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Preface

This book is intended for use in junior and senior level undergraduate courses
in power electronics. Classical analysis is used throughout. The coverage is con-
cerned exclusively with power electronic circuits. No coverage is given to the
physics and the fabrication of power electronic switches, nor to the detailed design
of power electronic circuit protection and ancillary components.

Rectifier circuits are treated in a far more comprehensive and detailed man-
ner than is customary in contemporary texts. Chapter 14 is devoted to matrix
converters, which usually receive scant attention. Chapter 13 is devoted to enve-
lope cycloconverters, which usually receive no attention at all. Features of the
text include the large number of worked numerical examples and the very large
number of end of chapter problems, with answers.

The material contained in this book has been used for classroom and exami-
nation purposes at the University of Leeds, England; the University of Bradford,
England; and Ohio University, Athens, Ohio. The authors are grateful for the
permissions to reproduce the relevant material.

Some short sections of this book are reproduced from earlier work by one
of the authors. The writers are grateful to Cambridge University Press, England,
for permission to reproduce this previously published work.

The typing of the manuscript, with its many iterations, was done by Janelle
Baney, Suzanne Vazzano, Erin Dill, Juan Echeverry, and Brad Lafferty of the
Schools of Electrical Engineering and Computer Science of Ohio University. We
are deeply grateful for their contributions.

Much of the computer transcription of the text and diagrams was undertaken
at the Instructional Media Services Unit of the Alden Library at Ohio University.
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Nomenclature

lcaleb lec
i
iR
is

Isalsb Isc

ISS

Fourier coefficients of first order

Fourier coefficients ofith order

Fourier coefficients of the supply point current

instantaneous emf, V

instantaneous capacitor voltage, V

instantaneous inductor voltage, V

instantaneous load voltage, V

instantaneous ripple voltage, V

instantaneous line supply voltages in a three-phase system, V
instantaneous phase load voltages in a three-phase system, V
instantaneous phase supply voltages in a three-phase system, V
frequency, Hz

instantaneous current, A

instantaneous line currents in a three-phase system, A
instantaneous capacitor current, A

instantaneous currents in the capacitor branches of a three-phase
system, A

instantaneous load current, A

instantaneous resistor current, A

instantaneous supply current, A

instantaneous supply currents in the lines of a three-phase sys-
tem, A

instantaneous steady-state component of current, A
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instantaneous transient component of current, A

n harmonic order

p frequency ratio

t time, s

I min minimum value of the rms supply current, A

lsc short circuit current, A

i peak value of the sinusoidal short-circuit current, A

L self-inductance coefficient, H

Ls self-inductance coefficient of supply line inductance, A

M modulation ratio

N number of turns

P average power, W

P. P, Pc average power per phase in a three-phase system, W

Pin average input power, W

PL average load power, W

Ps average supply point power, W

PF power factor

PF. power factor in the presence of compensation

PFax maximum value of power factor

QL reactive component of load voltamperes, VA

R resistance()

RF ripple factor

S apparent voltamperes of the load, VA

T time constant, S

\% terminal voltage of battery, V

Xe capacitive reactancé)

XL inductive reactance)

Xsc short-circuit (inductive) reactance)

Z impedance()

GREEK SYMBOLS

« thyristor firing angle, radian

aB limits of conduction in a diode battery-charger circuit (Chapter
2), radian

o inherent delay angle caused by supply inductance, radian

d dimensionless “figure of merit”

10 instantaneous flux, Wb

\ displacement angle between voltage and fundamental current,
radian

Yin displacement angle between voltage atid harmonic compo-

nent of current, radian
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s displacement angle between voltage and supply current, radian
overlap angle, radian

conduction angle, radian

angular supply frequency, radian/s

small value of angle, radian

phase angle to sinusoidal currents of supply frequency, radian
phase angle to sinusoidal currentsntfi harmonic frequency,
radian
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1

Switching and Semiconductor
Switches

1.1 POWER FLOW CONTROL BY SWITCHES

The flow of electrical energy between a fixed voltage supply and a load is often
controlled by interposing a controller, as shown in Fig. 1.1. Viewed from the
supply, the apparent impedance of the load plus controller must be varied if
variation of the energy flow is required. Conversely, seen from the load, the
apparent properties of the supply plus controller must be adjusted. From either
viewpoint, control of the power flow can be realized by using a series-connected
controller with the desired properties. If a current source supply is used instead
of a voltage source supply, control can be realized by the parallel connection of
an appropriate controller.

The series-connected controller in Fig. 1.1 can take many different forms.
In alternating current (ac) distribution systems where continuous variability of
power flow is a secondary requirement, electrical transformers are often the preva-
lent controlling elements. The insertion of reactive elements is inconvenient be-
cause variable inductors and capacitors of appropriate size are expensive and
bulky. It is easy to use a series-connected variable resistance instead, but at the
expense of considerable loss of energy. Loads that absorb significant electric
power usually possess some form of energy “inertia.” This allows any amplitude
variations created by the interposed controller to be effected in an efficient
manner.
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Amplitude variations of current and power flow introduced by the controller
may be realized by fractional time variation of connection and disconnection
from the supply. If the frequency of such switching is so rapid that the load
cannot track the switching events due to its electrical inertia then no energy is
expended in an ideal controller. The higher the load electrical inertia and the
switching frequency, the more the switching disturbance is reduced in signifi-

cance.

1.2 ATTRIBUTES OF AN IDEAL SWITCH

The attributes of an ideal switch may be summarized as follows:

1.2.1

1.

N

No g

Copyri

Primary Attributes

Switching times of the state transitions between “on” and “off”
should be zero.

“On” state voltage drop across the device should be zero.

“Off” state current through the device should be zero.
Power—control ratio (i.e., the ratio of device power handling capability
to the control electrode power required to effect the state transitions)
should be infinite.

“Off” state voltage withstand capability should be infinite.

“On” state current handling capability should be infinite.

Power handling capability of the switch should be infinite.
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1.2.2 Secondary Attributes

1. Complete electrical isolation between the control function and the
power flow
2. Bidirectional current and voltage blocking capability

An ideal switch is usually depicted by the diagram of Fig. 1.2. This is not a
universal diagram, and different authors use variations in an attempt to provide
further information about the switch and its action. Figure 1.2 implies that the
power flow is bidirectional and that no expenditure of energy is involved in
opening or closing the switch.

1.3 ATTRIBUTES OF A PRACTICAL SWITCH

Power electronic semiconductor switches are based on the properties of very
pure, monocrystalline silicon. This basic material is subjected to a complex indus-
trial process calledopingto form a wafer combining a p-type (positive) semicon-
ductor with an n-type (negative) semiconductor. The dimensions of the wafer
depend on the current and voltage ratings of the semiconductor switch. Wafers
are usually circular with an area of about 1 At A 10 A device has a diameter

of about 3.6 mm, whereas a 500 A device has a diameter of 25 mm (1 in.). The
wafer is usually embedded in a plastic or metal casing for protection and to
facilitate heat conduction away from the junction or junctions of both the p-
type and n-type materials. Junction temperature is the most critical property of
semiconductor operation.

Practical semiconductor switches are imperfect. They possess a very low
but finite on-state resistance that results in a conduction voltage drop. The off-
state resistance is very high but finite, resulting in leakage current in both the
forward and reverse directions depending on the polarity of the applied voltage.

Switching-on and switching-off (i.e., commutation) actions do not occur
instantaneously. Each transition introduces a finite time delay. Both switch-on
and switch-off are accompanied by heat dissipation, which causes the device
temperature torise. In load control situations where the device undergoes frequent
switchings, the switch-on and switch-off power losses may be added to the steady-
state conduction loss to form the total incidental dissipation loss, which usually

i

Fic. 2
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manifests itself as heat. Dissipation also occurs in devices due to the control
electrode action.

Every practical switching device, from a mechanical switch to the most
modern semiconductor switch, is deficient in all of the ideal features listed in
Sec. 1.2

1.4 TYPES OF SEMICONDUCTOR CONVERTER

Semiconductor switching converters may be grouped into three main categories,
according to their functions.

1. Transfer of power from an alternating current (ac) supply to direct
current (dc) form. This type of converter is usually calleceetifier.

2. Transfer of power from a direct current supply to alternating current
form. This type of converter is usually called averter.

3. Transfer of power from an ac supply directly into an ac load of different
frequency. This type of converter is calledycloconverteor amatrix
converter

4. Transfer of power from a direct current supply directly into a direct
current load of different voltage level. This type of converter is called
a chopper converteor a switch-mode converter

1.4.1 Rectifiers

The process of electrical rectification is where current from an ac supply is con-
verted to an unidirectional form before being supplied to a load (Fi. 1.3). The ac
supply current remains bidirectional, while the load current is unidirectional. With
resistive loads the load voltage polarity is fixed. With energy storage loads and
alternating supply voltage the load current is unidirectional but pulsating, and
the load voltage in series-connected load inductance elements may vary and alter-
nate in polarity during the load current cycle.

In rectifier circuits there are certain circuit properties that are of interest
irrespective of the circuit topology and impedance nature. These can be divided
into two groups of properties, (1) on the supply side and (2) on the load side of
the rectifier, respectively. When the electrical supply system has a low (ideally
zero) impedance, the supply voltages are sinusodial and remain largely undis-
torted even when the rectifier action causes nonsinusoidal pulses of current to
be drawn from the supply. For the purposes of general circuit analysis one can
assume that semiconductor rectifier elements such as diodes and silicon controlled
rectifiers are ideal switches. During conduction they are dissipationless and have
zero voltage drop. Also, when held in extinction by reverse anode voltage, they
have infinite impedance.
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In order to investigate some basic properties of certain rectifier circuits, it is
convenient to consider single-phase circuits separately from three-phase circuits.
Additional classifications that are helpful are to consider diode (uncontrolled
rectifier) circuits separately from thyristor (controlled rectifier) circuits and to
also separate resistive load circuits from reactive load circuits. These practices
are followed in Chapters 2-8.

Three-phase and single-phase rectifiers are invariably commutated (i.e.,
switched off) by the natural cycling of the supply-side voltages. Normally there
is no point in using gate turn-off devices as switches. Controlled rectifiers most
usually employ silicon controlled rectifiers as switches. Only if the particular
application results in a need for the supply to accept power regenerated from the
load might the need arise to use gate turn-off switches.

1.4.2 Inverters

The process of transferring power from a direct current (dc) supply to an ac
circuit is called gorocess of inversiofFig. 1.4). Like rectification, the operation
takes place by the controlled switching of semiconductor switching devices. Var-
ious forms of inverter circuits and relevant applications are described in Chapters
9-11.
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1.4.3 Cycloconverters

Power can be transferred from an ac supply to an ac load, usually of lower
frequency, by the direct switching of semiconductor devices (Fig. 1.5). The com-
mutation takes place by natural cycling of the supply-side voltages, as in rectifiers.
A detailed discussion of cycloconverter circuits and their operation is given in
Chapters 12 and 13.

1.5 TYPES OF SEMICONDUCTOR SWITCH
The main types of semiconductor switches in common use are

1. Diodes
2. Power transistors
a. Bipolar junction transistor (BJT)
b. Metal oxide semiconductor field effect transistor (MOSFET)
c. Insulated gate bipolar transistor (IGBT)
d. Static induction transistor (SIT)
3. Thyristor devices
a. Silicon controlled rectifier (SCR)
b. Static induction thyristor (SITH)
c. Gate turn-off thyristor (GTO)
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d. MOS controlled thyristor (MCT)
e. Triac

Some details of certain relevant properties of these devices are summarized in
Table 1.1.

1.5.1 Diodes

Diodes are voltage-activated switches. Current conduction is initiated by the ap-
plication of forward voltage and is unidirectional. The diode is the basic form of
rectifier circuit switch. It is regarded as an uncontrolled rectifier in the sense that
it cannot be switched on or off by external signals. During conduction (Fig. 1.6),
the forward current is limited only by the external circuit impedance. The forward
voltage drop during conduction is of the order 1-2 V and can be ignored in many
power electronics calculations.

The application of reverse voltage cuts off the forward current and results
in a very small reverse leakage current, a condition knowreasrse blocking
A very large reverse voltage would punch through the p-n junction of the wafer
and destroy the device by reverse avalanching, depicted in Fig. 1.6.

