode control

The converter output voltage is sensed and subtracted from an external
reference voltage in an error amplifier. The error amplifier produces a
control voltage that is compared to a constant-amplitude “sawtooth
waveform. The comparator produces a PWM signal that is fed-to drivers
of controllable switches in the dc-dc converter. The duty-ratio of the
PWM signal depends on the value of the control voltage. The frequency
of the PWM signal is the same as the frequency of the sawtooth
waveform. An important advantage of the voltage-mode control is its
simple hardware implementation and flexibility.

Voltage
reference

Control
voltage | Compa- | PWM signal

| rator

AAA_ Sawtooth
waveform

Error
Amplifier

]

dc-de Converter

QOutput voltage

2- The current-mode control

An additional inner control loop feeds back an inductor current signal,
and this current signal, converted into its voltage analog, is compared to
the control voltage. This modification of replacing the sawtooth
waveform of the voltage-mode control scheme by a converter current
signal significantly alters the dynamic behavior of the converter, which
then takes on some characteristics of a current source.
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Voltage
reference

Control
voltage

]

Error
Amplifier

Com;):;ator PWM signal de-de Converter

Latch

Switch or inductor current

Output voltage
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LECTURE NO. 23

DC-AC Converter "Inverters'
The function of an inverter is to change a dc input voltage to
a symmetrical ac outputs voltage of desired magnitude and
frequency.
Inverters can be broadly classified into two types:
» Single-phase inverters
» Single-phase inverters
These inverters generally use PWM controlled signals for
producing an ac output voltage. The inverters are classified into
three types according to the input source as follows:
I.VVoltage source inverter if the input voltage remains constant
il. Current source inverter if the input-currents are maintained
constant.
ili.Variable dc linked inverter. if the input voltage is
controllable.

1. Single-Phase Voltage Source Inverters (VSIs)

Single-phase voltage source- inverters (VSIs) can be found as
half-bridge and full-bridge topologies. Although the power
range they cover.is the-low one, they are widely used in power
supplies, single-phase UPSs.

Single-Phase Half-Bridge Inverter

The  principle of single-phase half bridge inverter can be
explained with figure below. The inverter circuit consists of two
choppers. When only Q; is turned on for a time T/2, the
instantaneous voltage across the load v, is V. If Q, only is
turned on for a time T/2 — T, -V appears across the load. The
control circuit should be designed such that Q; and Q, are not
turned on at the same time.
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Vy/2—— <+
’ D. A Q1
Io
O R < a
V= Vo>
I D2 A QZ
Vdc/2 —
Vo a
Vdc
» L
T/2 T
'Vdc
i/ &
0 » L
i2 A
V2R
0 > t

The rms output voltage can be found by:
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Tiov2 2
V, = 2 j\ﬁdt Ve
T 14 2

«Study of harmonics requires understanding of wave shapes.
Fourier Series is a tool to analyze wave shapes.

1 27
a,=— [ f(»)d6
T o
1 2n
a, =— jf(v) cos(n0 )do
T o

21
b, - [ f()sin(n6 )d6
T o

fv)= ;a(, + Y (a, cosn® +b, sinnbd )

n=I

T 21
ay =" [J Ved® + | —Vdcde}—o
Tl

n

T 2n
a, = Vdcbcos(ne )d6 — [ cos(n6 )dGJ =0

T 1o

E: 2n
p = Vde [sin(n6)d6 — [sin(n6 )de}
TT
0 T

p = Ve —cos(n0 ), + cos(1n6 )\in ]

nT

Vdc
AT

[(cos0—cosnm)+(cos2nm —cosnm )]

when n 1s even, cosnm =1
b _0

n=
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Ve [(1-cosnm )] =
m

n

when n i1s odd, cosnmt = -1
h 4Vdc

n=
nt

The instantaneous output voltage can be expressed in Fourier series as:
o 2V, .
Vo= D, —Lsinnwt
n=1,35. N&T

The rms value of fundamental component is:

2-V
— dc _
V, = ——9 =0.45V,,

The output of practical inverters contains_harmonics and quality of an
inverter is normally evaluated in terms. of the following performance
parameters:

* Harmonic Factors of nth Harmonic "HF,"

HF, = n
Vi

e Total Harmonic Distortion "THD"
The total harmonic distortion, which is a measure of closeness in
shape between.a waveform and its fundamental component, is defined
as:

1 o 1/2
THD =" YVvZ
Vi1 n=2,3
 Distortion factor "DF"
V
DF, = —"

n V1



d)

Power electronics 90

LECTURE NO. 24

Example: The single-phase half bridge has a resistive load of R=2.4Q
and the dc input voltage V4= 24V. Determine the following:

a) The rms value of fundamental component,

b) The output power,

c) The average and peak current of each transistor,

d) The total harmonic distortion THD,

e) The distortion factor DF of third harmonic.

