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PREFACE

Here is a book which bridges the gap between electronics as it is taught in the
classroom and electronics as it is practiced in the industry. The author, drawing
upon his own experience in four different industries, shares with the reader a
wealth of tips and insights which mark the difference between the inexperienced
beginner and the practiced professional.

The approach is strictly practical—none of the nasty realities are omitted
because they are not theoretically pretty, and none of the theoretical niceties are
included unless there is a solid practical reason for them. Here you will find frank
and numeric discussions of stray inductance and skin effect in hookup wire,
leakage in various types of capacitors, turn-on surge in power transformers, and
response times of various photodetectors. You will also find quick and easy
methods for:

* statistical sampling of batches of components
* converting decibels to voltage ratios and back, instantly, in your head

* analyzing and designing attenuators and filters

* designing modern power supplies, including IC regulators, foldback short-
circuit protection, and switching regulators

* troubleshooting electronic systems without getting more involved than you
have to.



xiv PREFACE

In scope, the book is designed for the person who has completed a study of
basic electronics (including power supplies, amplifiers, oscillators, and transistor
fundamentals), but who recognizes that there is a considerable gap between this
elementary knowledge and current industry practice. The mathematical level of the
discussions is held to a minimum. Basic algebra and right-angle trigonometry are
adequate as prerequisites. The topical coverage is broken into three units:

* Unit I provides an in-depth look at the real properties of modern electronic
components— from hookup wire to large-scale integrated circuits—gleaned
from manufacturers’ literature and from numerous lab tests revealing
limitations which manufacturers often choose not to publish.

e Unit II starts with the basics of a course in electronic instrumentation and
adds chapters on high-performance amplifiers, op-amp applications, and
modern power-supply circuits.

* Unit III outlines an approach to troubleshooting that is specific as to
methodology yet applicable to any type of equipment. Notes on selection
and use of test equipment and wiring practices are included.

Special attention has been given to make the Table of Contents at the front
and the Index at the back of this book as complete as possible. Take the time now
to thumb through and become familiar with them. A tremendous amount of
information has been compressed between these two covers, and if you learn to use
the Index and Table of Contents well, you will find yourself reaching frequently for
this volume as a reference in solving practical problems in the art of electronics.

It has been my good fortune to have the cooperation of numerous industries in
preparing the material for this book. In addition to the acknowledgements appear-
ing with figures throughout the text, I would like to express appreciation to the
following individuals who reviewed portions of the manuscript in their areas of
specialty, and in many cases made important corrections and additions: A. P.
Gabriel, Alpha Wire Corporation, Chapter 1 on Wire and Cable; Jack R. Polakow-
ski, Allen-Bradley Co., Chapter 2 on Resistors; F. Woody Brooking, Kemet
Division of Union Carbide Corp., Chapter 3 on Capacitors; S. Vincent Burns,
Caddell Burns Mfg. Co., Chapter 4 on Inductors; B. G. Merritt, Eveready Division
of Union Carbide Corp., Sections 6.1 and 6.2 on Batteries; H. A. Fishel, S T
Semicon, Inc., Chapter 7 on Diodes; Robert M. Mendelson, RCA Corporation,
Chapter 8 on Transistors; Jack Takesuye, Motorola Semiconductor Group, Chapter
9 on Triggered Semiconductors; Kathleen Emery, Statistical Analyst, Blue Cross of
Northwest Ohio, Chapter 10 on Statistics; Barry Siegel, National Semiconductor,
Chapter 19 on Signal Processing.

Thanks are also due to three others who proofread the entire manuscript:
Professor Emeritus Robert C. Carter of Atlanta, Georgia, whose mastery of both
the Language and the technology might have given me an inferiority complex had
he been less of a gentleman; Professor Leon Heselton of Fulton-Montgomery



PREFACE XV

Community College in Johnstown, New York, whose attention to detail uncovered
several errors in mathematics and notation; and my good friend and colleague at
Monroe County Community College, Tim Maloney, whose final reading cf the
page proofs eliminated errors that had escaped all others.

Readers having knowledge of errors or new developments in areas covered in
the text are encouraged to communicate with the author through the Editor for
Electronics Technology at Prentice-Hall, Englewood Cliffs, NJ 07632.

Finally, lest there be any misunderstanding, let me say that I am delighted at
the recent entry of women in significant numbers to my chosen field. At the same
time a respect for the grace of the Language prevents me from littering the text
with he and/or she constructions. Until we develop a neutral personal pronoun,
please understand he to refer to both sexes.

Daniel L. Metzger
Temperance, Michigan
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Major Edwin Armstrong, who was undoubtedly the most prolific and down-to-earth
of the radio “pioneers,” was fond of repeating a saying which went something like
this:

It ain’t the things you don’t know that get you into trouble; it’s the things you
know for sure—that ain’t so.

Armstrong went on to prove the wisdom of that proverb by singlehandedly inventing
FM radio, even though the theoretical experts already “knew for sure” that FM radio
wouldn’t work.

Electronics technicians today often get into trouble because there are too many
things that they “know for sure” about electronic components that in reality “ain’t
so.” Ideally, for example, hookup wire has zero resistance, and a coil whose inductance
is measured as 10 uH at 1 MHz will also be 10 uH at 10 MHz. Such idealizations are
commonly applied in the practice of electronics, and indeed a good case could be
made that the practice of the art as we know it would be impossible without such
simplifying assumptions. Eventually, however, the technician is bound to run afoul of
his assumptions and he will have to recall that his initial analysis was based on an
idealized mathematical model of a certain device which cannot possibly reflect all the
properties of the actual physical component.

Then he will have to ask himself: “What are the real properties of this component?
How are they different from the mathematical model? Under what conditions is the
model essentially valid, and when must I discard the model and look for the nonideal
effects?” He may find that the near-zero resistance of hookup wire is not near-zero
enough in the case of 5-A current pulses, and that the distributed capacitance in the
windings of a 10-pH coil cancels out the majority of the coil’s reactance at 10 MHz,
even though it was negligible at 1 MHz.

The purpose of this unit is to give the technician some awareness of the nonideal
effects in common electronic components. In many cases, these concepts will not be
needed, as the behavior of the real component will be close enough to the ideal to
make the idealized model valid. However, when an “impossible” situation comes up in
troubleshooting-—say a substantial voltage drop across a supposedly zero-resistance
wire, or a transistor that refuses to saturate even though the beta formula says that it
has more-than-enough base drive-—then it will be time to remember the difference
between the ideal and the real.



PROPERTIES
OF REAL WIRE AND CABLE

1.1 CONDUCTIVITY OF WIRE

The actual dc resistance of various sizes of solid copper wire is given in Fig. 1-1.
For resistance to ac, be sure to read Section 1.4 on skin effect. Stranded wire is
sized to have a similar cross-sectional area, and hence equivalent dc resistance, as
equivalent-sized solid wire. For example, 10 strands of No. 30 wire would have an
area of 1000 circular mils, and would be called No. 20 stranded wire, since No. 20
wire has about the same area (1020 circular mils, to be exact).

Other Metals: The resistance of other metals relative to copper is given in Fig.
1-3. Notice, for example, that a length of aluminum wire has 1.64 times the
resistance of a copper wire of the same length and diameter.

Circular Mils: The cross-sectional areas of the wires in Fig. 1-1 are given in
circular mils. One circular mil is the area of a circle 1 mil in diameter. As illustrated
in Fig. 1-2, circular-mil area is then simply the square of wire diameter in mils
(thousandths of an inch).

Aemit = i (1-1)
Calculating Wire Resistance: If necessary, the resistance of a length of wire can be

5



PROPERTIES OF REAL WIRE AND CABLE CHar. 1

Gage Diameter at 20°C Area at 20°C Resistance at 2!
AWG Mil cm cmil cm? £2/1000 ft /m
0 3249 0.825 105,600 0.535 0.100 0.00032
2 2576 0.654 66,360 0.337 0.159 0.00052
4 204.3 0.519 41,740 0.212 0.253 0.00083
6 162.0 0411 26,240 0.133 0.403 0.0013
8 128.5 0.326 16,510 0.0837 0.64 0.0021
10 101.9 0.259 10,380 0.0526 1.02 0.0033
12 80.8 0.205 6,530 0.0331 1.62 0.0053
14 64.1 0.163 4,110 0.0208 2.57 0.0084
16 50.8 0.129 2,580 0.01307 4.10 0.0134
18 40.3 0.102 1,620 0.00823 6.51 0.0214
20 32.0 0.081 1,020 0.00519 10.3 0.0339
22 253 0.064 640 0.00324 16.5 0.0542
24 20.1 0.051 404 0.00205 26.2 0.0859
26 15.9 0.040 253 0.00128 41.8 0.137
28 126 0.032 159 0.000800 66.6 0.219
30 10.0 0.025 100 0.000507 106 0.347
32 8.0 0.020 64 0.000320 165 0.542
34 6.3 0.0160 39.7 0.000201 266 0.874
36 50 0.0127 25.0 0.000127 423 1.39
38 4.0 0.0102 16.0 0.000080 661 2.17
40 3.1 0.0079 9.61 0.000049 1100 3.61

FIGURE 1-1 Resistance and standard sizes of copper wire.

found directly from the following formula:

_p!
=7 (1-2)

where R is the wire resistance in ohms, p the resistivity of the wire material in
ohms-cmil /ft (Fig. 1-3), / the length of the wire in feet, and A4 the cross-sectional
area in circular mils (square of diameter in mils, or from Fig. 1-1).

EXAMPLE 1-1
What is the dc resistance of 5280 ft of No. 26 stranded copper wire at 25°C?

Solution
From Fig. 1-1, each foot has 0.0418 ohm (§2):
R = 5280 ft < 0.0418 Q/ft = 220.7 Q



t =1 mil t =2 mil t = 3 mil
A =1cmil A =4 cmil A = 9cmil

A =1mit? A =4 mil? A =9 mil?

FIGURE 1-2 Area in circular mils equals the square
of wire diameter in mils (thousandths of an inch).

Resistivity Resistivity Resistivity Temperature
Material Relative to Q-cmil/ft. uf2-cm?/em Coefficient per
Copper at 20°C at 20°C °C at 20°C
Aluminum 1.64 17 2.83 + 0.0040
Brass 358 37 6.17 +0.0015
Copper 1.00 10.37 1.724 + 0.00393
Gold 1.42 14.7 2.44 + 0.0034
Iron 5.69 58 9.64 + 0.0055
Lead 11.86 123 20.4 +0.0039
Mercury 100 - 172 -
Nichrome 65.09 675 112 + 0.00017
Silver 0.945 9.80 1.63 + 0.0038
Steel (soft) 9.24 95.8 15.9 . + 0.0016
Tin 6.68 69.3 1.5 + 0.0042
Tungsten 3.20 33.2 5.62 + 0.005
Carbon {(graphite) 450 - 775 - 0.0005

FIGURE 1-3 Relative resistance of various conductors (copper = 1.000) and
temperature coefficients of resistance.



8 PROPERTIES OF REAL WIRE AND CABLE CHAP. |1

EXAMPLE 1-2

What is the resistance of 10 ft of No. 22 Nichrome wire?

Solution

From Fig. 1-1, 10 ft of No. 22 copper wire has a resistance of 0.165 Q. From Fig.
1-3, Nichrome wire has 65.09 times the resistance of copper, so

R=0.1652 x65.09=10.7 Q

EXAMPLE 1-3

The diameter of a solid steel conductor measures 0.25 in. What is the resistance of
500 ft of this conductor?

Solution

Ay = d? = (250)* = 62,500 cmil

R="—"F=""r""=0.766

1.2 TEMPERATURE EFFECTS
AND CURRENT CAPACITY OF WIRE

Figure 1-3 shows that the resistance of metal conductors increases at higher
temperatures. Copper wire, for example, undergoes an increase of 0.393% for each
degree Celsius rise in temperature. For a 100°C rise (the rise from freezing to
boiling of water) this would amount to a resistance increase of 39%.

Temperature-Stable Alloys: For applications where highly temperature-stable
resistances are required, special alloys (usually of copper with nickel) are available
which have temperature coefficients below 0.00002 per °C. For such metals,
resistances can be held stable to better than 0.1% over the normal range of
human-environment temperatures.

Semiconductor Temperature Coefficients: Nonmetals, such as carbon, generally
have a negative temperature coefficient of resistance, meaning that their resistance
goes down as temperature goes up.

The semiconductor materials, “doped” silicon and germanium, have tem-
perature coefficients which are large and negative, but are otherwise difficult to
predict because of their extreme dependence on very small impurity contents. The
resistance versus temperature curve for a typical slab of silicon semiconductor is
given in Fig. 1-4. The rapid change of resistance with temperature is exploited in
the manufacture of thermistors for temperature measurement and control.
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TEMPERATURE EFFECTS AND CURRENT CAPACITY OF WIRE 9
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FIGURE 1-4 Resistance versus temperature for a typical silicon
thermistor.

Maximum Current versus Wire Size: The recommended maximum currents for
various sizes of copper wire may be obtained from Fig. 1-5. The lowest line (10°C
rise) should be used for systems that must run cool. The center (35°C) should be
thought of as the maximum for most common types of insulated wire, since it
represents operating temperatures in the neighborhood of 150°F. The top (140°C
rise) line represents final wire temperatures of about 320°F, and should be used
only for bare wire suspended by high-temperature insulating supports.

The basic chart is for two or three insulated wires in a bundle, and the
allowable currents should be reduced by the factors given in the table accompanying
Fig. 1-5 for larger bundles.

Correction factors for

, = g ! .

0 = = current-carrying capacity

No. of PR

g 20 g conductors x;ltlgflymg
g in bundles
210
g 1 1.6
35 P 2-3 10

, 45 0.8

24 22 20 18 16 14 12 10 8 6 4 6-15 0.7

Conductor AWG

FIGURE 1-5 Maximum current versus wire size of copper wire for various
maximum temperature-rise limits. (Courtesy Potter and Brumfield Division, AMF
Inc., Princeton, Ind.)



1.3 INSULATION AND VOLTAGE RATING OF WIRE

Any insulating material can be made to conduct if enough voltage is applied across
it to rip the normally well-bound electrons loose from their atoms. If a fairly large
current is allowed to flow through such an insulation breakdown, enough heat may
be generated to permanently destroy the insulator. Figure 1-6 shows that not all
materials are alike in their ability to resist voltage breakdown, and that just about
any solid insulator is better than air. The values given do not include a safety
factor, so the wise designer will assume the worst-case insulating strength to be
one-fifth to one-tenth of the value given.

Breakdown voltage

Material kV/mm V/mit (0.001 in.)
Air, vacuum 3.0 75
Porcelain 3.9 100
Bakelite 12 300
Oil 12 300
Vinyl plastic 16 400
Rubber 16 400
Phenotic 18 450
Polystyrene 20 500
Plexiglas 35 900
Paper, waxed 47 1200
Teflon 59 1500
Mica 157 4000

FIGURE 1-6 Breakdown voltages for various common insulators.

In choosing an insulating material, it is well to consider the possibility of
environmental deterioration as well as the original insulating ability. Rubber can
become cracked and brittle with age, oil can become contaminated, polyvinyl
chloride materials can embrittle under exposure to sunlight, and air can be laden
with salt spray and humidity.

Arcing from a Sharp Pojnt: Electric charge accumulates at a sharp point, but
spreads evenly over a smooth surface. The results of this are depicted in Fig. 1-7.
Four different conductors were held 2 mm from a metal plate, and the voltage
required to arc the air between them was measured. When the conductor was a
smooth sphere, a voltage of 8 kV was required. When a 90° bend in a No. 24 wire
was used, 5 kV caused an arc. But when a sharply pointed No. 24 wire was used,
arcing started at only 2.5 kV. A piece of insulating sleeving on the wire stopped all

10
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SKIN EFFECT AND STRAY INDUCTANCE OF WIRE 11
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FIGURE 1-7 Test results: arcing is less likely to occur from a smooth or
insulated surface than from a sharp point.

2

arcing. Therefore, when constructing high-voltage systems, the technician should:

1. Cut or file off all sharp metal and wire points.

2. Leave smooth, rounded solder joints with no sharp protruding solder
“tails.”

Use insulating sleeving on any bare high-voltage conductors.

4. Cover, coat, or paint surfaces where arcing is likely to be a problem.
Special “corona dope” compounds are available for this purpose.

1.4 SKIN EFFECT AND STRAY INDUCTANCE OF WIRE

At high frequencies, the magnetic fields within a wire become such as to force all
charge carriers to flow at the surface of the wire, leaving the center of the wire
useless as a conductor. This phenomenon, known as the skin effect, means that the
resistance of a wire conductor increases at high frequencies.

At dc and low ac frequencies the conductivity of a wire is proportional to its
circular-mil area (diameter squared), and heavier wire really does have much better
conductivity. However, at radio frequencies conductivity is proportional to surface
area (which is directly proportional to diameter), and the advantage of heavier wire
is less pronounced. Larger-sized wire begins to suffer from the skin effect at a lower
frequency because its central core is farther removed from the skin.

Calculating Skin Effect: Although the current density under the skin effect
actually drops off exponentially from the surface toward the center of the wire, the
effect is the same as if a uniform current density were confined to a conductive
surface with a thickness §, called the skin depth. This is illustrated in Fig. 1-8(a).
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Actually, the current density is 38% of its full value at the skin depth. For round
copper conductors, skin depth can be calculated by

6.6
§=—" (1-3)
Vi

where § is in centimeters and f is in hertz. For other metals, the depth can be
determined by multiplying by the square root of the relative resistivity from the
table of Fig. 1-3. Aluminum, for example, has a skin depth of V1.64 = 1.28 times
that of copper. Skin depth is important because it determines the heaviest solid
wire that can be effectively employed at a given frequency. If the wire has a
diameter greater than 28, the center of the wire is relatively useless.

100%

38% [—

(a

FIGURE 1-8 Wire impedance increases at
high frequencies: (a) skin depth & and cur-
rent distribution in a round wire at high
frequency.
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EXAMPLE 1-4

What is the maximum effective diameter of a copper wire for 60-Hz power
transmission?

Solution
=086 _ 66 _,esem
Vi Vé
1=28=17cm (1-3)

The actual resistance of a copper wire under skin effect can be determined

from
R=83X% IO‘BLI[LII,,R (14)

where R is in ohms, f is in hertz, and ¢ and / are thickness and length, respectively,
in any commensurate units (both inches, both centimeters, or whatever). For other
conductors, multiply by the square root of the relative-resistance value in Fig. 1-3.
Silver, for example, has a skin-effect resistance of V0.945 or 0.972 times that of
copper. Figure 1-8(b) shows the ratio of skin-effect resistance to dc resistance as a
function of wire size and frequency, and may be used in place of Equation 1-4 for
obtaining rough estimates.

EXAMPLE 1-5

What is the voltage loss across a 200-ft length of RG-58 coax feeding a 50-Q load at
30 MHz?

Solution

Assuming the loss to be primarily in the 0.033-in. diameter center conductor, we
find its skin-effect resistance.

/30 < 106

R, =83X% lO‘sIf—l=8.3 X IO‘SMXMOX 12=33
t 0.033
v, R, _ 50

= 0.60

V. R,+R, 33+50

This situation was set up in the laboratory where a V,/V,, ratio of 0.58 was
measured at 30 MHz.

Proximity Effect: The skin-effect formulas are accurate only for round conduc-
tors running in a straight line. When the wire is wound into coils, additional
magnetic fields cause further increases in wire resistance. This proximity effect is
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difficult to predict, but it is by no means negligible. The following factors will serve
as a rough guide to the proximity effect to be expected.

R oximiry(actual)
Coil Configuration R ix(calculated)
Single-layer, spaced 5 to 20 1.5t03
diameters between windings
Single-layer, close-wound S5tol5
Multi-layer winding 15 to 100

A summary of the most common situations may be helpful. At 60 Hz, skin
effect does not become evident even in transformer coils except in wire sizes larger
than about AWG 4. In audio transformers up to 10 kHz, skin effect is negligible
for wire sizes smaller than about AWG 24. Such large wire sizes are quite
uncommon, making dc resistance satisfactory for most power and audio trans-
former calculations. For most common wire sizes skin effect or proximity effect is
evident by 100 kHz, and there are few practical situations above 1 MHz where
skin-effect resistance is not many times dc resistance.

Combatting Skin Effect: Stranded wire suffers from skin effect to about the same
degree as does equivalent-sized solid wire. (The advantage of stranding is the
ability of the wire to flex without breaking.) However, if each strand is separately
insulated from the others, with the strands tied together at each end, some relief
from skin effect is obtained. Such wire is called /itz wire and is effective for winding
high-Q coils in the 0.1- to 2-MHz range. Below 0.1 MHz, stray capacitance between
the strands washes out the benefits of litz wire.

Where energy loss is critical and strength is important, copper-clad steel wire
is often employed. The copper coating, one or two skin depths thick, provides
conductivity while the steel provides strength. For large-diameter conductors,
hollow tubing is lighter, cheaper, and just as conductive, provided that its thickness
is two skin depths or more. Flat copper strap also provides greater surface area
with less volume of metal. At high radio frequencies a very thin silver plating on a
metal or plastic support provides as much conductivity as possible, if the plating is
several times the skin depth.

Stray Inductance of Wire: In practice, skin effect in hookup wire is usually
masked by the stray inductance of the wire, which may be anticipated to be about
0.04 pH/cm or 1 pH/25 cm. Skin-effect resistance in hookup wire is typically an
order of magnitude (factor of 10) less than the reactance caused by stray induc-
tance. Figure 1-8(c) shows measured values of total impedance for three sizes of
solid copper wire from low audio to high radio frequencies. Notice that a simple
1-meter test lead of No. 22 wire has an impedance in the vicinity of 60 £ at 10
MHz.
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Any two conductors separated by an insulator form a capacitor, and adjacent
lengths of hookup wire fill this requirement in every respect. The following list will
be helpful in estimating the stray capacitance between various types of conductors.

Conductors Capacitance
Two No. 22 solid PVC-insulated wires 40 pF/m
adjacent in a bundle
Two No. 22 wires twisted 1 turn/cm 46 pF/m
One No. 22 wire held flat against a 65 pF/m
metal chassis
Two No. 22 wires held 2 cm apart 12 pF/m
Two conductors of No. 18 lamp cord 50 pF/m
Shielded wire; No. 22 stranded center 300 pF/m
conductor to braid
RG-58/U coax cable (7 mm diameter) 88 pF/m
300 @ TV twin lead 20 pF/m
Tubular capacitor, 2 cm diameter, 5 cm long; 10-20 pF

outside foil to metal chassis

High-Frequency Loss on a Microphone Line: Cable capacitances may prove far
from negligible in many practical cases. For example, at 5 kHz, 20 m of heavy
shielded wire may present a reactance to ground of 5 k2. The popular low-cost
crystal microphones typically have an internal impedance of 50 k€. Figure 1-9(a)
illustrates how the loading effect of the cable capacitance may cause the higher
audio frequencies to be attenuated (by a factor of about 10 in this case) before they
reach the amplifier input. Of course, the problem can be readily solved in a number

Cc ,0.5pF
50 k2 1 M2 at 300 kHz
N e ———
X, 0.005 o —
5 k2 uF
v Amp v,
10mv | Amp in R, % 100 o
10k
Ot
100 mV ' /J7
5 kHz
(a) (b)

FIGURE 1-9 Common problems from stray capacitance; (a) shielded micro-
phone cable attenuates audio highs; (b) small stray feedback capacitance
causes self-oscillation in an amplifier.

16
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of ways—use a low-impedance microphone; use a step-down transformer at the
“mic” and a step-up transformer at the amp; put an emitter follower or FET
amplifier stage in the mic case; use special hi-Z shielded cable; and so on. But the
first step in solving any problem must be to identify its cause.

Self-oscillation in an Amplifier: Figure 1-9(b) illustrates another common problem
caused by stray capacitance. The input and output leads of the high-frequency
amplifier depicted pass within a few centimeters of each other for a short distance,
resulting in a feedback capacitance of 0.5 pF. At about 300 kHz this capacitance
has a reactance of 1 MQ and the voltage division of X, with R, provides a
feedback voltage equal to the input voltage. If the phase shift within the amplifier is
right, the result will be self-oscillation. To avoid this problem, the input and output
wires of any amplifier should be kept completely away from each other and the
components on the circuit board should be laid out to implement this. Vertical
shield plates can be mounted across a transistor and soldered directly to the chassis
to screen the input from the output. Keeping the amplifier input impedance low
reduces the feedback ratio and thus helps prevent oscillation.