1.5.2 Power Transistors

Power transistors are three-terminal rectifier devices in which the unidirectional
main circuit current has to be maintained by the application of base or gate current
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TaBLE 1.1

Type of switch Current Turn-on Turn-off Features

Ideal switch Bidirectional  Instantancous Instantancous Zero on-state
impedance

Diode Unidirectional Forward voltage Reverse voltage Voltage activated Lo

(Va> k) (Va < Vi) on-state impedanc

Low on-state volt
drop High off-state
impedance

Thyristors

Silicon controlled
rectifier (SCR)

Gate turn-off
devices State
induction
thyristor (SITH)

Gate turn-off
thyristor (GTO)

MOS controlled
thyristor (MCT)

TRIAC

Transistors

Bipolar junction
transistor (BJT)

Metal-oxide-
semiconductor
field-effect
transistor
(MOSFET)

Insulated gate
bipolar
transistor
(IGBT)

Static induction
transistor (SIT)

Unidirectional

Unidirectional

Unidirectional

Unidirectional

Birectional

Unidirectional

Unidirectional

Unidirectional

Unidirectional

Forward voltage\(a
> V) Forward
gate bias\ > Vi)
Forward voltage\(a
> V) turn-on is
the normal state
(without gate drive)
Forward voltage\(a
Vi) And + ve gate
pulse (g > 0)

Forward voltage\(a
> V) — 6 ve gate
pulse Vs < V)

Forward or reverse
voltage Ya><
Vi) +ve orf ve
gate pulse

Forward voltage\(c
> Vg) +ve base
drive (Vg > Vg)

Forward voltage\(p
> V) +ve gate
pulse Vg > Vg)

Forward voltage\{c
> V) +ve gate
pulse Vg > V)

Forward voltage\(p
> V) normally on
(Ve =0)

Reverse voltag¥a
< Vg to reduce
the current

-remove forward
voltage -negative
gate signal
(Ve < Vi)

— By 6 ve gate
pulse (g < 0) or
by current
reduction

+ve gate pulseVg
>Va)

Current reduction
by voltage
reversal with
zero gate signal

Remove base
current (g=0)

Remove gate drive
(Ve=0)

Remove gate drive
(Ve=0)

+ve gate pulse
(Vo> Vg

Gate turn-off is not
possible

Low reverse blocking
voltage

When the reverse
blocking voltage is
low it is known as
anasymmetric GT!

Low reverse
avalanche voltage

Symmetrical forward
and reverse
blocking Ideally
suited to phase
angle triggering

Cascading 2 or 3
devices produces
Darlington
connection with
high gain (low bas
current)

Very fast turn-on and
turn-off

Low on-state losses,
very fast turn-
on/turn-off, low
reverse blocking

Also called thepower
JFET high on-statt
voltage drop
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at the control electrode. Removal of the gate or base drive results in current
extinction.

The bipolar junction transistor (BJT) is a three-terminal silicon switch. If
the base terminal B and collector terminal C are both positively biased with respect
to the emitter terminal E (Table 1.1), switch-on occurs. Conduction continues until
the base current is removed, so that the BJT is a current controlled device. It will
only reverse block up to about 20 V and needs to be used with a series diode if
higher reverse blocking is required.

The metal-oxide-semiconductor field-effect transistor (MOSFET) is a very
fast acting, three-terminal switch. For conduction the drain vol¥gand gate
voltage Vg must both be greater than the source voltaggTable 1.1). The
device is voltage controlled, whereby removal of the gate voltage results in switch-
off. MOSFETS can be operated in parallel for current sharing. Ratings of 500 V
and 50 A are now (1999) available.

A compound device known as tiesulated gate bipolar transistqiGBT)
combines the fast switching characteristics of the MOSFET with the power-
handling capabilities of the BJT. Single device ratings in the regions 300—-1600
V and 10-400 A mean that power ratings greater than 50 kW are available. The
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switching frequency is faster than a BJT but slower than a MOSFET. A device
design that emphasizes the features of high-frequency switching or low on-state
resistance has the disadvantage of low reverse breakdown voltage. This can be
compensated by a reverse-connected diode.

The static induction transistor (SIT) has characteristics similar to a MOS-
FET with higher power levels but lower switching frequency. It is normally on,
in the absence of gate signal, and is turned off by positive gate signal. Although
not in common use, ratings of 1200 V, 300 A are available. It has the main
disadvantage of high (e.g., 15 V.) on-state voltage drop.

1.5.3 Thyristors

The silicon controlled rectifier (SCR) member of the thyristor family of three-
terminal devices is the most widely used semiconductor switch. It is used in both
ac and dc applications, and device ratings of 6000 V, 3500 A have been realized
with fast switching times and low on-state resistance. An SCR is usually switched
on by a pulse of positive gate voltage in the presence of positive anode voltage.
Once conduction begins the gate loses control and switch-on continues until
the anode—cathode current is reduced below its holding value (usually a few
milliamperes).

In addition to gate turn-on (Fig 1.7), conduction can be initiated, in the
absence of gate drive, by rapid rate of rise of the anode voltage, calletl/the
dt effect or by slowly increasing the anode voltage until forward breakover occurs.
It is important to note that a conducting SCR cannot be switched off by gate
control. Much design ingenuity has been shown in devising safe and reliable
ways of extinguishing a conducting thyristor, a process often knowteske
commutation

The TRIAC switch, shown in Table 1.1, is the equivalent of two SCRs
connected in inverse parallel and permits the flow of current in either direction.
Both SCRs are mounted within an encapsulated enclosure and there is one gate
terminal. The application of positive anode voltage with positive gate pulse to
an inert device causes switch-on in the forward direction. If the anode voltage
is reversed, switch-off occurs when the current falls below its holding value, as
for an individual SCR. Voltage blocking will then occur in both directions until
the device is gated again, in either polarity, to obtain conduction in the desired
direction. Compared with individual SCRs, the TRIAC combination is a low-
voltage, lower power, and low-frequency switch with applications usually re-
stricted below 400 Hz.

Certain types of thyristor have the facility of gate turn-off, and the chief
of those is the gate turn-off thyristor (GTO). Ratings are now (1999) available
up to 4500 V, 3000 A. with switching speeds faster than an SCR. Turn-on is
realized by positive gate current in the presence of positive anode voltage. Once

Copyright © 2004 by Marcel Dekker, Inc. All Rights Reserved.



|

high conduction region

maximum
Teverse i
voltage 2 G, ig=0
latching
currant
Uy - T T W Ua i
TEVErse forward forward
blocking blocking breakover
reverse agion region voltage
avalanche €9 9 &
region
_iA '
Fic. 7

ignition occurs, the anode current is retained if the gate signal is removed, as in
an SCR. Turn-on by forward breakover or 8ydt action should be avoided. A
conducting GTO can be turned off, in the presence of forward current, by the
application of a negative pulse of current to the gate. This usually involves a
separate gating circuit of higher power rating than for switch-on. The facility of
a high power device with gate turn-off is widely used in applications requiring

forced commutation, such as dc drives.
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The static induction thyristor (SITH) acts like a diode, in the absence of
gate signal, conducting current from anode (A) to cathode (K) (Table 1.1). Nega-
tive gate voltage turns the switch off and must be maintained to give reverse
voltage blocking. The SITH is similar to the GTO in performance with higher
switching speed but lower power rating.

The MOS-controlled thyristor (MCT) can be switched on or off by negative
or positive gate voltage, respectively. With high-speed switching capability, low
conduction losses, low switching losses, and high current density it has great
potential in high-power, high-voltage applications. The gating requirements of
an MCT are easier than those of the GTO, and it seems likely that it will supplant
it at higher power levels. A peak power of 1 MW can be switched off in 2 ns
by a single MCT.
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2

Single-Phase Uncontrolled Rectifier
Circuits

A general representation of a rectifier or converter, with single-phase supply, is
shown in Fig. 2.1. The contents of the rectifier “box” can take several different
forms. For the purpose of analysis it is most helpful to consider first the simplest
form of half-wave connection and then proceed to more complicated full-wave
connections.

2.1 HALF-WAVE UNCONTROLLED RECTIFIER
CIRCUITS WITH RESISTIVE LOAD

2.1.1 Single Diode Circuit

The simplest form of uncontrolled rectifier circuit consists of a single-phase sinus-
oidal voltage source supplying power to a load resiRtirough an ideal diode

D (Fig. 2.2). Conduction only occurs when the anode voltage of the diode is
positive with respect to the cathode, i.e., during positive half cycles of the supply
voltage. The load current and voltage therefore consist of the positive, half-sinu-
soidial pulses given in Fig. 2.3. By Kirchhoff's loop law the instantaneous diode
voltage is the difference between the instantaneous values of the supply voltage
es and load voltage, . Diode voltagesy, is therefore coincident with the negative
pulses of supply voltage in Fig. 2.3.

e = E,, sinmt (2.1)
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ac

supply Reetifier Load

Fic. 1 General rectifier representation.

T, 31T

= E_sinot
&=F5 0,2r

= = Esino 2m, 4r
E=&- &€= 3n
.3 2m, 4.
iL=|S=i=53inthE ol
R 0,2r T, 3m...

2.1.1.1 Load-Side Quantities

The average value of any function (wt) that is periodic in 2 is

1 ¢
'av=2_njo i (at)d ot

Substituting Eq. (2.4) into Eq. (2.5) and integrating gives

0
AVAS

O

Fic. 2 Single-phase, half-wave diode rectifier.
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Fic. 3 Waveforms for single-phase, half-wave diode rectifier witfoad.

E E
| =-m=0318"
“ "R R (2.6)

Power dissipation in a series circuit can always be defined in terms of the root
means square (rms) current, whatever waveshape the periodic current may be.
For the load currenit. (wt) periodic in 2r the rms current is defined by

1 21[,2
| = /Ejo i2(wt)d ot 27)

Substituting Eq. (2.4) into Eq. (2.7) and integrating gives

| _E_M_I_m
LToR 2 (2.8)

The rmsvalué, = |,/2 for half-wave operation compares with the corresponding
valuel, = 1,/\V/2 for sinusoidal operation.
The average power dissipation in the load resi&as given by

P.=I12R (2.9)

Substituting Eg. (2.8) into Eq. (2.9) gives

B2 g
R="=—"2=P (2.10)
4R 4R :
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whereEs = E,/V2 is the rms value of the supply voltage aRg is the input
power. It is seen from Eq. (2.10) that the average power is one-half the value
for the continuous sinusoidal operation at the same peak voltage.

The degree of distortion in a rectified current waveform can be calculated
by combining the rms and average values in a “ripple factor.”

rmsvalue of accomponents
average value

2 2
\'IL _Iav

av

|

= [|+=[-1

., (2.11)

For the case of half-wave rectification, substituting Egs. (2.6) and (2.8) into Eq.
(2.11) gives

RF = (Ejz _1=121
W 2 (2.12)

The ideal value of the ripple factor is zero, for an undistorted steady dc output.
The value 1.21 for half-wave rectification is undesirably large and is unacceptable
for many applications. It is found that the Fourier series for the current waveform
of Fig. 2.3 is

Ripple factor=

. E (1 1. 2 2
i (ot)=—"| =+=sinot—— coLut——— codmt_...
o) R(n 2 3n 151 j (2.13)

The time average valug,/mR in Eq. (2.13) is seen to agree with Eq. (2.6). It
is shown in Example 2.3 that the coefficients of the terms in Eq. (2.13) sum to
the rms value of the current.

2.1.1.2 Supply-Side Quantities

In the series circuit Fig. 2.2 the supply current is also the load current. Equations
(2.6) and (2.8) therefore also define the supply current. Because the diode is
presumed ideal, the input power from the supply is equal to the power dissipated
in the load resistor.

From the supply side, the circuit of Fig. 2.2 is nonlinear; that is, the imped-
ance of the diode plus resistor cannot be represented by a straight line in the
voltage-current plane. When a sinusoidal voltage supplies a nonlinear impedance
the resulting current is periodic but nonsinusoidal. Any function that is periodic
can be represented by a Fourier series, defined in the Appendix, and reproduced
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below, which enables one to calculate values for the harmonic components of
the function.

i(ot) = (a, cosnmt+ b, sinr {)

L ]

+

N |2 |\>|¢°’

C, sin(ot+vy,) (2.14)

>
Il
=

where

_ \/m (2.15)

| 8y
:t —
Vo =1an [bn] (2.16)

When functioni(wt) is periodic in 2t the coefficients of (2.14) are given by

& _1 ((ot)dmt

=] (2.17)
1 on,

anz;jo i(t) cosnot dot (2.18)

=—J' i(ot) sinnot dot (2.19)

Comparing Eqg. (2.17) with Eq. (2.5) shows that the Fourier coefficgi2t de-
fines the time average or dc value of the periodic function. The fundamental
(supply frequency) components are obtained whes 1 in Egs. (2.16) and
(2.17). For the current of Fig. 2.3, defined in Eq. (2.4), it is found that

1o,
alzgj'o i(ot) cosmt dot

= %j:sinmt coswt dwt
=0 (2.20)

Similarly,

=—j wt sinot dot

=—"‘j "sin? ot dot
nRJ0

E

m

“3R (2.21)
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The peak amplitude; of the fundamental frequency sine wave component of
Fig. 2.3 is therefore

Em
c, =& +hi=22 (2.22)

Angle ys; defines the displacement angle between the fundamental component of
i(wt) and the supply current origin. In this case

v, = tan{%} 0

Equation (2.23) shows that the fundamental component of current is in time phase
with the supply voltage.