Solution
4.V
a)V, =——% =09V, =0.9x24 =216V
) 1 \/E-ﬂ' dc
T/2 172
2 2
b) Vo=|= [Viedt =V, = 24V
T
0
2 2
The output power P0=VO L (24) = 240W
R 2.4
C) The peak current. I, Ve _ 2% g
R 24

Since the.transistor conducts for 50% duty cycle, the average current of
each transistor is:

Ip=05x1p=05%x10=5A

- 1/2 2\ 2)L/2 .
THD = Vil = 6/0 Vi ) 0430 Vae _ 48 439
V, 0.9xV,
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V
e) Dl:n=n2 .nvl
V., = 4.V, SV, = 4.V, _ 4x 24 _70v
nz 3z 3xX7x
DF; = Vs 12 _ 379

32xV, 9x21.6

The Single-Phase Full Bridge Inverter

Ldc

Vdc_ -

Virtual
Ground —— 0
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Vdc
T2 T 27T 3T
VAU 1 | e | —1
- Swl— —Sw1— ' ' ' v fime
—Sw2— 1 SW2 I 1 | I
v |t e e t+2T t3T - Ve
BO — [r— — fr—
!—SW:} —f —Sw3 ! I ' . time
T Csw swan
__’,.,r’" 2VdC
v t+T/2
AB | time
0 T 2T 3T L
. _2Vdc
0.5T

circuit will have two pele-voltages (VAO and VBO), which are
similar to the pole voltage Vi of the half bridge circuit. Both
VAO and VBO of the-full bridge circuit are square waves but they

will, in general; have some phase difference. Figure above
shows these.pole voltages staggered in time by" t " seconds. It
may be “more convenient to talk in terms of the phase

displacement angle ‘@’ defined as below:

A :
D = (27[)? Radians

Vio= z o sin(nwt)
n=1357,. .0 N7
Vo= . Wee gin n(wi — ®)
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Difference of Vo and Vio gives the line voltage Vs

ANy 1 . :
Vi = Z de [sm nwt —sin n(wt — CI))]
n=135,7,..0 N7

The fundamental component of V g may be written as:

8Vc O .
‘ cos(wf ——)sin—
2 2

AVycr . .
Vg =—= [sm wi —sin(wi — (D)] =
’ T

th ) ] - Y .
The n harmonic component in V g may similarly be written as:

ANy ¢ . . 8V ®  nd
Vg, =—— [sin nwt —sinn(wr - @)] = = cosn(wt - ?) sin %
’ nir

nr

The rms value of the fundamental component of load voltage
may be written as:

8V . (D . (D
V, =—%  sinl=|=1.8V,. sin| —
2.x (2) “ (2)
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LECTURE NO. 25

Example: The single-phase full bridge has a resistive load of R=2.4Q
supplied from dc input voltage V4= 24V with switching frequency of
f=50Hz and displacement angle of n/2. Determine the following:

f) The rms value of fundamental component,

g) The output power,

h) The average and peak current of each transistor,

1) The total harmonic distortion THD,

j) The distortion factor DF of third harmonic.

a)V, = 1.8V, sin(%) = 1.8x 24 sin% = 30.54V

2 t 1/2 5.
b) VO = (?I(Z .VdC )zdtj N 2VdC ?t
0

V, =2V 1/% = 33.94V/

VS (33.94)°
R

The output power Po = = 480W

_2Vy _2x24 _ 0,

c) The peak current I, R 22

Since the transistor conducts for 50% duty cycle, the average
current of each transistor is:

I, =Dxl; =ix20=£x20A=E=5A
T 27 4
d)
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o N2 2 2\
THD=i( ZVnzj e -vi)
1\ n=23 Vl

1/2 /2
up . V2 -v2)"® |saeay —(osay]”
V, 30.54
€)
V
DF,=—"
T on? -V,
8-V no 8:-V,. . 37w
V. =—€ gin—= V dc gjpn—
n nyz'\/a 2 3 3\/§7Z' 4
8x 24
V. = = 14.4V
" 3xy2
DF; = Vs 144 5040

32 xV; 9x30.54

H.W: Repeat the solution of example with
displacement angles:
1) ®=0,
i) ®=mn/3,
i) ® =m,
i) ® = 2m/3.
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LECTURE NO. 26

AC voltage controller

If a thyristor switch is connected between ac supply and load,
the power flow can be controlled by varying the rms of ac
voltage applied to the load.

The application of voltage controller
1. Heating
2. light controls
3. speed control of induction motor

There are two types:
1. On-off control
2. Phase-angle control.

1. On-off Control Principle
The principle of on-off control can be explained with a
single-phase full-wave controller

P
“Ng—
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