Chapter 1

1.1

Introduction

IN s chapter we describe power electronics and present a brief introduction
1o semiconductor switching devices and magnetic components, An introduction to
these circuit elements is necessary because we utilize them in Part I, although we

" do not discuss them in detail until Part III We also introduce nomenclature that

we use shroaghout the book.

POWER ELECTRONIC CIRCUITS

The dominant application of electronics today is to process information. The com-
puter industry is the biggest user of semiconductor devices, and consumer elec-
tronics, including cameras, is second. While all these applications require power
(from 2 wall plug or a battery), their primary function is to process information;
to take the digital optical signal produced by a compact disk and transform it
into an analog audio signal, for instance. Power electronic circuits are principally
concerned with processing energy. They convert electrical energy from the form
supplied by a source to the form required by a load. For example, the pare of a
computer that take$ the ac mains voltage and changes it to the 5-V de reguired by
the logic chips is a power electronic circuit (often abbreviated as power circuit).,
In many applications the conversion process concludes with mechanical motion. In
these cases the power circuit converls electric energy to the form reguired by the
electromechanical transducer, such as a dc motor.

Efficiency is an imporiant concern in any energy processing system, for the
difference between the energy into the system and the energy out is usually con-
verted to heat. Although the cost of energy is sometimes a consideration, the most
unpleasant consequence of generating heat is that it must be removed from the
system. This consideration alone dictates the size of pawer electronic apparatus.
Therefore a power circuit must be designed to operate as efficiently as possible. The
efficiency of very large systems exceeds 99%. High efficiency is achieved by using
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Figure 1.1 A block diagram of a typical power electronic system.

1.2

the power semiconductors as switches (where their voltage is nearly zero when
they are on, and their cumrent is nearly zero when they are off) to minimize their
dissipation.’ The only other components in the basic power circuit are inductors
and capacitors, so the ideal power circuit is lossless.

A power electronic system consists of much more than a power circuit. The
block diagram of a typical system is shown in Fig. 1.1. Switching creates wave-
forms with harmonics that may be undesirable because they interfere with proper
operation of the load or other equipment, so filters are often employed at the inputs
and outputs of the power circuit. The system foad, which may be electrical or elec-
tromechanical, is controlled via the-feedback of electrical andfor electromechanical
variables to a control circuit. This controf circuit processes the feedback signals and
drives the switches in the power circuit according to the derhands of these signais.
The system also includes mechanical elements, such as heat sinks and structures
to support the physically large components of the power circuit.

POWER SEMICONDUCTOR SWITCHES

The basic semiconductor devices used as switches in power electronic circuits are
the bipolar and Schottky diodes, the bipolar junction transistor (BJT). the metal-
oxide-semiconductor field-effect transistor (MOSFET), and a class of latching bipo-
lar devices kenown as thyristors, the most common of which is the silicon controlled
rectifier (SCR). Their circuit symbols and operating regions in the v~ plane are
shown in Fig. 1,2, We discuss these and other hybrid devices in detail in Part 11,

VYBxceptions, such as linear voltage regulators. are so few that we do not consider them explicidy in
this book. '
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Figure 1.2  Clrcuit symbols and operating regions for semiconductor devices used
as switches in power electronic circuits:
bipolar junction transistor (BJTh
oxide-semiconductor field-effect transistor (MOSFET}):  (d) the silicon
conirolled rectifier (SCR).
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What follows is a brief description of the salient operating characteristics of each
device shown in Fig. 1.2. This information allows us to present the basic operation
of power electronic circuits without first considering Part HIL '

1.2.1 The Diode

The diode, whose symbol and variable definitions are shown in Fig. 1.2(2), is an
uncontroliable semiconductor switch, It is uncontrollable because whether it is on
or off is determined by the voltages and currents in the network, not by any action
we can take. When on, its anode current, 4,, is positive. When off, its anode—
cathode voltage, U x. is negative.! The diode switches in response to the behavior
of its terminal variables. If it is off and the circuit causes v, 5 to try to go positive,
the diode will turn on. If on, the diode will turn off if the circuit tries to force 74
o go negative.