2.1.1.3 Power Factor

The power factor of any circuit is the factor by which the apparent voltamperes
must be multiplied to obtain the real or time average power. For the supply side
of Fig. 2.1, the power factor is given by

(2.23)

P
PF=—
El, (2.24)

whereP is the average power ariflandlg are rms values of the supply voltage
and current. The universal definition of Eqg. (2.24) is independent of frequency
and of waveform.

In most nonlinear circuits supplied by a sinusoidal voltage the supply cur-
rent contains a supply frequency component (or fundamental harmonic compo-
nent) of rms valuds, that is phase displaced from the supply voltage by angle
;1. The average input powét can then be written

P = Els, cosi; (2.25)
Combining Egs. (2.14) and (2.15) gives

s
PF = T cos v,

S

(2.26)

The ratiols /Isis thecurrent distortion factorand arises chiefly, but not entirely,
because of the nonlinear load (i.e., rectifier) impedance. The term;,dng2.26)

is called thecurrent displacement fact@nd may be partly or wholly attributable

to reactive components of the load impedance. It should be noted, however, that
in some rectifier circuits the current displacement anglés nonzero even with
resistive loads.
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Although the product terms of Eq. (2.26) are entirely analytical, they are
useful because the relative values sometimes suggest the best approach to the
problem of power factor correction. The two terms of Eq. (2.26) are valid only
if the supply voltage is sinusoidal whereas Eq. (2.24) is universally true in any
passive circuit, irrespective of supply voltage waveform.

For the half-wave rectifier circuit of Fig. 2.2 the Fourier coefficients of the
fundamental current wave showed that the displacement angie zero [Eq.
(2.23)]. This means that the displacement factor, ¢@sis unity. The power
factor, in this case, is therefore equal to the distortion factor and is due entirely
to the nonlinear rectifier impedance. Substituting values from Eg. (2.1) and (2.8)
into Eq. (2.24), noting thaEs = E,, V2 gives the result

PF= L

NA (2.27)

Sincey; = 0 the power factor is neither leading nor lagging. Because of this
one would expect that the power factor could not be improved by the connection
of energy storage devices across the supply terminals. In fact, the connection of
a capacitance across the supply terminals in Fig. 2.2 is found to make the overall
power factor less (i.e., worse).

2.1.2 Single-Diode Circuit with Load-Side
Capacitor

In a half-wave diode controlled resistor circuit the load current conduction period
can be extended and its average value increased by the use of a parallel-connected
capacitor (Fig. 2.4). The capacitor stores energy while the diode is conducting
and releases it, through the load resistor, while the diode is in extinction. With
appropriate values dR and C, the load current can be made continuous even
though the supply current remains of pulse waveform.

D
o P

o- d

Fic. 4 Single-phase, half-wave diode rectifier with load-side capacitor.
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In Fig. 2.4 the instantaneous currents in the load (resistor), capacitor and
supply branches arng, I, andlg, respectively.

The circuit operates in two modes, according as to whether the rectifier is
conducting. While current flows into the circuit from the supply, the following
equations are true

. E,
IR = E sin wt (228)
. de
=C—=wCE t
i il ., COS® (2.29)
AP -
iy =i+ C_?| sin( ot + ;) (2.30)
where
12|= . —
1+ 0’C°R? (2.31)
y, =tan’ (-oCR) (2.32)

The two analytical components of the supply current are shown in Fig. 2.5 for
the case wheR = X.. Extinction of the supply currerif occurs when the two
componentsg andi, are equal and opposite, at angleadians from the origin

of the supply voltage wave. The diode conduction mode thus terminates at
= X. At this angle it is seen that

E,

Fsinx“oCEm cosx=0 (2.33)
from which

x = tan ! (—wCR (2.34)
Comparison of Egs. (2.32) and (2.34) shows that

X=m— s =m — tan"! (—wCR) (2.35)

At ot = x diode conduction ceases. The instantaneous load voltage is then
e = e = E,sinx (2.36)

The capacitor, charged to voltaBg, sinx, begins to discharge through the series
R-C circuit of the load branches. Since tReandC elements are linear the load
current decays exponentially with a time constant RC

Therefore, in Fig. 2.5, fobt > X
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Fic. 5 Component currents in the circuit of Fig. 2R:= X, x = 135, 6. = 1371°.
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. m ~; — (ot—X
Iq :?Slnx (ﬁ) (237)

Since sinx = sin(m — i) = sin s, then

—coty(ot-m+y )

. E, _
i = e siny e (2.38)
The load voltage, during supply current extinction, is therefore

e =i R= E,sinx ““) (2.39)

Ignition of the diode recommences when the supply voltage becomes instanta-
neously greater than the load voltage. In Fig. 2.5 this occurs at the instants
= X — 6. and 2r + X — 0, wheref. is the conduction angle of the diode

oat|ig=2n+x—ec (2.40)
In terms ofyss, the ignition angle is

ot|,4=3n-y, -6, (2.41)

The conduction angle may be found by equating the load volRigérom Eq.
(2.37) to the supply voltage from Eq. (2.28), puttioy = 27 + X — 0,

En sinxe ™ [Cm=00/0CR = E_sin(2m + X — 6)
or
sinxe ™ (727 =00/eCR = ginx — 0) (2.42)

Equation (2.42) is transcendental and must be solved by iteration. For values of
wCRIless than unity (i.eds < 45°) the ignition anglex — 6, becomes small for
half-wave rectifier operation. Increase of the capacitance tends to shorten the
conduction angle.

The three instantaneous currents in the circuit of Fig. 2.4 are described, for
the period 0< ot < 2w, by

: . n— E . —coty (ot—m+ n— s_ecizn
iy = Evsint" Y +En siny g (@ ve) v
R Ir=v,=6. R 0.m-y, (2.43)
= -y . —0_,2%
iC = (DCEm cosmt Ws _E Sinwss—cotws(wt—n+ws) \Vs c
n-y,-6, R 0,m—vy, (2.44)
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A =S -\, T—-y—0,,2n
= t 0
i 7 sin( o +W5)n—1|!s—60 Oy, (2.45)

The average value of the load current is found to be

1 on,
[ :EJO i (of)dot

_ E, 1-cos,
|z 2n (2.46)

A numerical example for operation of this circuit is given in Example 2.4.

2.1.3 Single-Diode circuit for Battery Charging

A simple diode circuit containing a current limiting resistari®ean be used to
charge a battery of em¥ from a single-phase supply (Fig. 2.6). The battery
opposes the unidirectional flow of current so that the net driving voltage-is

V. Neglecting any voltage drop on the diode (which is likely to be of the order
1-2 V) the current is therefore

§
o (2.47)

wherea and 8 define the current pulse in Fig. 2.7. Current flows only in the
positive voltage direction whea — V > 0. Anglesa and are defined by

i _e-V

L=TR =%(Emsinmt—v)

e—V=E,sihna —V=0 (2.48)
Therefore,
o =sint v
B E (2.49)

m

By symmetry

o
AVAY

e =k, sin wt -— ¥

o —

Fic. 6 Single-phase, half-wave diode battery charging circuit.
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Fic. 7 Voltage and current waveforms for the battery-charger circuit of Fig.\2.&
0.6E,

B=7m-—-a (2.50)

The average valuk,, of the battery charging current is defined by

1 o,
Iav:z_n-"o |L(O\i) d(Dt

Substituting Eq. (2.47) into the above defining integral expression gives

1= — [ (E, sinot-V) dot
2nR Y«
-1 [ E, (coso— co)+V(o—B)]
S 2R (2.51)

Eliminating B between Egs. (2.50) and (2.51) gives

1
., :%[ZEmcosowv(Zoc—n)] (2.52)

A relevant numerical calculation is given in Example 2.5.

2.1.4 Worked Examples

Example 2.1 Anideal single-phase source, 240 V, 60 Hz, supplies power
to a load resistoR = 100(} via a single ideal diode. Calculate the average and
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rms values of the current and the power dissipation. What must be the rating of
the diode?

The circuit is shown in Fig. 2.2. The specified voltage of 240 V can be
presumed to be the rms value. The average circuit current, from Eq. (2.6), is

_E,_240J2

w = = =1.08A
R mwmx10

The rms value of the current is given by Eq. (2.8)

_E,_ 2402 _

L= =1.7A
2r 2 x 100

In the circuit of Fig. 2.2 power dissipation takes place only in the load resistor
and is given by Eq. (2.10)

P, = I2(1.72 100 = 298 W

The diode must be rated in terms of a peak reverse voltage and a mean forward
current.

From Eg. (2.3) it can be seen that the peak diode voltage is equal to the
peak supply voltage.

Diode PRV = E,, = 240V2 = 339.4 V

A convenient commercial rating would be to choose a diode rated at 400 V.
Either the rms or the mean (average) current could be used as a basis of current
rating. Sincel,. = 1.7 A a convenient commercial rating would be 2 A.

Example 2.2 The rms valueof a periodic waveform that consists of an
average or dc value lay plus a sum of harmonic components with rms vgjues
I, --- is given by

Z=15+15+153+ -

Show that the rms value of the current in the half-wave rectifier circuit, Fig. 2.2,
can be obtained in terms of its harmonic components and that the value obtained
agrees with the integration method.

In terms of the rms values of the harmonic components,

=15 +11+153+15+ -

In terms of the peak values f, I, -+, I, of the sinusoidal harmonics, and since
the peak, average, and rms values of the dc tggrare identical, then

1/~ o~ N
2 _ 2 2 2 2
| _|av+§(|l+|2+...+|n)
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wherei; = 1,/V2, etc. The Fourier series for this waveform is given by Eq.
(2.13).

The rms valué, of the function_ (wt), Eq. (2.13), for half-wave rectifiction
is seen to be

GICEBIEEEE

from which
I, = En
2R

This result is seen to agree with that of Eq. (2.8).

Example 2.3 The single-phase diode resistor circuit of Fig. 2.2 is supplied
with power from an ideal voltage source of rating 240 V, 50 Hz. Calculate the
circuit power factor. If an ideal capacit@ is now connected across the supply
whereX. = R = 100(}, calculate the new value of power factor.

From Eq. (2.27), the power factor is seen to be

pF=—L —0707

V2

Alternatively, substituting the values &f and P_ from Example 2.1 into Eq.
(2.24) gives

R
EI
289
C240x17

If a capacitor of reactancé. is connected across the supply, as in Fig. 2.13, the
capacitor instantaneous current is given by

PF =

L

0.707

Cc

j=Em sin(ot +90)
X

C

E
=" cosmt
X

[
The resultant instantaneous supply current is therefore
i =i+,

E E_ . b
=—" cosmt + —"sinmt
X 0, 2m,...

C
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The rms value of the overall supply current is given, in general, by

1= 2 2 (at) et
2n 70

In the present case, singg = R, eliminatingX. gives

2nR?
E2
T 2nR

En n+n+0
" 2nR

=202

2
12= En U (cosmt + sirmt) +J co%mtdmt}

U cos ot dmt+j S|rf ot+ stwt)}

Which compares with a load current of 1.7 A.
The load current and load power are not affected by the terminal capaci-
tance. The new power factor is therefore

PPt - 289 _gu
El, 240x 294

The introduction of the capacitor has caused a considerable reduction of the power
factor.

Example 2.4 A single-phase supply of voltage= 380 sin 100xt sup-
plies power to a load resistét = 40 ) via on ideal diode valve. Calculate the
average current in the load. Repeat the calculation if an ideal cap@cior138
wF is connected across the resistor

In the absence of the capacitor, the average load current in the circuit of
Fig. 2.2 is given by Eqg. (2.6)

I, :5 =3.024A
R

With a capacitor of 13§.F, at 50 Hz, in Fig. 2.4, the use of Eq. (2.32) gives a
value for the magnitude of the input phase angle

Us = tan~ (2m X 50 X 138 X 10~® X 40) = tan~ ! (1.734) = 6C°

Therefore,

sinyis = 0.866 and cafis = 0.577
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With the component values giveR,/R = 9.5 A andwCE,, = 16.47 A. From
Eqg. (2.35)
X=m — §g = 120

Iterative solution of the transcendental equation, Eg. (2.42), gives a value for the
conduction anglé, of the supply current

0. = 115.75

The circuit waveforms are shown in Fig. 2.5.
For the specified values &t andC the input impedanciZ|, Eq. (2.31), is

12| = Lzzzog
\1+(1734

The average load current, Eq. (2.46), is therefore

_ 380( 1-cosl15.75
¥ 20 2

): 4.336A

Introduction of the capacitor filter has therefore resulted in aboét #&rease
of the original average load current of 3.024 A.