Coupling between Shieldged Cables: Shielded wire and coaxial cable can greatly
reduce unwanted coupling between wire runs, but you should guard against the
feeling that nothing can get into or out of a shielded cable. Figure 1-10 shows the
results ol some laboratory tests using RG-59/U coax cables. In Fig. 1-10(a) an
unshielded length of hookup wire run along the outside of the coax cable picks up
as much as 25% of the cable’s signal at certain frequencies. In Fig. 1-10(b), two
lengths of coax couple as much as 3% of the signal from one to the other at high
frequencies when held close together.

_© e — Lo
pmmmmmmm e - . Ve ; 777777777777777777 Ve
1k S I _____ 19 i 75 Q pmmmmm—mm o - I
v,(n) <—1m— 2750 ’ ’
v, <~ Am——— 2750
f(MHz) V,/V, f V,/V,
1 0.0001 1 MHz 0.00005
10 0.001 10 MHz 0.001
30 0.25 20 MHz 0.01
50 MHz 0.03
(a) (b}

FIGURE 1-10 Lab test: (a) up to 25% of the voltage on a coax cable is coupled
to an adjacent high-impedance wire; (b) up to 3% is coupled between two coax
lines 1 m long.



PROPERTIES
OF REAL RESISTORS

2.1 FIXED-RESISTOR TYPES

Resistors are available in a variety of physical forms, each with its advantages and
drawbacks. However, the vast majority of the market is covered by three basic
types, shown in Fig. 2-1.

Carbon Composition: These are the bread-and-butter resistors used in the majority
of noncritical applications. They are universally tubular in shape, with their value
marked by three color bands according to the standard color code. They are
formed of a mixture of carbon powder with nonconductive fillers and resin binders
encapsulated in an insulating tube. The ratio of fillers to carbon is the prime
determiner of resistance. Carbon-composition resistors are normally available in
tolerances of 5% and 10% and in power ratings of 3, 5, 3, 1, and 2 W. Figure 2-2
shows the actual sizes of the various wattages of carbon-composition resistors.

Composition resistors can be expected to change value by several percent with
ambient temperature changes and internally caused heating. Figure 2-3 documents
this effect for a wide range of resistance values. The principal advantage of carbon
resistors is cost, which may be as low as 2 or 3¢ each for 3-W 10% types purchased
in quantities of 1000.

18
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GULVLLLL U e ( PR
: 1 w2 2 ' 5 .
\,f.,,v’,f(‘,;“f,"' 123 4%« K L ) 3

FIGURE 2-1 Representative fixed and variable resistors. Top: 100-W adjustable
wirewound; left.: 10-W and 5-W wirewound, followed by %-, ;- 1-, and 2-W
carbon-composition types; center: precision wirewound with five precision metal
-film types from 1 W to 3 W below; top right: precision 10-turn potentiometer with
miniature and standard single-turn pots below; bottom center to right. 10-turn
trim pot, two PC-mount single-turn trimmers, and an inexpensive carbon-track
adjustable resistor.

Metal Film: These resistors are available from stock with a tolerance of +1%,
and can be special ordered with tolerances as close as 0.05%. They are commonly
used where accurately known and tightly held values of resistance are required.
They can be purchased with guaranteed resistance change with temperature in the
range 25 to 100 ppm/°C (parts per million per degree Celsius), as compared to
typical coefficients of 200 to 500 ppm/°C for carbon-composition types. Their
internal noise generation is also quite low, an important factor in handling
low-level audio and radio signals. Metal film resistors are commonly available in
1 i-, 2-, and 1-W sizes, and are stocked in values listed in Fig. 2-4. Prices are
typically 5 to 10 times the cost of carbon-composition units. Carbon-film resistors
with many of the noise and temperature-stability advantages of metal films are
becoming available in 5% tolerances at a cost competitive with composition types.



Dimensions

1.000 £ 0.0125 1.000 £ 0.0125
w : (2540 + 3.18) (2540 + 3.18) > 0.015 + 0.003
g Watt type B 0.145 + 0.015 (0.38 + 0.08)
(3.68 + 0.38)
m%f -
0.062 + 0.004
(1.57 +£0.10)
1.500 + 0.125 1.500 + 0.125
~———(38.10 + 3.18) ——> (38 10+ 3.18) 0.025 + 0.002
; Watt type CB 0.250 * 0.015 -l (0.64 + 0.05)
(6.35 + 0.38) i &
4
0.090 i 0.008
(2.29 + 0.20)
1.500 + 0.125 1A500i0125
; Watt type EB 0.375 + 0.031 (0.84 + 0.05)
L (9.53 +0.79) R !
. }
0.140 + 0.008
(3.56 £ 0.20)
0.562 + 0.031
1.500 + 0.125 (14.27 £ 0.79) 1.500 £ 0.125
- -—(3810+318)——> ~————(38.10 + 3.18)——- | 0.041 *+ 0.002
1 Watt type GB V 17‘04 +0.05)
" t
0.225 + 0.008
(5.72 + 0.20)
1.500 + 0.125 0.688 + 0.031 1.600 + 0.125
[« (3810t 318)——"{(17.48 +0.79)|*——(38.10 £ 3.18)—— 0.045 + 0.003
2 Watt type HB | + (1.714 + 0.08)
i
T ?
0.312 £+ 0.008
(7.92 + 0.20)

Dimensions shown in /TAL/CS are in Millimeters.
(a)

FIGURE 2-2 (a) Actual sizes of 2-, 1-, ;-, -, and }-W carbon-composition
resistors. (Courtesy of Allen-Bradley Co.)
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INDUSTRIAL GRADE

I

EB5145

T

Standard Color Code and Preferred Number Series

| RESISTANCE
TYPE OR STYLE Expressed 1n ohms and identified by a three-digit
Alien. | Rating [MILR.11 MIL.R 39008 number. First two digifs represent significant figures RESISTANCE
Bradiey | (Watts) Style Style Last <higit specifies the number of seros to follow, TOLERANéE
{at 70°C) except below 10 ohms (see below)
BB 1/8 RCO5 RCRO5 FOR VALUES BELOW 10 OHMS Allen Toterance MmiL
cB | 1/4 | RCO7T | RCRO7 ALLEN-BRADLEY MIL Bradiey Desgnstion
B 12 RC20 RCR20 DESIGNATION DESIGNATION +5% J
GB 1 RC32 RCR32 The letter “G s The letter ‘'R” 'ns 1 +10% K
substituted in place of substituted in place of a —
HB 2 RC42 RCR42 the third digit. The significant  digit  to 2 120%
GM 3 - — desired resistance value represent the decimal i
am a — _ s then the first two point.  The following FAILURE RATE LEVEL
digits muttiphied by 0.1 dirgits represent ! At 50% rated wattage
signifrcant hgu’rres expressed in %/ 1000 hrs.
TYPE EXAMPLE | M- 1.0%
Fixed Camposition Resistors, ML ] . P = 0'1%
fnsulated, Established | Atten-Bradiey Resistance Designation \ R = 001%
Retiability 27G 27 0hm 2R7 | S = 0.001%
_— -
B -
MIL-R-39008 TYPE DESIGNATION — RCR 20 G
I
IS

MAXIMUM AMBIENT TEMPERATURE AND

RESISTANCE TEMPERATURE CHARACTERISTIC

{Refer to MIL-R-11 or MIL-R-39008
Specifications as Applicable)

W
First Band — 1st Digit 77 ’ t‘
Second Band — 2nd Digit Preferred Number Series
‘ e 10| 15|22 |33 [ 47| 68
" Relisbility Level I} 5% 11116 (24 (36 |51 75
Color Digit Multiplier Tolerance {Percent Per 1000 Hours) Tolerance | 12| 18 | 27 (39 | 56 | 82
Black 0 1 N _ 13120(30(43 62| 9N
Brown 1 10 - M=1.0% +10% 1011522 {3347 68
R 100 - P =01%
of:nge :23 1000 - A -001% Tolerance (12| 18 127 |39 [ 56 | 82
Yeilow 4 10,000 - S =0.001% +20%
S;’::n g 11,886?380 - - Tolerance | 10| 1522 |33 |47 68
Violet 7 10,000,000 - -
Gray 8 - - -
White 9 -
Gold - [+A] %% -
Silver - +10% -
No colar - +20% — lWhen Applicable

FIGURE 2-2 (b) Standard values and marking system for carbon-composition

resistors. (Courtesy Allen-Bradiey Co.)
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+7 T T T T ‘ T T
+6 b
Hot-molded _e5 C
+5 p et fixed ; "
resistors /,ABOC —
+41- t °C
5 ., P e s .
z // — LT -25°C and +95 L —
3 +2 . "] 5C and +85°C
° / // —_15 a
E =] o ' ©
§ 1 —~§°C and +75°C
o m——— -
£ g +35°C
-1
-2
| | 1 1 | i i
10’ 102 103 104 10° 106 107 108

Nominal ohms at 256°C

Percent resistance deviation from 25°C value for various nominal resistance values and
temperatures

FIGURE 2-3 Resistance change as a function of temperature for representative
carbon-composition resistors. (Courtesy Allen-Bradley Co.)

Wirewound: Wirewound resistors are commonly used in high-power applications
(above 2 W). Some readily available sizes are as follows:

Power (W) Length (cm) Diameter (cm)
5 1.6 0.6
12 4.5 0.8
25 5.1 14
50 10.2 14
100 16.5 1.9
225 27 29

For color-coded wirewound resistors, the first band is double width, to distinguish
wirewound from composition types. Typical tolerances for wirewound power
resistors are 5 to 10%, with 1% available in the lower-power ratings. Costs range
from approximately 30¢ for 5-W types to about $2 for 225-W types in 10%
tolerance. Temperature stability for power resistors is typically on the order of 200
ppm/°C.

Precision-value wirewound resistors are manufactured by the simple expedient
of trimming the length of a resistance wire wound on a bobbin. These resistors are
not generally meant to dissipate high power, however.

Resistor Networks: In applications where a number of resistors of the same value
are required, size and assembly time can be minimized by using resistors packaged
in the dual-in-line package (DIP) developed for integrated circuits. These resistors
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High purity alumina

Oxygen free substrate Durable
copper lead — 60/40 solder coated °°“f°'b":’|
solderable and weldable coated body

== N—
Securely imbedded
high temperature Helixed cermet film
fused termination resistance element
E’F@) Example: 10R5 = 10.5ohms
Style and Size L—Chavacteristic 1022 = 10,200 ohms
For Allen-Bradley
D =+100 ppm/°C
STANDARD DECADE — 1%
1962 F 100 121]147] 178 215 26.1] 31.6] 38.3] 46.4 [ 56.2 [ 68.1 [ 82.5
. _ 102]1241 150 18.2] 221 26.7| 32.4| 39.2| 47.5 | 5756 | 69.8 | 845
Fi T’"‘;F‘Fe Value ” Tolerance £ =1% 105|127 154 | 18.7| 226 | 27.4{ 33.2| 40.2| 48.7 | 59.0| 71.5 | 86.6
"5“4"’;’ ‘(;3.".5 are 5'9"; " 107|130 158{19.1] 23.2 | 280] 340 412} 499 | 60.4 | 73.2] 887
27";;,05" 'git “number 110|133{16.2} 19.6( 237 | 28.7| 388 42.2{ 51.1| 61.9| 75.0| %09
: 113|137] 165| 20.0| 26.3 | 20.4| 35.7{ 43.2[ 52.3 | 63.4| 76.8] 93.1
1962 = 19,600 ohms 115 140|169 205| 2491301 | 3651 44.2| 536 | 649 | 78.7] 953
For values below 100 118[143]174] 210] 255{309 | 37.4| 453|549 [66.5 | 80.6 | 976
ohms, the letter R repre-

sents the decimal point,

To obtain standard resistonce volues, multiply preferred num-
with all digits significant.

ber from decade table by powers of 10,

FIGURE 2-4 Physical construction, standard values, and marking system for
1% film resistors. (Courtesy Allen-Bradley Co.)

are manufactured either by thin-film technology, which involves depositing a strip
of metal a few millionths of an inch thick on a glass or ceramic base, or by
thick-film techniques, in which resistive material is painted on an insulating
surface, usually by silk-screen printing.

2.2 VARIABLE-RESISTOR TYPES
Variable resistors come in the following basic types:

Carbon-composition potentiometer
Wirewound potentiometer
Multiturn potentiometer

Linear slide pots

Single-turn trimmers

* Gear-actuated trimmers

¢ Adjustable resistor
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These are illustrated in Fig. 2-1. The term potentiometer derives from the early use
of the component in a potential-measuring circuit. Verbally, the term is almost
always shortened to pot. Trimmer pots are usually small, and almost always
designed to be adjusted only occasionally by a screwdriver rather than frequently
by a front-panel knob. High-power pots, especially those having only two termi-
nals, are sometimes called rheostats.

The wiper of a wirewound pot divides the resistance neatly into two parts, so a
100-2 pot at midrotation will measure 50 £ from either end to the wiper. The wiper
of a carbon-track pot provides only a point (or two points) contact on the track,
and there is extra resistance associated with this incomplete contact to the cross
section of resistance. A 100-Q carbon pot at midrotation will typically measure
55 Q from each end to the wiper.

2.3 RESISTOR POWER RATINGS

Manufacturers’ power ratings for resistors apply for “standard” conditions which
are seldom realized in practice. Therefore, it is wise to adjust the resistor power
rating as calculated from P = IV to accommodate actual conditions of operation.
Standard conditions for wirewound power resistors are:

* Ambient temperature of 25°C (77°F)

* Resistor suspended in free air (no enclosure)

* Single resistor suspended away from other heat-producing devices
* Air pressure equivalent to sea level (76 cm Hg)

*  100% duty cycle

¢ Still air; no forced-air cooling

* Allowable temperature rise of 300°C

Figure 2-5 shows the recommendations of the Ohmite Manufacturing Company for
adjusting wirewound power resistor ratings to accommodate deviations from these
conditions. This chart is given only as a guide,; since the factors involved are
seldom accurately known. The percent load for pulse operation, in particular, is a
complex function of duty cycle (% on-time), cycle time, and resistor size. For cycle
times of less than 0.1 s the percent load is nearly the reciprocal of duty cycle, but
for longer cycle times the resistor will have a chance to heat up during the on-time,
and the percent load will be much less than 1/duty cycle. In practice, most resistor
users settle on a safety factor (usually 2, 3, or 4) for resistor power ratings which
they have found from experience to be suitable to the service conditions of their
products.
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PP O ONDITIO
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4 G 8t14 bt - . 700140 1
-8 H H &s00—f 20 |
B » g o o] T 20
i o Lo stz | 249 s c 4 g 600 200
I1.e z P
n 2ri2 a00—t25 | > 5004 49 rirs
B 30113 30 < B
100 —1-1.3 12114 + 30 400 <415
= 12 414
300
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o

x

Factor

l

Factor

Tempercture ot | Factors apply Factors apply Foctors opply Parcent load Foctors are Low
installction approximately to uniformly to aMtitudes for pulse oper- approxima- temperaiures
includes room for average spaced banks shown. No ation must first tions only. moy be desired
temperature sheet metal of parallel derating is be determined EHectiveness becovse of
plus boxes of resistors with required for trom graphs of cooling adjacent
temparature dimensions spacing altitudes 1o and doto n vorias with apparatus,
rise due to such that watts as shown. 5000 f1. above Manuol. mstallation. increcsed
odjocent heot per sq. in. of 100 lovel. stability or
sources. surface are in monimum
the range of religbility,
210 .4,

EXAMPLE: Four resistors, each dis-
sipating 115 watts, are to be mounted
in a group. Spacing is to be 2" sur-
tace to surface. Ambient to be 50 C
(122°F). Enclasure to be total. Other Operation (2) Multiply the factors
factors standard. Determine Watt Size together = 2.64 OHMITE
required.
Operation (1) On Ambient Tempera. ~ OPeration (3) 115 watts x 2.64 =
ture scale locate 50°C. Note and re- 314 Wolts Free Air Watt Size Rating
cord F, = 1.1 as shown. Locate and required for each resistor.
record the other factors.

FIGURE 2-5 Resistor power rating calculation chart. (Courtesy Ohmite Manu-
facturing Co.)

Fy I [2) l F1 IFA l g l Fa l f2
c1100% 4 " tondar ndition
M1 x20x12x 1 x 1 x 1V x 1

EXAMPLE 2-1

A totally enclosed instrument is to operate at an ambient temperature of 75°C. The
instrument contains four resistors, each dissipating 6 W, mounted with 1-in. space
between resistors. A fan provides forced-air cooling at a velocity of 500 ft/min,
and the resistors may not exceed a temperature of 250°C because of insulation
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used within the instrument. The altitude is sea level and the duty cycle is 100%.
Find the watt-size resistor required.

Solution

From the chart, the factors involved are:

F, for 75°C 12
F, for total enclosure 20
F; for 4 at 1-in. spacing 1.3
F, and F5 normal 1.0
F for 500 ft /min 0.5

F, for 175°C rise (250° final —75° ambient) 2.5

The minimum watt size required for each resistor is

6xX12xX20%x13%X1.0xX05%X25=234W

Where available resistors fall short of power requirements, a heat-sinking
clamp and/or thermally conductive adhesive to the chassis can be used to
approximately double the power-handling capability of 1-W and 2-W carbon
resistors. For laboratory bench tests, immersing small resistors in a bath of distilled
or deionized water will increase their capability by approximately a factor of four.

2.4 RESISTOR TOLERANCE AND RELIABILITY RATINGS

A manufacturer’s tolerance specification on a resistor is a guarantee that the
resistor will be within the specified percentage of its marked value. For example, a
470-Q, 10-% resistor will be within the range 470 + 47 ©, or 517 to 423 Q. For some
manufacturers, this means that all resistors shipped have been tested and those
whose values lie outside the tolerance range have been rejected. For others, it
simply means that the manufacturer will replace any lot of resistors that is found to
contain an excessive number of out-of-tolerance pieces (assuming that all 50,000 of
them have not been soldered into printed-circuit boards by the time the problem is
noticed). Of course, 100% testing makes the resistors cost more, but troubleshooting
a finished system to find a defective resistor also costs money.

Reliability Levels: Reliability ratings for resistors have been established by a
military specification (MIL-R-39008), which specifies a test procedure for
determining the failure rate of the resistors. The procedure involves subjecting a
large number of resistors to a 10,000-h life test at 50% rated power at 70°C. The
results of this test are indicated by a fifth color band on the resistor. The
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MIL-SPEC designations for resistors, including type, tolerance, reliability, and
other ratings, are given below:

MIL-STD Resistor Designations

EXAMPLE :

a b ¢ d e f

a (type) and b (power):

RA: Wirewound variable, precision:
Code: 20 25 30

Wattage: 2 3 4

RB: Wirewound fixed precision:

Code: 08 16 17 18 19 52 53 55 56 57 58 70 71
Wattage: & 2 1 13 2 1 + 4+ ¢+ 1 2 3§ i

2 3 2 4 8 2 4

RC: Composition fixed:

Code: 05 07 20 32 42

Wattage: 1 1 3 1 2

RD: Noninductive film power:

Code: 31 33 35 37 39 60 65 70
Wattage: 7 13 25 55 115 1 2 4

RE: Wirewound power with heat sink:

Code: 60 65 70 75 77 80
Wattage: 73 20 25 50 100 250

RL: Film:
Code: 07 20 32 42
Wattage: 3 3 1 2

RN: Film, high stability:

Code: 05 50 55 60 65 70 75

Wattage: § % % 3 3 1 |1
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RP: Wirewound variable, power:

Code: 10 11 15 16 20 25 30 35 40 45 50 55
Wattage: 25 12 S0 25 75 100 150 225 300 500 750 1000

RV: Composition variable:

Code: 01 04 05 06
Wattage: ; 2 1 3

RW: Wirewound, power:

Code: 55 56 67 68 69 70 74 78 79 80 81
Wattage: 5 10 5 10 23 1 5 10 3 2

¢ (temperature coefficient):
(this position used alternately to specify temperature limit or lead structure)
J,E=*25H,C=*50;K,0= %100 ppm/°C

d (value):

three or four digits; first two or three significant, last gives number of zeros;
R = decimal point with last digit significant.

e (tolerance):
F(x1%), G(£2%), J(+5%), K(+10%)

f (fallure rate or reliability):
M brown (1%), P red (0.1%), R orange (0.01%), S yellow (0.001%), all per 1000 h

The third letter R inserted after the two letters in part a of the code indicates that
the resistor has a reliability level established by a military (MIL-STD) specification.

Considerable effort is expended to document the reliability of components
according to exacting procedures laid down in military specifications. Military
Reliability Prediction Handbooks give detailed procedures for estimating mean
time between failures for systems containing large numbers of specified compo-
nents. Unless these rather involved procedures are actually applied, reliability
ratings should be used for comparison purposes only. It should be kept in mind
that a reliability rating P means that a component type has been tested under
specified conditions with fewer than 0.1% failures per thousand hours of operation.
It may not be assumed that the failure rate in service will be this high—only that it
is very unlikely to be any higher. Operation at lower power dissipation under less
stringent environmental conditions than those used in the test procedure also
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contributes to reliabilities in service which are much better than the specified rating
would appear to indicate.

2.5 RESISTORS AT HIGH FREQUENCIES

Composition and Film Types: The wire leads of a standard 3-W composition or
film-type resistor are sufficiently close to provide about 0.5 pF of capacitance in
parallel with the resistance value. The circuit leads will introduce at least another
0.5 pF, even if care is taken to keep the leads short and direct. Figure 2-6(a) shows
the reactance of 1 pF versus frequency. Notice that, at 1 MHz, a voltage divider
composed of a 900-k {2 resistor in.series with 100 k2 would be completely swamped
out by the reactance of the stray capacitance.

Where resistors must be used to handle high-frequency ac, it is advisable to
limit the resistance value to one-tenth or less of the reactance of 1 pF at the
frequency in use. For the circuit of Fig. 2-6(b), values of 9 k2 and 1 kQ would hold
stray-capacitance effects at 1 MHz to an acceptable value.

A related problem appears when high-value resistors are used to handle
fast-rise pulses. Figure 2-6(c) shows the output that would be observed if a
10-ns-rise pulse were applied to the voltage divider of Fig. 2-6(b). To avoid this
problem, the highest resistor value should be chosen so that the circuit time
constant is one-tenth or less of the pulse rise time.

EXAMPLE 2-2

What value resistors should be used in the circuit of Fig. 2-6(b) if the input pulse
has a rise time of 10 ns and the pulse waveform is to be preserved?

Solution

The time constant should be % of 10 ns or less.

7= RC
T 1 ns

The resistor values should be 900 and 100 Q.

Variable Resistors: Potentiometers exhibit the same problems of stray capacitance
as do fixed resistors, but to a greater extent. Typical stray-capacitance values for a
standard carbon-track potentiometer are as follows:

End to end 2-5pF
Wiper to end 3-5pF
Wiper to case 8-15 pF
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FIGURE 2.8 (a) The reactance of the typical 1 pF of stray capacitance across a
resistor drops to 159 kR at 1 MHz. (b) A high-resistance voltage divider is
completely swamped out by this reactance. (c) The shape of a square pulse is
distorted by the stray capacitive shunts.

Wirewound Resistors: Wirewound resistors designed exclusively for dc and
low-frequency use may have an effective series inductance of 10 to 100 pH, enough
to present significant reactance at high frequencies. However, nonreactive resistors
using an Ayrton-Perry winding (two windings in opposite directions to cancel
inductance) are readily available, and these display only a microhenry or so of
residual inductance. Figure 2-7 shows the effects of frequency on composition,
film, and wirewound resistors.
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FIGURE 2-7 (a) Impedance versus frequency for composition resistors.
(Courtesy Allen-Bradley Co.) (b) Impedance versus frequency for metal-film
resistors. (c) Normalized impedance versus frequency for wirewound resistors.
(Courtesy Ohmite Manufacturing Co.)

31



32

PROPERTIES OF REAL RESISTORS CHaP. 2

Wirewound resistors also have a shunt stray capacitance, typically 5 to 10 pF.
For low ohmic values (below 500 £) residual series inductance begins to increase
the resistor’s impedance at frequencies above a few MHz, but for higher values
(1000 € and above) stray shunt capacitance lowers the impedance above a few
megahertz. There is an optimum resistance range in the vicinity of 1 kQ for which
resistance is essentially constant to 10 or 20 MHz [see Fig. 2-7(c)].



PROPERTIES
OF REAL CAPACITORS

3.1 FIXED-CAPACITOR BASICS

Energy Storage: A capacitor is formed whenever two conductive surfaces or
plates are separated by an insulator (called the dielectric). If a potential difference
exists between the surfaces, there will be an electric field in the dielectric
representing a stored energy of

W=3iCv? (3-1)

where W is the energy in joules (1 joule = 1 watt for 1 second), C the capacitance in
farads, and V the potential difference in volts.