1.2.2 The Transistor

Transistors, whether of the bipolar or MOS type, are fuily controllable switches.
They possess a third terminal {the base terminal for the BIT and the gare terminal
for the MOSFET) from which we can tumn the device on and off. The symbols and
terminal variables for the npn BIT and n-channel power MOSFET are shown in
Fig. 1.2(b) and (c). Both of these devices can carry current in only one direction,
and for the npn BIT and n-channel MOSFET shown in the figure, these directions
are i > O and ip > 0, respectively. When off, they can support only one polarity
of voltage, which, for the transistors shown, are vop > 0 and vpg > 0. These
voltage and current polarities are reversed for the pnp BIT and the p-channel
MOSEET. But, for reasons discussed in Part 1[I, npr: and n-channel devices are the
most commonly used types of power transistors.

1.2.3 The Thyristor

The only member of the thyristor family that we describe in this introduction is
the SCR, whose circuit symbol is shown in Fig. 1.2(d). It is a switch that in some
ways can be thought of as a “semicontrollable” diode. If no signal is applied to the
gate, the device will remain off, independent of the polarity of v, . To tum the
SCR on, a brief pulse of current, %, is appHed to the gate terminal during a time
when v, > 0. This initiates a regenerative IMm-on process that quickly latches
the SCR in the on state, in which v, 7 0 and the gate no longer has any control
over the device. When in this on-state, the SCR can conduct only positive 7, It
turns off when 4, tries to go negative. So once on, the SCR behaves as a diode.
In summary, the SCR is a diode whose turn-on can be inhibited by not applying a
gate pulse.

TThe use of “K™ instead of “C™ reflects the Greek origin of the werd cathode, or kathodos, meaning
“way down,” that 35, the negative terminal.
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1.3 TRANSFORMERS

Transformers are a prominent fearure of power electronic circuits. We treat them
eern§ively in Part Il {Chapter 20}, but the following introduction to their behavior
pErmits us to use them as circuit elements in Parts | and I

‘Transformers are employed to provide electric isolation and the step-up or step-
down of ac voltages and currents. The ideal frransgformer shown in Fig. 1.3(a) has
two-windings of V; and N, wms. Dots indicate the direction of the windings. If a
voliage is applied to one winding so that the dot is positive, the dotted ends of ali
the other windings {only one in this case) are also positive. If its terminal variables

are defined relative to the dots as shown in Fig. 1.3(a), the ideal transformer has
the following terminal relationships:

u_ M :

5 N, (1.1)
b N

,iz - N; {1.2)

A si.raightforward application of these relations shows that if an impedance of value
£y is connected to terminals 1-1', an impedance of value Z, = (N,/N,Z, is
meas:ured at tenninals 2-2", Using (1.1} and (1.2), we can also show that v,3, =
—,t,; that is, the instantaneous power into one port is equal to the instaniarlxclous
power out of the other. The ideal transformer neither dissipates nor stores energy.
o A transformer is ideal if it obeys (1.7} and (1.2}, but no practical transformer
is ideal. In most transformers, the principle depariures from ideal result in some
voira}ge and current being *“lost™ in the transformation, so terminal varables are not
?rec_lsely related by (1.1) and {1.2). A model that represents these effects is shown
in Fig. 1.3(b). Some of the terminal current 4} is shunted through the magnetizing
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Figure 1.3 (a) The ideal transformer model. {b) A more practical model, in which

the effects of magnetizing inductance (L) and leal
are inchuded. ' (Ll cukage (Lo and Lol
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| _’_ R formers, similar but somewhat more complicated considerations apply to the mod-

PRT— (%x)' Loy i : eling of transformers with more than two windings. Other practical considerations,

- 2 - ,: such as the resistance of the windings or losses in the core, are represented by the
e vy i . addition of appropriate elements to the model of Fig, 1.3(b).