Example 2.5 In the battery charger circuit, Fig. 2.6, the supply voltage
is given bye = 300 sinwt and resistoR = 10(). Calculate the average charging
current ifV = 150 V. What is the operating power factor?

From Egs. (2.49) and (2.50),

o=sint 1507 30
300

B=m—a=150C

Substituting value€,, = 300,V = 150,R = 10,a = 30° = 7/6 into Eq.
(2.52) gives

lav = 3.27 A
The rms current is given by integrating Eq. (2.47)

» 1 o,
17 =5, i (at)dot
1 s . 2
= L(Emsmmt—v) dot

from which it is found that, witl3 = ™ — «, then
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2 1 EZ ., EZ .
I} =—=|| ==+V?*|(n—20) +— sin20.— 4E, V cosx
2nR 2 2
Substituting numerical values gives
L= 479 A
The total power delivered to the circuit from the ac supply is
P=I%R + I,V

In this application the power factor is therefore

2
pp_ P _ IRV

Bl (B, /V2)1,
Now
P. = I12R = 229.4 W
The total power delivered by the supply is
P = 229.4+ (3.27)(150)= 720 W
The total power factor seen from the supply is given by Eq. (2.24)

|:>|:=L=0.71

(300/v2)( 479

2.2 FULL-WAVE DIODE CIRCUIT WITH
RESISTIVE LOAD

By the use of four diodes, Fig. 2.8a, rectifier circuit performance can be greatly
improved. All of the supply voltage wave is utilized to impress current through
the load, Fig. 2.8b, and the circuit, which is very widely used, is callsihgle-
phase, full-wave diode rectifier

The various properties of the full-wave circuit can be evaluated in precisely
the same way as those for the half-wave circuit.

2.2.1 Load-Side Quantities

The load current waveform, Fig. 2.8b is represented, for the first supply voltage
cycle, by
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g, = sin wt

{al

EF--

= (1

(b)

Fic. 8 Single-phase, full-wave diode rectifier: (a) circuit diagram and (b) load voltage
and current waveforms fdr load.

Copyright © 2004 by Marcel Dekker, Inc. All Rights Reserved.



. E, . .|t E, . 2n
i, (ot) -y sinmt R sin(ot —)

m (2.53)

The average value of functidp (ot) is

1 21t
-l

U smmtdwt+j sin(wt— n)dwt]

)dot

21r,R

= %{(—cosmt) 7(;+[— cogot —) | T(;}
~%En _oe3eE /R

(2.54)

The value of Eq. (2.54) is seen to be twice the corresponding value for the half-
wave circuit given in Eq. (2.6).

The rms value of functiom_ (wt) is given by

2=t

2r,
L:2_1'|; 2( )d(,l)t

2
zEEZ U:sinz otdot+ [ sirf (wt-) dmt]

2
E—F.[o"(l cosaot)dot+= _[ 1- co2(mt- n)dmt}

" 2R | 2
5w o

5;
ToR (2.55)
Therefore,
I, = En
bR (2.56)

Valuel, in Eq. (2.56) is seen to b¥'2 times the corresponding value for half-
wave operation, given by Eqg. (2.8). It should also be notedlthhas the same
rms value as a sinusoidal current of the same peak value; an rms value is not
affected by the polarity of the waveform.

The load current ripple factor is
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12 Y 5.66 Y
RE= ||+ | —1= 22| _1-048
Lo 5.1 (2.57)

which compares with a value 1.21 for half-wave operation.
The load power is given once again by

P. = IZR (2.58)
Combining Egs. (2.56) and (2.58) gives
p_1 E, FE’
L5 R R (2.59)

The load power dissipation, Eq. (2.59), is twice the value obtained with half-
wave operation, Eq. (2.10), and is equal to the dissipation obtained with sinusoidal
load current of the same peak value.

2.2.2 Supply-Side Quantities

The application of sinusoidal voltage to the resistive circuit of Fig. 2.8a causes
a sinusoidal supply current in time phase with the voltage. The time average
value of the supply current is therefore zero over any complete number of
cycles and its rms value equals that of the load current.

1pxE2
S(a) = E,[o I sin® ot dot=0 (2.60)
| —\/if”E—'i i’ ot dot = =
* \2ndo R J2R (2.61)
If the bridge diodes are ideal, the input power must be equal to the load power
E.
R=R=%R (2.62)

For a circuit where the input voltage and current are both sinusoidal and in time
phase, the power factor is unity

PF = 1.0 (2.63)

The properties of the full-wave diode bridge with resistive load are summarized
in Table 2.1
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TABLE 2.1 Single-Phase Diode Rectifier Circuits with Resistive Load

Property Half-wave bridge Full-wave brid
Average load current 13t E Em
T R
RMS load current 5 i
2R V2R
EZ E;
Power - e
4R 2R
RMS supply current 5 Em
2R J2R
1
P fact N 1.0
ower factor N
Ripple factor of load current 1.21 0.47

2.3 HALF-WAVE DIODE CIRCUITS WITH SERIES
R-L LOAD

2.3.1 Single-Diode Circuit

The action of the serieR-L circuit with a single-diode rectifier valve illustrates

a lot of the important features of rectifier circuit operation. In Fig. 2.9 the current
is unidirectional and the polarity of the voltage dmgpon the resistoR is always

as indicated. The polarity of the instantaneous embf the series inductok
varies cyclically as does the total load voltageWhere the application of sinusoi-
dal voltagees results in an instantaneous curréntthis is given by solution of
the first-order linear differential equation [Eq. (2.65)].

e = E,sinwt (2.64)
. di,
& =1 R+l (2.65)

Neglecting the voltage drop on the dio@es i, during conduction. If no current

is initially present conduction begins when the anode voltage of the diode becomes
positive, that is, at the beginning of the supply voltage cycle in Fig. 2.10. An
expression for the curremt may be thought of, at any instant, as the sum of
hypothetical steady-state and transient componign#di;, respectively.
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e -

Fic. 9 Single-phase, half-wave diode rectifier with serie& load.

iL ((’Ot) :iss((li)—i_i t((’d: )
=1, sin(ot—®)+i, (at) (2.66)
where® is the phase angle for sinusoidal currents of supply frequency

oo q oL
P=tan”— (2.67)
At instantot = 0 in Fig. 2.10 the total current(0) = 0 but the steady-state
componentisgd0) = I, sin(0 — ®) = —I,, sin ®, so that the instantaneous
transient current is
i(0) = I, sind (2.68)
€l

a=E sinomt

Fic. 10 Current waveform for the single-phase, half-wave circuit of Fig. .9+ 60°.
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Forwt = 0 the transient current decays exponentially through the deyieload
impedance

" JR+0?2 |7 2.71)
The instantaneous current at any time interval during conduction is therefore
i (wt) = Iy sint — ®) + |, sin &g~ cotProt (2.72)

I (ot) =i, sin®e D =| sinbes®" (2.69)
where

1 R

— = —cotd

ot ol ° (2.70)
and

E
| = i E,

Itis seenin Fig. 2.10 that the total curréntonsists of unidirectional, nonsinusoi-
dal pulses lying outside the envelope of the steady-state sinusoid. The conduction
angle6. wheni_ (ot) = 0 in Eq. (2.56) satisfies

sin@c — @) + sinde % = 0 (2.73)

Equation (2.73) is transcendental and must be solved iterativeby.féor values
of phase angleb up to about 60 one can estimaté. fairly accurately by the
relation

be=m+d+ A (2.74)

whereA is of the order a few degrees. With highly inductive loads the conduction
angle increases until, &t = «/2, the conduction takes the form of a continuous,
unidirectional sinusoidal oscillation of mean valljge = E /ol.

The instantaneous voltage drep on the load resistor has the valydR
and must have the same waveformigént) = 0. Now by Kirchhoff's law, in
Fig. 2.9,

e (o= g0+ (ol
=E,sinot (during conductiop (2.75)

At the valuewt;, whereg (ot) = er (wt) in Fig. 2.11ag (wt) = L di/dt = O.
The derivativedi/dt is zero at a current maximum, and therefore the crossover
of the eg (wt) curve with thee(wt) curve in Fig. 2.11b occurs whes (ot) has
its maximum value. Time variations of the circuit component voltages are shown
in Fig. 2.11 for a typical cycle. The polarity of the inductor voltagje(wt) is
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such as, by Lenz's law, to oppose the change of inductor current. While the
current is increasing, < ot < wty, the induced emf in the inductor has its
positive point nearest the cathode. When the inductor current is decreasing,
< ot < otz, the induced emf in the inductor tries to sustain the falling current
by presenting its positive pole furthest from the cathode in Fig. 2.9.

The average value of the rectified current is the mean value df thet)
curve (Fig. 2.10) over 2 radians and is given by

1 ce..
., =£jo i (at)dot
E,
2n|Z|

S|nCI> —cotd o,
[cosd)(l co®,)- sid sif, o (e 1)} (2.76)

Eliminating the exponential component between Eq. (2.73) and Eq. (2.76) gives,
after some manipulation,

1-coso
av ZTCR( )
B, 1l-cosH,
~2n|z|  cosdb (2.77)

Since the average value of the inductor voltage is zero,

Eav = IavR
— Em
_E(l— cost, ) (2.78)

The rms value of the load current is found using Eqgs. (2.72) and (2.73):

1 o,
IE=—] il (at)dot
s
. —sin6_ cog6 .—2d)
“an | i
+tand| sirf & -sin (6, - ®) |+ 4 sind sird, sirfo, - @)} (2.79)

The corresponding ripple factor can be obtained by the substitution of Egs. (2.78)
and (2.79) into Eq. (2.11). Both the average and rms values of the current increase
for increased values of phase angle.

2.3.2 Worked Examples

Example 2.6 A single-phase, full-wave diode bridge (Fig. 2.8a) is used
to supply power to a resistive load of valike= 50 (). If the supply voltage
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8,

ER=EH

» of

{b)

{c)

8

fa

it

= of

Fic. 11 Component voltage waveforms for the single-phase, half-wave circuit of Fig.

2.9:d = 60.
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remains sinusoidal and has a peak value 400 V, calculate the average and rms
values of the load current. Calculate the ripple factor for the load current and
compare this with half-wave operation.
The average value of the load current (Fig. 2.8b) is given by Eq. (2.54),
The corresponding rms valueg is the value of a sinusoidal of the same
peak height, as given in Eq. (2.56).
1

E
|, = — — =5.66A
V2 R

The ripple factor is

12 Y 5.66 Y
RF= || | -1=/|==1|-1=048
I, 5.0

which compares with a value 1.21 for half-wave operation.

Example 2.7 For the single-phase bridge of Example 2.6 (i.e., Fig. 2.8)
evaluate the voltage and current ratings required of the bridge diodes

The diodes in Fig. 2.8a conduct current only in their respective forward
directions. When the top terminal of Fig. 2.8a is positive, current flows through
D,, R, andD,. The current of diode®,; andD, is therefore given by
E. . T, 3.
I, =—-sinwt
1 R ,
The diode rms current is ¥/2 or 0.707 of the rms supply current. A diode current
waveform consists of only the positive pulses of current and is therefore similar
to the waveform of Fig. 2.3. Because a diode current waveform contains only
one half the area of the load current its mean current rating is one half the mean
load current

|, (diode) = %I ( load
_1E
T R
=2.55A

While current is passing throudh;, R andD, in Fig. 2.8a, the diodeB, and
D5 are held in extinction due to reverse anode voltage. The peak Pateof
this reverse voltage is the peak value of the supply voltage.

PRV = E,, = 400 V

Example 2.8 A serieR-L load withR = 10Q andX_ = 20Q atf =
50 Hz and supplied from an ideal single-phase supty 300 sin 2rft through
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an ideal diode. Determine the peak value of the current pulses, the conduction
angle and the average load current

X
@ztan’lﬁz tan* 2=63 4

cotd = 0.5, cosd = 0.447, sin®d = 0.894

Conduction anglé. is determined by iterative solution of the transcendental
equation, Eq. (2.73). We start by estimating a valu®éafising Eq. (2.74)

0. = 180 + 63.4 + A =243.4 + A

The algebraic sum of the two parts of Eqg. (2.73) is given in Rk column.
From the results obtained for the estimated valyes: 250¢° and 249 one can
make a linear interpolation that the actual value#ofs 249.25. This is shown
in the final row to be almost correct.

0. = 249.25

The maximum value of the current pulses occurs wiiefdwt = 0. From Eqg.
(2.72)

% = Im Coq(,l)t _(I))—l m sind Cotq)a—cot([)u,t -0

from which it is seen that
cost — @) = cot P g~ cotP et

Iterative solution of this, along the lines above, yields

of|, =1462

0
Estimated value df, sin®, — )+
deg. rad. Sirf—®) g% gnde % singg %
246° 4.294 —0.045 0.117 0.105 0.06
248° 4.33 —-0.08 0.115 0.103 0.023
250° 4.363 -0.115 0.113 0.101 —-0.014
249° 4.316 —0.0976 0.114 0.102 0.0044
249.25° 4.35 —0.1019 0.1136 0.1016 —0.003

Copyright © 2004 by Marcel Dekker, Inc. All Rights Reserved.