Charge Storage: The potential difference between the plates exists because of a
difference in charge on them, and if a conductive path is provided between the
plates, a charge (quantity of electrons) will flow between them to equalize their
potentials. The amount of this stored charge is

o=cv (3-2)

where Q is the charge in coulombs (1 coulomb =1 ampere for 1 second), and C
and V are in farads and volts as above.

i3
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Calculating Capacitance: The amount of stored energy and stored charge per volt
is thus directly proportional to capacitance C, and this property is dependent on
three factors:

1.

C is directly proportional to plate area. Doubling the plate area doubles
the capacitance, assuming, of course, that the same dielectric is maintained.

C is inversely proportional to plate spacing. Increasing the plate spacing
weakens the field strength in the dielectric and thus reduces the amount of
charge that can be held on the plates per volt of potential difference.
Doubling the plate spacing halves the capacitance.

_/c _

|
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b |
(a) {b)
FIGURE 3-1 (a) Opposite charges are held on the plates of a capacitor by

mutual attraction. (b) The atoms in the dielectric become polarized (distorted)
when the plates are charged.

C depends upon the dielectric material. As depicted in Fig. 3-1(b), the
atoms of a dielectric material are distorted by the electric field, the
electrons being pulled closer to the positive plate. This deformation
represents additional stored energy in the dielectric, and the polarized
atoms attract the charges on the plates, holding more charge per volt as
polarization becomes more pronounced. Various dielectric materials are
susceptible to polarization in different degrees, as indicated in the table of
dielectric constants, Fig. 3-2. C is directly proportional to dielectric
constant k.

For a capacitor constructed of two parallel plates, the capacitance is given by

C=18.85X% 10-'°5}

(3-3)
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Dielectric Dielectric
Material Constant Material Constant
Vacuum 1.0000 Oil 4
Air 1.0006 Mica 5
Teflon 2 Ceramic (lo-k) 6
Paraffin 2.2 Bakelite 6
Paper 25 Water 81 FIGURE 3-2 Typical values of dielec-
Rubber 3 Ceramic (hik) 7000 10 COPIARL K- Eeact varues copend

where C is in farads, k& is the dielectric constant, 4 is the area between the plates in
cm?, and d is the plate spacing in centimeters.

Capacitor Construction: Capacitors are physically constructed as single plates,
stacked plates, or rolled tubes, as illustrated in Fig. 3-3. The single-plate structure is
common in the low-cost ceramic-disc capacitors, where values up to 1 uF can be
obtained with high-dielectric-constant ceramic. Otherwise, this structure is limited
to low capacitance values. Stacked plates are used with rigid dielectric materials
such as mica and ceramic, whereas the more economical rolled tubular structure is
used with flexible dielectrics such as paper and Mylar.

Outside plate

Inside plate

Dielectric

SN
7
A
222222
SN
2222277

Inside plate
Dielectrics

Outside plate

7N

Plates

\ Dielectric
(=

(a) (b} (c)

FIGURE 3-3 Capacitor construction: (a) single piate; (b) stacked piate; (c)
rolled tubular.

Notice that some capacitors are constructed so that the outside “plate”
completely surrounds and enshields the inside plate. This outside foil is then
marked with a band or stripe on the case, and this lead should be connected to the
circuit ground in noise-critical bypass applications. Figure 3-4 shows a selection of
fixed-nonelectrolytic-capacitor types.
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FIGURE 3-4 Representative types of fixed, nonelectrolytic capacitors. Top: a
relatively small oil-filled type; left: four mica types ranging from 0.01 uF to 47 pF:
center: high-k and medium-k deramic discs, with temperature-compensating and
Zero-temperature-coefficient ceramic discs below; right: dip-coated and tubular
Mylars, plastic tubular, metallized paper, tubular ceramic; bottom right: poly-
styrene dielectric capacitor.

3.2 NONIDEAL EFFECTS IN CAPACITORS

Real capacitors exhibit a number of nonideal effects which must be measured
against cost in selecting a capacitor type for a given application. This section
presents a brief catalog of the nonideal effects to be expected. The following
sections of this chapter detail the types of capacitors available and their real-life
characteristics. Figure 3-18 at the end of the chapter provides a tabular summary of
this information.

DC Leakage: Ideally, a capacitor should be capable of holding a charge forever.
In practice, of course, current leakage through the dielectric and through the case
material discharges the capacitor in time. For general-purpose capacitors of 0.1 uF
and below, the case resistance generally limits the discharge time constant to a few
seconds or less, decreasing for lower values. For high-value capacitors, however,
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the discharge time is primarily a function of the dielectric-material resistivity, as

follows:
Polystyrene ~3 days
Paper ~3h
Tantalum ~1h
Ceramic (high k) ~5 min
Electrolytic ~10s

Dielectric Loss: If an ac voltage is applied across a capacitor with a dielectric
other than air or vacuum, the successive polarizations of the dielectric will cause
some molecular friction and loss of energy. This loss is not easy to predict, as it
varies with frequency and temperature and is different for each material. Some
materials exhibit severe loss peaks at certain frequencies. Polyvinyl chloride (PVC),
which is widely used as an insulator, is unsuitable as a dielectric because of its loss
characteristics, as shown in Fig. 3-5(a). Some typical effects of temperature on
dielectric loss are shown in Fig. 3-5(b).

£ &
(=] (=2
£ c
§ g
3] 3]
£ £

TR I N SN U NV U SN A N U

102 108 10* 108 108 107 -40 -20 0 20 40 60 80

Frequency (Hz) Temperature {°C)
{a) (b)

FIGURE 3-5 (a) Dielectric loss generally increases with frequency, but loss
peaks occur in some materials. (b) Loss varies with temperature, generally
increasing at low temperature for high-k materials.

Dissipation Factor: The cumulative effect of resistive shunt leakage, dielectric
loss, and whatever series resistance may be present in the capacitor leads and plates
is represented by the dissipation factor of the capacitor. This is defined as

R
D= (34)

2
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where R, is an equivalent series resistance (called ESR by the manufacturers) and
X, is the equivalent series reactance of the capacitor at the frequency in question.
For reasonably low values (10% or less), D is approximately equal to the power
factor, which is the ratio of real power dissipated (heat loss) to apparent power
(volt-amps) for the capacitor. The dissipation factor can be measured on most
impedance bridges, and D or ESR is often specified in manufacturers’ literature. It
should be kept in mind that these values are valid only at the frequency and
temperature specified, and will generally increase (sometimes drastically) at higher
frequencies or lower temperatures.

Tolerance and Temperature Stability: Most capacitor types are manufactured to a
tolerance of *10 or *+20% of the marked value at 25°C. However, certain types,
such as aluminum electrolytics and high-k ceramics, are intended only to provide
large amounts of capacitance in a small package at a low cost, and may have
tolerances as wide as —20 and +100%. Most often, the manufacturers do not
make a point of advertising these poor tolerances too loudly, so it is up to the
technician to be aware of them. On the other hand, mica, polystyrene, low-k
ceramic and Mylar capacitors are available (for a price) with tolerances as narrow
as 1%.

+20

+10

Lo

- = o =4

-10 §

-20

-30

Capacitance change (%)

-40 |

~

-50

—-60
-80 -60 -40 -20 0 20 40 60 80 100

Temperature (°C)

FIGURE 3-8 Capacitance changes with temperature vary markedly for different
dielectrics.
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General statements about the effects of temperature on capacitance are quite
difficult to make, since the effect varies, not only between different dielectrics, but
also between different versions of essentially the same dielectric. Figure 3-6 gives a
rough idea of the effect to be expected for a few common dielectrics. Note in
particular the drastic drop in capacitance at low temperatures for aluminum
electrolytic and high-k ceramic capacitors.

Lead Inductance and Resonance: As noted in Chapter 1, hookup wire possesses a
stray inductance of approximately 0.04 uH/cm, so a 0.1-uF capacitor with two
2.5-cm leads is really 0.1 ¢F in series with 0.2 uH, a combination which resonates
at slightly above 1 MHz, with X, and X_. of about 1.4 Q. Above this resonant
frequency, the reactance of the “capacitor” is actually inductive, rising to about
14 Q at 10 MHz, 140 © at 100 MHz, and so on.

The table of Fig. 3-7(a) shows the measured resonant frequencies of various
capacitors, and Fig. 3-7(b) shows the measured impedance of two of them as a
function of frequency.

The reactance of the 0.01-uF “capacitor” in Fig. 3-7(a) is definitely inductive
above 7 MHz, and this fact is demonstrated with surprising effects when a 470-pF
capacitor is placed in parallel with it. A parallel resonance occurs at 23 MHz,
resulting in a total impedance rise to 36 2, four times higher than the impedance of
either capacitor alone. This parallel-resonance effect should be kept in mind, as it is
common practice to use separate audio and RF bypass capacitors in parallel in
some circuits. The effect is much less pronounced if the larger capacitor is in the
microfarad range, however. Here the reactance at resonance is likely to be a
fraction of an ohm, and the total parallel-resonant impedance will not rise above
an ohm or two.

Real Capacitor Equivalent Circuit: The real behavior of a capacitor is represented
in Fig. 3-8. Series inductance L, and dielectric loss R, become important at high
frequencies, while leakage R, is important for dc storage over long time periods.

Lead Length Resonant Frequency
Capacitor Type (cm) (MHz)

1-uF, Mylar 4.0 0.54
0.1-uF Mylar 3.0 2.5
0.01-uF Mylar 3.0 7.0
0.001-uF ceramic 3.0 23

0.001-uF ceramic 0.5 43

100-pF ceramic 3.0 74

100-pF ceramic 0.5 140

(a)
FIGURE 3-7 (a) Real capacitors series resonate with the
stray inductance of their leads and plates. Above t,, reac-
tance is inductive and increases.
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FIGURE 3-7 (b) Parallel resonance of a low- and high-value capacitor
produces an impedance rise.

FIGURE 3-8 Equivalent circuit for a real
capacitor. L, is the lead and plate induc-
tance, R, represents dielectric loss and lead
resistance, and R, is the dc leakage through
the dielectric and case.

3.3 MICA- AND CERAMIC-DIELECTRIC CAPACITORS

Mica Capacitors: Mica is a mineral that occurs naturally in thin, flat sheets. As a
dielectric material it is quite temperature-stable and has a low dissipation factor,
even at high frequencies. It has been used since the early days of radio in
stacked-plate capacitors up to about 0.01 pF, although its popularity is finally
giving way to ceramic and plastic-film types. Constructed as alternate sheets of
metal foil and mica, stacked, bound, and encapsulated in plastic, these capacitors
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achieve a temperature stability of about =300 ppm/°C. The silver-mica variety,
constructed by depositing a thin silver layer directly on the mica sheets, provides a
temperature coefficient not greater than =+ 100 ppm/°C and are often called
zero-temperature-coefficient mica capacitors. Both types have dissipation factors of
0.1% or lower. They are available in tolerances ranging from *+20% to *+1%.

Ceramic Capacitors: Ceramics are a class of mineral compositions which are
molded and then fired at high temperature. Ceramic capacitors are occasionally
seen in the form of a hollow cylinder, but more often as a disc, as shown in Fig.
3-4, or as a block containing a stack of plates, as shown in Fig. 3-3(b). They are
potentially the most confusing things, because they all appear so similar, yet they
have widely different properties. The discs invariably have a diameter of between
0.5 and 2 c¢m, and a single conductive plate on either side of the dielectric which
ranges in thickness not much beyond 0.2 to 1 mm. Yet their capacitance values
range from 1 pF to 1 pF, a span of six orders of magnitude. This is possible
because ceramics can be produced with dielectric constants from 5 to 10,000 or
more. However, the quality of the dielectric is severely reduced as its dielectric
constant is increased.

Although the range is actually continuous, it might be helpful to think of
ceramic capacitors as being divided into two classifications—low-k and high-k
dielectric.

Low-k Ceramics include the values to approximately 0.01 pF in disc and 0.2 uF in
monolithic (stacked plate) form. Their dissipation factor at 25°C is typically less
than 1% at 1 kHz, rising to perhaps 10% at 10 MHz for the larger values. Insulation
resistance exceeds 10 GQ. Tolerances of *+10 and *+20% and capacitance changes
of +2% from —20 to +85°C are common.

High-k Ceramics include values from 0.01 to 1 pF in disc and from 0.2 to 6.8 uF in
monolithic form. Dissipation factors at 25°C are typically 2 to 5% at 1 kHz, rising
to 50% at 1 MHz for the larger values. Tolerances of +10% are available in
monolithic ceramic, but for the larger value discs —20, +80% is common.
Capacitance changes of —50% and dissipation factor increases of 500% may be
encountered at —20°C in the larger value discs. Insulation resistance also varies
drastically, from more than 1 GQ to less than 10 k{2 depending upon type, value,
and voltage rating. In general the high-value discs have the poorest characteristics
and the low-value monolithics have the best characteristics. A thorough check of
the capacitor’s specifications is recommended when high-k ceramics are to be used
in critical applications. Capacitors for which no tolerance or temperature
specifications are given should be regarded with suspicion.

High-k ceramic capacitors may exhibit a decrease in capacitance with age on
the order of — 1% after 1 h, —2% after 10 h, —3% after 100 h, up to — 5% at 10,000
h of operation.



42

PROPERTIES OF REAL CAPACITORS CHAP. 3

EIA Standards for Ceramic Capacitors: In an attempt to bring some order to the
confusion over ceramic-capacitor properties, the Electronics Industries Association
(EIA) has devised a system of standard ratings, which is reproduced in Fig. 3-9. As
an example, a capacitor marked 680 K Y5E would have a capacitance of 680 pF
+ 10%, with a change of not more than +4.7% over the temperature range —30 to
+ 85°C.

Temperature Characteristics

Tolerance

Low (°C) High (°C) AC (%) -Color at 25°C (%)
X -55 5 +85 A 1 Gold —
Y -30 7  +125 8 *15 Silver —
Z +10 C 22 Black M £20

D +33 Brown F 1

E 47 Red G 2

F t15 Orange H +3

P %10 Yellow P  +100-0*

R %15 Green J tb

S 22 Blue -

T +22-23 Violet —

U +22-56 Gray Z +80-20

vV +22-82 White K £10

*Tolerance +100-0%, also known as GMV (guaranteed minimum value)

FIGURE 3-9 EIA standard markings for ceramic capacitors. Example: 0.47M,
Y5F indicates 0.47 uF + 20%, with maximum * 7.5% change from — 30 to +85°C.

Temperature-Compensating Ceramics: By controlling the composition of the
ceramic dielectric, it is possible to produce capacitors whose value varies in a
predictable and fairly linear manner with temperature (from + 100 to about — 5000
ppm/°C.) Note that —5000 ppm/°C amounts to a —10% change for a 20°C
temperature rise. The table in Fig. 3-10 lists the EIA codes for the standard
temperature coefficients available. The most common among these are the zero-
temperature-coefficient NPO types, which are often used in critical tuning and
filtering circuits, and the N750 (—750 ppm/°C), which is used, often in parallel
with NPO or variable types, to offset the positive temperature coefficients of coils
in rf tuned circuits. With proper implementation of temperature-compensating
capacitors, an rf oscillator can be produced whose frequency drift with temperature
is an order of magnitude less than that of an uncompensated oscillator.

NPO ceramics are available from 1 pF to about 0.18 uF in voltage ratings of
50 to 1000 V. N750 types are available to about 1000 pF. These types have
dissipation factors of 0.1% or less at 1 MHz and are available in tolerances from
+20% to *5%. Ceramics with temperature coefficients up to N4700 have slightly
higher dissipation factors (0.4% typical).
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Temperature
EIA Coefficient Temperature Coefficient EIA
Code {ppm/°C)  Tolerance (ppm/°C, +25 to +85°C) Color
co NPQ +30 Black
S1 NO30 +30 Brown
Ut NO80 +30 Red
P2 N150 +30 Orange
R2 N220 +30 Yellow
S2 N330 +60 Green
T2 N470 +60 Blue
U2 N750 +60 Violet
P3 N1500 +250 Orange - orange
R3 N2200 +500 Yellow - orange
S3 N3300 1500 Green - orange
T3 N4700 +1000 Blue - orange

FIGURE 3-10 EIA letter and color codes for temperature-compensating capaci-
tors, with typical available tolerances on TC. Example: U2 or violet code indi-
cates nominal negative 750 ppm/°C capacitance change, but may be actually
— 690 to —810 ppm/°C.

3.4 PAPER AND PLASTIC-FILM CAPACITORS

Paper Capacitors: Paper-dielectric capacitors are constructed as a cylindrical roll
of metal foil and paper, as shown in Fig. 3-3(c). Generally, two papers are used in
each layer to minimize the effects of carbon spots that appear in the paper. The
dielectric is soaked in various waxes or oils, called impregnates, to stabilize the
dielectric constant and prevent the intrusion of moisture. Values from 0.001 to 1 uF
are commonly available, with voltage ratings from 50 to 1500 V and tolerances of
* 10% or *20%. Insulation resistance is typically above 10 G, and the dissipa-
tion factor is in the vicinity of 1% at 25°C and 1 kHz.

Metallized Paper: Methods have been devised for depositing a very thin metal
coating directly on the paper dielectric. This has the advantage of reducing the size
and weight of the capacitor by about 30%. Metallized capacitors are also self-healing
in many cases; a spark across the dielectric will evaporate the metal film at the
defect point, leaving no conductive short circuit. Metallized paper capacitors have
characteristics similar to standard paper units, except that their insulation resistance
is about an order of magnitude lower.

Plastic-Film Capacitors: Paper dielectrics have been largely replaced in the last
two decades by a variety of plastic films: Mylar, metallized Mylar, polyester,
polycarbonate, and polystyrene. Mylar and polyester capacitors typically have
power factors, insulation resistances, and tolerances which are all a factor of 2
better than their paper counterparts. Polystyrene capacitors are considerably better
still, with dissipation factors as low as 0.02%, insulation resistance in excess of 1000
G, and tolerances of *+1%.
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Oil-filled Paper Capacitors: These are the “brutes” of the capacitor world,
commonly reaching sizes of 10 X 10 X 15 ¢cm and prices of $50 each. They consist
of a steel case containing a paper-dielectric capacitor immersed in liquid oil and
hermetically sealed. Their use is dictated when capacitances above 1 pF at voltages
above 500 V are required, or when dissipation factor, tolerance, or reliability
requirements eliminate the low-cost electrolytic capacitor as an option. Their
dissipation factor and insulation resistance are comparable to those of standard
paper capacitors.

3.5 ELECTROLYTIC CAPACITORS

Construction: The electrolytic capacitor is formed as a cylindrical roll of aluminum
foil and paper layers, much like the paper capacitor. However, the paper is
impregnated, not with a dielectric, but with a conductive paste called the electro-
Iyte. The dielectric is an oxide of this electrolyte which forms in a very thin layer
against the foil when voltage is applied across the capacitor. This forming process
may take several minutes for a new capacitor, during which time the capacitor will
conduct current and may become noticeably warm. Electrolytics left uncharged for
several months may again require a short re-forming period, during which time
they are dc-conductive. Their great advantage is their high capacitance per unit
volume— electrolytics can typically squeeze 10 times the capacitance into a given
case size as a paper type of the same voltage rating, and at low voltages the
advantage swells to a factor of 100 or more.

Tantalum electrolytics have become popular for military and industrial use in
recent years. They offer the same advantage as aluminum electrolytics, and feature
better tolerance, greater reliability, and higher cost, all by about a factor of 4.
Tantalums can be formed, not only as a roll, but also as a porous cylindrical slug
of tantalum (anode) with an electrolyte filling the pores and conductive to the case
(cathode). Figure 3-11 shows a representative selection of electrolytic capacitors.

Polarity: Most electrolytic capacitors are polar and care must be taken to ensure
that significant reverse voltage is never applied across them. Where the markings
are obscure, the metal case is almost always the negative lead. Momentary reverse
voltage will not usually destroy the capacitor, but may require its re-forming.
Sustained large reverse voltages will cause current conduction, overheating, and, in
the larger sizes, actual explosion of the capacitor, sometimes quite violently.

Nonpolar electrolytics are available, although they are not nearly so popular
as the polar type. The letters NP after the voltage rating designate a nonpolar
electrolytic. Regular polar electrolytic capacitors can be used safely with reverse
voltages of 1 or 2 V, but the leakage current goes up rapidly for reverse voltages
much beyond this. For higher voltages, two polar electrolytics can be connected in
series back to back to provide a single nonpolar unit.
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FIGURE 3-11 Representative electrolytic capacitors. Top left: three-section FP
(fiat plate) chassis-mount type; top center: low- and high-voltage axial-lead
types, with radial-lead (also called vertical or PC-mount) types below and at
right; bottom left: two nonpolar electrolytics with two small tantalums beneath;
bottom center: tantalum slug type with broken-away unit showing interior;
bottom right: case and foil-paper wrappings from an aluminum electrolytic.

Voltage Rating: Aluminum and tantalum-foil electrolytics are limited to voltage
ratings of 550 V or less by the nature of the dielectric. Slug-type tantalums are
generally confined to applications requiring a rating of 100 V or less. Electrolytics
are generally rated for continuous use at their working voltage, and for short-term
(such as turn-on or warm-up) use at their surge voltage. Surge rating is typically
130% of working rating (e.g., 8 MFD, 150 WVDC, 200 V SURGE). Where
higher-voltage ratings are required, two or more electrolytics may be placed in
series and their voltage ratings added (their capacitance being halved, of course). It
is advisable in this case to place equalizing resistors across each capacitor, as
shown in Fig. 3-12, to ensure that the dc voltage divides equally across each unit.
The resistors should be calculated to draw 10 to 100 times the expected leakage
current of the capacitors (see below), but a value of 100 k{2 is common.
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FIGURE 3-12 Equalizing resistors are used across series electrolytics
to ensure equal division of high dc voltages.

Nonpolar electrolytics intended for motor-starting applications are often rated

for rms ac voltage. The peak-conversion factor of 1.4]1 can be applied to convert
this rating to dc voltage.

Reliability: Electrolytic capacitors have a relatively high failure rate, so their use
is avoided in high-reliability designs, except where their high capacitance-to-size
ratio makes them the only choice. The best tantalums have expected failure rates of
0.1% per 1000 h (compared to 0.01 or 0.001% for typical carbon resistors), and
low-cost aluminum electrolytics are much worse. In view of this, the wise designer
will choose electrolytics with a working-voltage rating 25 to 50% higher than the
intended application and will take steps to keep the operating temperature of the
capacitors as low as possible.

Tolerance and Temperature Effects: Aluminum electrolytics are marketed with
tolerances between — 10 +50% and —20 +100%. They are intended for filtering,
coupling, and bypassing and not for timing and resonance applications. Tantalum
electrolytics can be purchased with tolerances as good as *+10%, making them
suitable for many applications where aluminum will not do. It should be noted that
all these tolerances are specified at +25°C. The capacitance of aluminum
electrolytics will typically drop by 20% at —20°C and by 50% at —40°C. Tantalum
generally fares somewhat better, dropping by typically 20% at —40°C and 50% at
~ 55°C. Capacitance change at high temperatures is positive, typically +10% at
85°C for aluminum and +5% at 125°C for tantalum. Figure 3-13(a) and (b)
documents this.

Leakage Current and Dissipation Factor: Electrolytic capacitors generally exhibit
dc leakage currents which amount to a shunt resistance between 1 MQ and 10 MQ
at 25°C. This leakage resistance is relatively constant for various voltage ratings
and for values up to 100 uF, but begins to drop inversely with capacitance values
above 100 uF. Figure 3-13(c) shows how this leakage increases with voltage and
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FIGURE 3-13 (a) Impedance versus frequency for typical aluminum electroly-
tics at 25°C. (b) Correction factors, showing effective capacitance drop at low
temperatures. (c) Leakage current in an electrolytic increases rapidly above
rated voltage, resulting in heat generation. Higher temperatures further increase
leakage, so the heat generation can quickly avalanche. (Courtesy General
Electric Company.)
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Operating Life: Electrolytic capacitors require a moist electrolyte, and if this is
allowed to dry out, the dissipation factors will increase and the capacitance will
decrease, eventually to the point of failure. At 25°C, an electrolytic capacitor with
a simple rubber seal may be expected to last for 10 to 20 years, but, as shown by
Fig. 3-14, the life at 85°C may be reduced to 1 year. Operation at low atmospheric
pressures further accelerates dry-out. Improved seals and encapsulation increase
dry-out time, the ultimate being the hermetically sealed unit of Fig. 3-15, which
anticipates a life in excess of 50 years in a vacuum at 125°C.