: use throughout this book. The circuit model being used to describe a transformer
v : will be enclosed in a dashed box. The model frequently has an ideal transformer
as one of its elements, represented by windings with adjacent double bars. Some
schematic conventions utilize the double bars to represent an iron core, but we use
C i N : fhe. bars to indicate the ‘couyied \\.iindings. of an i'dee}l transformer when it appears
________ ! inside a dashed box. This convention avoids ambiguity and schematic clutier when

: -~= than two windings are involved. ' '

i
i
I
| ; Fﬁgures 1.3(b} and 1.4 show the schematic transformer representation that we
I
i
i
i

Figure 1.4 (a) The model of Fig. 1.3(b). with the magnetizing inductance placed
on the N, side of the ideal transformer. (b} The model of Fig. 1.3(b). :
simplified by reflecting L, through the ideal transformer and com- e |
bining it with L. -

I
—l
|+
inductance L, and is called the magnetizing current. So whereas i; and i, are still ¢ }
refated by {1.1) and (1.2}, the real terminal currents ¢} and 2} are not. Similarly, the N L, | v zec, 3R,
real terminal voltages v| and v} differ from v, and v, by the drops across Ly, and |
Lu, which are called leakage inductances. In Chapter 20 we describe the physical | o
origins of these effects. . N o

Figure 1.3(b) shows L across the wiading V|, We can, however, reflect it : T T T T e e s
through the ideal transfomler so that it appears across the N, winding, as shown in (@)
Fig, 1.4{a). Sometimes we do this because the result is analytically more convenient :
to use. Although two leakage inductances, one for each winding, are shown in
Fig. 1.3(b), they are often combined by reflecting one through the ideal transformer. & i (
If the voltage drop across this inductor is small relative to the voltage across > i
L,. then L, can be moved inside this reflected inductance without introducing : + §

H
i
i
i
H
i
H

much of an error, and the two leakage inductances can be combined. The resulting §

approximate model is shown in Fig. 1.4(b). :
Another useful model transformation is to reflect the entire circuit on one side

of the ideal transformer to the other side. A transformation of this kind is shown in

Fig. 1.5. There, not only has the magnetizing inductance been reflected to the N,

side, but the rest of the IV, side circuit, C, and R, has also been “brought through” [ |

the ideal transformer. Of course, the isolation fenction is fost in the transformation, &)

which makes the technique inappropriate for the analysis of some circuits, )
We can calculate or measure the leakage and magnetizing inductances of trans- i Figure 1.5 (a) & t. asformer with an RC load on the N, side. (b} The circuit

formers, and we sometimes corstruct transformers to have specific values for these ) of {a) with all the N, side components reflected to the IV side so that

parameters. And, even though we have been discussing only two winding trans- the ideal transformer can be eliminated from the transformer model.

u
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1.4 NOMENCLATURE

Because we discuss several different kinds of variables, we need to establish their
definitions now to avoid confusion later.

1.

Variables that may be time dependent are represented by lowercase names,
such as v,. When necessary for clarification, the rime dependence is explicitly
indicated, as for example, v,{¢).

. Variables that are constant are represented by upperéasa names, such as V),

Lipmsr o Vo

. The average value or dc component of a periodic variable is denoted by angle

brackets around the variable, for example, {v,) = V. Note that the average value
is a constant and so is represented by an uppercase name.

. A local average is defined in Chapter 11 and is indicated by an overbar, T or

(t). Note thet the local average is a function of time,

. Perturbations around a constant value are indicated by a tilde; for instance,

iy =1, +1;.

. Harmonic components of a nonsinusoidal periodic waveform are indicated

by an additional subscript representing the harmonic number. For example,
'Ua='vati +va3 +'Uas +ee

. Complex amplitudes of sirusoidal functions are represented by hatted uppercase

names:
u(t) = V cos(wt + ¢) = Re(Vei?e#t) = Re(Ve*)

The complex amplitude of v(f} is ¥ = Vei?, The prefix “Re” means “real part
of.” : :

Notés and Bibliography

We have included an annotated bibliography at the end of most chapters. It provides sources
of additicnal information on topics that you might want to pursue further.

PART I

Form and
_Function