Substitutingmt = 146.2 into Eq. (2.72) gives

=1.2417 =1 241& =16.7A

V107 + 20°
Now co9). = c0s249.25 = —0.354. In Eq. (2.77) therefore,

w = 300 (1+ 0. 354) = 64657
2nx10

L max

This compares with the valug/m or 9.55 A that would be obtained with only
the 104} resistor as load.

If the load consisted of a resistor of the same value as the present load
impedance the average current would be 3004 22.36) = 4.27 A.

2.4 FULL-WAVE DIODE CIRCUITS WITH SERIES
R-L LOAD

The average load currentis increased and the ripple factor reduced by the introduc-
tion of a freewheel diode across the load. This provides a relaxation path for the
load current during the intervals of negative supply voltage and assists toward
continuous load current conduction even though the supply current is discontin-
uous with high harmonic content.

Consider the circuit of Fig. 2.12 in which the load now consists of induct-
ancelL in series with resistanc®. This circuit is similar in action to two half-
wave circuits in series.

o
e=k sinwt
o
A L

Fic. 12 Single-phase, full-wave diode rectifier circuit with serRed. load.
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During conduction one of the opposite pairs of diodes connects the supply
voltage across the load so that the load voltagéwt) retains the form shown
in Fig. 2.8b for resistive load. In typical steady-state operation the load current
becomes continuous, Fig. 2.13b, with identical successive portions each half cycle
as the current transfers from diodeg andD, to diodesD, andDs. The supply
currentis (ot) assumes the bidirectional (alternating) form of Fig. 2.13c. Although
the supply current is subject to abrupt transitions the load current (passing through
the inductor) remains quite smooth and large induced emfs are avoided. When
the load inductance is very large such that almost perfect smoothing is realized,
the load current assumes a constant value and the supply current becomes a
rectangular wave. These aspects of bridge operation are discussed more fully in
the following chapters.

Example 2.9 In the single-phase, full-wave bridge circuit of Fig. 2.14 the
load current is 50 A, and the maximum peak to peak ripple voltage across the
load is to be 10 V. IfE,,, = 240\/2 V at 50 Hz, estimate suitable values for
andC. What will be the current rating of the capacitor?

In a single-phase, full-wave rectified sinusoid (Fig. 2.8b)

2
Eav = E Em
and
E
E=—"1
V2
so that
E,= 2—\/5 E=0.9E
e
In this case

E. = 0.9 X 240 = 216 V

The principal higher harmonic of a full-wave rectified waveform is the second
harmonic (since there is no fundamental component), in this case of frequency
100 Hz.

Peak 100Hz component of the ac rippteE,, — Ea, = 240V2 — 216
= 123.4 V.

Peak-to-peak ripple= 246.8 V.

Ripple reduction factor requirees 246.8:10.

Now the excess ripple voltage has to be filtered by the series choke. Therefore,
XL = 24.68..
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Fic. 13 Waveforms for the full-wave circuit of Fig. 2.12.

The load current is 50 A. It is good practice to allow a safety factor of 2
and permit the inductor (and capacitor) current ripple to have a peak value of 25
A. The inductor ripple voltage has already been estimated as 123.4 V.

X, =%§4= 4.84Q
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e=E, sinwt

3

i

| |
| ¢
Fic. 14 Circuit for Example 2.9.

At the second harmonic frequency,

484

L=
200r

=7.7mH

_4.84

L= =188x 10° Q
25.68

from which
C = 8460uF

Since the peak capacitor current ripple has been estimated as 25 A, the rms
capacitor current is

25

“ V2

I =17.7A

PROBLEMS
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Single-Phase Diode Rectifier Circuits with Resistive

Load

21

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

Sketch the load current waveforms of the diode rectifier circuits shown
in Fig. 2.15, with sinusoidal supply voltage and resistive load.

Obtain expressions for the average and rms currents in the circuits of
Fig. 2.2 if e = E,, sin ot. Show that the load power is one half the
value for sinusoidal operation and calculate the ripple factor.

Derive expressions for the average and rms currents in a single-phase,
full-wave diode bridge circuit with resistive load. Show that the ripple
factor is less than one-half the value for half-wave rectification. What
is the ideal value of ripple factor?

Calculate the power factor of operation for the half-wave rectifier circuit
of Fig. 2.2.

For a single-phase, half-wave diode rectifier circuit with resistive load
and supply voltagee = E,, sin ot, show that the load voltage_ (ot)
can be represented by the Fourier series

1 1. 2
ot) = —+=sinot—— coLwt+ ...
& (0)=E[ L+ gso2 j

A single-phase supplg = E,, sinwt supplies power to a resistdR
through an ideal diode. Calculate expressions for the Fourier coefficients
a;, by, andc; of the fundamental component of the circuit current and
hence show that the displacement factor is unity.

A resistive loadR = 10 Q is supplied with rectified current from a
single-phase ac supply through a full-wave diode bridge. The supply
voltage is given bye = E,, sin ot. Sketch the circuit arrangement and
load voltage waveform. Calculate the average and rms values of the
load voltage ifE,, = 330 V. Define a ripple factor for this load voltage
and calculate its value.

A single-phase, full-wave diode bridge supplies power to a resistive
load from a sinusoidal voltage souree= E,, sin ot. Show that the

load current waveform created by the natural commutation of the diodes
is such that its Fourier series does not contain a term of supply frequency.

Sketch the current waveform of the rectifier circuit (Fig. 2.16% it
Ensinwt andV = E./2. If V = E,, what is the value of the average
current compared with the casé = 0?
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Fic. 15 Circuits for Problem 2.1.

Copyright © 2004 by Marcel Dekker, Inc. All Rights Reserved.



=k sinwt

O

Fic. 16 Circuit for Problem 2.9.

2.10

2.11

2.12

2.13

2.14

2.15

2.16

Sketch the current waveform for the battery charger operation shown
in Fig. 2.6 if E,, >V. Derive an expression for the instantaneous current
I, and calculate the average value of charging curreri,jf= 2V,
wheree = E, sin ot. What is the value of the average currentEif,

= 100V, R = 100 Q?

In Problem 2.10 above, calculate the value of the rms current and hence
the power factor.

An ideal single-phase supply voltage= E,, sin ot supplies energy

to a battery of terminal voltag¥ through the full-wave rectifier circuit

of Fig. 2.17. Sketch in proportion the waveforms af V, and load
currentl, if V = E,/2. Calculate the average value of the supply
current and the load current E,, = 100 V andR = 25 (. What
effect would there be on the circuit function and average load current
if an open circuit failure occurred on (a) diod®, and (b) diodeDs?

Sketch typical steady-state current waveforms for the diode circuit with
capacitor smoothing shown in Fig. 2.4.

Deduce and sketch the waveforms of the voltages across the supply,
the diode, and the load for the rectifier circuit of Fig. 2.4Rf= X..

An ideal supply voltages = E,, sin ot supplies power to a resistor
R through an ideal diod®. If an ideal capacitolC is connected across
the resistor, show that the average resistor current is giveneRy (
2m[Z]) (1 — co%.), whereZ is the input impedance during conduction
and 6. is the conduction angle of the supply current.

In the circuit of Fig. 2.4 if the resistd® is very large, the load consists
essentially of a pure capacitance. Deduce and sketch the waveforms of
the current, the capacitor voltage, and the diode voltage.
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Fic. 17 Circuit for Problem 2.12.

2.17 A half-wave diode circuit with load resist®&is supplied from an ideal

voltage sourcess = E,, sin wt. A capacitorC is connected across the

supply terminals (Fig. 2.18). What is the effect on the overall circuit
power factor ifR = X.?

Single-Phase Diode Rectifier Circuits Series R-L
Load

2.18 Show, from first principles, that the current in a seriR& circuit
containing a diode with sinusoidal supply is given by

i = I, sinet — ®) + I, sin de~ 1"
where
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Fic. 18 Circuit for Problem 2.17.

2.19

2.20

2.21

2.22

Derive the following transcendental equation for conduction afgle
in a seriesR-L diode circuit with sinusoidal phase angleand a supply

e = E, sin ot
sin@. — ®) + sin de P = 0
If & = 45, solve the equation by iteration to obtafiy.

A circuit consists of a resistd®, inductor L, and diodeD in series,
supplied from an ideal sinusoidal of instantaneous vaue E,, sin
of.

a. Derive an expression for the time variatidot) of the instantaneous
current in terms ofEy, |Z| (= VR? + 0?L?), and® (= tan™!
wlL/R.

b. Sketch, roughly to scale, consistent time variationg,af and the
inductor-induced emfg_ if ® = 60°.

c. Show that with a load time constamt= L/R, the instant of the
cycle when the inductor emf is zero is given by the transcendental
equation cogft — ®) = cos® £,

Explain the basis of the equal-area criterion for a seRés circuit
with diode (Fig. 2.19). Sketch the variation ek and e with time
over a typical cycle, assuming switch-on occurs at a positive going
zero of the supply. Also sketch the time variation of the diode voltage.

A seriesR-L circuit of phase angl&b = tan ! wL/R is supplied with
current from an ideal voltage souree = E,, sin ot through an ideal
diode D. Derive or state expressions for the instantaneous cuifet)t

Copyright © 2004 by Marcel Dekker, Inc. All Rights Reserved.



| |

Fic. 19 Circuit for Problem 2.29.

2.23

2.24

2.25

2.26

and the conduction angke.. Sketch waveforms oé andi if ® = 30
estimate the value of.. Show that the current has a maximum value
Im at ot = A given by

E
| _=-—"1sin(A-®)+ tandcog A-D
where|Z| = VR? + 022
In the diode-controlled single-phase circuit of Fig. 2.9 the load phase

angle® = tan ! (wL/R) and the supply voltage = E, sin ot. Show
that the average current is given by

I, = E, (1-cosH,)
2nR

Calculatel, if E, = 230V2 V, ® = 30°, andR = 20 Q.

A seriesR-L circuit of phase angledb = tan ! (wL/R) = 45 is

supplied with current from an ideal suppéy/ = E,, sin ot through an

ideal diodeD. Derive expressions for the instantaneous curiiént)

and the conduction angle. Give an estimate for the value @k in

this case.

Sketch in correct proportion waveforms fer i, and the instantaneous
voltagee, (wt) across the load inductor component. Derive an expression
for g in terms ofi.

In the diode-controlled single-phase circuit. of Fig. 2.9 the load phase
angle® = tan™! (wL/R) and the supply voltage = E,, sin wt. If

the conduction angle of the load currenttis show that its rms value

is given by Eq. (2.79). Calculatg if E,, = 200 V,R = 10 Q and

X, = 20 Q at 50 Hz.

A series resistance—inductance circuit of phase ahgte tan™* (wL/
R) is supplied with current from an ideal single-phase voltage supply
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2.27

2.28

2.29

2.30

231

2.32

2.33

2.34

e = E, sin ot through an ideal diod®. Derive or state expressions
for the instantaneous curreifwt) if & = 45°, and estimate (do not
calculate) the value obf.. Derive an expression for the instantaneous
emf g (wt) induced across inductar, and sketch the waveform of
this consistent with your waveforms efandi. Explain how you would
calculate the maximum positive value af (ot) and show that, in this
case, it has a value (nearly) equal to &5

Sketch the current waveform for a seriRd. circuit controlled by a
series diode. If the load phase-angbeto fundamental currents is 30
what is the extinction angle?

A supply voltagee = 220V2 sin wt is applied to the serieB-L load

of Fig. 2.9. Calculate the average load current and the rms values of
a few harmonic current components using the Fourier series for the
load voltage ifR = oL = 110 Q. Hence, calculate the load current
and the current ripple factor.

A resistive load is supplied through a diode connected in the secondary
circuit of a single-phase transformer with low leakage reactance (Fig.

2.19). Sketch the forms of the load current, supply current, and diode

voltage over a supply voltage period.

Deduce and sketch current waveforms for the half-wave rectifier circuit
of Fig. 2.9 if L is large.

Show that the Fourier series for the full-wave rectified sinusoid of Fig.
2.8b is given by

i=5 g—icoszm—i codmt— ...
Rim 3rm 15r

Sketch current and load voltage waveforms for the full-wave bridge
circuit of Fig. 2.12 if inductorL is very large.

Sketch the current and voltage waveforms for a nominated diode from
the full-wave bridge circuit of Fig. 2.20 iR = L.