: ¥ OO
g: 10 — | k\§\§
o3 g\\\\e{;rout
S8 20 NN
gz ° — N
$r 02 N N
N
0 1000 2000 3000 4000 5000 6000 7000 8OO0

Hours at 85°C

FIGURE 3-14 Expected load life at 85°C. The electrolyte drys out with age,
giving the typical electrolytic capacitor a limited life span. High temperature
greatly reduces life expectancy. (Courtesy General Electric Company.)

Residual Charge: Figure 3-1 shows how the dielectric is polarized by the electric
field between the plates of a charged capacitor. In an electrolytic, the dielectric
requires a considerable period of time (0.1 to 10 s) to depolarize after discharge,
and a residual charge of perhaps 10% can be expected to appear after a brief
discharge, as shown in Fig. 3-16. A second discharge, or a very long first discharge,
will be required to establish true zero voltage across a charged electrolytic. Paper,
Mylar, and ceramic capacitors will recharge in this manner to only about 0.1% of
original charge, so the problem is generally negligible in their case.

3.6 VARIABLE CAPACITORS

Variable Capacitors: These capacitors are most commonly used for tuning
radio-frequency circuits. They are available with maximum capacitance from about
5 to 500 pF, and in voltage ratings from 300 to several thousand volts. Minimum
capacitance is generally .+ to % of the maximum value. Their structure, illustrated
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FIQURE 3-15 (a) MIL-STD designations for electrolytic capacitors. (b) Typical
rubber seal to retard drying of electrolyte. (c) Hermetic seal which greatly
increases life span. (Courtesy General Electric Company.)
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in Fig. 3-17, consists of a number of half-circle-shaped rotor plates (1 to 20,
depending on capacitance) which are turned on a shaft to mesh in or out of a
number of stator plates. The rotor plates are generally connected to a U-shaped
metal support, while the stator plates remain insulated. High-quality variables use
ballbearings at two points on the shaft and ceramic insulation. The mechanical
rigidity of the plates has much to do with the ultimate stability of a radio-frequency
tuning system, and thick, stout plates should be sought for critical applications.
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FIGURE 3-16 A charged electrolytic that is discharged to zero for a brief
period will recharge to as much as 10% of its initial voltage due to
polarization in the dielectric.

If the shaft is placed at the center of the plate, a straight-line curve of
capacitance versus shaft rotation is obtained. However, if the shaft is offset to one
side, the curve can be made nearly linear for frequency versus shaft rotation, which
is more desirable for radio-tuning applications.

Ganged Capacitors: Often, several circuits must be tuned simultaneously to the
same frequency or to related frequencies. Variable capacitors are available with
two, three, or four sections ganged together on the same shaft, as shown in Fig.
3.17. The outside plate is often split in four or five places, with the intent that it be
bent out or in to make that section track with the other sections, or with the tuning
dial. The rotors of all the sections are already electrically connected, and often the
stators are also paralleled to produce a high-capacitance variable.

Butterfly capacitors, illustrated in Fig. 3.17, provide a symmetrically balanced
two-gang variable which covers its range in { turn. The differential variable
capacitor is a two-gang unit in which one section increases as the other decreases,

the sum being essentially constant.
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FIGURE 3-17 Representative variable capacitors. Left: four-gang 500-
PF/section; center: single-section 80-pF “‘transmitting”’ type with three-gang FM
tuning capacitor below (note RF coils and piston trimmer at very bottom); right:
12 pF/section butterfly, 16-pF air trimmer, and two-section plastic-dielectric
tuning capacitor from a pocket radio at bottom; far right. three mica-dielectric
compression trimmers (750, 500, and 100 pF), with two views of a 70-pF ceramic
trimmer below.

Trimmer and Padder Capacitors: Trimmer capacitors are variables that are in-
tended to be adjusted with a screwdriver rather than a dial. They are available as
air/plate units, piston type, ceramic, and compression types, all of which are
illustrated in Fig. 3-17. Compression trimmers with capacitance from 500 to 5000
pF are generally called padders. The following table and Fig. 3-18 lists their relative
advantages.

Type Minimum Size (pF) Maximum Size (pF) Comments
Air/plate 42-1.2 25-2.5 Stable, expensive, 180° rotation
Piston 3-0.5 50-5 10-40 turns to cover range
Ceramic 7-1.5 125-20 Q=500 at 1 MHz; available with
temperature coefficient NPO to N 650
Compression 12-1 3055-1400 Inexpensive; severe capacitance
padder drift with time and temperature as

plates warp.
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FIGURE 3-18 Summary of real properties of fixed capacitors.
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PROPERTIES
OF REAL INDUCTORS

4.1 BASIC INDUCTANCE AND REACTANCE

Analysis of real inductor and transformer behavior requires a mastery of basic
ac-circuit concepts. A condensed treatment of these topics is given in this section
and the ones following, both as a review and as a ready reference.

Inductance: If a current is run through a coil of wire, a magnetic field is set up
whose strength is proportional to the current and the number of turns. This is the
principle of the electromagnet. If a magnetic field is moved through a coil of wire,
a voltage is induced across the coil whose magnitude is proportional to the speed of
movement and the number of turns. This is the principle of the generator. Figure
4-1(a) and (b) illustrates these effects. Combining these facts, if ac is passed
through a coil, a changing (moving) magnetic field is set up, and this field induces a
voltage in the coil that caused it. The direction of this self-induced voltage is
always such as to oppose the initially applied voltage. Thus a coil (we call it an
inductor—never use one syllable when you can use three) opposes any change in
current.

Reactance: Notice that the inductor’s opposition to ac is by means of a reverse
voltage, not a restriction in the conductive path as in the case of a resistor. We call

this kind of opposition reactance as opposed to resistance. The main difference is
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(b)

(c)

FIGURE 4-1 (a) Current through a coil sets up a magnetic field. (b)
Moving a magnetic field through a coil causes a voltage to be
induced across it. (c) Self-induced voltage causes current to flow
back against the direction of applied voltage from 90° to 180° and
again from 270° to 360°.

that reactance does not burn energy— it merely stores it on one quarter-cycle and
then bounces it back into the source on the next quarter-cycle.

This bounce-back results in a phase shift between current and voltage for an
inductor. Current through the coil reaches a maximum just as the voltage across
the coil falls back to zero. We say that current in an inductance lags voltage by 90°.
This is shown in Fig. 4-1(c).

The amount of reactance that a coil presents to ac depends on the value of the
inductance and the speed with which the current alternates (frequency):

X, =2nfL (4-1)

where X, is the reactance in ohms, f the frequency in hertz, and L the inductance
in henrys.

Series and Parallel Reactances: Two inductors in series have a total reactance
equal to their sum (just like series resistors), provided that their magnetic fields are
not close enough to interact. This is illustrated in Fig. 4-2(a).
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FIGURE 4-2 Reactances series combine by simple algebraic addition, with
capacitive reactance considered negative.

Capacitors store energy in an electric field, and when connected to an ac
source, simply bounce this energy back to the source on alternate quarter-cycles.
Thus they present a reactance to ac, much like an inductor. However, there are two
important differences. First, the current in a capacitance /eads the voltage by 90°;
Jjust the opposite of the inductor. We give a negative sign to the reactance of a
capacitor:

-1

Xe=75afC

(42)

where C is the value of the capacitance in farads.

Second, as shown by equation 4-2, capacitive reactance varies inversely with
frequency f and capacitance C, again just the opposite of the inductor. This means
that as frequency increases, inductive reactance goes up while capacitive reactance
goes down. Calculations involving reactances are, therefore, valid only at the
frequency for which reactance has been calculated. Capacitive and inductive
reactances in series are subtractive, as illustrated in Fig. 4-2(c) and (d).

Reactances in parallel are governed by the same formulas as resistors, namely,
the product over the sum and the reciprocal of the reciprocals. In this case,
however, attention must be paid to the signs. Figure 4-3 gives some examples.

4.2 BASIC CONCEPTS OF IMPEDANCE

Series Resistance and Reactance: When resistance and reactance are placed in
series, the result is termed impedance. Part of the energy delivered by the source is
then dissipated as heat (in the resistance) and part is reflected back to the source
(by the reactance). Current will lag applied voltage if the net reactance is inductive,
and lead if the net reactance is capacitive, but by an angle between zero and 90°.
The total value of the impedance Z and the exact phase angle # are determined by
phasor addition of X and R, as shown in Fig. 4-4. The calculations proceed as
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FIGURE 4-3 Reactances in parallel combine by the product over the sum or
the reciprocal of the reciprocals as do resistors. Again, capacitive reactance is
negative.
follows:
— 2 2
Z=\X2+R? (4-3)
=V302+40%2 =50 Q
XJ‘
0 = Arctan —~ (44)
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FIGURE 4-4 Resistance and reactance cannot be added or subtracted directly.
The combination, called impedance (Z), is obtained by phasor addition.
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Notice that the total circuit current is in phase with the resistor voltage and
lags the applied voltage by 37°.

A few trial calculations with equation 4-3 will show that, if X, is three times R,
or more, the total impedance is only 5% greater than X,. Likewise, if R, » 3X,, Z is
greater than R, by only 5%. We will often find it helpful to neglect the lower of X,
or R, in these cases, so Z~ R, if X, is small, or Z,~ X, if R, is small.

Parallel Resistance and Reactance: When resistance and reactance appear in
parallel, the equivalent impedance is always less than the smaller of the two, but
never smaller than 0.707 times the lower one. The phase shift is characteristic of the
reactance involved: total current lagging applied voltage for inductance, leading for
capacitance. The exact impedance and phase angle can be calculated:

X, R
Z=—" P P2 (4-5)
2
\/X, +R?
RP
0 = Arctan ' (4-6)

4

In the parallel circuit it can be shown that, if X, is at least three times R, (or
vice versa), the impedance of the parallel combmatlon is less than the lower value
(X, or R,) by only 5%. Here, again, we will often find it appropriate and helpful to
dlsregard the higher parallel value (X, or R p), 80 Z~X, if R, is large, or Z ~R, if
X, is large. Such simplifications can be of great help in analyzmg real inductor and
transformer equivalent circuits. A few examples are given in Fig, 4-5.

R
150 l l
R Xe X,
1
X, z Az X 3 z 2003 -75F 8 g
z 90 © é T 562 S 105Q o o a
= X2+ A2 - _XR__ - 82(-75)
Z=\/X*+R Z \/m XC“XL 82-75
= /907 + 152
v _ __105x56 = -8790
= / 2 2
91.2q 105% + 56 X > 3R; therefore,
QXL =494Q Z=R=2000
(a) (b) (c)

FIGURE 4-5 (a) Series resistance is negligible if reactance is three or more
times larger. (b) Equation 4-5 always gives parallel impedance lower than the
smaller of X or R. (c) The parallel reactances are combined first, giving a net
reactance much larger than R, so that Z~X,. The exact Z, by equation 4-5, Is
195 Q.
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Equivalent Series and Parallel Circuits: Any parallel R-X circuit can be replaced
by an equivalent series R—X circuit using the following equations:

XPRP
RJ:XPX—z—F (4—7)
P+ P
X, R
4 + 4

Conversely, any series R-X circuit can be replaced by an equivalent parallel circuit
using the equations

X2+ R?
TR (49)

X2+ R?
XP=—J/‘7— (4-10)

s

Of course, these equivalencies are valid only at the particular frequency for
which the reactance has been calculated. Also note that all of the reactances are to
be placed into these formulas as absolute (unsigned) quantities. Although capacitive
reactance has been termed negative, it can be subtracted only from inductive
reactance ( X; — X valid), not from resistance (R — X, invalid).

Using the reactance combination methods illustrated in Figs. 4-2 and 4-3 and
the equivalency formulas 4-7 through 4-10, it is possible to reduce most circuits

containing numerous R, X;, and X, components to a single series or parallel R—-X
equivalent,

EXAMPLE 4-1

Figure 4-6(a) shows a series-parallel RLC circuit. It happens to represent a real
transformer, but we’ll get to that later. For now, determine the power delivered to
R,, which represents the load.

Solution
First it is necessary to calculate the reactances:

-1

XL1=2'”fL| XL2=27TfL2 XC-E:I_C
= 2774000 X 0.9 X 103 = 274000 X 3 X 10~3 - —1
274000 X 0.06 X 10~
=269 =754Q -—6630

X2 and X can be parallel-combined:

_ XX _ 75.4(—663)
P X+ X 754663

= +85.1Q
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FIGURE 4-6 Circuit for Example 4-1, illustrating parallel-to-
series X-R conversion to obtain a solution: (a) initial trans-
former representation; (b) reduced to a simple series equiva-
lent.

Now the parallel combination of R, and X, can be converted to its series
equivalent:

X,R,
R,=X, "= =851x0459=39.1Q
X2+ R}

X,R,
=R,———=56x0459=257Q
X2+ R}

s

The equivalent circuit now stands as in Fig. 4-6(b), and consists of a total series
resistance and inductive reactance:

R,;=R,+R,=12+39.1=51.1Q
X=X, +X,=22.6+257=4839

Z,= \/x3,+ R} =V4832+51.12 =703 Q

The total current is

V100

I=Z=%3

=142A
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This current all flows through the impedance of C, R,, and L, in parallel,
producing a voltage across R,:

X, R, 85.1 X 56
ZP= ==
VXZ+RZ V5124567
Vea=12,=142x468=66.5V

=46.8 Q

4.3 BASIC RESONANCE CONCEPTS

This section discusses the effects of resonance and tuned circuits. After that we will
be equipped to start talking about real inductors.

Series Resonance: You may have noticed that in the example of Fig. 4-2(d), the
inductive and capacitive reactances exactly canceled, leaving a net reactance of
zero. This short-circuit condition prevails at only one frequency, called the resonant
frequency, which is given by

P 4-11
5 2aVLC ( )

where f is in hertz, L is in henrys, and C is in farads. At lower frequencies the
capacitive reactance predominates and at higher frequencies the inductive reac-
tance predominates. We therefore have a series tuned circuit which can be placed in
series with a line to pass only the resonant frequency or in shunt across the line to
trap out the resonant frequency.

Series Circuit Q: Of course, the series tuned circuit is not a perfect short circuit at
resonance. The coil has some resistance, perhaps increased by the skin effect
(Section 1.4) if the frequency is high, and at very high frequencies the capacitor
may have an appreciable dissipation factor, which can be represented as additional
series resistance according to equation 3-4. The ratio of the reactance of either the
coil or the capacitor at resonance to the total effective series resistance is termed
the quality factor or Q of the series tuned circuit:

_XLs XC:
C=R. "R

s

at resonance (4-12)

5

When a series tuned circuit is used in series with a load resistance and /or a source
resistance, the entire series resistance must be included as R, in determining Q.
This is illustrated in Fig. 4-7(a).



C L Rcoil
R, 0253 0.1H 256Q
50 §2 uF
RL
50 Q
VG
125.6 V
fo 1
"o2r/LC

- 1
274/0.1x0.253x 10°®

= 1000 Hz
X, = 2nfL

=27 x 1000 x 0.1
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FIGURE 4-7 Q (quality) of a series-tuned circuit is defined as X /R, where X is
either X or X, (equal at resonance) and R is the total resistance in series at
resonance: (a) the resonant circuit; (b) response at frequencies off resonance.
Bandwidth Bw is defined as the span between the —3 dB (0.707 voltage) points.
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Bandwidth: The current through a series tuned circuit is maximum at resonance,
and decreases above or below that frequency as net inductive or capacitive
reactance appears in the circuit. Series-circuit analysis, as illustrated in Fig. 4-4, can
be used to determine the current response at any frequency, and a graph of the
results appears in Fig. 4-7(b). Of particular interest are the frequencies at which the
response falls by 3 dB (to 0.707 of maximum). These are commonly termed the
lower ( f;) and upper ( f;) cutoff frequencies or half-power points. The frequency
span between them is called the bandwidth and is approximated by

Bw = (4-13)

Qls~

The approximation grows better as Q goes higher, being about 5% off when Q = 5.
Bandwidth is easy to measure experimentally, and narrow bandwidth (high Q) is
generally a desirable feature in a tuned circuit. At frequencies beyond f, and f,, the
response can be determined from the following table:

N Response
(bandwidths) (%)
0 100
0.5 89.8
1 70.7
2 479 £ 5
3 353 VUN(Bw/2) +1
4 28.0
5 23.3 fz-f,(N?H)
10 13.2
25 42
50 20
100 1.0

Voltage Rise at Resonance: Notice that in the circuit of Fig. 4-7(a) the total
impedance seen by the source at resonance is 125.6 © purely resistive, and the
current is ¥/R=126.5 V/126.5 @ =1 A. This current flows through X, and X,,
producing voltages across each of them, even though their reactances cancel. The
voltages produced are

Vir=Vye=IXc=1A4X628 Q2 =628V

These voltages are larger than the source voltage by exactly a factor of Q (five
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times in this case). In general,

Vir=Vxc=QVs (4‘14)

for a series-resonant circuit, where Vj; is the open-circuit generator voltage and Q is
calculated using the entire circuit resistance. Notice that with @ =50 and V; =
100 V, the voltage rating required of the capacitor becomes 5000 V. This is no idle
theory! The voltage rise at resonance must be considered when selecting- compo-
nents for series-resonant circuits.

Of course, since ¥y, leads the circuit current by 90° and V) lags by 90°, the
two voltages are 180° out of phase and exactly cancel each other. Thus the voltages
across the circuit elements R, C, L, R_, and R, in Fig. 4-7(a) add up to 125.6 V,
which is the generator voltage.

Parallel Resonance: In the circuit of Fig. 4-3(c), equal capacitive and inductive
reactances were placed in parallel, and the resulting reactance rose to infinity. This
was because the two currents (I, = V/X, and I.= V/X_) were equal and exactly
180° out of phase, resulting in zero total current. Figure 4-8(a) shows a real
parallel-resonant circuit with the inevitable series resistance of the inductor. Equa-
tions 4-9 and 4-10 can be used to change X, , and R, to their parallel equivalent,
but if Q is reasonably high, we can operate with the much simpler approximations:

X,,=X., (4-15)
X2

5

The error incurred with Q_;, =5 is 4%, dropping to 1% at Q = 10.

‘L
1A}
P
o]
%
-
>
-
AN
X
x
2
x
(2}
Ayl
1A}

X.

5

Ve A

(a) (b)

FIGURE 4-8 Parallel tuned circuit: (a) as found in practice with generator, load,
and series coil resistances; (b) equivalent with all resistances appearing in
parallel. Q, =R, (tot)/X,.

The Q of the entire circuit can now be determined from the equivalent circuit
of Fig. 4-8(b) with R, R,, and R, appearing in parallel:

RP(“)!) = Rp(tO') (4-17)

Q,= X, Xc
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The maximum output voltage at resonance is

Rp”RL

V., =V.,— 2" Lt
RL “R;+R,|| R,

(4-18)

The curve of Fig. 4-7(b) can be used to determine the output at other frequencies.

Notice that on high-impedance lines (R; and R, above 100 £ or so) the
highest Q is obtained with a parallel-resonant circuit across the line, while low-
impedance lines are more sharply tuned with a series-tuned circuit in series with
the line. Also notice that with the parallel circuit, a low L/C ratio (small
inductance, large capacitance) will produce lower reactances at resonance, and
hence higher Q, according to equation 4-17, while the series circuit will tune more
sharply with a high L/C ratio, according to equation 4-12. Some of the advantage
of increasing L in the series circuit is offset by the inevitable increase in R, of the
coil when its number of turns increases. However, L increases by the square of the
turns, while R increases linearly, so substantial benefits may be realized.

Resonant Traps: Figure 4-9(a) and (b) show, respectively, a series-resonant trap
across the line and a parallel-resonant trap in the line, together with formulas for
their Q and minimum output at the null point. Again, these formulas are
approximations whose accuracy falls off markedly below a Q of 5. It is also
assumed that R is much less than either R; or R, . Notice that the depth of the
null is completely dependent upon R,, whereas the sharpness of the null is
dependent upon the ratio of reactance at resonance to line impedance. As with the
peaking tuned circuits, series-resonant traps tune most sharply with a high L/C
ratio on a low-impedance line, whereas parallel-resonant traps have highest Q with
a low L /C ratio on a high-impedance line.

EXAMPLE 4-2

Design a tuning circuit with a —3 dB passband from 110 to 140 kHz. The source
resistance is 40 k@ and the load impedance is essentially infinite. A 2.5-mH coil
with a Q of 8.0 at 125 kHz is available.

Solution
Solving equation 4-11 for C gives the required capacitance:

1 1
472 f2L 472 (125X 103)* X 2.5 X 103

= 648 pF

The Q required if the parallel-resonant circuit of Fig. 4-8(a) is used is obtained
from equation 4-13:

_ f, _125kHz

“Bw_ 30Kz ~ V7
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~)
HONE ¥ “

Q= ~ L
RsIIR, X
R, R, R.R
VaLimnm = Vg Ag Vacimin = Vo 7 Ve ;2 :
P
(a) (b)
100 |-

Vg, (% of maximum)

l vﬁL(min)

FIGURE 4-8 Resonant traps: (a) series tuned across the line; (b)
parallel tuned in series with the line; (c) response curve showing
bandwidth and null depth.
The parallel resistance needed to produce this is obtained by equation 4-17:
X, =2xfL=1960 Q
R,=0X=4.17x1960=8.17 kQ
The coil’s series resistance and its parallel equivalent, by equations, 4-12 and 4-16,
are
X 1960

- m245Q

R.=5~7%0

2
= 15.68 kQ

s

X
RP-R
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The effective parallel resistance of R and R, is 40 k2||15.68 k€2, or 11.26 k2. A
shunt resistance, sufficient to bring the parallel total down to the necessary 8.17
kQ, must now be added in the R, position of Fig. 4-8(a). The value is calculated
by the product over the difference:

RgRy 11.26 x 8.17

Ri= R TR, " TI26-317

kQ=29kQ

The practice of shunting a tuned circuit to lower its Q and widen the bandwidth is
In common use.

4.4 REAL INDUCTORS

For the sake of discussion and analysis we will place inductors into four categories,
all of which are shown in Fig. 4-10.

Air-Core Solenoid-Wound Coils: These may commonly range in value from 0.1
1 H to several mH, having one to several hundred turns. They may be self-supporting
in air, or wound on a ceramic, plastic, or cardboard form. Their diameter depends
upon inductance required and power level, but commonly ranges from 0.5 to S cm,
with still larger sizes appearing in high-power transmitters. When used in
frequency-sensitive tuning and filtering circuits, they are called coils, and their
exact inductance and its stability are likely to be critical. When used simply to
block high frequencies they are called rf chokes, and wider tolerances and lower
Q'’s are generally acceptable.

Coils with Open-Path Magnetic Cores: These are wound on forms commonly
between 0.5 and 2 cm in diameter, and have powdered iron or metal oxides
(ferrites) in the core to increase the inductance. The core may be an adjustable slug
on screw threads, providing variable inductance. Their values range to a few
hundred millihenrys.

Coils with Closed-Path Magnetic Cores: These are wound on a form consisting of
strips (laminations) of iron, as shown in Fig. 4-14, and are often enclosed (potted)
in a steel cover. They contain several hundred to several thousand turns of wire,
and common values range from a few millihenrys to several hundred henrys.
Common sizes are from 2 to 10 cm on a side, although much larger units are
available for high-power applications. They are generally used to block the flow of
relatively low-frequency ac (either audio or line-frequency ripple in a power
supply) while passing dc. Tolerance is generally rather broad (— 20, +50% typical)
and Q is relatively low. They can be designed with an adjustable air gap in the core
to provide variable inductance.
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FIGURE 4-10 Representative inductors. Top: large
potted power-supply choke with two smaller lower-current
0.5-H open-frame units below, all wound on E.|
laminated iron cores; left: 2.5-mH and 1-mH air core
RF chokes, with small 1.8-mH ferrite-core choke below,
foliowed by 6.8-uH and 100-uH air-core chokes, and two
ferrite slug-tuned coils; center: ferrite-slug-adjustable in-
ductor of 20 mH; right: three toroids, 70 mH coated, blank
core, and 1.8 mH wound of AWG 18 wire.

Toroidal Inductors: Toroids are wound on donut-shaped cores of magnetic
materials specially formulated for temperature stability, low loss, and high
permeability. Nonmagnetic cores may be used for microhenry values. Because the
turns cannot be wound on a simple rotating drum or bobbin, toroids are
considerably more expensive than af chokes of equal inductance. However, by
proper selection of core material and winding, they can achieve a remarkably high
Q, often above 100 in the frequency range 1 kHz to 1 MHz. Their tolerance,

linearity, temperature stability, and Q are generally far superior to inductors wound
on laminated iron cores.