In the full-wave diode bridge circuit of Fig. 2.20 the supply voltage

is given bye = 400 sin 106rt. The load impedance consists Bf =

oL = 25 (). Use the Fourier series method (taking the first three terms
of the series) to calculate the rms load current, the rms supply current,
and the power dissipation. Hence, calculate the bridge power factor,
seen from the supply point.

(Hint: Use the Fourier series of Problem 2.31 to calculate the coefficients

of the corresponding current terms with inductive load.)
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Fic. 20 Circuit for Problems 2.33 and 2.34
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3

Single-Phase Controlled Rectifier
Circuits

By the use of delayed triggering of a controlled rectifier the average and rms
load voltages in rectifier circuits can be smoothly adjusted.

3.1 SINGLE-PHASE CONTROLLED CIRCUITS
WITH RESISTIVE LOAD

3.1.1 Voltage and Current Relations for a Half-
Wave Controlled Rectifier

If the circuit of Fig. 3.1 is used with an arbitrary firing anglefor the SCR
switch, the waveforms obtained are shown in Fig. 3.2 for half-wave operation. The
load voltage and current consist of pieces of sinusoid defined by the relationship

|,
& (0f)= Emsmmt(x,Znﬂx,... (3.1)

having an average value
1 ¢r
E, 6 =— ot) dot
o=, & (09

Em
= 2_n(1+ coso) (3.2)
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e=E sinmt

o

Fic. 1 Single-phase, half-wave controlled rectifier circuit.

Whena = 0, Eqg. (3.2) reduces to Eg. (2.5b).
The rms valueE, of the load voltage in the circuit of Fig. 3.1 is obtained
by the use of_ (wt) as follows

2 _ 1 (=
E? _Ejaef(mt) ot (3.3)

Therefore,

L

R 2R

E 1 :
m E[z(n_aﬁsmm] (3.4)

Combining Egs. (3.2) and (3.4) gives a value for the ripple faBt®r

e J\

f 1 - (131

T n In

Fic. 2 Load voltage waveform for single-phase, half-wave controlled rectifier circuit
with R load anda = 60°.
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2
Eav

_ \/n[(n—oc)+(1/ 2)sin 2o .

(coso+ 1)2 (3.5)

At a = 0, the ripple factor reduces to Eq. (2.8), having a value 1.21. When
= /2, the ripple factor increases to 1.98. Retardation of the switching angle as
a means of controlling the average value of the load voltage therefore also results
in the undesirable effect of increasing the rms value of the ac components.

The time average power dissipation in the load is found to be

R =I?R
_E1

= Ezz—n[z(n—ahsinm]

(3.6)

The power factoiPF of the single-phase, half-wave controlled rectifier circuit
can be obtained by combining Egs. (3.1)(3.4), and (3.6):

PF=—t R

"El S
1 [2(m-o)+sin2o
_E 2n (3.7)

Whena = 0, Eq. (3.7) reduces to Y2 , which is the value for an uncontrolled
rectifier in Eq. (2.27).

Fourier coefficientsyb, for the fundamental or supply frequency compo-
nent of the load voltage are found to be

a :%J'jnq (ot)cosmt dmt
= 1J'n E,, sinwt cosmt dwt
n o

-Gl

1 2n .
b :EJO e (ot)sinot dot (3.8)
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= 1_[ E,, sifwt dot
TE o

_E, 2(m—o)+sin2a
_7 2 (3.9)

The peak value, of the fundamental load voltage is therefore
G = 312 + kf

- %\/(COSZOL— ) +[ 2m—a)+ sin2]’

(3.10)

Correspondingly, the time phase anglg between the sinusoidal supply voltage
and the fundamental component of the load voltage (and current) is

v, = tan‘l%

cos2o.—1

=tant——M —
2(n—o)+sin2o (3.11)

For 0 < a < 180 the phase angle is negative. In a linear, sinusoidal circuit a
negative phase angle is associated with energy storage in a magnetic field. But
in the circuit of Fig. 3.1 no energy storage is possible. The delayed switching
causes a phase lag of the fundamental current component which represents a
power factor problem. The power factor reduction, however, is not attributable

to an energy storage phenomenon and the instantaneous voltamperes remains
positive at all times, as in any resistive circuit. Nevertheless, it is found that some
improvement of power factor can be obtained by the connection of capacitance
across the circuit terminals.

3.1.2 Power and Power Factor in Half-Wave
Rectifier Circuits

The load power can be written in the form of Eq. (2.25), using the subdcript
for load

P|_ = ESILl COSI!JLl (312)

Similarly, one can write an expression for the reactive voltamp&iesf the
controlled load

QL = ESI Ly sin lbLl (313)

where
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-t
to2 (3.14)
E
= :T; (3.15)
The apparent voltamperé&s at the circuit terminals is given by
S = EdJL (3.16)
But from Egs. (3.12) and (3.13),
R+Q=EKI (3.17)

It is found that (3.17) accounts for only part of the apparent voltamp&res
given in Eq. (3.16).

The analytical difference betwe& andP? + Q? is sometimes expressed
in terms of the distortion or harmonic voltampei@s

S=P+Q+ (3.18)
So that

D =E,/I-12 (3.19)

The power factor of this circuit can also be expressed in terms of the current
distortion factor /I, and current displacement factor afas . In this case, how-
ever, the expressions for distortion factor and displacement factor, in terms of
switching-angle, do not offer any advantage over Eq. (3.7).

3.1.3 Capacitance Compensation of Rectifier
Power Factor

Consider operation of the circuit with a capaci@across the supply terminals,
Fig. 3.3. The instantaneous capacitor current is given by the continuous function

. . T

i (o) = CE, sin wt+5] (3.20)
The instantaneous load branch current is

i (ot)= En sinot 3.

- "R o,2T+0,... (3.21)

By Kirchhoff's law the instantaneous supply current is given by
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Fic. 3 Single-phase, half-wave controlled rectifier circuit with supply side capacitance.

is (o) = i (0f) + ic (wt) (3.22)

Because the load current and supply current are nonsinusoidal, the three branch
currents cannot be described by phasor relationships. For the capacitor compen-
sated circuit the real pow& , terminal voltagexwt), and the load branch current

iL (ot) are unchanged, but the power fad®¥¥ is now a function of the rms value

of the supply currentg (not the load current ).

P

L

E.l, (3.23)

PF =

In Fig. 3.3 the intention is that the power factF seen from the supply point
be improved (i.e. increased) with respect to the uncompensated RBjue
The rms supply currerlt is given by

|2 1 27'5_2

f=5), i(ot)dot (3.24)
Substituting (3.20—3.22) into (3.23) gives

| _En|[2R? 2Rcosxi-1, 2(n—a)+sin20]"’

2R X2 X, 2n 2n (3.25)

The corresponding expression for power factor is then

~ (1V2)[2r-a)+sina] Iz
_\/(ZRZI X)+(2R X)(cos2u—1) / & +{[ Am—a)+sin2a] /21" (3.26)
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Even if the value ofC is adjusted continuously to give the best power factor for
any fixed value ofx, the degree of power factor improvement realisable is only
of the order of a few percent.

Maximization of the power factor can be achieved by minimization of the
rms supply current sind@_is not affected by terminal capacitance. Differentiating
Eqg. (3.25) with respect t€ gives

-1
_ 2 _ ; 2
d _ B 4recs 2RSO201) 2R L 2Rcos—1 2(n—o)+sin2o.
dC 2R X2 X, 2n 2n
(3.27)
For I minimum, dl/dC = 0, which leads to the condition
i_wc__ll—cos&x
X, 2R 2n (3.28)

With optimum capacitance the minimum valug, of Is that will supply the
specified load power is obtained by substituting the above expressiof fioto
Eqg. (3.25)

| _En 2R? | 2(m—o)+sin2o
s 2R\ X2 2n (3.29)

The optimum power factoPF.x is then given by

O (3.30)

3.1.4 Single-Phase Full-Wave Bridge Rectifier
Circuit

Full-wave, controlled rectification of the load voltage and current can be obtained
by use of the alternative configurations of Fig. 3.4 in which the controlled switches
are shown as thyristors. With a fixed value of switching angle and sinusoidal
supply voltage the load voltage waveform (Fig. 3.5) is defined by

21
Ta (3.31)

g (ot)= EmsinootZJr E, sin(ot-m)
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which has an average value twice as large as Eq. (3.2) for half-wave operation

E =

av

(1+ com)

a M

(3.32)

Whena = 0, Eqg. (3.32) reduces to the valugdw for a half sine wave. The
rms value of the load current in the circuits of Fig. 3.4 is

= e (o) dot

E 1 .
_ \/gR\/n[z(n—ocHsta] (3.33)
o
o
o
v,

Fic. 4 Single-phase, full-wave controlled rectifier circuits wigload.
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Fic. 5 Load voltage (and current) waveforms for single-phase, full-wave controlled
rectifier with R load, a = 50°.

The load current waveform (Fig. 3.5) has a ripple factor obtained by substituting
Egs. (3.32) and (3.33) into eq. (2.7)

2

Rippel factor = (I—L) -1

av

\/;\/Z(W—a)+sin2a 1
4 1+ cosa’ (3.34)

Whena = 0, Eg. (3.34) reduces to the vall®RF = 0.48, which was given
previously in Eq. (2.24) for uncontrolled operation.

Comparison of (3.33) with (3.4) shows that the rms value of the load current
with full-wave rectification is\/2 times the value for half-wave rectification, at
any fixed firing angle. The average power dissipation in the load is given by

R=PR =R

= E—;i[Z(n—a)+sin2a]

" 2R2n (3.35)

which is twice the value for corresponding half-wave operation.

Operation of the rectifier circuits of Fig. 3.4 results in the supply current
waveform of Fig. 3.6, which is identical to the waveform for a single-phase ac
chopper circuit, discussed in Chapter 14. This waveform has zero average value
over any number of complete cycles and the supply current contains no dc or
even harmonic terms. The rms valleof the supply current is
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Fic. 6 Supply current waveforms for the single-phase, full-wave controlled rectifier with
R load,a = 50°.

1 pon,
== [(i2(at)dot
2mJo
where
is(ot)=—""sinot m. 2,
° B o, T+ 0, .. (3.36)

The rms value is given by

E, |1 .
|S—\/§R\/2n|:2(ﬂ:—0()+5m20(] (3.37)
The rms value of the supply current therefore has the same magnitude as the rms
value of the load current. This is to be expected since, neglecting rectifier switch
losses, the supply point power and the load power are identical.

The power factor of the full-wave, controlled rectifier circuit can be ob-
tained by substituting Eqgs. (3.1)(3.35), and (3.37) into Eq. (3.16).

1 :
pF:\/ZR[z(n—oc)+sm20c] (3.38)
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At o = 0, the supply point power factor is unity since the supply current is then
sinusoidal and in time phase with the supply voltage.
Comparison of Egs. (3.35) to (3.38) shows that

PF=R(pu=L( Py (3:39)

Expression (3.39) is true for any single-phase resistive circuit, irrespective of
waveform, and therefore also applies to half-wave rectifier circuits, controlled or
uncontrolled.

Because the supply voltage remains sinusoidal, the power factor of the full-
wave controlled rectifier circuit may be interpreted as a product of displacement
factor and distortion factor. This involves calculation of the Fourier components
aiby, andc, of the fundamental componeiyf of the supply current.

1 ¢on,
a, :EJ‘O i; (ot) cosot dot

= ZnH;Q(COSZOL_ 1)
- = j (ot)sindot (3.40)
an —o)+sin Zoc]
N (3.41)
E 2 iy 1P
_ 27:;?\/@0520(_1) +[2(7r—0c)+ stbc] (3.42)

Coefficientc,, in (3.42), represents the peak value of the fundamental component
of the supply current. RMS supply currelgj therefore has the value

c

=5 (3.43)
Combining Egs. (3.18)(3.37)(3.42), and (3.43) gives a value for the current distor-
tion factor

I
Current distortion factoe l—sl

S

2n [2(n—a1)+sin2o] (3.44)

:\/ 1 (cos2a-1)" +[ 2(n— o)+ sin2r]’
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The displacement factor is given by
Current displacement factercosy

— coq tant X
{=3)

by

G

2(m—o)+sin2o
\/(COSZOL— 1)° +[2(1r—oc)+ sianc]2 (3.45)

At « = 0, both the current displacement factor and the current distortion factor
are unity resulting in unity power factor, which compares with the corresponding
value 1A2 for uncontrolled half-wave operation in Eq. (2.27). Displacement
angleys, between the supply voltage and the fundamental component of the
supply current becomes progressively more lagging as the switching angle is
further retarded. The consequent displacement factor contribution to the progres-
sively decreasing power factor can be compensated by the connection of shunt
capacitance at the circuit terminals. With resistive load the current distortion
factor and current displacement factor contribute roughly equal amounts to the
circuit power factor.