4.5 AIR-CORE COIL CALCULATIONS

Predicting Inductance: The inductance of an air-core coil of known dimensions
can be predicted to within about 10% by the formula
d*N?

Lun= 262+ 1011

[em] (4-19)

where L is in microheneries, d is diameter in centimeters, / is length in centimeters,

and N is the number of turns. The equivalent with 4 and / in inches is
d’N? .

~T8a+aor L[]

Figure 4-11 illustrates the application of the formula. The formula is most accurate

for single layer coils of 10 turns or more, but is still useful for smaller or multilayer
coils. For iron-or ferrite-core coils, be sure to see Section 4.6 on core effects.

Ly (4-20)

* Qcm >

tem —|  (e—

(WL

N = No. turns

d2 N2
LMH T —
46d + 101¢
FIGURE 4-11 The inductance L or turns re-
\/(50.5 Lynt)? +46 d3L +505 Lt quired N for an air-core coil diameter d and
= length |. Turn spacing center to center is desig-
d? nated t.

Usually, the question is not “calculate the inductance of a given coil,” but
rather “wind me a coil of a given value.” Solving the foregoing equations for N
with ¢N substituted for /, gives the somewhat unwieldy turns-winding formula for
single-layer close-wound coils:

o VOO.5Le) +46d°L +50.5Ls
d2

[em] (4-21)

where N is the number of turns required, L is the desired inductance in microhenries,
d is coil diameter in centimeters, and ¢ is the wire thickness (including insulation) in

69
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centimeters. The same formula, with 4 and ¢ in inches, becomes

= V20L1)* +184°L +20Lt

— [in.] (4-22)

For multilayer coils wound on a bobbin of a given length, the required number of
turns is given by direct transposition of equations 4-19 and 4-20:

V/L(46d + 1011)

N= = [cm] (4-23)
Ve \/L(18Z+40l) fin] @20

Stray Capacitance and Resonance: Adjacent turns of wire in a coil have a certain
amount of capacitance between them, the total effect being very much as if a single
capacitor were placed across an ideal inductor, as in Fig. 4-12(a). This, of course,
gives the coil a natural parallel-resonant frequency, above which its reactance is
capacitive and decreases with frequency. Using a coil at one-fifth of its resonant
frequency will result in an apparent inductance increase of 4%. At one-third the
resonant frequency the increase is 11%, and at % £, it is 25%. The coil is still useful
as a choke up to and beyond parallel resonance, however, since its impedance is
still very high.

As frequency is increased above the parallel-resonant point, the impedance
(capacitive) of the coil will drop until a point is reached at which the stray
capacitance from the bulk of the coil becomes series-resonant with the first turn or
so on the end of the coil. Impedance at this natural series-resonant frequency drops
to near zero as shown in Fig. 4-12(b). There may be several more series-resonant
points above the first one, but the coil is useless even as a choke above the first
one. When a wide range of frequencies is to be blocked, two chokes in series may
be used. The first, placed at the “hot” end, is small and has a very high
series-resonant point. The second, placed at the “cold” or ac ground end, is large
and has its series-resonant point at a frequency where the reactance of the first
choke is high.

A grid-dip meter coupled to the open-circuited coil will detect the parallel-
resonant point. With the terminals shorted, the dip meter will respond to the
series-resonant points. The shorting wire may have to be looped once around the
dip meter’s coil to provide adequate coupling. Figure 4-12(c) shows four techniques
for reducing stray capacitance and hence raising the natural resonant frequency of
a coil. The first is simply to keep the turns spaced apart, since capacitance varies
inversely with conductor spacing. Of course, this spacing also decreases the
inductance by increasing length (see equation 4-19), but if the spacing is limited to
one-half the wire diameter or less, significant improvement can be realized. Spacing
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fr(par)
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(a)

(c)

FIGURE 4-12 (a) Stray capacitance between turns gives a coil a natural
parallel-resonant frequency. (b) Impedance of a colil versus frequency showing
parallel-resonant and (higher) series-resonant frequencies. (c) Four methods for
reducing stray capacitance In a coil (see the text).

can be achieved by using specially grooved forms, by winding a string along with
the wire to hold the space, or by simply using Teflon-insulated wire in place of the
usual thin enamel insulation. Common PVC (polyvinyl chloride) insulated hookup
wire should never be used for winding coils. PVC has severe dielectric loss at
certain frequencies which are a function of temperature, and serious reduction in
the Q of the coil will result. Bakelite coil forms should be avoided at radio
frequencies for similar reasons.

The other techniques for raising f, illustrated in Fig. 4-12(c) are (2) keep the
starting and finishing coils of a two-layer coil at opposite ends of the form, (3) use
a diagonal-pitched winding, alternating direction with each layer so the wires are
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close only at the crossing points, and (4) wind the coil in separate sections (called
pies), and build up the required inductance by series-connecting the required
number of these low-value high-f. coils. This last technique has the drawback of
requiring more wire than a single bulk coil because there is no mutual inductance
between windings of different sections. The result is higher winding resistance and
lower Q.

Estimating the stray capacitance of a coil is difficult because it depends upon
so many factors: insulation thickness and dielectric constant, coil spacing, layering,
winding pattern, wire thickness, and coil diameter primary among them. However,
for single-layer close-wound coils using No. 32 to No. 18 enameled wire on 1- to
3-cm forms, capacitance will generally be in the vicinity of 0.05 pF/turn. Multi-
layered coils may have less than half that capacitance. Spaced winding and
cross-pitch winding can reduce the capacitance by about 25%.

Skin Effects and Q: In the absence of nearby objects, such as shields or other
components, the Q of an air-core coil depends almost entirely on the resistance of
the wire at the frequency in question. The formulas for skin-effect resistance of
copper wire are therefore reproduced from Chapter 1:

=2 fom] (1-3)

Vf
R=83x 10-8%1 (14)

where 8 is skin Jepth in centimeters, ¢ is wire diameter (thickness) and ¢ is wire
length, both in the same units, and f is in hertz. In winding coils for high
frequencies it is necessary to consider the proximity effect as explained in Section
14,

Some examples from the laboratory will serve to demonstrate the utility of the
inductance and skin-effect formulas.

EXAMPLE 4-3

The core was removed from an audio choke. The remaining air winding had an
average diameter of 3.0 cm and a length of 2.2 cm, and was wound of wire with a
thickness measured as 0.014 cm. The dc resistance of the coil was 460 9. Predict
the coil’s inductance and Q at 1000 Hz.

Solution

Interpolating from the wire table (Fig. 1-1), this wire has a resistance of about 0.011
/cm. The resistance of one turn is then

Ry =7dr=13.14%X3x0.011=0.104 Q
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The number of turns is then found from the total resistance:

Ry 460

N=g =0104

= 4420 turns

The inductance, from equation 4-19, is

d*N? 32 x 44202
L=Zga+101i (46 < 3) + (101 X 2.2) 0

The skin depth at 1000 Hz is calculated from equation 1-3:

_66 __66
Vf V1000

) =0.21 cm

This is 30 times the radius of the wire, so skin effect is negligible and the dc
resistance is used:

o=X_27fL _628x1000x0.488
R~ R 460

6.67

The inductance and Q of the actual coil, as measured on a commercial bridge at
1000 Hz, were 0.47 H and 6.6, respectively.

EXAMPLE 4-4

Find the inductance and Q at 3 MHz of a 30-turn close-wound coil of No. 22
enameled wire on a 1.9-cm-diameter plastic form.

Solution

The thickness of the wire, from the table in Fig. 1-1, is 0.064 cm. Allowing 0.002 cm
for the enamel, the length occupied by 30 turns is calculated:

I=Nr=30x0.068 =204 cm

The inductance, from equation 4-19, is

.= 4N’ 197 x 30?
wH

- - =11 pH
464+ 1011 (46 x 1.9) + (101 x2.04) P

The skin depth, by equation 1-3, is

5=256__ 66 000038 cm
Vi  V3x10°8

This is 84 times less than the wire radius, so the skin-effect resistance is calculated
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by equation 1-4:
Wire length =/ = 7dN = 3.14 X 1.9 X 30 =179 cm

6
R=83X 10*“#1- 8.3 X 10-‘-———"3’;6? x 179 = 0.403 ©

Checking the table in Section 1-4, we make a not-too-confident estimate of the
proximity-effect resistance as ten times the calculated skin-effect resistance, or 4 .

X, 2afL 2axx3x105x11x107¢
0=Rx="®r " a =52

The measured values for L and Q of the actual coil at 3 MHz were 9.6 pH and 41,
respectively.

The Q of a coil is not a constant, but varies with frequency in a generally
predictable way, as shown in Fig. 4-13. At low frequencies, X, is low, although the

106 "| — 100
|
|
10° ||
|
i —410
10° ‘\ 4
S \ ]
- VA
x|
; 10° ‘///—1 0
S / \ ] Q
X v\
\J
102 v
—0.1
10"
100 L7 I | | \ 0.01
10° 102 103 104 108 108 107 108

Frequency (Hz)

FIGURE 4-13 Actual reactance, resistance, and Q for a 1-mH air-core three-pie
cross-pitch choke. R holds at its dc value until skin effect causes it to rise as
V't . X increases as t until parallel resonance (9 MHz) brings it up and series
resonance (35 MHz) brings it down. Q rises as t until skin effect begins,
whereupon Q rises as V't until parallel rasonance, where it is maximum. Above

f, the 1-mH coil becomes swamped by the stray effects and is no longer

accessible. Q readings above f, therefore apply to the stray effects and not to
the coil as such.
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resistance of the wire is equal to its dc value. Q is therefore relatively low. Q
increases linearly with frequency until the skin effect begins to raise the value of R.

Since X, goes up as f, while R goes up only as \/} , Q now rises as \/} :

At the self-resonant frequency, Q is supposedly at a maximum, since the
reactance of X; and X, in parallel approaches infinity. However, the coil is not
purely inductive at this point. The maximum usable Q should generally be read at
1 to § the frequency of the peak at f,.

4.6 MAGNETIC-CORE INDUCTORS

Core Effect on Inductance: A magnetic field can pass much more readily through
a magnetic metal such as iron or nickel than through air. This fact is demonstrated
by the common trick of holding up a string of a dozen straight pins from a single
magnet at the top. We say that the magnetic metals have a higher permeability than
air. To the extent that we can provide a high-permeability medium within and
around a coil, we can increase its inductance for a given number of turns. Although
the amount of increase depends upon the exact shape and composition of the core,
we can estimate that a slug of magnetic material in the center of the coil will
provide an inductance increase of seven times over an air core. Brass slugs are
occasionally used in rf coils to provide an inductance decrease of up to 25%.

Calculating Core Effects: The highest inductances are obtained by providing a
complete magnetic flux path through and around the coil. Figure 4-14 shows the
common methods for achieving this. The CI- and El-shaped stacks of silicon-iron
strips jnéulated with varnish have long been popular and still prevail at power-line
and audio frequencies, while the newer ferrite materials in the pot core and toroid
ring structures generally offer superior performance in the ranges above a few
kilohertz.

The inductance of a cored coil with no air gap can be calculated with
reasonable accuracy from the formula
A
g
where N is the number of turns, u the relative permeability of the material, 4 the
cross-sectional area of the core in cm?, and { the effective magnetic path length in
centimeters. Note that in the E-1 structure there are two parallel paths if the coil is
wound on the center post, so the effective length is

XZ+ZY+ YW
2

L,y=0012N% (4-25)

WX +




76

PROPERTIES OF REAL INDUCTORS CHAP. 4

(a) (b)

d=

(c) (d)

FIGURE 4-14 Popular magnetic-core configurations: (a) alternating layers of
C-l-shaped silicon-iron strips; (b) the more popular E-I-shaped laminated core;
(c) toroid core of ferrite material; (d) ferrite pot core (one of two identical
halves); coil is wound on a plastic bobbin and slipped over center post.

For the pot-core structure, the effective length and area are generally given by the
manufacturer.

Air-Gap Considerations: All of the structures in Fig. 4-14 except the toroid
contain an air gap in the flux path. It may be less than 0.01 cm, due primarily to
the insulating varnish coat on the laminations; or it may be intentionally made
much larger, or made variable to allow adjusting inductance. The inductance of a
coil having a magnetic core with an air gap can be calculated from

A

L, =0012N>—Z
- t,+ /8

(4-26)

where [, is the length of the gap in centimeters, £, the effective core length in
centimeters, and the other terms are as above. Values of u for various popular core
materials are given in the table of Fig, 4-15.



SEC. 4.6 MAGNETIC-CORE INDUCTORS m
Materia remeebitty Setwrstion,  £e T, Temperstre,
u; (Low Level) u,, {(High Level) f (MHz) Tax (°C)
S ron  tions 400 40,000 15 0.003 700
0.05-mm laminations 400 40,000 15 0.03 700
Iron/nickel alloy 3000 20,000 10 0.003 460
Powdered iron 125 127 3 0.1 -
Ferrites: 2300 1900 4 0.3 170
387, 3C8,
TI, W-03
3E2A 5000 1800 3 0.2 170
3E3 12,500 1900 4 0.1 125
303 750 1500 3 25 150
4C4 125 600 2 20 300
122 15 - — 1000 -

FIGURE 4-15 Properties of common magnetic-core materials.

Besides lowering the inductance, the presence of an air gap has the important
effect of linearizing the core. Notice from Fig. 4-15 that for most materials | varies
markedly from low- to high-level magnetization. This is further illustrated in the
magnetization curve of Fig. 4-16(a). The air gap adds a constant and relatively
large reluctance (the magnetic equivalent of resistance) to the magnetic path,
tending to swamp out the reluctance changes of the core material. Nevertheless, it

c
{
Saturation 1
V,
/
T y .
Q Q,\"}\ / §
&7
> \
\j/ \\0 \e‘le// _
- (b)
/ —
/ -

HoaNI—»

(a)

FIGURE 4-16 (a) Magnetic flux density B versus magnetizing force H for a
typical magnetic material. Initial permeability s i Is generally lower than maximum-
level permeablitly u .. (b) Circuit for measuring the dc saturation current of an

inductor.
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is common to find that an iron-core inductor measures 1 H at low signal levels and

-2 H at higher levels. Waveform distortion can also be expected due to the nonlinear

response of magnetic-core inductors.

Core Saturation: There is a limit to the degree of magnetization (molecular
alignment) that a material can obtain, and this places a limit on the peak current
that can pass through a magnetic-core coil without causing saturation. If this limit
is exceeded with ac, the coil suddenly stops generating inductive reactance to the ac
and becomes (almost) a simple piece of wire. The result could be excessive current,
overheating, and the destruction of the coil.

The slope of the magnetization curve, Fig. 4-16(a), equals permeability, which
is proportional to inductance. Notice that this slope drops to near zero as current /
is increased. The value of flux density B in the core of an ac-excited coil can be
calculated from

B= Viems (4-27)
4.4 x 10"%fNA
where B is in gauss, V is in volts, f is in hertz, N is turns, .and A is the
cross-sectional area in cm?. Notice that p and £ do not enter this equation, since
their effect on flux density via reluctance is exactly offset by a reciprocal effect on
current via inductance. The value of B must be kept less than the saturation value
given in Fig. 4-15.
The flux density for a dc-excited colil is

1.26 NI
~ _1.26NT (4-28)
bg+le/m
where B is in gauss, N is turns, [ is dc amperes, [, is air-gap length in centimeters, €,
is effective core length, and p is core permeability.

EXAMPLE 4-5

An inductor is wound on a C-I-shaped core of silicon-iron laminations. The legs of
the lamination stack are 2 cm wide by 2 cm thick, and the overall dimensions of
the core are 6 cm X 6 cm. An air gap of 0.05 cm is left in the core. The winding
consists of 900 turns of AWG 24 enameled wire. Calculate the inductance at high
and low excitation levels, and determine the maximum dc current before saturation.

Solution

Low-level p is 400, high-level p is 40,000, £_ is 4 X 4 or 16 cm, and A is 4 cm?, Using
equation 4-26, we obtain

A
— L uH =0.012 X 9002
"

- 2
Ly,=0.012N%;—5

4
6.05 + 16/a00*H =043 H

Ly; = 0.012 X 9002 pH=07TH

4
0.05 + 16,/40,000
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Transposing equation 4-28 to find current for the 15,000-G saturation level yields

7o BUs+t/p) _ 15,00000.05 + 16/40,000)

T26N 126 X 900 =0.67A

Measuring Saturation: Figure 4-16(b) shows an experimental circuit for measur-
ing the dc saturation current of a choke. L, is the inductor under test, and the
saturation current is measured on dc ammeter /. R must have a value of at least
3X,, and X must be 3 X, or less. L, must have a higher current rating than L,
and X,, must be 3X, ; or more. L, can be replaced by a resistor if these conditions
are met. In operation, V. is set to produce a small voltage, say 1 V' rms, across L.
V,. is then increased until the measured ac voltage drops by a specified amount
(usually 10%), indicating that X,  has dropped by 10%.

Useful Saturation: Core saturation can be used to advantage in some applications.
A swinging choke in a power supply is designed to saturate at maximum dc load
current. The resulting decrease in inductance allows more charging current to reach
the first filter capacitor, thus largely offsetting the output voltage drop under heavy
load.

The magnetic amplifier uses a relatively small dc current through a many-turn
coil to saturate a core upon which is wound an inductor carrying a heavy ac
current. A small increase in the dc can thus cause a large increase in the ac.

Core Effect on @: The type of core material used in an inductor must be selected
for the frequency range of intended use. Thin strips (laminations) of silicon iron are
used at power-line and audio frequencies, with powdered iron, and then various
compositions of metal oxides (ferrites) being preferred at progressively higher
frequencies. The reason for the frequency dependence of the core is this: In
magnetizing the core with ac, we are requiring the molecules of the core material to
realign their positions every half-cycle. It takes a rather specially composed
material to follow these realignments into the high kilohertz and megahertz ranges,
and there is always some frictional loss (due to hysteresis) in the process. The Q of
a magnetically cored coil is therefore likely to be higher than its air-core counterpart
because of its higher X;, but only up to the maximum frequency of the core
material, beyond which Q drops sharply due to hysteresis loss.

Predicting Q for a magnetic-core coil is quite difficult, since permeability and
hysteresis vary with frequency and material composition. Measurement at the
intended frequency is the most practical recourse.



PROPERTIES
OF REAL TRANSFORMERS

5.1 THE IDEAL TRANSFORMER

The Basic Idea: If two strands of wire are used to wind two coils simultaneously
on the same form, a rransformer is produced. This is illustrated in Fig. 5-1(a). If an
ac voltage is impressed across one of these windings, which is then called the
primary, an ac current will flow in the amount I,= V;/Xp, where X, is the
reactance of the primary coil at the generator frequency. Since the reactance is
inductive, the current, and hence the strength of the magnetic field produced, will
lag the applied voltage by 90°, as shown in Fig. 5-1(b). The other winding, called
the secondary, experiences fully the effects of this changing magnetic field, and a
voltage is induced in it which is proportional to the rate of change of that field. For
a sine-wave input, this rate of change turns out to be another sine wave, which is
exactly in phase with the input, as shown in Fig. 5-1(b). If the number of turns on
the primary exactly equals the number of turns on the secondary (N, = Nj), and if
the windings are kept perfectly close together so that all of the magnetic field
produced by the primary reaches the secondary, the secondary voltage will be an
exact reproduction of the primary voltage.

Isolation: You may ask: “What good is reproducing the same voltage?” The

answer is: isolation. Notice in Fig. 5-1(a) that the secondary circuit is not actually
connected to the primary circuit or to chassis ground. The entire V; source may be

80
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Vo VY, 3 @

Scope

1T
/N

o / \
/J7 Chassis
ground v,
8 N

(b)

FIGURE 5-1 Basic transformer: (a) the primary creates a changing magnetic
field which induces a voltage in the secondary; (b) the secondary voltage is
proportional to the rate of change of primary current, placing It in phase with the
input sine wave.

held 1000 V above ground by another supply, but the secondary reproduction of
Vs can be safely tied one side to ground. This use of an isolation transformer to
allow ac signals to be shifted up or down with respect to their original ground
reference is quite common.

Voltage Transformation: If the primary winding of an ideal transformer contains
1000 turns and the secondary contains 2000 turns, the voltage induced in the
secondary will be twice the applied primary voltage. In general,

Vs _ Ns

7 = -IV— n (5-1)
where n is called the turns ratio. Now, if a load resistance is connected across the
secondary, as in Fig. 5-2(a), a secondary current /g = Vg/R, will flow and a power
P = IgVs will be delivered to the load. This power must first be delivered to the

1000r 2000t 3000r 1000t
\' \' 20V
10V 8A 4AS5Q 6 300 V gzoon
<80 W
(a) {b)

FIGURE 5-2 A transformer can step up voltage at the expense of current (a), or
step down voltage to get greater current (b), but power in must equal power out.
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primary side of the transformer by the generator, and requires a current I, = P/ ¥V,
assuming an ideal transformer with no losses. Using the numbers in Fig. 5-2(a), the
secondary voltage of 20 V causes 4 A through the 5-Q load, resulting in 80 W of
power. This requires 8 A of primary current. Thus the transformer has stepped
voltage up by a factor of 2, but has stepped current down by a factor of 2. In
general, for a transformer the current and voltage ratios are reciprocals:

n=Sats_ RS

Notice that we are using capital P and S subscripts to identify primary and
secondary, respectively. We use lower case p and s to refer to parallel and series.

Of course, there must also be a magnetizing current flowing through the
primary inductance, but in an ideal transformer it is assumed that this is negligible
in the face of the resistive current I, which is dealt with in this formula. Remember
from Fig. 4-4 that a reactive current that is one-third or less of a resistive current is
negligible because of phasor addition properties.

EXAMPLE 5-1

Find the primary current in the circuit of Fig. 5-2(b).

Solution

N5-3ool£@-1oov

Vs=Vew, = 3%3500

Vs-ﬂgos,\

Is=%,~200

N,
Ip= ISFi - 0.5% =0.167 A

Reflected Resistance: If the inductive primary current is neglected, the source in
Example 5-1 appears to be driving a resistance R = Vp/I, = 300/0.167 = 1800 L.
This is exactly 32 (or 9) times R, . In general, the apparent or reflected resistance at
the primary is

Np R,

2
Rpgery = (Fs) RL='n—2 (5-3)

We say that the impedance ratio varies as the square of the turns ratio.
Looking at it from the other side, the load seems to be driven through a
resistance which is the actual generator resistance multiplied by the square of the
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turns ratio:

Rggery=Rgn 2 (5-3a)

The reflected generator voltage is multiplied by the turns ratio n only. Figure 5-3
illustrates the reflected resistance as seen from the primary and secondary sides.

Rg Rg R6(een)
500t 2000¢ A "
202 200
Vg > 1600 v g Vairen R, 3 1600
128 v figg G 128y ewen? C“) 1;; t3q
= == =32V
4
1:4 A,
Riten = ) Reuen = Rgn?
_ Ns _ 2000 1600
n= N_P 500 = 22 =20 x 4?
(a) =100 Q2 -3200
(b) (c)

FIGURE 5-3 Resistance is reflected across a transformer by the square of the
turns ratio: (a) original circuit; (b) load resistance referenced to primary; (c)
source voltage and resistance referenced to secondary.

Impedance Matching: Signal sources invariably have some source resistance R
through which they must push current to a load. This is illustrated in Fig. 5-4(a). If
the load resistance is made very low, the load current will be maximized, but the
power in the load will be low because the voltage across it will be low and P = IV,
If the load resistance is made high, the voltage across it will be maximized but the
current will be low, again resulting in low power in the load. For any fixed R, the
greatest power is delivered to the load when R, = R;. We then say that the source
and load impedances are matched. Figure 5-4(b) graphs the effects of matching

and mismatching,.

Transformers are often used to deliver maximum power to a load when the
available generator resistance differs markedly from the available load resistance.
The following example will illustrate the method.

EXAMPLE 5-2

An experimenter wishes to drive an 8-Q speaker with a 600-2 signal generator in
connection with an audio test. The maximum open-circuit output is 40 V p-p.
Determine the power delivered with a direct connection, and then find the
transformer ratio for maximum power transfer and calculate the new power

delivered.
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FIGURE 5-4 Impedance matching: (a) circuit with source resistance and varia-
ble load; (b) power in the load as a function of load resistance.
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Solution
Without the transformer, as in Fig. 5-5(a): \/ (Us — UPV
1L=V _OVPp 502334 'Z"(/Z

R, 282x608Q
P, =IR=0.02332X8 =43 mW

With the transformer, as in Fig. 5-5(b), an impedance ratio of 600:8 must be

matched:
N2 R
NeY _Rg _600_ .
Ng R, [
Np
N 75 =8.66
600
R;  8.66:1 8.667
600 Bgien
40 V p-p V6 en L
C\’) R 289 q’\f R, EE 8q
Vs a0 v 1
8.67
(a) (b) (c)

FIGURE 5-5 Impedance matching to maximize power to a load: (a) mismatched
circuit; (b) transformer provides matching; (c) equivalent circuit referenced to
secondary.