An alternative to the bridge converter for producing full-wave rectification
is the push—pull converter which uses a transformer with a centre-tapped second-
ary winding, Fig. 3.7. This transformer has the same voltampere rating as the
load. If the leakage inductance of the transformer is small, the load current and
voltage, with resistive load, have the form shown in Fig. 3.5. The equations of
Sec. 3.1.3 also apply to this circuit if transformer losses are negligible. Where
an input transformer is required for isolation purposes the circuit of Fig. 3.7 is
obviously applicable. If the requirement is to effectively increase the pulse or
phase number from unity (as for single-phase, half-wave rectifiers) to two, then
a bridge circuit of the type in Fig. 3.4 is likely to be cheaper.

O—

Fic. 7 Single-phase, full-wave rectifier circuit using a center-tapped transformer.
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3.1.5 Worked Examples

Example 3.1 A voltage supplgs = 283sinwt is applied to a circuit
consisting of an ideal SCR, gatedeat= 90°, and a 20€) resistor. Calculate the
magnitude and phase angle of the fundamental current and sketch this on the
same scale as the load current.

From Eq. (3.10) the peak value of the fundamental current is

. \/(COSZa—1)2+[2(n—(x)+ sin2.]

| =
4 4R
283 _ Ja+1m? = 4.19A
4120

This compares with the value 14.15 A peak current for sinusoidal operation. From
Eqg. (3.11) the phase angle is found to be

v, = tan‘l(—gj =-325
T

The pulses of load current with the superposed fundamental harmonic component
are given in Fig. 3.8. It should be noted that the fundamental current component
has no physical existence. It is merely an analytical concept that is found to be
useful in some aspects of circuit analysis, particularly in the consideration of
power factor. In mathematical terms the fundamental current component in Fig.
3.8 may be written

i, (ot)=1, sin(at+y,)
=4.194sin( ot — 32 5)

45 ===

B,

4784 4 '7
AT T F ~—_7 "
H n " & n 4n

k-:ﬂ 25"

Fic. 8 Analytical component, (wt) in Example 3.1 = 90°.
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Example 3.2 A single-phase, half-wave controlled rectifier circuit has a
resistive loadR and an ideal sinusoidal suppty = E,, sin ot. A capacitorC of
adjustable value is connected across the supply terminals. With a fixed value of
thyristor firing angle what is the value @ that will result in maximum power
factor operation? Itx = 90°, E,, = 283 V, andR = 10 (), what value ofC
will give maximum power factor at = 50 Hz? What degree of power factor
improvement is realisable by the use of capacitance compensation?

The optimum value o€ is given in Eq. (3.28). At50 HR = 10Q, o = @/

2,

c-__ 2
2000t x 2t

With this value of capacitanceyC = 0.0159 mho an&; = 62.9Q. Minimum
supply currentg ., from Eq. (3.29), is found to be

= 50.65.F

_283( 200 1
3956 2

== += |=6.36 A
Shin 20 ]

In the absence of the capacitor the rms load current is obtained from Eq. (3.4)
or from Eq. (3.29), with X, = O:

I =§31/2= 7.075A
20

The average load power is therefore
R =1?R=(7.075"x 10= 500N

The uncompensated power factor is

P 500 = 0.353lagging

o
PFL_E_JL (289V2) x 7075

In the presence of optimal capacitance the power factor becomes

PF _ = FI)L = 0.393 lagging

max
$ﬂ|ﬂ

The power factor has therefore been improved by 0.393/0.353, or abéut 11
due to the optimal capacitance compensation.

Example 3.3 Arectifier circuit containing two ideal diodesnd an ideal
semiconductor switch (shown as an SCR) is given in Fig. 3.9. Sketch, on squared
paper, a consistent set of waveforms for the supply voltage, the three resistor cur-
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Fic. 9 Single-phase rectifier circuit of Example 3.3.

rents, the switch current, and the supply curreny if the SCR firing anglex =
60°. Write a mathematical expressity{wt) to define the waveform of the supply
current and calculate its average value over a supply cycle in terBg of

The waveforms of the various branch currents are shown in Fig. 3.10.

n E_ . 21
+—L sirot
15

is(ot)= %sinmt
o

o E_ .
+—" sinwt
0 12 T

=—j (ot)dot

E o T Sj n Si
_Em J‘ sinmt d(L)t-i—J. sinwt d(J)t-l-Jz Sinmt dot
0 o 12 = 20

21 15

=5{i(—coswt)a+i(— comt)"+i(— co&t)ﬂ
2r| 15 o 12 « 20 .

Bl L 1 e
= 215{15(1 cosoc)+12(1+ cosx)+20( 1 1)}

. Eﬂ[“+13+i( 2)} En(0.0583 = 00098,
v 2n|152 122 20 2n

Example 3.4 A purely resistive load is supplied with power from an ideal
single-phase supply of fixed voltage and frequency, denoteel ByE, Sin wt,
through an arrangement of four ideal diodes and an ideal SCR switch (Fig. 3.11a).
The switch is gated during every half cycle of its positive anode voltage state.
Sketch (1) the supply current waveform and (2) the load current waveform for
a switching anglex of 60°. Derive an expression for the rms value of the load
current in terms of,, anda. What is the per-unit value of this (compared with
a = 0) whena is 60°?

Copyright © 2004 by Marcel Dekker, Inc. All Rights Reserved.



Em_J ______ _
12
Fa
E—m" ' PR
15 ’ \\
/ 5\
I3 kY
4 3
. ‘.
s (s I 1 T n
2
Em 4
0
£ —
i
-
, Ta 7
o o
Em
i .
Em ¢ -
Eiil /' - N
N /
iz s >
En
70
&y
an
i L 1/ —
% at P d
El'ﬂ
pil P
//
’
’
i'l T T —
o E

Fic. 10 Branch current waveforms for the single-phase rectifier circuit of Fig. 3.9.
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Fic. 11 Single-phase, full-wave controlled rectifier of Example 3x4s= 50°.

The waveforms are shown in Fig. 3.11(b). Assuming ideal rectifiers

. E_ . T E_ . 2n
i, =—Tsinot| +—"sin(ot-180)
R a R T+
Now sint — 18C¢°) = —sin wt. Therefore,
1 2 5 1/2
_ |t ., _ m T .5 T .
IL_JZnJO iZdot _(ZTCRZ {Lsm mt+J‘ma5|rFmt}j
But
jsinzmt :J~1—C0520)tdmt=2t_ sirlmt
2 4
Therefore,
, E2 (ot sin2ot\n E> (ot sinkot)| 2r
IL = _— —+ > _—
2nR | 2 4 Jo 2tR?| 2 4 Jn+a

El |(n-o sin2o) |2n-n-o  Sin2(m+o)
= + + +
2nR 2 4 2 4

E2 (m—o0 sin2o m—-o sin2o
= + + +
2nR? 2 4 2 4
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Therefore,

2(n—o +sm20c]

\/_
Whena = 0,
| = B
Lo /ZR
Whena = 60,
E 1
|, =——-,/[—(4.188+ Q 86
L \/ﬁ? 2TC( 6
_E, 5054 E, \/—
0.804
\/ZR \/ZR
Therefore,
| 0.89
Leo \/_R( 7)
and

and| =1, /1, =0.897

3.2 SINGLE-PHASE CONTROLLED RECTIFIER
CIRCUITS WITH SERIES R-L LOAD

3.2.1 Half-Wave Controlled Rectifier Circuit

An ideal sinusoidal supply voltage= E,,sinwt is applied to a serieR-L circuit,

Fig. 3.12, in which the current level is adjusted by the controlled switching of
(for example) a thyristor. For switching angleand phase angl® the instanta-
neous currenk, (wt) is given by

. :5 . _ i _ +cotd(o—ot)
i (o) |Z|[sm(mt @) - sin(o—D)e ] (3.46)

Whena = 0, Eq. (3.46) reduces to the expression Eq. (2.72) previously deduced
for diode operation.
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e=E, sin wt
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Fic. 12 Single-phase, half-wave controlled rectifier with serfiek load.

The extinction anglex of the load current is defined by a transcendental
equation [Eq. (3.47)], obtained by putting(x) = 0 in Eq. (3.46)

sinx — @) — sin@@ — ®)eterP @ =X (3.47)
The conduction anglé. per cycle is given by

e =X — « (3.48)
If xis eliminated between Egs. (3.47) and (3.48), it is seen that

sin@. + a — ®) = sinf@ — ®)e%ccot® (3.49)

Waveforms of the load voltage and current are given in Fig. 3.13 for a case when
a > &, and it may be seen that the nonsinudoidal, unidirectional current pulses
lie within the envelope of the steady-state sinusoidal component of current. A
first approximation value o6, may be obtained from the simple relation

b=+ P —a— A (3.50)

whereA is of the order a few degrees for loads with<< 70°.

For 0< a < ® the current pulses lie outside the sinusoidal current envelope
in a similar manner to that illustrated in Fig. 2.10. In this latter case the conduction
angle is given by the simple, approximate relation

0| o=Tt+P -0 +A (3.51)

a<d

Note that Eq. (3.51) is not the same as Eq. (3.50).

Whena = @, the rectified current pulses become half sinusoids displaced
from the supply voltage by angfe. Calculated characteristics of the conduction
angle versus switching angle for a full range of load phase angles are given in
Fig. 3.14. The isosceles triangle at the top left-hand corner, bounded hy the
= @ line and thed = 9 line, represents conditions whan< ® and conduction
angles greater thanm radians are realized. The scalene triangle, bounded by the
® =0, = 90, anda = P lines represents the mode when> & and
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Fic. 13 Waveforms for single-phase, half-wave controlled rectifier with séRiedoad;
a = 90°.

conduction angles smaller tharradians are realized. For both modes of operation
the average valulg, of the rectified load current is defined in the standard manner

l 0. +o,
|

| =— ot )dot
av 211: o L( )

:;rZ'[(l—cosec) cogo.—D)+( sif,— tad)sin(o—P)

+sin(a—®) tarKDe'°°“”"°} (3.52)
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Fic. 14 Conduction anglé,. thyristor switching-angle for the single-phase, half-wave
controlled rectifier circuit.

An alternative form fot,, may be obtained by eliminating the exponential compo-
nent between Egs. (3.52) and (3.49), but this does not appear to render any

computational advantage.
The rms valud, of the supply current is defined by

| 2 1 6 +o, 2

=), (at)dat (3.53)

The substitution of Eq. (3.46) into Eq. (3.53) yields an expression containing
exponential terms which cannot be eliminated by the use of the relationships Eq.

(3.47) or (3.49)

2
12 = E, i [ec —sind_ cof20.— 2P +6_)— siR(0,— @) tade >
4r|Z|

+sin’ (o — @) tand
+4sin(6,— @) sin® sir(6, +o.)e """ — 4 sim siﬂ)sin(oc—d))] (3.54)
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Whena = 0, Eq. (3.54) reduces to Eq. (2.63).

Conduction anglé. can be extended, and thus the average and rms load
currents increased by the use of a freewheel diode FWD across the load (Fig.
3.15). If the load is sufficiently inductive the load current will become continuous.
Instant commutation (i.e., switch-off) of the thyristor T will then occur at the
instants where the supply voltage goes negative.

In general the load current can be thought to consist of two modal elements
due to two modes of circuit operation. While the freewheel diode conducts, the
load voltage is zero and the current decays exponentially with a time constant
= L/R. Therefore, form < ot < 2w + «, in Fig. 3.16,

i (ot) =i, (e =i, (m)e e (3.55)

While the switch conducts in Fig. 3.15, the diode blocks and the operation is
similar to that of Fig. 3.12. Therefore, for = wt = m, in Fig. 3.16, the current

is defined by the expression Eg. (3.46) plus a transient that has aiydlueat

ot = a and decays exponentially thereafter.

i (ot)= ;E?m'[sin(cot -D)- Sir‘(a_(l))e—cmdl(u)t—(x):|
+ iL (a)e—cotq)(mt—cx) (356)

Whenot = 1, the two modal current equations, Egs. (3.55) and (3.56), are equal.
Equation (3.56) then becomes

i () = =2 {sin(r— ) & " [i_ 0 sin(o~ )]}

12

(3.57)

N
° 11
L
e=E, sinwt ZS FWE

o

Fic. 15 Single-phase, full-wave controlled rectifier circuit with freewheel diode.
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Fic. 16 Steady-state load current and voltage waveforms for the freewheel diode circuit
of Fig. 3.15;a = 5C.