The transformer should have an 8.66-to-1 step-down ratio. Note from Fig. 5-4(b),
however, that this is not an especially critical number. Impedance ratio differences
by a factor of 2 up or down (turns-ratio differences by V2 or 1.41 up or down)
will cause only an 11% loss of load power. Assuming an ideal transformer with an
8.66:1 primary-to-secondary turns ratio, the equivalent circuit referenced to the
load appears in Fig. 5-5(c).

_,Ns_ 40Vpp
Vet = Veg = 566282 ~ 164V rms
Ns\ 600
R,,,=RG(-N-P) =2 =308
Vg 164V
IL=3%="lgg =0102A

P, =I*R; =0.1022 X 8 =83 mW

The output power is increased 84 /4.3 = 19.5 times by the transformer impedance
match.



5.2 REAL TRANSFORMERS

A complete equivalent circuit for a real transformer and a photograph of some
representative transformer types appear in Fig. 5-6. Fortunately, we do not have to
deal with all the components shown in any single application of any single
transformer. The next four sections are devoted to sorting out which parts are
essential and which can be neglected, case by case.

Xp, and X, are the magnetically coupled parts of the primary and secondary
inductive reactances at the operating frequency. These parts of the real transformer
behave just like the ideal transformers of Figs. 5-1 to 5-3. X, and X, are the
remaining parts of the primary and secondary reactances, termed /eakage reac-
tances. Leakage reactance results from the inability to wind the primary and
secondary coils perfectly close together, or from the specific intention to keep them
from being too close. Thus not absolutely all of the magnetic field produced by the
primary is intercepted by the secondary. We say that the coefficient of coupling k is
less than unity. The actual value is given as k = Xp, /(Xp; + Xp.). If leakage
reactance becomes larger than the reflected load impedance across Xp,, the input
voltage V, will be prevented from reaching coupling reactance X, .

R, and R are the winding resistances of the primary and secondary,
respectively, and may be governed by skin effect if the wire size is large or the
frequency is high. R, represents losses due to hysteresis and induced currents in
the core material.

Cp, and Cg represent the effective stray capacitance across the primary and
secondary windings, while Cpg represents the stray capacitive coupling between the
two windings.

A Cp == R,

4‘"""'7
R
x
00—
— S
x
2
\
rig
S
o

(a)
FIGURE 5-6 (a) Real transformer equivalent circuit.
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FIGURE 5-6 (b) Some representative types of transformers:
potted, bell-end, and open-frame power transformers (rear),
2-W power and 0.5-W audio transformers (center left),
miniature audio (foreground left), two pulse transformers
(foreground center), and three 455-kHz paraliel-tuned trans-
formers, one with the shield removed (foreground right).

5.3 POWER TRANSFORMERS

The following characteristics are assumed for power transformers in this discussion:
* Operation at a relatively low fixed frequency (50 or 60 Hz for land-based,

400 Hz for airborne equipment). Cp, Cs, and Cpg in Fig. 5-6(a) are
therefore negligible.

Coefficient of coupling k equals unity, so X, and X, are negligible.
(Typical k values for power transformers actually center around 99.8%.)

Core losses small enough that R, is negligible, except for determining the
primary current with no secondary load.
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NS
AR, "N, R n?(Rg + Rp) Rg
RG
%‘ 'E RL § VG RL Eg
:
VG
(a) (b) (c)

FIGURE 5-7 (a) Power transformer equivalent circuit. (b) Referenced to primary.
(c) Referenced to secondary.

The resulting power transformer equivalent circuit is given in Fig, 5-7(a). The
equivalents with reflected resistances referenced to the primary and secondary are
shown in Fig. 5-7(b) and (c), respectively.

Skin Effect: The skin depth for copper at 60 Hz was calculated in Example 14 as
0.85 cm (0.33 in.). If the wire radius is three or four times smaller than this, the skin
effect can be neglected and the dc winding resistance can be used in calculation,

This is the case for all 60-Hz power transformers that are likely to appear in
electronic equipment.

Power-Transformer Ratings: Unfortunately, manufacturers’ specifications for
electronic transformers generally include only the rms secondary voltage at the
maximum rated secondary current with the specified line voltage at the primary.
This leaves numerous questions unanswered. The most useful pieces of data for
power transformers are the true turns ratio and the primary and secondary winding
resistances. The true turns ratio of a power transformer can be determined by
simply measuring the ratio of primary to secondary voltages with no load connected
to the secondary. The primary and secondary winding resistances can be measured
with a dc ohmmeter unless the transformer is a real brute, in which case skin-effect
resistance will have to be determined.

The IEEE has established norms for power-transformer voltage regulation 7
which, to the extent that they are followed, permit an approximate calculation of
true turns ratio n and Thévenin resistance R, from the manufacturer’s specifica-
tions of primary voltage ¥, full-load secondary voltage Vo, and secondary current
I,. The formulas for making the conversions are

_ N Vo(l+7m)
TN G4
nv,
th = I 2 (5-5)
o
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The recommended values of 1, which expresses rise in output voltage from full load
to no load, are given below.

Power (W) n (%)
V, -V,
AR [ ogml_} O(FL) ]
O(FL)
10 10t0 20
100 S5t07
1000 2t04
10,000 25

For example, a transformer rated as 117-V primary, 48-V, 2-A secondary, would
have a regulation n of about 6%. The true turns ratio and Thévenin resistance
would be approximately

_ Vo(1+7) 48(1+0.06)
S 7 T

_nV,  0.06x48
A 2

=0.435

R, =1.44Q

Output-Voltage Calculation: The output voltage for a power transformer supplying
sinusoidal current to a load can be predicted by reflecting the primary winding
resistance to the secondary side and analyzing a simple series circuit.

EXAMPLE 5-3

A power transformer rated at 35 V, 1 A is tested, with the results appearing in Fig.
5-8(a). Predict the actual output voltage while supplying 1 A to a resistive load, and
determine the power loss in the transformer.

R RS HZRP RS
e ——MWA—— MM —
1160 1.4 132 14Q

i

()
O
-
38
00 -
/B0 -
<&
E
()
-\
et
p-
<

(a) (b)

FIGURE 5-8 (a) Transformer and parameters for Example 5-3. (b) Equivalent
circuit referenced to secondary.
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Solution

The actual turns ratio is

n = Ns _Vsocy _415

N~ = =03

The line voltage and primary resistance reflected to the secondary are

Vig=nVp=0337x123=41.5V
Rpuery=n*Rp=03372x11.5=13Q

The equivalent circuit is shown in Fig. 5-8(b), and is easily analyzed by Ohm’s law:

Vaip=IR=1(13+14) =27V
Vioad = Viet — Vagop =41.5—-2.7=388V
Prns=IR=1>(13+14)=2TW

The output voltage at any other load current can be predicted in a similar
manner. Large overcurrents can be drawn for brief periods with no ill effects other
than the great drop in output voltage. (Excessive load currents do not cause core
saturation—this is explained in a subsequent section.) Of course, the power burned
in the transformer goes up as the square of load current, and the heat-dissipation
rule of thumb (20 mW /cm? of surface area for 20°C rise) presented in Section 3.5
should be kept in mind. Also keep in mind that, for large power transformers, the
resistance of the ac line feeding the transformer may be significant. The exact value
depends entirely upon the type of service available, but ranges typically from 0.1 to
1 Q. This value should be added to the primary resistance in the analysis.

Pulsed Load Currents: The most common use of a power transformer in elec-
tronic equipment is to drive a rectifier, which in turn feeds a filter capacitor, as in
Fig. 5-9(a). The current from the transformer secondary is not sinusoidal but flows
in large brief pulses at the peak of the sine wave, as shown in Fig. 5-9(b). There are
two important consequences of this current waveshape:

1. The voltage drop across the transformer winding resistances must be
calculated using the peak secondary charging current, not merely the dc
load current.

2. The power dissipated in the transformer winding resistances is, of course,
I’R,,, but I is the true rms value of the charging current peaks, not merely
the dc load current.

To illustrate these points, consider that the hypothetical rectangular charging
pulses of Fig. 5-9(c) apply to the circuit of Fig. 5-9(a). The total effective winding
resistance of the transformer is the primary resistance reflected down by n2, plus
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FIGURE 5-9 (a) Standard rectifier circuit with capacitor filter. (b) Secondary

current (lower trace) is not a sine wave, but rather consists of brief puises. (c)
Hypothetical rectangular charging pulses (see the text).

the secondary resistance:

22
Ry=23+04=10

The average current in the secondary is 4 A X 10 ms/40 ms =1 A, which is the
load current. However, the voltage drop across R, is due to the peak charging
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current, and this results in a lower peak voltage to the filter capacitor:
Viop= I Rp=4AX102=40V
Vr Lipk) = Vsec(pk,NL) - Vdrop — Vaiode

- (l?x 1.41) —40-10=232V

The average power burned in the winding resistance is calculated by the
following steps:

1. Square. Find the power during the 10-ms charging period by P =1 IR:

P

chg

=I3Ry,=4>X1=16W

2. Mean. Find the average (mean) power during the total 40-ms period:

10 ms
P,, = P, X duty cycle =16 X Oms 4w

3. Root. The power-burning equivalent current can now be calculated by

I=VP/R:

Py
3
]
X
3 2
]
==
]
[\
>

The application of this root of the mean of the square technique for finding the
power-burning dc equivalent of a current or voltage is relatively simple for
rectangular pulses, but for most waveforms it requires calculus or computer-assisted
analysis. For sine waves, the familiar results /., = 0.707, and I,,,,,/1,, = 1.11 are
obtained. In general, the more narrow and high-peaked the waveform, the higher
the ratio /,,,/1,,. Figure 5-10(a) and (b) gives the ratios of peak and rms currents,
respectively, to average current in full-and half-wave rectifier circuits with
capacitor-input filters. It is assumed that C is large enough so that it discharges to
not less than 75% of its peak voltage between charging pulses. Notice that full-wave
rectifiers and higher values of R, result in lower transformer current requirements
for a given R, .

EXAMPLE 5-4

Calculate the dc voltage at the load and the power dissipated in the winding
resistance for the circuit of Fig. 5-9(a).
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FIGURE 5-10 (a) Peak secondary current can be 2 to 20 times dc load current
for a capacitor-input filter. (b) The transformer secondary must be rated for the
true rms value of charging current, which may be from 1.5 to 4 times the d¢ load
current.
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Solution

The effective winding resistance Ry, has already been found to be 1 Q. An estimate
of V. is needed to calculate R, and hence R,/R,. We will estimate Vou =
Viectrmsy = 20 V:

V"“‘~20_V=2()Q ﬁ=g=2o

Ri=5"=~5 Ry 1

From Fig. 5-10(a), the peak charging current will be 6.61; or 6.6 A. The voltage
drop across Ry, is therefore that due to 6.6 A through 1 Q. The load voltage is the

peak reflected voltage minus the drop across Ry, minus the diode drop, which we
estimate as 1.0 V:

VLo = Viectory = Vaw — Vaiode
=20X141-66AX12-1.0V=206V

For the sake of completeness we will calculate the minimum (valley) voltage of the
rippled dc, using the constant-ratio-of-discharge formula CV = Ir:

v At _1AX16.7ms
droop =€ 15,000 p F

Veatiey = Vrr(pk) ~ Varoop =20.6 — 1.1 =19.5 V

=11V

From Fig. 5-10(b), the rms secondary current (which must not exceed the trans-
former rating) is 2.1 times /,, or 2.1 A. The power in the winding resistance is

Py=I’Ry=21>x1=44W

The utilization of the secondary winding must be considered when applying
this analysis technique to other rectifier circuits. Secondary ratings for the half-wave
and the full-wave bridge circuits can be obtained directly as above. A full-wave
center-tapped transformer rated at 1 A can be thought of as two 1-A windings,
equivalent to a single 2-A winding, since each half-winding is used only half the
time. Both the full- and half-wave voltage-doubling circuits can be viewed as two
half-wave circuits, each feeding %R L» SO the rms current for one half-wave circuit
feeding ; R, from actual R, must be found and then doubled to find the
secondary rating required. A choke-input filter allows nearly constant charging
current if the choke is large, eliminating the peaks of charging current which
produce high rms currents. Figure 5-11 summarizes the various rectifier circuits
and the common ratios of L oecrmsy/ I1(acy- The low ratios given are for R, / Ry =10
and the high numbers are for R, /R, = 100. The ratio of 1000 is not considered
because it is likely to occur only with high R 1 When currents are relatively low
anyway.
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FIGURE 5-11 Recommended secondary rms current ratings for various recti-
fier circuits.
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No-load Currents: Although they have no effect on the ability of a transformer to
supply current to a load, it may be well to consider the magnetization currents that
flow in the primary of a power transformer regardless of load. Figure 5-12 shows
the equivalent-circuit components involved, and the accompanying phasor diagram
gives an idea of the relative magnitudes of their currents. Transformers for 60-Hz
electronics equipment generally have primary inductances ranging from about 1 H
for 500-W units, up to 10 H for 2-W units. The smaller transformers require higher
inductance to limit the magnetizing current to avoid saturating the tiny core. The Q
of the primary inductance is generally between 1.5 and 3. Most of the resistive
component of primary impedance is due to losses in the core material, represented
as shunt resistance R . Series winding resistance R, is very much smaller than R,
except in the smallest transformers, where the fine primary winding may have a
resistance as much as § Ry,. R, is calculated as QX ,, where Q is measured on an
impedance bridge, calculated from tangent of the angle between no-load current
and voltage, or simply estimated as 2 for standard power transformers.

Rp
O——VWA
e Ine Iy Trey
Ve Ry Rref§ %XP
\\
O L4
Tan I res
{a) (b)

FIQURE 5-12 (a) Transformer primary equivalent circuit showing winding resis-
tance R, and core-loss resistance R,. (b) Phasor diagram showing relation
between no-load and full-load primary currents.

EXAMPLE 5-5

A nominal 24-V 2-A 60-Hz power transformer has the following parameters:

Ve=120V Rp=129
LP=3H Rs=l.59
0p=25 n=0278

Find the power dissipated within the transformer at full load.

Solution

The core loss is computed first, using X, » and Qp to find R :
X p=2wfL=27X60x3=1130Q
Ry=0pXp=25%x1130=2825Q

2
Pwre=R—P=m=5.lw
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Next, the winding loss is found by reflecting R p to the secondary:
Vit =nVp=0278 x120=333V
Rsuen=n2Kp=02782x12=093 Q
Poinding =13 (R pery + Rs) =22(0.93 +1.5) =97 W
Protal = Peore + Pringing = 5.1 +9.7= 148 W

Core Saturation: The current in the magnetizing inductance X, increases with
higher primary voltages or lower line frequencies. The transformer’s number of
primary turns and core structure have been designed for a particular voltage and
frequency, and higher voltages or lower frequencies are likely to cause core
saturation (see Fig. 4-16).

Load current does not contribute to core saturation because the primary
current flowing into the reflected load resistance produces a magnetomotive force
which exactly cancels that of the secondary load current, as illustrated in Fig.
5-13(a). You may ask why higher-power transformers always have larger iron cores
if load current does not cause saturation. The answer is that high load currents
require heavier wire to minimize copper losses. This means that a larger winding
form is required and that fewer turns can be fit on the form, so X, p is lower and
magnetizing current is higher for larger transformers. Transformers for 400 Hz can
achieve high X, , with 2.5 times fewer turns, and do in fact use about 2.5 times less
iron than that used by 60-Hz transformers. Power transformers for dc inverter-type
supplies operate in the kilohertz range and are much smaller still.

Since the ratio of voltage to frequency at the threshold of saturation is
constant for any given transformer winding, a signal generator and oscilloscope
can be used to check the saturation limit. Set the generator to a low frequency, say
6 Hz, and connect it to the primary. Observe the secondary waveform on the
oscilloscope, watching for signs of saturation as the primary voltage is increased.
What you see at 15 V at 6 Hz is what you can expect at 150 V at 60 Hz, or at 125 V
at 50 Hz. The low-frequency test is a little less destructive, however. Figure 5-13(b)
shows primary and secondary voltages for an extreme case of saturation. The
primary is being fed from a 50-@ source. Notice that, when saturation is entered,
the primary voltage is loaded down from its usual sine shape, and the secondary
voltage simply disappears. The primary current at this time is limited only by the
dc resistance in the primary circuit, and at 120 V it would be destructively high.

Core saturation often causes a tremendous current surge when a power
transformer is switched across the ac line. Figure 5-13(c) shows why. At steady
state (dotted line) the inductive current lags the voltage by 90°, rising from —1 A
to +1 A during the positive voltage half-cycle in Fig. 5-13(c). However, if the
switch happens to close at the start of a voltage half-cycle, the current rises from an
initial value of zero to +2 A provided that the core doesn’t saturate first (dashed
line.) In fact, manufacturers almost never put in the extra iron and copper to
prevent turn-on saturation, so primary current is limited only by primary winding
resistance in the last part of the first half-cycle. Figure 5-13(d) shows the turn-on
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(b}

FIGURE 5-13 (a) Load current does not cause core saturation
because ln 1) cancels its magnetizing effect. (b) Primary (upper trace)
and secondary voltages for a transformer in saturation.

surge for a 200-W transformer reaching 45 A, while the inset trace shows a
steady-state peak less than 1 A.
Turn-on surge may cause trouble with fast circuit breakers or line noise. The

simplest way to alleviate the problem is to leave the primary connected perma-
nently to the line and switch the secondary.

5.4 BROADBAND TRANSFORMERS

The following characteristics are assumed for broadband transformers in this
discussion:

Operation over a frequency range spanning at least one decade, possibly as
much as five decades

Magnetic core with coefficient of coupling of 0.75 or greater



Ipri (A)
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(d)

FIGURE 5-13 (c) Turn-on current starts from zero and exceeds the
saturation level if the primary is switched on at the start of a voltage
half-cycle. (d) Actual turn-on surge for a 200-W transformer with
steady-state current (inset) for comparison.

The chief representative of this class is the audio transformer, wound on a core of
laminated silicon-iron strips. The more recent development of high-frequency
ferrite materials has made possible the construction of broadband video and
radio-frequency transformers, even into the UHF range.

All of the components shown in the equivalent circuit of Fig. 5-6 may become
involved in the analysis of broadband transformers, with the additional
considerations of skin-effect resistance, series resonance of the windings, and
saturation and high-frequency loss in the core. We can keep the analysis reasonably
simple, however, by concentrating on two main questions: low-frequency cutoff
and high-frequency cutoff.
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Low-Frequency Cutoff: A transformer can cease to function at low frequencies
for one of two reasons: core saturation or inductive loading.

Core saturation can be calculated from equation 4-27 if the number of primary
turns is known and the core area can be determined. It must be remembered that
core saturation for any given transformer depends upon primary voltage and
frequency only, as illustrated in Fig. 5-13. The result of low-frequency core
saturation is not simply reduction in output, but rather waveform distortion. The
cure can be a larger transformer (higher X, , or bigger 4_ ), lower primary
voltage, or limiting the low-frequency response before the signal gets to the
transformer.

Inductive Loading: As signal frequency is lowered, the inductive reactance of the
primary drops. At some frequency X, , will equal the Thévenin equivalent source
resistance through which it is driven, and the voltage across it will then drop to
0.707 of maximum. This is illustrated in Fig. 5-14. Combining the expressions for
Xp, R,, and R, yields a formula for low-frequency cutoff:

f‘0=(RG+RP) R,/n (5-6)

27L R
P 7R+ Rp+—£
n2

where n = Ng/Np, fis in hertz, L is in henrys, and all R’s are in ohms. Examination
of this equation reveals that raising L, is the most effective way of obtaining the
lowest possible operating frequency. Lowering R; and R, and to a lesser extent
raising R, will also help.

RP R(h
AMA— —AAM-
(R + RpIIR
Rg
R, Xp =
R e %‘ 2nfL, C” Vi Xp
Ve

(a) . {b)

FIGURE 5-14 Low-frequency cutoff occurs when primary reactance drops
lower than effective driving resistance: (a) equivalent primary circuit; (b)
Thevenin equivalent.

High-Frequency Cutoff: The response of a transformer at high frequencies can be
limited by any of three factors: leakage reactance, core losses, and series resonance.

Leakage Reactance: The coefficient of coupling of broadband transformers ranges
from above 99.5% for audio types down to 80% or so for some of the low-u ferrite
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toroids. In any case, the leakage reactance in the primary X, is not zero, and it
appears in series between the source and the load, as shown in Fig. 5-15. As
frequency increases, X, will increase until it becomes large enough to limit the
voltage across R, to 0.707 of its midband value. In most cases, core loss R, and

coupled reactance X, are negligible compared with the low value of R, so the
simple circuit of Fig. 5-15(b) applies and
R.+R
Rs+ R, + (Rs+R.)
n?
i = -7
I 27(1 - k)L, (5-7)
Re XpL Xpr
—VWM— T ——
(1~ k)X,
] . (Rs+R,)
Ry Rrefé gxm C’vam §R6+RP+ sn7 L
(*\/ Vg \
(a) (b)

FIGURE 5-15 Leakage reactance can be great enough to cause high-
frequency cutoff: (a) primary equivalent circuit; (b) Thévenin equivalent.

Notice that most of the things that will improve high-frequency response (lower
Lp, higher R, higher R ) are precisely the things that will degrade low-frequency
response—such are the frustrations of life. Raising R . will aid both causes, but
driving a load is usually a prerequisite, unless we can contrive to feed the
secondary into an emitter follower or FET amplifier.

The real key to high-frequency response (at least this one-third of it) is a
coefficient of coupling k that approaches unity, which then results in a leakage
reactance approaching zero. High-k values are obtained by keeping both coils close
together on a high-p form with minimum or zero air gap. Measurement of & is a
fairly simple matter and is illustrated in Fig. 5-16(a) and (b). A test voltage at a
frequency toward the high end of the transformer midband range is applied to the
first winding and the primary (¥,) and secondary open-circuit (¥,) voltages are
measured. The transformer is then reversed, and the test voltage is applied to the
second winding as the new primary, and input (¥3) and open-circuit output (¥,)
are measured. The value of & is then found as

vV,
k= 5-8
v (5-8)

N
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/ v, V,
k= 2Va
ViVvs
FIGURE 5-16 Measuring coefficient of coupling k is relatively simple: (a) and
(b) the basic measurements; (c) correction technique for use when k is near
unity and high precision is required.
The true turns ratio of the transformer can also be calculated from these data:
n=1/20 (5-9)
A2

If k is within a percent or two of unity, n can be found more simply as V,,/V,,,
but as k becomes lower this calculation loses accuracy and equation 5-9 must be
used.

Figure 5-16(c) shows that the ¥, and V, input voltages measured may not
exactly equal the voltage across the primary reactance ¥;. By making Jies: Telatively
high, we make X, large and minimize the drop across R p»> but if it is desired to
calculate k to within 0.1% it will be necessary to find the Thévenin equivalent of
Vi» Rp, and R, and calculate the true value of V. Similar treatment must be
given to V; on the second measurement set, and of course the voltmeter used must
be precise to at least 3% or 4 digits.

Core Losses: At higher frequencies the hysteresis losses in a magnetic material
begin to increase, lowering the Q of the coil and lowering the value of R, in Fig.
5-15(a). The methods of defense against this mode of high-frequency cutoff are:

* Use a core material with a higher maximum frequency than the application
calls for (if possible).

* Use a low generator source resistance R.;.

* Use heavy primary wire to lower R ,.

* Keep k as high as possible by placing the windings close together on a
high-u core with no air gap.

At some frequency, generally considerably above the frequency where hysteresis
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loss becomes severe, the permeability of the core material will begin to drop. Above
this frequency the magnetic coupling between the windings decreases (lower k
value) and no combination of circuit parameters will elicit a full response from the
transformer.

Series Resonance: The most common cause of high-frequency cutoff in broadband
transformers is series resonance of the primary winding. Parallel resonance of the
winding with its stray capacitance presents no problem since the reactance simply
increases, but when the first few turns of the primary coil resonate with the series
stray capacitance from the center of the coil, a very low impedance results, which
tends to load down the source. The worst part of it is that the capacitance shunts
out the bulk of the primary winding, effectively increasing the turns ratio Ng/N, of
the transformer. An attempt to illustrate this phenomenon is made in Fig. 5-17(a).

Vsec >

No load

/2 Full load

Frequency (log scale) >

(a) (b)

FIGURE 5-17 (a) Series resonance of the first few primary turns with the bulk
stray capacitance is the most common cause of high-frequency cutoff in an
audio transformer. (b) Dangerously high voltages can be generated at the
series-resonant frequency if the transformer is operated without a secondary
load.

With no load on the secondary, this new turns ratio will result in a severe
peaking of the secondary output voltage at the series-resonant frequency, as shown
in Fig. 5-17(b). The peak voltages attained can easily reach 10 times their normal
values. Large signals containing high-frequency components should never be applied
to an unloaded transformer, or insulation breakdown could result. The peaking
problem can be completely eliminated by making sure that the secondary reflects
back even a moderate load to the primary. The Q of the primary inductance and
consequently the series-resonant voltage rise will thereby be reduced.

Increasing the upper-frequency limit imposed by series resonance is another
matter, however. The best solution is to limit stray capacitance by keeping the
number of turns low. This can be done without lowering L, and thus ruining
low-frequency response if a low-reluctance gapless core of high-u material is used.

-
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Spaced and cross-diagonal winding techniques for reducing capacitance are difficult
to implement physically and the gains to be realized in this way are small.

Calculating the series-resonant point is chancy at best, but an estimate can be
given as 3 to 10 times the parallel-resonant frequency, which can be calculated
from the inductance and the estimated stray capacitance of 0.05 pF/turn.

EXAMPLE 5-6

A 50-turn to 50-turn transformer is wound of No. 22 enameled wire on a 3B7
toroid core with average diameter 2 cm and cross-sectional area 0.25 cm?. V=
20 Vrms, RG=50Q, and R, =50 Q. Coupling k is measured as 98% per Fig. 5-16.
Predict the upper and lower cutoff frequencies.

Solution

Consulting Fig. 4-15 for u and using equation 4-25, we obtain

Lp=0012N%% = 0,012 x 502 x 2000 x %2 = 2400 w11

The low cutoff due to inductive loading, by equation 5-6, is

; _(RG+R,, R, /n?

o™\ 27L R
F Rg+Rp+—%
n

Since n=1 and R, is negligible, this becomes

50 50

o= 30,0004 30+ 30 =

1.7 kHz

Of the 20-V source, 10 V is dropped across R and 10 V appears across R 4. The
low cutoff due to core saturation, by equation 4-27, is

_ Vrms x 108 _ 10 x 108

Jo= T4B NA ~ 34X 4000 x 0% 025 — 45 kHz

Thus core saturation governs at the 10-V level, but f,, could be as low as 1.7 kHz if
V; were limited.
High-frequency cutoff due to leakage reactance, by equation 5-7, is

Rs+R
Rot Rpt Sn2 - 50 + 50
Jri= 27(1 — k)L, =2'77><0.02)<0.0024=330k}lz

This is about equal to the limit imposed by the core material (Fig. 4-15).
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A wild guess at the series-resonant point may be ventured:

C,~0.05 pF /turn X 50 turns = 2.5 pF

1 1
-f;-(paraﬂel) ~ 290LC = =2 MHz

27V2.4mH x 2.5 pF

The series-resonant point is therefore likely to be above 6 MHz, which is safely
above the previously calculated 330 kHz.

A final calculation of the skin-effect resistance of the coil will be made to
ensure that it is negligible in the face of R; and R, . The thickness of AWG 22 wire
is 0.064 cm. The total length, assuming that the core is 0.5 cm on a side, is 2
cm/turn X 50 turns, or 100 cm. Using equation 1-4 yields

\7i

R=83x10"L =835 10702200

0,064 X 100=0.075 @

Audio-Transformer Specifications: Audio-transformer ratings generally include:

* Primary and secondary impedances. These are the load resistance and source
resistance with which the transformer is designed to operate over its
specified frequency range, and do not directly designate the inductance or
impedance of the windings themselves. The true turns ratio n can be

calculated as VZ;/Z, .

* Audio-power rating. This limit is generally imposed by core saturation at the
low-frequency limit, and can be increased considerably if the audio lows
are attenuated before reaching the transformer.

* Winding dc resistances. These are often high enough to enter into dc bias
calculations. They also impose a power limit on the transformer due to the
I?R loss in each winding, and the resultant temperature rise.

*  Maximum dc winding current. Transformers frequently carry dc as well as
ac, and the dc contributes its own /2R heating. If the winding is
single-ended, dc also contributes toward reaching the saturation limit. In
“push-pull” center-tapped transformers the dc flows into the center and
equally out each end, so the magnetizing effects cancel.

* Frequency response. This is given for the primary and secondary impedances
(resistive R; and R, ) specified. If R; and R, are lower than specified, a
downward shift in the response range may be expected. Raising R; and R
will raise the lower cutoff but probably not the upper cutoff, since it is
most likely to be due to series resonance of the winding.

The Audio Range: Considerable research has gone into determining the range of
frequency response required for audio reproduction, with the following fairly well-
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accepted results:

Range (Hz) Application
300-3500 Understandable voice communication
80-8000 Natural voice, reasonable music
50-15,000 Good-fidelity music
15-20,000 Extremely high fidelity

Analysis of typical audio waveforms shows that they tend to have higher peaks
with lower effective (rms) values than do simple sine waves. This means that
saturation and other peak-clipping phenomena are likely to be more troublesome
than power-dissipation limitations in audio systems. A two-tone test—two signals
added, for example, 400 Hz in series with 1 kHz—is often used to simulate an
audio waveform.

5.5 RADIO-FREQUENCY TRANSFORMERS

In dealing with RF transformers we can expect to encounter a rather wide range of
physical device forms and a variety of design objectives. Among the devices:

* Ferrite toroid-core transformers; k values from 0.80 to 0.98; generally
unsuitable at high power levels because of core saturation

* Powdered-iron slug-tuned transformers; k values around 0.75; also suscept-
ible to saturation at high levels

* Air-core transformers; no saturation or nonlinearity problems; k values
depending on structure:

bifilar winding (two strands wound together side by side)  k~0.95

primary over secondary (single layers, 1:1 ratio) k~0.90
link coupling (2 or 3 turns over 10 or more turns) k~0.60
end-to-end coils (length =3 diameter) k~0.35
end-to-end coils (length = 2 diameters) k~0.10
in-line separated by one length (length = 2 diameters) k~0.02

Among the objectivities:
* Transfer power from a source to a load, possibly with impedance step up or
step down
* Tune (select) a band of frequencies while rejecting others
In general, the more we try to transfer power, the less sharply we will be able to

tune; and the more sharply we wish to tune, the less will we be able to transfer
power.
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Untuned RF Transformer: For an untuned rf transformer to be successful, the
coefficient of coupling must be high (say, above 60%), so it is necessary to use
toroid cores at low power levels and winding-over-winding air-core structures at
high power levels. Figure 5-18 shows the transformer equivalent circuit, and
simplifications referenced to the primary and secondary, respectively. The latter is
most useful for analysis of results at the load. The “prime” marks indicate reflected
values; voltages are scaled by n and impedances by n2. If n = 1, the original values
apply, of course.

Rg +Rp  Xpp R, + R, Xp X R
AMM— T ——
Rs+ R,
Ove g
Xt
(b) (c)

FIGURE 5-18 Untuned RF transformer: (a) basic equivalent circuit; (b) refer-
enced to primary; (c) referenced to secondary. Leakage reactance is usually the
factor that limits output.

Examination of Fig. 5-18(c) will show that maximum power is delivered to the
load when the primary and secondary leakage reactances are kept small in
comparison to the generator and load resistances, respectively, and when the
corresponding coupled reactances are kept large in comparison to R; and R,. A
high-k value achieves both of these conditions at once, so winding a coil with the
closest possible coupling is of prime importance. Beyond this, a decision on the
number of turns required for each coil must be made. Much calculation with Fig.
5-18 can be done to find the optimum coil reactances, but it turns out that if we
choose X, = R; and Xg= R, very little improvement in power transfer can be
made, and this simple rule of thumb is recommended where k is below 90%. For
higher k values, X, =2 R; and Xy =2 R, will give noticeably greater output.
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Above the design frequency, X, and X, will become large enough to block
current to R, . Below the design frequency X,, (or Xg,, depending on how you
look at it) will become small enough to shunt the output, causing all the voltage to
drop across R. If k is large (0.90 or so0), there will be quite a bit of room between
these two cutoff points, and bandwidths spanning more than one decade may be
achieved easily. Low-k values will result in narrower bandwidths, however.

EXAMPLE 5-7

An untuned rf transformer consists of a 40-turn primary wound over an 80-turn
secondary, both of AWG 32, both spaced over 2 cm on a l-cm-diameter form.
Measured k is 0.80. R; =75 @ and R, = 300 Q. V;(open circuit) is 2.5 V rms. Find
Vg at the optimum frequency f.

Solution

First the inductance of the primary and the frequency where Xp = R are found:

d2N2 402
Le=Zga+ 101~ a6 +203 =~ 0¥ rH (4-19)
X 3R _ 85 MHz

S= 37L =37 x 645 4H

The inductive reactances, coupled and leakage, are found next. Xy is related to X,
by (Ns/Np).?

Xp=2ufL=75Q Xg=nX,=22x75=300Q

Xp=080x75=60Q Xp,=75—60=15Q

X =0.80 %300 =240 Q X, =300-240=060Q
Then skin-effect winding resistances are found:

lp=mdN =mX1X40=126 cm

bs=20p=252 cm

V1.85 MHz

_ s VS ,_ -8
rp=83x 107521 p=83x10 5530

X126=0.7Q (1-4)

Considening the proximity effect, the primary resistance is estimated as ten times
the calculated value or 7 . Secondary resistance is 14 Q. Figure 5-19(a) shows the
circuit with the values calculated above. The equivalent circuit with primary values
referenced to secondary (marked with a prime) is given in Fig. 5-19(b). The method
of solution for Vi, will be to obtain the parallel equivalent of X, and R¢+ R,
combine the resulting parallel X; with X, and convert back to a series equivalent,
shown in Fig. 5-19(c). Solution for Z; and ¥V, is straightforward in this circuit,
and knowledge of V,z in Fig. 5-19(b) leads directly to I, and Vy;. The parallel
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FIGURE 5-19 Example 5-7; analysis of an untuned RF transformer circuit: (a)
equivalent circuit; (b) referenced to secondary; (c) simplified to a simple series
circuit.

equivalent of 60  inductive and 314 § resistive in series:

X2+ R?
X2+ R?
1703 x 240
Xp l X5 = 1705 + 240 ~ 2109
The series equivalent of 210 Q inductive and 325 Q resistive in parallel:
X,R
R,=X,—"—"-=96Q (47)
X, + R,
X R,
X3=Rpm= 148 @ (4—8)

F4 I4
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Now, looking at Fig. 5-19(c), we obtain

Zr=VX?>+ R? = V2082 + 4242 =472 Q

Vig=1Z,5=0.0106V 1482+ 962 =187 V

Returning to Fig. 5-19(b), we find that

I=—4%=——"" ~0.00585 A
V60% + 3142

Vee =1, R, =0.00585 X 300 = 1.75 V

Anyone willing to repeat these calculations for a few other frequencies will find the
following results:

f(MHz) VoV)

0.925 1.37
1.85 1.75
3.70 1.81
5.55 1.71
9.25 1.36

Series-Tuned RF Transformer: When coefficient of coupling is low and R is less
than X,,, it will be advantageous to cancel the primary leakage reactance with a
series capacitance. Cancellation will occur only for a narrow band of frequencies,
so the broadband characteristic of the transformer will be lost if this technique is
employed.

On the secondary side, a series-tuning capacitor to cancel leakage reactance
X s will also increase output, but again, R, must be lower than X, ¢ if the increase
is to be significant.

With both the primary and secondary series tuned, much lower coefficients of
coupling can be tolerated with good power transfer than in the untuned transformer.
However, very low values of k produce very low coupling reactances X p,, and this
tends to short the source. Attempts to raise the input impedance by increasing the
primary inductance may be helpful to an extent, but will require more windings
and result in larger losses in winding resistances R, and Rg. The best approach
with series-tuned transformers is to keep k at least reasonably high (say, 0.10
minimum). :

The required values of the primary and secondary tuning capacitors are
interactive because of the reflected impedances that appear across the coupled
reactances. With reference to Fig. 5-20, let us assume that X = Xj,, so that the
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FIGURE 5-20 Series-tuned rf transformer: capacitors cancel leakage reac-
tances, giving effectively unity coupling.

impedance reflected across X,, is purely resistive; R, ;= (Rg+ R,)/n? to be
exact. The parallel combination of R, and X,, has a series equivalent (call it R,
and X,) and it is the sum of X and X,, which should be canceled by X, to
achieve maximum current to the secondary and maximum power to the load.
Smaller values of secondary capacitance will result in a net capacitive reactance in
series with the reflected R, appearing across X,,, which will raise the effective
reactance and require a smaller tuning capacitance X,. Likewise, larger C; will
require larger Cp values. All of this could be analyzed by methods similar to
Example 5-7, but it is probably not worth the effort, since C, and Cg are generally
variable and easily optimized.

The overall Q and hence the bandwidth of the circuit of Fig. 5-20 depends
upon the ratios of reactance (X, or X, ) to resistance in the primary and secondary
circuits. If k is large, Q is approximately the average of primary and secondary Q.
If k is small, the separate response curves of the primary and secondary are
multiplied, resulting in an overall response curve that is narrower at the top than a
single response curve, and drops more quickly to zero.

Note that if R, is higher than X, , series secondary tuning will provide little
improvement in selectivity or power output. Similarly, if R is higher than X
series primary tuning will not be necessary.

PL>

Parallel Primary Tuning: If the generator resistance is higher than the primary
inductive reactance, it will be advantageous to parallel-resonate this reactance with
a capacitor across the primary so that the generator sees a higher-impedance load.
This technique will be especially effective if k is low or if R . 1s high, because in
either of these cases the primary impedance will be largely inductive, with only a
small resistive component.

Figure 5-21 shows an example of parallel primary tuning used to effect an
impedance match between an 8.1-kQ source and a 200-Q load with a simple
1:1-ratio transformer having a k of 20%. The —800-2 secondary capacitance
cancels the secondary leakage reactance, placing the 200-Q resistive load directly
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Rp Xpr Xst Rs , . )
78 15 2 60 2 14Q Rs*+*Re  Xp @XSL
——AMA——TI—— T ——
328 2 60 2 60 2

X >
6 50V 2269? RS+RL§
314

Q

(b)

FIGURE 5-21 Parallel-primary series-secondary tuning prevents loading of high-
impedance source and allows match of an 8100-82 source to a 200-12 load with a
1:1 transformer: (a) equivalent circuit; (b) referenced to primary with R ,, and
X o« Cconverted to series equivalent; (c) simplified parallel equivalent.

across the secondary. The 1:1 ratio reflects this 200-Q resistance across the 200-Q
primary reactance, a parallel combination that is equivalent to 100-Q2 X, and 100-Q
R in series. The series branch ABC in Fig. 5-21(b) is converted to its parallel
equivalent in Fig. 5-21(c). The 900-Q primary reactance is parallel-tuned to infinity
by C,, leaving only the parallel equivalent of the 100-@ Rg, which (quite for-
tuitously) happens to equal the source impedance of 8100 . Reference to equation
4-16 will verify this.

The voltage across the primary is thus 3 ¥, or 5 V. The voltage across points
BC is found by phasor voltage division:

V1002 + 1002
Vo= VoYL + 1007 _ o8y

V9002 + 1002
This voltage is transformed undiminished to the load. Winding resistances have
been neglected in this example.
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Notice that the inductive reactance of the primary would be low enough to
seriously load down the source were it not parallel-tuned by C,. We are thus able
to use fewer turns in the rf transformer coils if parallel tuning is employed, and this
in turn cuts down on winding-resistance loss and cost.

Parallel Secondary Tuning: If the load resistance is very high and the coeffi-
cient of coupling is low, the secondary of an rf transformer may be resonated with
a parallel capacitor to achieve an impressive gain in output voltage, even with a
1:1-ratio transformer. Figure 5-22 illustrates the technique. Although the term
parallel resonance is used, notice from Fig. 5-22(b) and (c) that series resonance and
the accompanying voltage rise across the capacitive reactance (Section 4.3) are
actually involved.

An analysis of the circuit with the values given requires finding the Thévenin
equivalent of the reflected ¥ and 60 © as shunted by the 200- X,. Finding the

-800§2 10§ 800% (® B0 100
¢ AMA—— T - —— BT ——AMA

CP RP XPL b~ XSL RS
S, 602
> 1:1 ref
RG§SOQ X, XSk;Zg | L R,
200% ézoo ! Csr
a Q ) T 10 k$2
® ©)
Vs T10V -7 10V

©

(a}

@

AN —
10 Q 55 §2 17 Q2 : 100 8005
‘ 800 [ 817 §2

% 60 §2 Q | Xy
8 © |
9.58 V | 67 0

©
©

(b} (c)

FIGURE 5-22 Series-primary parallel-secondary tuning. Secondary is actually
series-resonant, giving voltage increase across output: (a) equivalent circuit; (b)
referenced to secondary; (c) reduced to simple series equivalent.
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series equivalent of Cg and finding the output Vg, becomes a simple matter:

200

Vy=10————— =958V
2002 + 602
X,R 200 X 60
R,=R,= £ 2= =55Q 47
o TPx24 R2 2002 + 602 “7
X R
Xp=X =R 22 g 20XD0 _ ;9 (4-8)

S UPX2+ R 2007+ 607

Using the approximation equations 4-15 and 4-16, we let Cg cancel the total
inductive reactance of Fig. 5-22(c):

Xep~ Xy = 8178

X? 8172
R =% 10000 =%
V 9.58
I= & =16 =0.0726 A

Vpe=1Z~IX-= 00726 X 817=59V

The resonate voltage rise (nearly six times in this example) will be less if R is
higher or if R, is lower. Of course, very low R, very high R,, and higher leakage
inductance Xg, can produce a circuit with a Q, and accompanying voltage rise, of
100 or more.

Double Parallel-Tuned Transformer: If the generator and source resistance are
both very high, an effective voltage transfer can be achieved with a loose-coupled
transformer parallel tuned at both the primary and the secondary. This method of
tuning is widely used to achieve selectivity in radio and TV receivers.

The primary and secondary tuning are interactive because of reflected
reactances across the primary, as is true in the previously discussed double-tuned
circuits. However, in this case the reflected reactances can cause a double-peaking
effect which is not present in the other circuits. Neither of the peaks occurs at the
actual resonant frequency [Fig. 5-23(a)]. The high-frequency peak [Fig. 5-23(b)]
occurs when X, equals X.g and a very low impedance is reflected back across
Xpi» leaving X, to resonate with X.p. The low-frequency peak [Fig. 5-23(c)]
occurs when the capacitive reactance reflected back across X,, raises the total
primary reactance just enough to cause parallel resonance with X.,. In practice,
the low-frequency peak is always somewhat stronger because of the greater
winding-resistance losses incurred with the low-impedance series-resonant condition
of the high-frequency peak.
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FIGURE 5-23 Analysis of a double-parallel-tuned transformer: (a) at resonance;
(b) above resonance with Xg_ nearly equal Xgs. (¢) below resonance, with
reflected capacitive reactance causing primary reresonance; (d) typical re-

sponse curves for the double-parallel-tuned transformer, showing effect of
varying k.
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The calculations for Fig. 5-23(c) are reproduced below to demonstrate the
method of analysis. Calculation at a number of other frequencies (an ideal jobfora
programmable calculator) produces the curve of Fig. 5-23(d). Analysis of the
circuit of Fig. 5-23 has been simplified by assuming that R ¢ is infinite and R, is
zero. This results in an indeterminate division of zero by zero in the calculations at
the exact peak points, so Fig. 5-23(b) and (c) show data at frequencies closely
approaching the peak points.

For Fig. 5-23(c), the reactance looking out of the secondary is

Xg=—1000+630=-370Q

This is reflected across X,,, giving the parallel result:

_ —370x 180

Xp = — 370 + 180

= +3505Q

This inductive reactance adds to X, :

XL oy = 350.5 + 630 = +980.5 2

The parallel X, ., is nearly resonant with X p:

_ (980.5)(—1000) _
Xl Xe="3"g80.5 1000 ~ T30k

The voltages are, by phasor voltage division:

X 50.3

VA = VG = lm = 44.9 V
VXi+ R? V' 50.3% + 1002
X par 350.5
Vo=V, —2L =449 x = =16.05V
X oy 980.5
Xcs 1000
VC = VBTS = 16.05 X W =434V

The effect of these reflected reactances diminishes as coupling k is reduced
and Xp, becomes much smaller than X,,. The peaks become closer together and
the dip between them less severe. If k is made variable, a point can be found where
the two peaks merge to form a fairly flat-topped response curve with steep-sloped
sides. This curve is ideal for broadband signals such as TV or FM radio. At a still
lower k value, a point is reached where only a single peak exists. The exact value of
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this critical coupling depends upon the Q of the primary and secondary circuits:

1

Koy = ——— (5-10)
V Q05
_ RglI(X2Ry)
S (5-11)
R, I(XZER

Below critical coupling, voltage output drops off and bandwidth decreases. The Q
(selectivity) of the total transformer at critical coupling is

x| —

Or=

An examination of the foregoing equations will show that the highest output
with sharpest tuning is obtained by making Q, and Qg as high as possible, and
then adjusting k for critical coupling, or slightly more if flat-topped response is
desired. Highest Q is obtained with a high L/C ratio, so the coils are often
resonated with only their own stray capacitance. Typical values encountered in
practice are 0 = 100 and & = 0.01. This can mean a physical spacing between the
coils that is several times their length.

Stagger tuning (tuning the primary to a slightly different frequency from the
secondary) can also be used in an undercoupled circuit to achieve a flat-topped
response curve. Overcoupling is to be preferred, however, because stagger tuning
results in several times less output voltage.

5.6 PULSE TRANSFORMERS

Pulse transformers are used to handle rectangular rather than sinusoidal waveforms.
Although they may provide voltage step-up or step-down, they are most often used
to provide ground-reference isolation between the primary and secondary circuits.
They are generally ferrite-core devices, and must have an inductance and satura-
tion level appropriate to the period and voltage of the pulse they are intended to
carry.

Inductance Requirement: Figure 5-24 shows a pulse-transformer circuit. Co-
efficient of coupling k and turns ratio n are both assumed to be unity. When the
generator applies a voltage step, the current in L, will build up and the voltage
across Lp will fall off according to the familiar time-constant curves of Fig. 5-24(b).
The voltage across Lg will be an exact reproduction of that across L,. If this
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FIGURE 5-24 (a) Pulse-transformer circuit. (b) Voitage and current
waveforms in response to a pulse from Vg. (¢) Droop becomes
more severe if primary inductance is insufficient.

voltage is to maintain a reasonably square shape, the active pulse time ¢ (when the
generator voltage is nonzero) must be much less than the time constant 7. If
t = 0.17, the output waveform will droop by about 9%. If ¢ = 0.01r, the droop will
be 1%. The resistance involved in this time-constant determination is the Thévenin
equivalent driving L, with Rg and R, reflected to the primary. The primary
inductance requirement is therefore:

Lp=10tR (for 9% droop) (5-13)

Lp=100tR (for 1% droop) (5-14)
where

R=(RG+RP)”(RS+RL)/"2 (5-15)

Volt-Microsecond Limit: Once we have assured that the primary inductance is
adequate for the pulse length, we must also be sure that the primary current does
not become large enough to saturate the core. Notice from Fig. 5-24(b) that
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10 V/div (3 traces)

5 us/div

FIGURE 5-25 Low-level pulse passes through transformer (up-
per trace), but high-level puise exceeds Vt constant and is cut off
(center trace). Reducing pulse period allows full pulse to pass
without saturating core (lower trace).

primary current increases with time while secondary current decreases. The
secondary current does not cancel the primary current magnetizing force for square
waves as it does for sine waves. This difference between primary and secondary
current increases quite linearly with time during the first portion of the time
constant, and the net magnetizing force may eventually become high enough to
saturate the core. If the generator voltage is increased, these two currents, and
hence the difference between them, will increase, resulting in earlier saturation. For
any magnetic-core transformer the maximum product of V¢ before saturation is a
constant:

V6! puise = constant (5-16)
Figure 5-25, top trace, shows a long low-level pulse at the secondary of a pulse
transformer. In the center trace the voltage has been increased, exceeding the V¢
constant, and the last half of the pulse is missing. In the bottom trace the pulse
period ¢ has been reduced, bringing the ¥ product back below the saturation level,
and the stronger, shorter pulses are passed completely.