For cyclic operationi_ (o) = i, (2w + «), so that in Eg. (3.55),
i + @) =i () =i (m)e" P @) (3.58)

Equations (3.57) and (3.58) are simultaneous and can be solved to give values
for i, (m) andi_ (o). For a complete supply voltage cyde= ot = 27 + «q,
the load current is given by adding, Eqgs. (3.55) and (3.56):

e E{Si”(mt@){sida—cb)—M} g e a)}“

12 E

+i (m)e

2n+o
P (3.59)

—cot®(at — 1)

The average and rms valued ofwt) can be obtained from the respective defining
integrals in Eqgs. (3.52) and (3.53).

3.2.2 Single-Phase, Full-Wave Controlled Circuits

Each of the circuit configurations of Fig. 3.4 can be used for full-wave rectification
of a serieR-L load, as in Fig. 3.17. The cost of a diode switch is much less than
that of a controlled switch of the same rating, and it also does not require an
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Fic. 17 Single-phase, full-wave controlled rectifier circuits with serfek load.

associated firing circuit. From the cost viewpoint therefore it is desirable to use
a circuit with few controlled switches. The single-switch circuit of Fig. 3.17b is
likely to be the most economic. For comprehensive control, however, including
the facility to act as an inverter, it is necessary to use the fully controlled bridge
circuit of Fig. 3.17d.

In the arrangement of Fig. 3.17 the two diodes freewheel the load current
when one or both of the switches is in extinction. Continuity of the load current
is enhanced, witiR-L loads, by the use of a freewheel diode across the load
impedance, as shown in Fig. 3.17b—d. In many applications the load-side induct-
ance is made deliberately large to ensure a continuous flow of load current. It is
also usually desirable that the load current be largely dc (i.e., the load current
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should have the largest realizable average value) with low ripple content. The
ideal load current ripple factor, Eqg. (2.11) is zero, which occurs when the load
current is pure dc.

The four-switch circuit of Fig. 3.17d has the load voltage and current wave-
forms shown in Fig. 3.18 foae = 307, with largeL. Commutation of the two
conducting switches occurs naturally at the end of a supply voltage half cycle.
The load voltage is seen to be the full-wave equivalent of the corresponding half-
wave voltage waveform of Fig. 3.16. From Fig. 3.18 it is seen that the average
load voltage is given by

E

Ten_ i
E, = EJ‘“ E,sinot dot= ?(1+ cos) (3.60)
& A
Eyd———
{a) wt
— :-4— ::t I 2}1 i
f o I |
i A
|L | o |
90 | |
| . |
{b) | ] | | | —Jawe- (07
. || |
s _l | P |
c) | | e (01
o n o+7n In
.[d b

Fic. 18 Voltage and current waveforms for the single-phase, full-wave circuit of Fig.
3.17d, largel, o = 30C°.
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Also,

|av

The output power is dissipated in resisi®rWith ideal switches and a lossless
inductorL the output power also equals the input power

Pou = Pin = I3R (3.62)
The input current is defined by the expression

2n
o (3.63)

The rms value of the input current is given by
_ 1 21[,2
'S_\/Efo iZ(at)dot

=,f%_[:l§d0)t

T—o

T (3.64)

T
-1

iS(O)t)=|doc

d

=|d

Whena = 0,15 = 4. The fundamental component of the supply current is found
to have the rms magnitude

| _Zx/il o
s T €05, (3.65)

By inspection of the supply current waveform in Fig. 3.18, it is seen that the
displacement angle i, is a/2. The input power may therefore be alternatively

defined as

P = El, cosy,

= EZ—\EI cog <
T 42 (3.66)

Note that real or average powBris associated only with the combinations of
voltage and current components of the same frequency. Since the supply voltage
is sinusoidal and therefore of single frequency, it combines only with the funda-
mental (supply frequency) component of the input current. The combination of
the fundamental voltage component with higher harmonic components of the
current produces time-variable voltamperes but zero average power.
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The power factor of the bridge circuit is obtained using Egs. (3.64) and
(3.66)

I cog o 2

EId T—0
T
2cosa /2
T ﬂ (3.67)

Whena = 0, it is seen thaPF = 2V2 /mw = 0.9. The displacement factor and
distortion factor components of the power factor can be obtained via the Fourier
componentgyb,; of ig, (ot), Sec. 3.13.

When a freewheel diode is not used the symmetrical triggering of opposite
pairs of switches in Fig. 3.17d (or Fig. 3.4d) results in the waveforms of Fig.
3.19, for a highly inductive load. Compared with Fig. 3.16 the load current is
unchanged and so therefore is the power dissipation. But note that the rms value
of the supply current is increased so that the power factor is reduced. It is seen
from Fig. 3.19 that the average load voltage is given by

=2,/]—

1prva 2E
Ef;L E,sinot dot=—= (3.68)

Also, the average voltage of the load inductor is zero so that

lw=la=74 (3.69)

The rms valueE, of the load voltage in Fig. 3.19 is given by

:—J sm ot dot

Or

E_Em

SN (3.70)

The harmonic nature of the load currentin Fig. 3.17 could be obtained by calculat-
ing the Fourier series for the periodic functign(wt), for an arbitraryR-L load,
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Fic. 19 Voltage and current waveforms for the single-phase, full-wave circuit of Fig.
3.17d without freewheel diode FWD, large a« = 30°.

with or without the diode. Alternatively, the various harmonic terms of the Fourier
series for the periodic voltage (wt) (Fig. 3.18 or 3.19) can be applied since
they are valid for any load impedance. The Fourier series of the load voltage
may be written

e (ot)= gv+zn: E,cos( no t-,)
=E, + E2 coq 2mot-vy, )+ E4COS(4®t—W4)
+é6C05(6(Dt_\IIG)+”' (371)

In the case of waveforme_ in Fig. 3.19a,
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~ E /
E,=—" 1+}—gc0520c
2n 9 3

é4:5 }+i—£c0320c
2r\V9 25 15

I§6=5 i+i—300320c
2n\25 49 35

E—Em 1 + 1 2cos2a
(n+1)*> (n-1)> n*-1

" on (3.72)

and

sin3o.) /3
coso.) B
/3—(sin5)/5
13— ( coso) 5B

V. = tar sino —
2 CosOL —

(
(
_, (sin3ot)
v.=ta (cos3a)

- [sin(h—1)t] /(n—1)—[sin(n+ L] A n+ 1)
¥n = [cosi—1)] (n-1)—[cosa+1p] /(n+1) (3.73)

When the harmonic voltage terms of Eq. (3.71) are applied to the $etidead
of Fig. 3.17, the following series is obtained for the load current

i (wt)=1,+> 1, costat—y, —@ )
1

=1, +1,cos@at —y, - @, I, Os@ot—y, -D,)

+ 1, cosBwt —yg— D W (3.74)

wherel,, is given by Eq. (3.69)

and

T

* IR+ (20L)?
R

Copyright © 2004 by Marcel Dekker, Inc. All Rights Reserved.



R + (o L)? (3.75)
Also,

@, =tan™ 2oL
R

o, = tan* 2L
R

. 1 hol
O, =tan R (3.76)

A close approximation to the rms currdptfor any R-L load can be obtained by

using the square law relationship of Eq. (2.12). If the load impedance is highly in-
ductive, the harmonic terms in Egs. (3.71)—(3.76) are negligibly small. The load

current is then constant at the valyer |4, which also becomes its rms vallje
A further application of this bridge circuit in the form of a dual converter
is described in Sec. 12.2.1.

3.2.3 Worked Examples

Example 3.5 A series semiconductor switching circuit, Fig. 3.12, has a
load in which the resistance is negligibly small. Deduce and sketch the waveforms

of the load voltage and current for a firing anglesmaller than the load phase
angle®. What are the average values of the load current and voltage?
When® = 90", cot® = 0 and Eq. (3.46) reduces to
Em

i (ot)= m(—coswu cost ) (3.77)

The variation ofi, (wt) is shown in Fig. 3.20 for the case when= 6C. It is
seen that the current waveform is symmetrical alboso that extinction angle
X is given by

X=2T — «
From Eq. (3.48), therefore,
0 = 2(m — @) (3.78)

Equation (3.52) is indeterminate fdr = 90°, but a solution for the time average
current can be obtained by integrating Eq. (3.77)
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Fic. 20 Voltage and current waveforms for the single-phase, full-wave controlled recti-
fier circuit with highly inductive loadix = 30°.

Iy = 27175 J':+e° |EZ’T(cosoc — cosot Yot
Em 21—0. Em
= oni7] L E(cosoc— cosot Yot

= Tﬁa [(n— o) coso+ sin]
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Whena = 0, I, = EJoL. The output average current is then constant at its
maximum realizable value, which represents ideal rectifier operation. The voltage
across the load inductor may be obtained by differentiating the current expression
Eq. (3.77), noting thalZ| = wL:
g (ot)= Lﬂ = mLL
dt d(wt)

=E,sinot  for a<ot< Zt-a

The average valukg,, of g (wt) may be obtained by the usual integration method
and is found to be zero, as can be seen by inspection in Fig. 3.20.

Example 3.6 In the serieR-L circuit of Fig. 3.1R = 25, L = 150
mH. The supply voltage is given by = E,, sin ot, whereE,, = 400, V at a
frequency of 50 Hz. Calculate the average load current for the SCR firing angles
(1) 30 and (2) 120.

At 50 Hz,

oL =100r 150 _ 47.12Q
1000

D= tan’lm—L = taﬁ1—47' 12_
R 25

|Z|=VR + 0’ > =53.34Q
cotd = cot62’ = 0.532
tan® = tarb2’ = 1 88

62

sin@ — ) = sin(30 — 62°) = —0.53
sinf@ — P) = sin(120 — 62°) = +0.85
cos@x — ®) = cos(—32) = +0.85

or
cospe — ®) = cos(58) = +0.53

1.« = 30 In this casex < ® and an estimation of the conduction angle can
be made from Eqg. (3.51)

0, =n+®-a+A =180 + 62— 30+ 7 (say)= 219

The valuef, = 219 is used as a first guess in Eq. (3.49). By iteration it is found
that 6. = 216.5. The accuracy with whicld. can be read from Fig. 3.18 is
sufficient for most purposes.

cod. = —0.804
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sin. = —0.595

400
o= 5 e 804083 (- 0595 18% 093 .0%5 18134

=1.194x 3 059
=3.65A

2. a = 150 In this casex > ® and the use of Eq. (3.50) gives
0.=t+P-0-A
=180 + 62 — 150- 15(say)= 77

The characteristics of Fig. 3.14 suggest that this figure is high and should be
about 60. Iteration from Eq. (3.49) gives a valg = 64°. In Eq. (3.52),

coY. = 0.44
sing. = 0.9
400

= x5334[056(053+(09 18% 085 085.186.GH]

=1.194x 0 346= 0413

Example 3.7 A half-wave, controlled rectifier circuit has a seRdsload
in which ® = tan~?! (wL/R) = 8C°. The ideal single-phase supply voltage is
given bye = E;, sin wt. Explain the action for a typical steady-state cycle when
a = 60° and the circuit includes a freewheel diode (Fig. 3.15). What effect does
the diode have on circuit power factor?

The load voltage and current are shown in Fig. 3.16. The supply cugrent
(wt) is given by the portions of the current curve betweess , 2 + o —
3m, etc., noting thats (o) = is (2m + «) = 0. The nonzero value of the load
current atot = « is due to residual current decaying through the diode during
the extinction of the thyristor switch. In the presence of the diode, the energy
stored in the magnetic field of the inductor is dissipated in resRt@ther than
being returned to the supply. Current and power flow from the supply to the
load only occur during the conduction intervals of the thyristor. Because of the
significantly increased rms load current (compare the load currents in Figs. 3.14
and 3.16) however, the load power dissipation is significantly increased. All of
this power must come from the supply, although not at the instants of time in
which it is dissipated. The supply voltage remains sinusoidal at all times.

The power factor, seen from the supply point, is

pF=F
El
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The rms supply voltageé = E./\V 2is constant. The rms supply curréprobably
increases by (say) Z0. But the power dissipation can be assessed in terms of
the rms value of the load current. Comparing(wt) in Figs. 3.13 and 3.16
suggests that rms valdg is at least doubled and the power increases at least
four times. The presence of the freewheel diode therefore causes the power factor
to increase.

Example 3.8 A single-phase, full-wave bridge circuit, Fig. 3.21, has four
ideal thyristor switches and a highly inductive load. The electrical supply is ideal
and is represented by = E;, sin ot. Sketch waveforms of the load current,
supply current and load voltage far= 60° Calculate the rms value of the supply
current and the power factor of operation, in termsxof

The waveforms of operation with a highly inductive load are given in Fig.
3.19. The supply current is represented by the relation

T+
Lo =1,

0,27
-1

d

O,m+a

This has an rms value defined by

1 e,
I, = /EJO i2(at)dot

Therefore,
12 =2—1Tt[j:*°‘|jdmt+j:m(—| d)zdmt:i
pay yaN
O—-—-—-—;S-———-c- : %
o

A

Fic. 21 Sing