Transistor-Switched Pulse Transformer: The circuit of F ig. 5-26, or something like
it, appears frequently enough to merit special attention, especially since its behavior
is not quite as might at first be expected. In order to simplify the analysis we will
make the following assumptions:

1. The transistor is a perfect switch: zero resistance when on, infinite resis-
tance when off.

2. The transformer has unity coefficient of coupling and does not saturate.
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77 77

(a) (b)

FIGURE 5-26 (a) Transistor-switched pulse-transformer circuit. (b) Equivalent
circuit with R reflected to primary.

3. The transformer winding resistances are low enough to be negligible
compared to R, .

4. The charging time constant L,/ R, is much longer than the on time set by
the pulse generator.

5. The discharge time constant Lg/(Rg+ R, ) is much longer than the off
time set by the pulse generator.

None of these assumptions is unreasonable except 5 and, in some cases, 3. The
effect of high winding resistance (assumption 3) is simply a reduced load voltage.
The amount of this effect can be predicted by simple voltage division. The effect of
discharge occurring over an appreciable part of the time constant (assumption 5)
can be estimated graphically, as will be shown later.

Using our assumptions, we draw the equivalent circuit of Fig. 5-26(b) and the
graph of Fig. 5-27(a). Assumption 2 guarantees that the waveshape across R (the
primary) will be identical with that across R, (the secondary.) Assumptions 4 and 5
guarantee that the inductor current will rise and fall linearly.

The voltage across L, and R is obviously V. during the on time. The fact
that the average (or dc) voltage across an inductor must be zero demands that the
voltage across R during discharge is determined by the ratio of on to off time:

Vecton = Vorilort (5-17)

Graphically, this is illustrated in Fig. 5-27(a) by the equal areas A4, and A4,.
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FIGURE 5-27 (a) Waveforms for Fig. 5-26: collector voltage kicks up to 50 V
during short off interval, primary voitage must average zero, making A, =A,;
collector current shows | during on interval and | =0 during off interval. (b)
Lower values of L, produce spiked kickback voltages as L discharges more
quickly. (c) Charging rate stays relatively constant at turn-on, while discharge
rate increases from zero until equilibrium is reached.

Qualitatively, this means that a long on time and a short off time allows L, to build
up a large current during on, which then produces a large kickback voltage during
off. Quantitatively, the current change can be calculated from the charging condi-

tions:

Al =

Veet
LP

(5-18)

The Al during ¢, must be the same at steady state.

The average value of I, , can be determined in the following manner:

1.

Calculate the average power in R, from V, and V.

2. Calculate the average current from the supply using P,, and V.
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EXAMPLE 5-8

Calculate the load voltage and supply current for the pulse-transformer circuit of
Fig. 5-26(a).

Solution

The load resistance is first reflected to the primary:

Np \? 2
Roy= (7:) RL=(—;—) 2500 = 100 €

The 10-@ Rg and 0.5-Q R, alter this value by less than 1% and are therefore
neglected (assumption 3).
The charging and discharging time constants are found:

LP lOmH
T"‘g_f;_“O.SQ =20 ms
Lp 10 mH
T =R, T T00q - 100k

Assumptions 4 and 5 are valid, although 74, is only ten times 7., and some
distortion of the output wave will be observed.

The voltage across R, during f,, is 10 V. The voltage during ¢, is de-
termined by the ¢,,/7 ratio:

40 us
10 us

t
Vou = Ve =10V =40V (5-17)
P Lot

This 1s a kickback voltage produced by the inductor current decreasing from the
value it attained during ¢,,. Its polarity is negative at the top in Fig. 5-26(b). The

power in R is thus 102/100 =1 W for the 40 ps of 7, and 402/100 = 16 W for
the 10 ps of ¢. The average power is then:

tonPon+toffPoff_40xl+10xl6=4w

= = #+10

Theoretically, there are no power-dissipating elements in the circuit except R, so
the average current from the supply must be:

P, 4
1.,,‘@ 1—0 400 mA

In practice, we must expect /,, to be 10% to 50% greater than this calculation
because of transistor switching-time and saturation limitations and transformer
losses. Also, the supply current is zero during ¢y, so the ideal ¢, supply current is:

t°n+tof,=40040+ 10

T 20 = 500 mA

IOll = llV
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The change of current (rise of I, during ¢,,) is:

AL =VCCt°n_10VX40;LS=
e 7,  10mH

40 mA (5-16)

The load voltage Vy, is simply Ng/Np times Vy,, namely 50 V positive and
200 V negative. Note from Fig. 5-27(a), however, that the negative voltage peaks
approximately 5% greater than its 200-V average and droops by 10% during /.
This is because 1o occupies about 10% of 7. Figure 5-27(b) shows how V, will
greatly exceed V,, during ¢ if a small inductor, high R,, or long 7, makes 7,,
shorter than ¢ .

Figure 5-27(c) shows how I, is approached over several cycles after initial
turn-on. Al is essentially the same each 7, period, but A/, increases as I, ,
increases at each ¢ period.

5.7 STRAY TRANSFORMER EFFECTS

There are a number of instances where the transformer effect is evident, although
the physical structure involved is not a transformer in the usual sense.

Stray Coupling of Chokes and Transformers: The slight amount of leakage mag-
netism from an iron-core choke or transformer can induce an undesired voltage in
a transformer or choke that is mounted nearby. In one test at 60 Hz,
10 V across a 0.5-H choke induced 50 mV across the open terminals of a second
choke mounted adjacent to it. The following techniques can be used to combat this
problem.

* Keep high- and low-level inductors away from each other on the chassis.
Especially watch power-supply filter chokes and audio transformers.

* Mount chokes and transformers with the axes of their windings at right
angles if interference is a potential problem. This is especially effective with
RF air-core coils which have high leakage reactance.

* Do not operate low-level inductors with very high load impedances unless
necessary. Load current will cause stray signals to be dropped across the
high leakage reactance.

* Use magnetically shielded transformers.

Current Loops in Nearby Conductors: Shield cans, metal components, or the
chassis, if within range of an inductor’s magnetic field, will act like loops of wire,
and currents will circulate in these little “secondary windings.” The resulting /2R
loss will lower the Q of the coil. Air-core coils should therefore be kept several
diameters away from metal objects if highest Q is desired.
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Magnetic-Field Cancellation: Iron-core transformers sometimes have a heavy
copper strap bound around the laminated core. Stray magnetic fields from the
transformer’s leakage inductance will induce a current in this loop, and this current
will set up a field which tends to cancel the original stray field.

Variable Inductors called Variometers are made by setting up one coil which can be
rotated within the other so that their magnetic fields either aid or oppose.



BATTERIES, FUSES,
SWITCHES, AND LAMPS

6.1 PRIMARY BATTERIES

Battery Types: Batteries are portable devices for supplying direct current through
chemical action. The simplest complete unit is called a cell, and will typically
deliver a voltage between 1 and 2 V. Higher voltages are obtained by series
connecting a number of cells, and the term bartery more properly refers to a
package of interconnected cells.

Cells are broadly classified as primary, in which the cell is discarded when the
chemical action is complete, and secondary, in which the chemical action is
reversible and the cell can be recharged by the application of reverse current from
a battery charger.

Battery Ratings: Batteries are rated by their terminal voltage, their internal
resistance, and their ampere-hour capacity. A simple measurement of open-circuit
terminal voltage is not a good test of a battery, because even a nearly-dead battery
will measure full voltage under no load. The internal resistance of a battery goes up
sharply at discharge, however, limiting the maximum current it can supply. Bat-
teries should therefore be tested for an acceptable output voltage (usually 60 to
80%) while they are delivering the current demanded by the specific application. A
good C or D flashlight cell, for example, should deliver 0.5 A with a terminal
voltage of 1.0 V or more.
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R, Vy =60V
S0 Vi =47V

FIQURE 6-1 A battery should be tested under
load (Example 6-1).

EXAMPLE 6-1

Figure 6-1 shows a battery-test setup. What voltage will this battery maintain with
a load current of 150 mA?

Solution

First the internal resistance is calculated:

Ve 47
V_60-47
Rm=T="0a7 —28¢

Now the drop at 150 mA is found:

Viaop=IR=0.15X28=04V
Vout = VNL - Vdrop =60-04=56V

The ampere-hour rating is simply the product of the current drain times the
life until discharge of a battery. If the current drain is kept low enough so that the
battery life is a few hours or more, the product of amperes times hours is relatively
constant. However, for heavy currents and fast discharges (under an hour) the
ampere-hour rating decreases progressively, down to half or less of its rated value.

Primary-Battery Comparison: The commercially most important primary batteries
are the carbon-zinc, the alkaline, and the mercury types. The table and graph of
Fig. 6-2 show comparisons of the three types.

The carbon-zinc is the so-called dry cell (although the chemical filler is
actually a moist paste). Its chief advantage is low cost and commercial availability.
The alkaline battery is more expensive per cell, but it has a much higher ampere-
hour capacity than the carbon-zinc cell and therefore it may be more cost-effective.
It also has a lower internal resistance, making it more suitable for heavy-current
loads. The mercury cell has an even higher capacity (and higher cost) and for many
applications is the most cost-effective of the readily available primary cells. Its
special advantages are long shelf life and relatively constant output voltage under
light load.



Characteristic Carbon-Zinc Alkaline Mercury
Voltage (V) 15 15 1.4
Internal resistance 0.3-0.5 0.05-0.2 0.25-10
Capacity (Wh/in?) 2 6 7
Capacity (A-h/D cell) 0.6-3 3-10 4-14
Cost (cents/Wh) 3 2 3-7
Operation temperature (°F) Oto+100 -40t0+120 -20to +100
(a)
1.5
R, =88
1.4
1.3
\\ Mercuyry
S 1.2
:::, \ 4 \\
=1 Q Y/
g 11 %— "e/,” \
o] )
2
1.0 LY
: \
0.9
0.8 \
0 10 20 30 40 50 60
Time {h)
(b)
C it
Cell  Volts, Weight, apacity
Type No lLoad “C”cell I, =100mA I, =50mA
Continuous 4 h/day
Carbon-
zinc 1.5 40g 1.5 A-h 3.3A'h
Alkaline 1.5 60g 40 A-h 49 A-h
Mercury 1.4 1004 10.5 A*h 11.0 A-h
(c)

FIGURE 6-2 Comparison of three popular primary battery types: (a) general
characteristics; (b) continuous discharge curves for a C-size cell; (c) capacities
for a C cell under continuous and intermittent loads. Note the carbon-zinc cell's
improvement under intermittent load.
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No. 6
500 \\\
200 }b——— D\ \\
100 C ~]
< &0
£ AA ‘
2 201 AAA \\\
5 —~
~
2 .\§
1
10 20 50 100 200 500
Life (h)
(a)
COMMON DRY BATTERIES*
AAA AA C D No. 6 Lantern Transistor
Voltage 1.5 1.5 1.5 1.5 1.5 6 [*]
Ht (mm) 429 47.8 46.0 57.2 152.4 111 49.2
W/dia (mm) 9.9 135 239 31.8 63.6 66.7 26.2
D (mm) — — - - - 66.7 175
NEDA** 24 15 14 13 905 908 1604
1IEC R-03 R-6 R-14 R-20 R-40 4R23 6F22
Eveready ’ 912 915 935 950 156 509 216
E 92 E 91 E 93 E 95 522
Burgess 7 Z 1 2 6 F4M 2U6
NMallory MN2400 MN 1500 MN1400 MN1300 M905 M908 MN16
RCA VvSs074 VS034 VS035 VvS§036 VS0065 VS040C VS3n
Mercury X502 XX42 146X
XX9

*Boldface indicates alkaline.
**A on NEDA number indicates alkaline

(b)

FIGURE 8-3 (a) Life of various size carbon-zinc cells as a function of continu-
ous load current. (b) Physical size and manufacturers’ designations for popular
primary batteries.
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Figure 6-3(a) shows the life that can be expected from various sizes of
carbon-zinc cells at various load currents, and the accompanying table lists the
physical sizes and manufacturers’ numbers for the most common battery types.

Primary Battery Recharging: Recharging of carbon-zinc batteries is possible but
should not be attempted on completely dead cells where the working voltage has
dropped to less than 1.0 V per cell. Charging should be done over a 15-h period for
150% of the A-h capacity of the cell. A recharged carbon-zinc cell will have very
poor shelf life and should be used immediately. Recharging should not be done
more than twice.

6.2 SECONDARY BATTERIES

Lead-Acid Batteries: Lead-acid cells have long been used in automobiles and are
still the most common choice where relatively large amounts of energy must be
stored and rechargeability is required. The nominal output voltage of this cell is
2.0 V. Figure 6-4 shows a typical fluctuation in terminal voltage as the cell is
discharged and then recharged. Lead-acid cells can be recharged typically 500
times from the full-discharge state, although this number increases sharply if
recharge is initiated after discharge of 50% or less. The A-h capacity of a lead-acid
battery decreases for very fast discharge rates. The following schedule is typical:

Discharge Time Percent Full A - h Capacity
20h 100
6h 90
3h 80
lh 60
2 min 40

2.6
2.4+
100%
w 2.2+ T Capacity
S Dis . 70%
> Chare:
20 arg’"g : Capacity
I
181 :
]
1.6

Time —
FIGURE 6-4 Typical discharge and recharge curve for a lead-acid cell. Dis-
charge current is about twice charge current in this example.
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As with most cells, the A-h capacity decreases at lower temperatures. For a
lead-acid cell at 0°F the capacity of 60% of its value at 80°F.

Nickel-Cadmium Batteries: For lighter applications requiring rechargeability, the
nickel-cadmium (ni-cad) battery has become popular. Its energy capacity (1.5
W-h/in.?) is considerably less than any of the primary cells but is still better than
the lead-acid cell (1 W-h/in.?). The nominal output voltage of a ni-cad cell is 1.3
. It displays a discharge-recharge curve similar to the lead- acid cell (Fig. 6-5).
The A-h capacity of a ni-cad cell is somewhat lessened for fast discharges. For
example, the capacity for a 1/2-h discharge is typically 80% of that for a 4-h
discharge. These cells are normally recharged over a 12 to 15-h period, but may be
recharged at any rate that does not result in cell temperatures above 49°C (120°F).
Overcharging nonsealed cells will result in water loss from the electrolyte.

20

100%
Capacity

Charging 70%

Capacity

Volts

Time (h)

FIGURE 6-5 Discharge-recharge curve for a ni-cad cell. Charge current is
about one-half discharge current.

Secondary Cell Charging: The terminal voltage of a secondary cell fluctuates by
20 to 40% during charge, and it is desirable to employ a charger that supplies a
relatively constant current in spite of this. The usual approach is to design a
charger with a source voltage perhaps double the nominal cell voltage, and limit
the current by means of a resistor. The total ampere-hour input required to
recharge a secondary cell is typically 150% of its rated A-h capacity. Trickle or
maintenance chargers, delivering perhaps 5% of normal charging current, are often
left connected to seldom-used devices (such as emergency lanterns) to assure full
charge when needed. Ripple filters on ac-operated chargers are not absolutely
essential, but adequate filtering will allow ripple-sensitive devices to operate di-
rectly from the charger and battery in parallel, which is often a convenience.
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EXAMPLE 6-2

Design a charger for a 12-V, 60-A - h battery operating from the 60-Hz line. Charge
time is to be 16 h. Include ripple filtering to 1 V p-p and a 5% trickle-charge
function.

Solution
Figure 6-6 shows the charger. The current required is

_60A-h

Trickle
Full

off D,
On H R, R,
+
115V ac HE—AL I ¢ =12V
b, /I—

FIGURE 8-6 Battery charger with filtering and trickle charge (Example 6-2).

The voltage across C is chosen as 2V batery» OF 24 V. The value and power
dissipation of R, are calculated:

V _24V-12V
RI—T———-—S.6A =212

Pr=IV=56X12=61W

Additional resistance to limit the charge to 5% is supplied by R ,:

V_ 12V
Ri+Ry= =0 =4290
R,=4089

Pr,=I’R=0.282x408=32W

The capacitor value can be calculated assuming a constant rate of discharge
between the charging pulses, which are 1155 or 8.3 ms apart.

o=CV
=]t
CV=1It
C=£ 5.6A><8.3ms=

vy T iV 46 mF
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This is about $30 worth of capacitor and should make the designer think seriously
about some alternatives— electronic filtering or a pi-section choke filter perhaps.

The transformer must deliver a secondary voltage of 25 V peak on each side of
the center tap to supply 24 V to charge the capacitor (the extra volt is for the drop
across the silicon diode). Let us assume that the available transformers have a
winding resistance (% secondary plus reflected primary) of 0.2 Q. Using the tech-
niques of Section 5.3 and Fig. 5-10, the no-load secondary voltage required is

calculated:
VvV 24
RL_T—%—4'299
R
R 42 2
w 2

Isoiy =41, =4x56=224A [Fig5-10(a)]
Varops 5 = Isoio R =22.4X02 =45V
Vires)=25V+45V =295V pk

Varesy=2 V. X0.707=41.7 V rms CT

Next, the secondary current requirement is determined:
Iy semo =131, =15X56=84A [Fig.5-10(b)]
Ig=1%xX84=42Armms
The diodes should have a rather high surge current rating if it is decided to use the

46-mF filter, because the initial surge charging current on each half-cycle, when the
supply is first turned on, will be limited only by the winding resistance:

Vi 2009
Isurge = -R—W = W = 104 A each half

The time duration of this charging surge current is estimated as

T=R,C=02x46 mF =9.2 ms

6.3 PROPERTIES OF FUSES

A fuse is a low-melting-point conductor which is placed in series with a line and is
designed to break the circuit by melting away when a specified current is exceeded.
The cartridge fuses generally used in electronics equipment are usually marked
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with three items of information as in the following examples:

3AG LA 250V

3AB 10A 250V
MDL 2! 125V

The first set of characters refers to the manufacturers’ case size and case material.
The A recalls that the cartridge fuse was originally designed for automotive
applications; the G refers to a glass case and the B to a Bakelite, fiber, or ceramic
case. The second number is the maximum continuous current in amperes that the
fuse can handle without blowing. The third set of characters indicates the voltage
that the fuse can safely withstand between its two ends without arcing after it has
blown, in the face of a prospective short-circuit current of 10,000 A. In electronic
equipment the prospective short-circuit currents are usually limited to a few
amperes or less by transformers or house fuses, so it is common (and recommended
by fuse manufacturers) to use 125-V-rated fuses to protect secondary circuits
handling 500 V or more.

Slow, Normal, and Fast Fuses: Cartridge fuses are available in normal, slow-blow,
and fast-blow (instrument) types. Figure 6-7 shows how “slo-blo” fuses can
withstand overloads up to five times their rating for a few seconds but blow on a
120% overload of extended duration. Slow-blow fuses can usually be recognized by
their coiled internal construction. They are about twice as expensive as

800 l
Medium-a&g\
700 I fyges ’
\normal opening) **Slo-Blo” fuses
600
£ L
&
5 500
o
: \
& 400 N
5 \\ NG
c 300
§ x \ \
£ 200 \\\\\
Fast-acting fuses \.
100
0

0.001 0.01 0.1 1.0 10 100 1000 10,000

Blowing time (s)

FIGURE 6-7 Typical response times of slow, normal, and fast-blowing fuses.
(Courtesy Littlefuse, Inc.)
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normal-acting fuses but are used extensively in electronic equipment because of the
current surges which are encountered when the power is first turned on and the
filter capacitors charge up.

Figure 6-8 shows the current inrush when a small solid-state lab oscilloscope is
turned on. Notice that the peak surge current is about three times the steady-state
current, which is not reached for about 12 cycles, or 0.2 s. A normal-acting fuse can
withstand a 300% overload for about 0.3 s, but this is cutting it pretty close. A
slow-blow fuse could withstand such an overload for about 6 s, and would be more
likely to stand up to the abuses of high ambient temperatures and idiots who keep
flicking the power on and off.

Vertical: 1 A/div
Horizontal: 2 cycles/div

L4

',
A

‘AA‘AAQ\aQNR!Qll

,U\vv JVVVVVVVVVVVVV‘

i

]

FIGURE 6-8 Line-current inrush due to filter-capacitor
charging when an instrument is first turned on.

Fast-acting fuses which blow in as little as 1 ms under a 500% overload are
available (at somewhat higher cost) for the protection of meter movements,
solid-state diodes, and other semiconductors which can be destroyed in a few
milliseconds by overcurrents. Notice from Fig. 6-7 that even these require nearly
0.5 s to react to a 200% overload. For the ultimate in fast overcurrent protection,
all-electronic (no-moving-part) circuit breakers can be designed to trip in a few
microseconds for even a 110% overload.

Fuse Selection: Manufacturers generally recommend that a fuse be operated at
no more than 75% of its rated current to avoid unnecessary shutdowns. Ambient
temperature should also be considered when selecting fuse ratings. Figure 6-9 gives
one manufacturer’s recommendations.

Remember that fuse ratings are in amperes rms, not amperes average. For an
instrument whose entire current drain is a highly filtered rectifier circuit, it is quite
likely that the true rms line current will be two or three times the value indicated
on an average-reading ammeter. The article on pulsed load currents in Section 5.3
explains this in detail. See, in particular, Fig. 5-10(b).
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FIGURE 6-9 Effect of ambient temperature on required fuse ratings. (Courtesy
Littlefuse, Inc.)

Fuse Resistance: The resistance of a fuse element generally causes a voltage drop
of a tenth to several tenths of a volt at full current, and the fuse case may become
noticeably warm, especially with high-current fuses. Slow-blow fuses generally have
slightly higher resistances than do quick-blowing types. Some typical resistances for
electronic fuses are as follows:

A fast... 43Q
A fast ... 320
1 A fast ... 0.2%Q
1A slow... 03Q
3A slow... 0.18

These resistances remain quite constant from very low to maximum current.

Indicating Fuses: Fuses are available with a spring-loaded pin which protrudes
from one end of the case upon separation of the fuse element to provide a visible
indication of fuse failure. A low-current lamp rated for the supply voltage can be
connected across a fuse to provide a similar function. (An NE-2 lamp in series with
a 100-k 2, %-W, resistor is fine for 110-V lines.) Such indicators are valuable where
several fuses are located together and identification of the failed device might
otherwise be difficult.



6.4 CIRCUIT BREAKERS

Thermal-Type Breakers: Circuit breakers perform the same basic function as
fuses, but they can be reset rather than replaced after they are tripped by an
overcurrent. There are two basic types: thermal and electromagnetic. In the
thermal types, excessive current heats a bimetallic strip, which bends, releasing a
trip lever and opening the contacts. Thermal breakers are at a disadvantage in
environments where temperature is not controlled because their trip point varies
with ambient temperature. Figure 6-10(a) shows trip time versus current for a
typical thermal breaker. Figure 6-10(b) shows a similar curve for a fast-acting
“heater wire” type of thermal breaker. Note that a 500% overload may still require
0.2 s to trip this relatively fast thermal breaker.
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FIGURE 6-10 Thermally operated circuit breakers (a) have a
response time similar to slow-blow fuses. Hot-wire type breakers
respond about as fast as quick-blow fuses (b).
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FIGURE 6-10 Magnetic breakers (c) are very
fast. Magnetic-hydraulic breakers  (d) are siow
for moderate overloads but very fast for extreme
overloads. (Courtesy Potter & Brumfield division
of AMF Corp.)

Magnetic and Hydraulic Breakers: Magnetic circuit breakers utilize the magnetic
field created by overcurrent in a coil of wire to attract an armature which trips the
release mechanism. As shown in Fig. 6-10(c), such a breaker can respond in about
10 ms. Magnetic-hydraulic breakers have two trip mechanisms. The first is identical
to the armature described above but is designed to trip only on extreme overloads
of about 800%. The second is activated by a piston which is pulled slowly through a
cylinder of hydraulic fluid by lesser overloads. Figure 6-10(d) shows the time versus
current curve for a magnetic-hydraulic breaker. Such a curve is ideal for many
applicaiions because a 200% load (such as might be encountered in the normal
starting of a motor) can be tolerated for a few seconds, but a really catastrophic
overload (such as a short circuit) will blow the breaker in a few milliseconds.



6.5 PROPERTIES OF SWITCHES AND RELAYS

In selecting switches and relays, the following considerations should be made, in
addition to the number of poles and positions required:
1. Current and voltage rating of the contacts
Shorting or nonshorting contacts
Contact bounce

Actuate time

A

Life span

Current and Voltage Ratings: Relay and switch contacts are generally rated for
resistive loads at dc or 60-Hz ac. When switching inductive loads (transformers,
magnet coils, motors, etc.), the contacts should be operated very conservatively
(i.e., 2-A or 5-A contacts to carry 1 A to an inductive load). This is because the
inductor will produce a large kickback voltage when the switch opens, thereb